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Abstract 

This thesis deals with the optimization, analysis, and fabrication of silicon-germanium 

(SiGe) heterojunction bipolar transistors (HBTs). 

Two vertical base profile optimization studies for improving the high-frequency 

performance of SiGe HBTs are presented. In the first study, the Ge profile is 

optimized for the minimum contribution of the emitter and base delay times to the 

transition frequency in the low-injection regime. A fixed Ge dose is used as the 

optimization constraint. Non-quasi-static effects at high frequencies are taken into 

account. It is shown that the graded Ge profile is more effective than the box Ge 

profile in minimizing the two delay time contributors for SiGe HBTs with today's 

typical emitter and base dimensions. 

In the second optimization study, the base doping and Ge profiles are optimized 

for minimum base delay time in low- and high-injection regimes before the onset 

of Kirk effect. Fixed Ge dose, intrinsic base resistance, and base concentration 

near the emitter are adopted as optimization constraints. The effect of plasma­

induced bandgap narrowing in high injection is considered. An iteration scheme 

for calculating the base delay time for a wide range of collector current densities 

is developed. It is shown that the retrograde base doping profile with graded Ge 

profiles gives the minimum base delay time in both low- and high-injection regimes. 

An analysis of the retrograde portion of a base retrograde doping profile in a 

SiGe HBT is also performed. A closed-form analytical expression of the base delay 

time is derived with various physical effects taken into consideration. The relative 

importance of the physical effects is assessed. It is found that the adverse effect of 

the retrograde portion of the base retrograde doping profile on the base delay time 

is less pronounced than expected, especially when a high Ge grading exists across 

the base. It is also shown that the effect of the field dependency of the electron 
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diffusivity needs to be considered when modelling the base delay time in the Si Ge 

base with a high electric field. 

Finally, Si Ge HBTs are fabricated by high-dose Ge implantation, Si amorphiza­

tion, and solid-phase epitaxy. The results from electrical measurements are pre­

sented. Although further work is required in this area, transistor action is observed 

in SiGe HBTs with Si amorphization used. 
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Chapter 1 

Introduction 

The insatiable demand for bandwidth in data networks, together with the rapid 

growth of the wireless communications market, has been one of major driving forces 

behind the semiconductor industry over the past few years. Although silicon (Si) 

microelectronics has over 95% of the global semiconductor market [1], it does face 

challenges in these two growing application areas. For network applications, op­

tical fiber system protocols SONET OC1-3 (155 Mbit/s) to OC-192 (9.95 Gbit/s) 

are in use today [2]. Future systems will operate at 40 Gbit/ s and beyond [3]. 

Implementation of high-speed circuits for these high-bit-rate optical links requires 

transistors of both high transition frequency (fr) and high maximum oscillation 

frequency2 (f mar). Advances in bipolar and CMOS processes, innovative circuit 

techniques, and careful layout considerations have allowed Si bipolar junction tran-

1SONET stands for Synchronous Optical Network and OC stands for optical carriers. 

2The maximum oscillation frequency !mar is the frequency at which the power gain drops to 

unity and is given by lma:r: - Js f{c where IT is the transition frequency; Rb, the total base 
tr b 1e 

resistance; Cjc, the collector-base capacitance in bipolar transistors. 

1 



CHAPTER 1. INTRODUCTION 2 

sistors (BJTs) [4-8] and Si CMOS [9-12} to compete with III-V devices3 [13-16] 1n 

realizing these high-speed circuits for systems operating up to 50 Gbit/s. However, 

for systems above 50 Gbit/s, III-V devices instead of Si devices have traditionally 

been the technology of choice (17, 18]. 

For wireless communications, the high-volume RF4 market includes several low­

power applications such as pagers, cordless and cellular systems (0.8-1.9 GHz), 

wireless local area network chipsets (2.4 GHz), and short-range radio link 'Blue­

tooth' products (2.4 GHz). Transceiver circuits for the frequency spectrum 0.8-2.4 

GHz have been successfully implemented with both Si BJTs [19-22] and CMOS 

technologies [23-25]. Although GaAs HEMTs5 offer the best performance in the 

frequency range 1-5 GHz (26], the trend towards integration for cost reduction and 

the successful downscaling of C1'10S transistors have opened up this low-end RF 

market for the cost-effective, highly integrated Si CMOS technology. Recently, var­

ious transceiver circuits operating at 5 GHz for wireless local area network applica­

tions [27-30} have also been implemented with 0.24 and 0.35 µm CMOS processes. 

However, microwave and millimeter wave applications such as devices for road 

pricing and satellite TV transmission (5-10 GHz), satellite for multimedia access 

(10-20 GHz), sensors for industry, robotic, and environment observation on earth 

(20-50 GHz), sensors for automobile collision avoidance or radars (50-100 GHz) 

have been traditionally dominated by III-V devices [31}. The reasons are quite 

3 III-V devices are made of elements from both group III and group V in the periodic table. 

4 Here, the term 'RF' (radio frequency) refers to the frequency spectrum from VHF (30-300 
MHz) to the S band (2-4 GHz); the term 'microwave' refers to the frequency spectrum from the C 
Band (4-8 GHz) to the Ka band (26.5-40 GHz); the term 'millimeter wave' refers to the frequency 
40 GHz and above. 

5HEMTs stands for high electron mobility transistors. 
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simple. Compared with Si devices, III-V devices such as AlGaAs/Ga..l\.s HBTs6 

have superior /T and f max performance. The high fr is due to the suppression of 

holes injected back into the emitter (a consequence of the heterojunction effect) 

and the much higher electron intrinsic mobility in GaAs ( rv 5.3 times higher than 

that in Si [32]). The high f ma:r is due to the low base resistance associated with 

a heavily doped base. Any reduction in the current gain due to the high base 

concentration can be compensated by the enhanced collector current as a result 

of the heterojunction effect and high electron mobility. Furthermore, with their 

high breakdown voltage ( due to the large bandgap) and low noise figure ( due to 

the low base resistance), III-V materials make good pm.ver amplifiers and low-noise 

amplifiers. The semi-insulating substrate on which III-V devices are fabricated 

also gives high-quality passive devices essential to wireless applications. Therefore, 

despite their low levels of integration, low yield, and high cost, with respect to 

Si technologies, III-V devices have traditionally been thE: only contender for high­

end wireless applications. This parallels the situation for high-speed applications 

- for optical systems at 50 Gbit/s and below, Si BJTs and CMOS can compete 

with III-V devices (just as their RF counterpart can compete with III-V devices 

for frequencies at 5 GHz and below). However, applications at higher bit rates 

have been traditionally dominated by III-V devices. It is within this context the 

silicon-germanium heterojunction bipolar transistor (SiGe HBT) has emerged and 

evolved. 

This thesis is about SiGe HBTs, with emphasis on their high-frequency per­

formance. In this introductory chapter, we first present a brief history of SiGe 

HBTs and some basics on their operation, including their advantages over other 

competing technologies. Next, we elaborate on the transition frequency (fr), as 

6 HBTs stands for heterojunction bipolar transistors. 
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an important figure of merit to measure the high-frequency performance of SiGe 

HBTs, and map out alternatives for its improvement. Finally, an outline of the 

thesis is given. 

1.1 A brief history of SiGe HBTs 

Unlike III-V based heterojunctions where the lattice mismatch between the two 

materials is minimal, SiGe/Si heterojunctions have to live with a 4.2% lattice mis­

match between Si and Ge atoms [33]. This partly explains why Si Ge HBTs came 

much later than III-V based HBTs since the mismatch can pose problems to the 

growth of a device-quality Si/SiGe hetero-interface. 

In 1984, Bean et al. [34} showed that SiGe layers of good quality can be grown 

on Si substrates by molecular beam epitaxy (MBE) over the full range of Ge con­

centrations at 600°C. The first working MEE-grown SiGe HBTs were reported in 

late 1987 [35-37] and early 1988 [38-40]. In 1988, Nleyerson et al. [41] successfully 

grew strained SiGe layers up to a Ge fraction of 0.2 at a lower temperature (550°C) 

by ultra-high vacuum chemical vapor deposition (UHV /CVD), a technique that 

allows multiple wafer processing. Integrating this new technique with the non-self­

aligned polyemitter bipolar process from IBM, Patton et al. fabricated two SiGe 

HBTs with base width of r,J 50-75 nm in 1989. One had a Ge grading from 0 to 

18% [42] and the other had a grading from Oto 14% [43]. Both HBTs exhibited ideal 

junction characteristics and a current gain of 290, compared with a gain of 100 for 

the Si control BJTs. Around the same time, Fischer et al. [44] from IBM reported 

a UHV /CVD-grown, non-self-aligned polyemitter SiGe HBT with fr = 45 GHz. 

It was the fastest published Si-based transistor at that time. The Ge profile was 

graded from Oto 11% over a base of 65 nm to achieve the high fr- Compared with 
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the Si control device, the current gain was enhanced by ten times. SiGe HBTs 

fabricated by other techniquesi have been also reported [45,46J. 

In the past decade, the performance of SiGe HBTs has drastically improved. 

Patton et al. [47] reported an n-p-n polyemitter SiGe HBT with a fT of 75 GHz 

and a BVcEo8 of 2 V in 1990. The Ge profile was graded from 0 to 7% over a base 

of 45 nm. The current gain was r-..J 135, a factor of two higher than the Si control 

BJTs. In 1993, Crabbe et al. [48] used a new ultra-low thermal cycle process to 

achieve a more aggressive base profile design (0-25% Ge over a base of 35 nm, base 

sheet resistance of 7 kn/□). They measured a fT of 113 GHz, a current gain of 440 

(vs. 70 in Si counterpart), and a BVcEo of 2 V for a UHV /CVD-grown, non-self­

aligned SiGe HBT with a collector doping of 1.5 x 1018cm-3 . IBM announced the 

first SiGe BiCMOS9 technology in 1992 [49] and its manufacturable 0.5 µm self­

aligned Si Ge HBT technology on 200 mm wafers in 1994 [50] (fT = 32 GHz, f ma:r 

= 45 GHz, BVcEo = 3.8 V). The technology was then qualified for manufacturing 

in 1996 [51] and demonstrated Si Ge HBTs with fr = 47 GHz, f ma:r = 65 GHz, and 

BVcso = 3.3 V. 

Si Ge circuits also began to emerge in the 1990's: emitter-common-logic (ECL) 

ring oscillator circuits (52,53], digital-to-analog converters (DAC) [54], and a variety 

of RF circuits [31] such as low noise amplifiers, wideband amplifiers, and oscillators. 

Recently, SiGe HBT-based multiplexers and demultiplexers for optical systems op­

erating above 50 Gbit/s have been announced (55,56]. \Vireless circuits based on 

SiGe HBTs for applications at 5 GHz and beyond have been demonstrated [57-62]. 

7 Please see Chapter 5 for more details. 

8 BVcEo stands for the common-emitter breakdown voltage. 

9BiCMOS stands for bipolar CMOS. 
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Reference LG WE fr/Jc fmaxf Jc measured@ BvcEo 
[µm] [µm] [GHz/ mA] 

l:!m2 [GHz/ mA] 
l:!m2 [V] [V] 

CNET /ST [68] 0.35 0.4 45/1.2 60/1 VcE = 1.5 3.6 
IMEC [64] 0.35 0.3 50/1.5 80/1.5 vcE = 3 3.9 

Hitachi [67] 0.25 0.2 76/3.5 180/3.5 unknown 2.5 
IBM [65] 0.18 0.18 90/4 90/4 VcB = 0.5 2.7 
NEC [63] 0.18 0.15 73/5.4 61/6.5 VcB = 1 2.6 

Lucent (66] 0.16 0.28 58/1.06 102/1.06 VcE =3 3.6 

Table 1.1: SiGe BiCMOS processes (Note. fr and fma:r values correspond to SiGe 
HBTs). 

Today, a number of 200 mm SiGe BiCMOS processes10 are available (see Table 

1.1). Most of them11 have managed to integrate SiGe HBTs into existing CMOS 

processes without compromising the performance of either type of transistor. In 

particular, IBM has already gone through three generations of SiGe BiCMOS pro­

cesses (0.5, 0.25, and 0.18 µm). Based on IBM's 0.18 µm SiGe BiCMOS process, 

Freeman et al. [65] demonstrated a Si Ge HBT with fr = 90 GHz, f ma::r = 90 GHz, 

and BVcEo = 2. 7 V. The same process also offers a high breakdown-voltage variant 

with BVcEo = 5.5 V but lower fr (25 GHz). In 2000, Caroll et al. [66] reported 

a SiGe HBT with fr = 58 GHz, fma::r = 102 GHz, and BVcEO = 3.6 V, using 

Lucent's 0.16 µm SiGe BiCMOS process. Furthermore, using Hitachi's 0.25 µm 

SiGe BiCMOS process with SOI substrates, vVashio et al. [67] demonstrated a SiGe 

HBT with fr = 76 GHz, fmar = 180 GHz, and BVcso = 2.5 V. All this effort 

makes SiGe BiCMOS a promising solution for "system-on-a-chip" designs. 

10Hashimoto et al. [63] and Decoutere et al. [64] did not specify the wafer size. The other four 
are 200 mm processes. 

11 Decoutere et al. [64] did not detail the performance of their CMOS devices. 
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1.2 SiGe heterojunction bipolar transistors 

Before explaining why a SiGe HBT can meet the demands in both high-speed 

data networks and wireless communications, it will be useful to review some of the 

essFntial features of its operation. 

A Si BJT contains two homojunctions: the emitter-base junction and the base­

collector junction. They are called homojunctions because both sides of junction 

are made of the same material, i.e., Si. A SiGe HBT is similar to a Si BJT except 

that the Si base layer is replaced by a SiGe base. As a result, two heterojunctions 

are obtained: Si/SiGe emitter-base junction and SiGe/Si base-collector junction. 

Compared with the Si emitter and collector, the SiGe base has a smaller bandgap. 

The amount of bandgap narrowing depends primarily on the total Ge dose and 

secondarily on the base doping level. Because of the lattice mismatch, the SiGe 

base is strained if no defect dislocations are induced. Lang et al. [69] have found 

that a strained SiGe layer has a even larger bandgap narrowing. According to 

People and Bean [70], the bandgap narrowing due to the Ge presence in a strained 

SiGe layer grown on a (100) Si substrate is 0.74y eV where y is the Ge fraction 

in the SiGe layer. This Ge-induced bandgap narrowing has great impact on the 

common-emitter current gain (/3), fT, and f mar of a bipolar transistor. To explain 

this, let us consider the collector current density of an n-p-n Si BJT12
: 

(1.1) 

where VaE is the base-emitter voltage; VT, the thermal voltage; Wb, the neutral­

base width; Nb, the base concentration; Dn, the electron diffusion coefficient; nie, 

12For brevity, we assume low level injection and 'zero' electron concentration at the base­
collector junction. Please see Chapter 2 for the derivation of a more general expression. 



CHAPTER 1. INTRODUCTION 8 

the effective intrinsic carrier concentration; q, the electronic charge. In the case of 

a Si base, the effective intrinsic carrier concentration nie is simply the temperature-­

dependent constant ni ( 1.08 x 1010 cm-3 at room temperature (71]). IT the base layer 

is made of SiGe, the effective intrinsic carrier concentration in the base becomes13: 

(1.2) 

where !:::,.Eg,Ge is the Ge-induced bandgap narrowing; k, the Boltzmann constant; 

T, the temperature. For a uniform Ge profile across the neutral base, the collector 

current density in (1.1) will be enhanced by a factor exp[!:::,.Eg,Ge/(kT)]. For a Ge 

fraction of 0.1 (i.e. 10 atomic %), the bandgap narrowing !:l.Eg,Ge will be 0.074 eV 

and the enhancement factor at room temperature will be 17.6. In other words, 

for the same VBE, a SiGe base with a box Ge profile at 10% will increase the 

collector current density by more than one order of magnitude (even higher at 

lower temperatures)! This is called the heterojunction effect14
. Since the base 

current, to first order, remains unchanged for the same VBE, an enhancement in Jc 

will translate to an enhancement in the current gain (/3). 

From another perspective, the effect of the Ge-induced bandgap narrowing can 

be considered a reduction in VBE required for obtaining the same collector current 

density. For example~ in a Si BJT, a VBE of 0. 75 V is required to obtain a collector 

current density Jc1. By having a Si Ge base with a box Ge profile at 10%, a VBE 

13For illustrative purposes, we neglect heavy doping effects, the Fermi-level shift due to the use 
of Fermi-Dirac statistics, and the modification of the effective densities of states by the strain. 
Please see Appendix C for details of these effects. 

14To be precise, the Ge-induced bandgap narrowing is only one of the two requirements for 
the heterojunction effect. The other requirement is that the band discontinuity at the Si/SiGe 
heterointerface, caused by the narrower bandgap in the base, appears mostly in the valence band 
instead of the conductor band [69]. Therefore, the enhanced electron current flow due to the 
Ge-induced bandgap narrowing is not hindered by any energy barrier in the conduction band. 
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of 0.676 V ( = 0. 75 - 0.074) is now required for driving the transistor at the same 

current density Jc1. This reduction in VBE has a tremendous effect on the total 

minority charges in the neutral emitter and consequently on the value of fr- The 

reason is as follows. According to the law of the junction, the minority carrier 

concentration at the edge of the depletion layer, on the emitter side, is exponen­

tially dependent on the forward bias voltage, VBE- Therefore, at the same Jc1 , the 

minority carrier concentration at the depletion layer edge on the emitter side will 

be decreased by a factor of 17.6 as the VBE for obtaining the same Jc1 has been 

reduced by 0.074 V in our example. 

By definition, the emitter delay time is equal to the total minority carrier charges 

in the emitter divided by the collector current density. A reduction in the minority 

carrier concentration at the depletion layer edge, on the emitter side, will reduce the 

emitter delay time by the same factor. Since the maximum transition frequency 

fT is inversely proportional to the sum of the delay times in different regions of 

the transistor, a reduction in the minority carrier concentration can translate to 

an enhancement in fr- In our example of SiGe HBT with 10% Ge, if we assume 

that fT is entirely dominated by the emitter delay time, fr will be enhanced by a 

factor of 17 .6 for the same current Jc1 ! Since f max is proportional to the ..;Ti, the 

enhancement in fr will translate to an enhancement in f max by a factor of 4.2 for 

the same base doping and base width. 

However, what if fr is not dominated by the emitter delay time but the base 

delay time? In this case, there are at least two approaches to make use of a Ge profile 

to improve the high-frequency performance of the Si BJT. The first approach is to 

trade the current gain enhancement, due to the heterojunction effect, for an increase 

in fT and f max• This can be done by reducing the base width because a thinner base 

yields a higher fr that is dominated by the base delay time. The drawback of a 
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thin base is a large intrinsic base resistance that degrades f mar· Therefore, the base 

concentration has to be significantly increased in order to reduce the intrinsic base 

resistance to a level such that either the same or a higher f mar is obtained. Overall, 

fr and/ or f mar become higher at the expense of a lower current gain enhancement15 

or, in some cases, a lower current gain16. In addition, the Early voltage and noise 

figures are improved by the increased base concentration and lower base resistance, 

respectively. 

A slight modification of the first approach is to trade the current gain for a higher 

f ma:r only without changing the base width. The figure f mar is increased only by 

a reduction in the base resistance that comes from a higher base concentration. 

The current gain, obtained from the heterojunction effect, can offset the reduction 

due to the increased base concentration. Although the emitter delay time will be 

different as the current gain is changed, fT remains practically the same as it is 

dominated by the base delay time. Similar to the case where fT is dominated 

by the emitter delay time, the key to improvement by the first approach is the 

heterojunction effect. 

The second approach for making use of Ge is to grade the base Ge profile in 

a way that enhances the electron transport across the base. The Ge fraction is 

increased from a low value near the emitter to a higher value near the collector. 

The resulting bandgap narrowing gradient induces an aiding electric field in the 

base and consequently reduces the base delay time. As fr is dominated by the base 

delay time, a lower base delay time translates to a higher fr and, in turn, a higher 

15The current gain enhancement is reduced because the factor by which the base concentration is 
increased should be larger than the factor by which the base width is reduced if a lower intrinsic 
base resistance is required. Please see ( 1.1) for the relation between the base width, the base 
concentration, and the current gain. 

16In digital applications, high h and /mar, but not very high /3, are required. 
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f ma::r: for the same base width and concentration. Another benefit of the positive Ge 

concentration gradient is a high Early voltage, which is important for analog circuit 

designs. In short, the key to improvement by this approach is the Ge grading. 

The questions of which is a better approach and when fr is dominated by the 

base delay time, are important and often debated ones17. Obviously, if a very 

large or unlimited amount of Ge can be incorporated into the base, these questions 

become unimportant as one can adopt either one or both approaches to the fullest 

extent. However, this cannot be the case in a SiGe HBT because of the inevitable 

lattice mismatch between the Si and Ge atoms. When the accumulated strain due 

to the lattice mismatch is too large ( as more Ge atoms are added into the base), 

it is more energetically favorable for the strain to be accommodated by forming 

defect dislocations, which severely degrade the device performance. Although it 

has been shown that the critical Ge dose18 can be raised by growing the SiGe layer 

at lower temperatures, the layer will become metastable and may still relax upon 

subsequent thermal processing [33]. 

For conventional polysilicon-contacted processes where an 850° C furnace anneal 

is followed by a rapid thermal annealing step at 900-1000° C, a metastable Si Ge 

layer will still stand a chance of dislocation formation if the Ge dose is too high. In 

state-of-the-art SiGe BiClvIOS processes ( e.g. 0.25 and 0.18 µm) where the CMOS 

thermal cycle can be even higher than the bipolar one [72], issues concerning the 

17These questions can be phrased differently in terms of determining the optimal Ge profile, 
e.g., "Is a box Ge profile better than a graded Ge profile?" In some way, part of the work in this 
thesis has been motivated by these questions. 

18The critical Ge dose is defined as maximum number of Ge atoms per unit area that can be 
incorporated into the layer without introducing defect dislocations during the growth. This pa­
rameter is closely related to the more popular measure, critical thickness. In practice, the critical 
Ge dose or critical thickness is a function of a number of process variables such as growth tem­
perature, wafer preparation conditions, contamination control, etc., in a particular SiGe growth 
process. 
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Si Ge film stability are even more crucial. Thus, it becomes important to be able to 

make the best use of the limited amount of Ge that is allowed in a given process. In 

other words, an optimal vertical profile design can have great impact on the high­

frequency performance of SiGe HBTs in polysilicon-contacted bipolar processes or 

Si Ge Bi CMOS processes [65]. 

1.3 "Why SiGe HBTs? 

Why choose SiGe HBTs over Si BJTs, Si CMOS, and III-V devices? As mentioned 

above, the improved performance of today's Si BJTs and CMOS has allowed them 

to compete with III-V devices in applications such as high-speed optical systems 

operating at 50 Gb/s and below, and the low-power RF market of 5 GHz and 

below. The continuing improvement in Si process technologies will likely enable 

them to expand into applications of higher speeds and frequencies in near future 

[73]. Nevertheless, SiGe HBTs still have distinct advantages over Si BJTs and 

CMOS and consequently are very competitive in these applications. 

For low-power RF applications, transistors are not always biased at current 

densities for maximum fr or f max· For example, in designing low-noise amplifiers, 

the bias current is determined by meeting the requirement for low noise figure and 

low power dissipation. The transistor is often biased at as low a current density as 

possible, still consistent with the acceptable noise figure performance [74], in order 

to reduce power consumption 19 and avoid a unnecessarily high gain that degrades 

the overall linearity of a receiver. In view of this, a SiGe HBT can perform better 

than a Si BJT or CMOS because it can achieve a higher fr even at the same low 

19Considering that a low-noise amplifier is constantly "on" to detect incoming signals, reducing 
power consumption is a valid concern. 
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current density. Since the minimum noise figure is inversely proportional to fr, a 

higher fr at low current operations improves the noise performance. A lower noise 

figure also comes from the lower base resistance in a Si Ge HBT when compared 

with a Si BJT. Furthermore, SiGe HBTs can achieve an improvement of two orders 

of magnitude lower than Si CMOS in terms of 1/f noise [l]. This makes SiGe 

HBTs a better choice for implementing mixer and oscillator circuits as 1/f noise 

up-converts to phase noise in these circuits. 

More importantly, with respect to Si BJTs or Si CMOS, one can obtain the 

same fr or fma:r by biasing SiGe HBTs at a lower current density [74]. In other 

words, the high-frequency or speed performance of Si Ge HBTs can be traded off for 

a reduced power dissipation in many applications. This is of particular importance 

to portable applications where the power consumption is a major concern. Further­

more, for power amplifiers, SiGe HBTs have better power added efficiency (PAE) 

when compared with Si CMOS because of the exponential nature of the Jc - VsE 

relationship in SiGe HBTs [75]. In addition, SiGe HBTs have higher transconduc­

tance, i.e., higher driving capability, than Si CMOS for the same current. This 

gives SiGe HBTs advantages over Si CMOS in realizing high-speed circuits. 

What about III-V devices? There is no doubt that III-V devices outperform 

Si Ge HBTs in terms of fr and f mar for the same base width. However, Si Ge HBTs 

can still compete with III-V devices in optical systems above 50 Gb/s or microwave 

and millimeter wave applications. The strength of SiGe HBTs over III-V devices 

is mainly the ability of SiGe HBTs to integrate with the standard low-cost C~fOS 

process (i.e. SiGe BiCMOS). High levels of integration always implies lower overall 

system power consumption because less power is spent on routing high-frequency 

signals on and off chips [76]. Moreover, in achieving the same fT, a lower current 

density is required in the case of SiGe HBTs than some GaAs-based devices [31]. 
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This again translates to lower power consumption. The cost advantage, as a result 

of the higher yield, larger wafer size, and higher levels of integration, also makes 

Si Ge a better candidate for applications wherever both technologies can meet the 

design specification. 

Apart from power dissipation and cost, SiGe HBTs have other advantages over 

III-V devices. For example, SiGe HBTs with their smaller base width than that 

of III-V HBTs have lower noise figure [77]. Also, they exhibit better 1/f noise 

behaviour as a result of their higher quality surface passivation [77] (reflected by 

the lower /3max/ f3 ratios in their Gumm.el plots). This enables oscillators with low 

phase noise to be made [31]. In addition, the lower turn-on voltage in SiGe HBTs20 

renders them more suitable for low-voltage circuits in portable applications. 

To summarize, the main advantage of SiGe HBTs over Si BJTs and CMOS is 

lower power consumption at the expense of high-frequency performance. ¼rule the 

main advantages of SiGe HBTs over III-V devices are lower cost and lower sys­

tem power consumption due to higher yield and higher levels of integration. These 

advantages enable SiGe HBTs to be very competitive in application areas such as 

high-speed circuits for optical networks and low-power wireless communications. 

However, for the SiGe HBT technology to stay competitive, several aspects of the 

technology, especially in the context of SiGe BiCMOS processes, need to be im­

proved. These are high-quality passive components21 , low-loss transmission lines 

and related substrate effects, device parasitics, integration with future generations 

of CMOS processes, and vertical profile design. For vertical profile design, achiev-

20The only exception is InP-based HBTs, which have been shown to have a lower turn-on voltage 
than Si Ge HBTs [78]. 

21Most recently, using Hitachi's SiGe BiCMOS process on SOI wafers, Washio et al. [67] have 
demonstrated MIM capacitor of 0. 7 fF / µm 2 with a Q factor of 13 at IO GHz and a spiral inductor 
of 0.9 nH with a Q factor of 20 at 10 GHz. 
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ing higher fT, fma:n and breakdown voltages are some immediate concerns at the 

present time. A major part of this thesis attempts to address vertical profile design 

issues specific to the high-frequency performance of SiGe HBTs. 

1.4 Transition frequency 

The figures of merit, fr and f mar, are frequently used to measure the high-frequency 

performance of SiGe HBTs. The two are closely related to each other even though 

a high fT does not guarantee a high / mar or vice versa. A high collector-base ca­

pacitance or a high intrinsic base resistance ( due to the use of a small base width 

without high enough b_ase concentration to increase fT) may degrade f mar• As 

the vertical dimensions of the transistor ( e.g. the emitter depth, the base width, 

epitaxial collector width) are smaller, the extrinsic or parasitic components ( e.g. ex­

trinsic base resistance and extrinsic base-collector capacitance, collector-substrate 

capacitance, etc.) become more important. Since f mar incorporates some of these 

parasitic components, in particular, the extrinsic base resistance and the extrinsic 

base-collector capacitance, it is sometimes considered a more important measure 

than fr for power gain in small signal and large signal amplifiers, wideband analog 

amplifiers, and, to a certain extent, nonsaturating logic gates [79]. However, the 

significant improvement of advanced bipolar and BiCMOS technologies in the past 

two decades ( e.g. polysilicon emitter, self-aligned technology, silicide base contact, 

deep and shallow trench isolation, etc.) have also successfully reduced these extrin­

sic components. As a result, fT is still a meaningful measure of the high-frequency 

performance of SiGe HBTs. 

Based on the quasi-static approach, the transition frequency fr of a bipolar 

transistor can be expressed in terms of a number of delay time constants. Each 
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of them is associated with the charging/discharging of a particular region in the 

transistor through the collector current in response to a small signal base-emitter 

voltage, VBE· By definition, fr is associated with the common-emitter configuration 

where the collector current is measured at the output port and the base-emitter 

voltage is applied at the input port. Therefore, each delay term is equal to the 

change in the amount of charges in the respective region through the collector 

current divided by the change in the collector current density in response to v8 s. 

The fr expression can be written as follows [80]: 

(1.3) 

where Cie and Cic are the depletion layer capacitances of the emitter-base junction 

and the base-collector junction, respectively. The quantity 9m is the small signal 

transconductance (lc/Vr ). The quantity Re is the collector series resistance between 

the collector-base depletion layer and the buried collector layer. To be precise, as 

explained in Chapter 2, the contribution of the terms 'b and particularly 'e to fr 

is more complicated than shown in ( 1.3) because of the non-quasi-static effects at 

high frequencies. However, for discussion, (1.3) is used as an approximation. 

When the base-emitter voltage is modulated by VBE, the depletion layer widths 

of the emitter-base junction and the base-collector junction will change and the 

amount of localized charges in the depletion layers will vary accordingly. The first 

term Cie+Cic is, therefore, the time required for changing these localized charges at 
9m 

the edges of the depletion layers through the collector current in response to VBE· 

Because of the 9m in the denominator, the first delay term is expected to decrease 

with increasing Jc. 

The VBE modulation also changes the amount of minority free carriers in the 
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neutral base and emitter regions because the minority carrier concentrations at the 

depletion layer edges of the emitter-base junction is a function of the base-emitter 

voltage. Thus, the term re (Tb), called the emitter (base) delay time, is the time 

taken for changing the amount of minority free carriers in the neutral emitter (base) 

regions through the collector current in response to VBE• Although Tb is also called 

the base transit time, it does not measure the time for a minority carrier to travel 

across the base. As Varnerin [81] explained, Tb is called the transit time because 

the ratio of stored charges to current is the average time spent per carrier in the 

base. In the low-injection regime, both Te and Tb are not strongly dependent on the 

collector current but rather on the profile data of the transistor. This is further 

discussed in Chapter 2. 

The term Tbc is the collector-base depletion layer delay time. When VBE is 

modulated by v BE, Jc will change. Since the concentration of free carriers in the 

collector-base depletion layer on the collector side is ......, Jcf (qv8 ) (where V 8 is the 

saturation velocity) 22
, the amount of free carriers in the collector-base depletion 

layer will vary with VBE• Therefore, Tbc measures the time taken for changing the 

amount of free carriers in the collector-base depletion layer through the collector 

current in response to VBE• Meyer and Muller [82] have shown that Tbc is indepen­

dent of Jc at low-level injection and is equal to Wd/(2v 8 ) where Wd is the width 

of the collector-base depletion layer on the collector side. To be precise, the 'be 

expression Wd/(2vs) accounts for the free carrier change in the collector-base de­

pi.etion layer on the collector side only. However, since the depletion layer width on 

the base side is generally much smaller than that on the collector side as the base 

22Here we assume that the collector-base junction is under a reverse bias and the transistor 
operates before onset of Kirk effect. Therefore, the electric field at the collector-base junction is 
large enough to drive the carrier through at V 3 • Furthermore, we assume no velocity overshoot in 
the discussion, i.e., no rapid spatial change of the electric field. 
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doping is typically higher than the collector doping by roughly one to two orders 

of magnitude, the expression Wd/(2va) is a good approximation for Tbc. 

The term Tbe is the emitter-base depletion layer delay time. It measures the 

time required for changing the free carriers in the emitter-base depletion layer in 

response to VBE· According to Negus and Roulston [83], the effect of Tbe can be 

taken into account by multiplying Cie with a factor F, which is a function of V8 s. 

At low currents, Fis approximately l. At high forward biases, Fis approximately 

2.5. The last term C;cRc is required because the collector current flows through 

Re out of the output port where the capacitance Cic is connected. This RC time 

constant is often called the collector charging time. 

Let us look at two simulation studies on how these delay terms contribute to 

fT at different collector current densities in a Si BJT. Roulston and Hebert [84] 

simulated a polyemitter BJT with a collector doping of 1.36 x 1016cm-3 , base 

doping of,.._, 5.5 x 1018cm-3 , emitter depth of 0.145 µm, metallurgical base width 

of 0.27 µm, epitaxial collector width of 0. 7 µm. At a low current density ( Jc ,.._, 

3.7 x 103 A/cm2 ), they found that the term ci~:cic was 14% of the total delay time, 

and Te and Tb were around 25% and 33%, respectively. The terms rbc and Tbe were 

9% and 18%, respectively. At a higher Jc ("' 1.5 x 104 A/cm2
) before the onset of 

Kirk effect, the term C;c+C;c dropped to 7%, while Te and Tb increased to 35% and 
9rrt 

39%, respectively. The terms rbc increased slightly to 11 % and Tbe dropped to 7%. 

The term CicRc remained around 1.3% at both current densities. After the onset 

of Kirk effect ( Jc "' 2.2 x 104 A/ cm 2 ), Te and 7"& continued to rise and other terms 

(except CicRc) dropped with increasing Jc . 

Another simulation study was performed by Chen et al. (85] for a scaled Si BJT 

with emitter depth of 25 nm, metallurgical base width of 60 nm, and epitaxial 

collector width of 0.3 µm. The emitter doping was 1021cm-3 . The base profile was 
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graded from 1.5 x 1019cm-3 at the emitter-base junction to 1017cm-3 at the base­

collector junction. The epitaxial collector doping was 1017 cm-3 . At a lmv current 

densitv (Jc,...,, 6 x 104 A./cm2), the term Cje was 31 % of the total delav time \"\~hereas 
M 9m ~ 

the term fu was only 1 %. The terms Te and Tb were ,...,, 5% and 27%, respectively. 
9m 

The term Tbc was '"'.J 35%. At a higher Jc(,...,, 7.5 x 104 A/cm2 ) before the onset of 

Kirk effect, the term Cte dropped to 28%, while~ remained at 1%. The term Te 
9m 9m 

remained unchanged and Tb increased very slightly to 28%. The term Tbc increased 

to 38%. After the onset of Kirk effect (Jc ,...,, 1.5 x 105 A/cm2 ), Tb rose rapidly and 

other terms dropped with increasing Jc. 

These two studies show the following trends: the terms C;c and Tbe are large 
gm 

at low Jc and then drop when Jc is increased. In the current range from low to 

high (before the onset of Kirk effect), the terms Te and Tb contribute to more than 

half of the total delay time in a unscaled BJT and around one third in a scaled 

BJT. Both increase slowly with Jc in this range and Tb rises rapidly after the onset 

of Kirk effect. The term Tbc changes slightly ( within ,...,, 10%) before the onset of 

Kirk effect. It contributes to ,...,, 10% of the total delay time in a unscaled BJT 

and around one third in a scaled BJT. The contribution from SE. and C1·cRc is 
9m 

relatively small when compared with other terms. Overall, CJe + Tbe, Te+ Tb, and gm, 

Tbc are three most important terms. Each of them contributes to roughly one third 

to fT before the onset of Kirk effect in a scaled device. Now, the question is: given 

this information, how do we make use of the Ge and doping profiles to minimize 

the total delay time? In other words, how do we make use of the Ge and doping 

profiles to maximize f T? 

According to these trends, at least three types of vertical profile optimization 

for minimizing the total delay time can be attempted. The first type is the opti­

mization of the emitter and base profiles in the emitter-base depletion layer. This 
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will minimize Cje and Tbe in the low- and high-injection regimes for scaled devices grn. 

and in the low-injection regime only for unscaled devices. The second type is the 

base profile optimization for minimizing Tb and/ or Te in the low- or high-injection 

regime as both delay times are mainly determined by the base profiles (both dop­

ing and Ge) before the onset of Kirk effect. The third type is the collector profile 

optimization [86-88] for minimizing Tb and/ or Tbc above the Kirk current density 

as these delay times are mainly determined by the doping and Ge profiles in the 

collector-base depletion layer and in the collector after the onset of Kirk effect. 

The delay time Tbc should be minimized also at current densities before the onset of 

Kirk effect. In addition, this type of optimization should maximize BVcEo because 

the collector doping profile has great influence on BVcEo- A major portion of this 

thesis focuses on the second type, the base profile optimization. 

One final remark on setting optimization constraints for the vertical profile 

design studies needs to be mentioned. vVhen the shape and the concentration of 

the doping profile and/ or Ge profile are varied during optimization, other important 

figures of merit or properties of the transistor will be affected. For example, when 

the width or the concentration of the base profile is changed, the intrinsic base 

resistance will be different. That is, even though the optimization may lead to a 

base doping profile which gives the minimum Tb, the same profile may also cause a 

high base resistance and consequently a very low f max• Or, it may be found that 

a box Ge profile, instead of a graded Ge profile, yields a minimum Tb. However, 

this result might not be meaningful because if the total Ge dose of graded profile is 

much higher than that of the box profile, the SiGe HBT with a box profile will be 

more prone to strain relaxation in subsequent thermal steps. Therefore, for useful 

optimization results, crucial parameters, such as the intrinsic base resistance, total 

Ge dose, etc., should be used as constraints when optimizing profiles for minimum 
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delay times. 

1.5 Outline of the thesis 

This thesis is composed of studies on the optimization, analysis, and fabrication of 

SiGe HBTs. A portion of the work presented here has been published (89, 90]. 

Chapter 2 is a base profile optimization study for minimizing the emitter delay 

time and base delay time in the low-injection regime. It focuses on how factors, 

such as emitter dimension, base width, base doping, and base profile shape, alter 

the performance of different Ge profiles in minimizing the contribution of these 

two delay times to the transition frequency. A graded Ge profile leverage factor is 

proposed to compare the effectiveness of Ge profiles of identical dose in minimizing 

these delay times for each combination of emitter and base doping profiles. For the 

first time, non-quasi-static effects on the emitter delay time at high frequencies are 

taken into account in an optimization study of Si Ge HBTs. 

In Chapter 3, we analyze the effect of the retrograde portion of a base doping 

profile on the base delay time for a SiGe HBT with a graded Ge profile operating 

in the low-injection regime. We present for the first time a closed-form analytical 

base delay time expression which considers the retarding built-in electric field due to 

the retrograde region. heavy doping effects, the effect of velocity saturation at the 

collector-base junction, the concentration and field dependencies of the electron 

diffusivity, and the electric field caused by the Ge-induced bandgap narrowing. 

We then use this expression to assess the relative importance of these effects in 

calculating the base delay time. The result of this assessment is useful for modeling 

purposes. 

Chapter 4 is devoted to the base profile optimization for minimizing the base 
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delay time in both low- and high-injection regimes before the onset of Kirk effect. 

We present a new iteration scheme which allows the calculation of the base delay 

time in a wide range of collector current densities. The scheme is then used to 

determine the optimal set of base doping and Ge profiles for minimizing the base 

delay time in both regimes of injection. We consider, for the first time in a profile 

optimization study, the effect of the plasma-induced bandgap narrowing on the base 

delay time in the high-injection regime. 

Chapter 5 describes the fabrication of Si Ge HBTs by high-dose Ge implantation, 

Si amorphization, and solid-phase epitaxy. The impetus behind this attempt is to 

enhance the ability of SiGe HBT technologies to fully integrate with existing Si 

CMOS processes. The implantation technique, as a conventional doping step in 

modern Si processes, not only facilitates integration but also allows multiple Ge 

profiles to be optimized for different applications on the same chip. We present, for 

the first time, the results of electrical measurements on HBTs fabricated by this 

technique. 

Finally, conclusions of the thesis findings and contributions are given in Chapter 

6. 



Chapter 2 

Ge profile optimization for 

niinimuni emitter and base delay 

tinies 

2.1 Introduction 

Since the heterojunction bipolar action of SiGe base HBTs was demonstrated [35], 

researchers have begun to look for a Ge profile in the base that enhances device 

properties, in particular, the transition frequency (JT). In general, two main but 

different results of this search have been proposed [91, 92}: i) a graded Ge profile, 

and ii) a box Ge profile. The graded profile is advocated mainly by researchers in 

IBM, Siemens., NEC, Hitachi, etc. On the other hand, the box profile is favored 

by researchers from Daimler-Benz, TEMIC, Philips, etc. Although this search has 

been an ongoing effort for almost a decade, it is still not clear which proposal is 

better. 

23 
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Among different figures of merit of Si Ge HBTs, the transition frequency fr has 

received the most attention for improvement. For example, early in 1990! Patton 

et al. (93] have recognized that in order to maximize fr, a Ge profile \vith high 

Ge content at the emitter-base junction should be used when the emitter delay 

time ( 'e) 1 dominates the contribution to fT ( as a higher bandgap narrowing can 

be obtained to increase the current gain and consequently reduce 'e). On the other 

hand, when the base delay time ( rb) dominates, a Ge profile with a large grading 

should be used to create an aiding electric field to enhance the electron transport. 

However, the Ge dose in the base was not kept constant when the impact of different 

Ge profiles on the various time delay terms was investigated in their study. As a 

result, the Ge profiles were not fairly compared. Similarly, Zhang et al. [88] favored 

the graded profile over the box profile but the Ge dose was not kept constant in 

their study either. Harame et al. [94] derived analytical expressions for SiGe-to-Si 

ratios of , 6 and 'e for a uniformly doped base with Ge profiles of different shapes 

but the same Ge dose. However, they only considered SiGe HBTs with conventional 

polyemitter contacts, where fT was assumed to be entirely dominated by 'b, when 

comparing different Ge profiles. As expected, they concluded that the graded Ge 

profile is more effective than the box Ge profile in maximizing /T-

More recently, Hueting et al. [95] emphasized the interplay between the effective 

base Gummel number, the collector current (or the current gain), and the emitter­

base depletion layer delay time 'be· They concluded that it is the base Gumm.el 

number, not the Ge grading, which determines the maximum fT. Therefore, the 

box Ge profile should be preferred. Using numerical simulations, Richey et al. [96] 

also showed that the box Ge profile is more optimal, since the emitter delay time 

1The emitter delay time re should be distinguished from the emitter transit time (te,tran.,it), 
which is defined as the emitter delay time multiplied by the injection-limited DC common-emitter 
current gain. 
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becomes important in a scaled device. In short, both studies point back to the 

necessity of not only minimizing the base delay time but also maximizing the current 

gain as the latter affects the emitter delay time and the emitter-base depletion layer 

delay time. This is especially true when the base width is further scaled. In fact, 

a similar approach was taken earlier by Roulston and McGregor (97]. Considering 

a SiGe base without neutral base recombination and with a fixed Ge dose, they 

concluded that a box Ge profile would give both a maximum current gain and a 

minimum emitter delay time. However, they did not report the absolute magnitude 

of the emitter and base delay times corresponding to different Ge profiles. Only 

normalized values were given. This makes the comparison of the sum of delay times 

impossible. It should be noted that a box Ge profile which gives the minimum 

emitter delay time does not necessarily minimize the sum of the base and emitter 

delay times. 

Unlike Roulston and McGregor, Hueting et al. and Richey et al. showed the 

effect of different Ge profiles on the final maximum f T value. Also, they simulated 

on a more realistic (non-uniform) base doping profile. Their base profiles are more 

realistic in that when the base is becoming narrower and more heavily doped, the 

more the base profile deviates from an ideal uniform shape, due to the dopant 

out-diffusion during subsequent thermal steps in the fabrication. However, one 

limitation of both studies is that only positively-graded Ge profiles were compared 

with the box Ge profile. In contrast, Roulston and McGregor included Ge profiles 

of both positive and negative gradients, even though their work dealt only with a 

uniformly-doped base. Considering negative Ge gradients is useful because when 

the total delay time of a transistor is dominated by re, a negative Ge gradient may 

be used to give the highest possible bandgap narrowing for a given Ge dose, i.e., 

resulting in a much higher /3 and a much lower re, and consequently a higher overall 
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fr- Another drawback of Hueting et al. 's study is that the emitter delay time was 

not considered. 

One common limitation of all the studies mentioned above is that they made 

the quasi-static approximation when estimating fr- For transistors with large base 

width, the base transit time likely dominates in the fr calculation and the quasi­

static approximation will not be of concern. But, when the base width is small and 

the emitter delay time becomes more significant, the emitter charge partitioning as 

a non-quasi-static phenomenon should be considered; otherwise, the emitter delay 

time may be over-estimated and a Ge profile that favors a smaller emitter delay 

time can be unfairly considered more effective at ma...ximizing fr. 

From this brief review, a few criteria can be summarized for improvement on 
-

similar studies. Firstly, the Ge dose of the compared Ge profiles should be identical. 

Secondly, the sum of the emitter and base delay times instead of the individual 

normalized delay times should be calculated and compared. Thirdly, both uniform 

and non-uniform base doping profiles should be considered. Fourthly, both positive 

and negative Ge gradients should be included in the comparison. Lastly, non-quasi­

static effects must be considered, especially in the case of scaled devices. To our 

knowledge, no studies meeting all these criteria have been reported. 

The primary objective of this chapter is not to determine the optimal Ge profile 

for maximizing fr. Rather, the purpose is twofold. First, we try to map out 

important factors which impact the performance of the Ge profile in minimizing 

the contribution of the emitter and base delay times to the fr of a SiGe HBT. 

Second, we attempt to optimize the Ge profile for the minimum contribution of the 

emitter and base delay times to fT, for different combinations of emitter and base 

profiles, in the low injection regime. It is believed that these efforts can deepen 

understanding of and provide insights on the bigger problem of seeking the optimal 
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Ge profile for maximizing f T. 

Section 2.2 details the theoretical tools that are required to carry out the op­

timization. They include the profile definitions, the derivation of e:x.--pressions for 

the base and emitter delay times, and the method of estimating the sum of the 

delay times with non-quasi-static correction. Section 2.3 verifies the expressions 

presented in 2.2 by comparing them with published transit time models in the 

literature and with numerical simulation results. Section 2.4 then compares Ge 

profiles in the SiGe base over different emitter and base doping profile parameters. 

Finally, conclusions are given in section 2.5. 

2.2 Theory 

2.2.1 Profile definitions 

A typical doping profile for this study is shown in Fig. 2.1. This high-low 

emitter structure, adopting the principle of doping inversion, is believed to become 

increasingly important because a higher base doping will be needed to keep the 

base resistance at a reasonable level and to avoid base punch through when the 

base width is reduced. Consequently, the concentration of the mono-Si emitter 

must be reduced so that both the tunneling current and the junction capacitance 

can be kept within an acceptable level. 

The emitter profile is divided into three regions: the uniformly doped poly­

Si region, the Gaussian-doped transition region from poly-Si to mono-Si, and the 

uniformly doped mono-Si region. The transition region can be described as follows: 

[ (
x - Wep)

2
] Net(x) = Nep exp - Xe (2.1) 



CHAPTER 2. GE PROFILE OPTIMIZATION 

C') 
C: 
·5. 
0 

"C .... 
(I.) 
z 

Emitter 

Nepi 

Depth 

28 

Base 

T 
Figure 2.1: A schematic of the net doping profile under study (Note. The doping 
concentration is drawn in a logarithmic scale). 
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where 

Xe = ---;==== 
ln (!!:L) 

Nem 

(2.2) 

The constants Nep and Nern are the concentrations of the poly-Si and the mono-Si, 

respectively. Wep and Wemi are the widths of the poly-Si region and the transition 

region, respectively. In Fig. 2.1, Xeni is the metallurgical width of the mono-Si 

region, which is the mono-Si neutral region (Wem) plus the depletion layer width 

of the emitter-base junction on the emitter side ( wi). 

The base profile consists of two regions: a retrograde region and a tail region. 

The retrograde region is often used to reduce the base concentration near the emitter 

and hence the tunneling leakage current and the emitter-base junction capacitance 

can be lowered [93]. However, it retards the electron transport by inducing a 

retarding electric field. The impact of this retrograde region is studied in detail in 

Chapter 3. The retrograde base region (Wep + Xem < x < fVep + Xem + BXb) is 

described as: 

1\r ( ) _ 1\r [ (X - Wep - ,X'em - 0Xb) 
2
] 

.tVbl X - l.Vbo exp -
Xb1 

(2.3) 

where 

(2.4) 

ln(~) ~em 

N&o is the base peak concentration at the peak location Wep + Xem + 8Xb and Bis 

the ratio of the retrograde base width to the metallurgical base width ( Xb). The 
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base tail region (Wep + Xem + exb < X < Wep + Xem + xb) is: 

r.r ( ) ·;u [ (X - Wep - }(em - {)Xb) 
2

] 1\r 
Hb2 X = n 00 exp - - Hepi. 

Xb2 
(2.5) 

Xb2 = (1 - B)Xb 

Zn(~~.) 
(2.6) 

where 1Vepi is the epitaxial collector concentration. In Fig. 2.1, Wb is the neutral 

base width, which can be calculated as the metallurgical base width (Xb) minus 

the sum of the width of the emitter-base depletion layer on the base side (w2) and 

the width of the base-collector depletion layer on the base side ( w3). 

As mentioned, in order to fairly compare different Ge profiles, the Ge dose of 

different profiles must be the same, i.e., identical SiGe film stability is maintained. 

Therefore, the Ge profile in terms of Ge fraction can be described as follows ( see 

Fig. 2.2): 

y( X) = Yav - g Wb/2 + g X (2.7) 

where Yav is the average Ge fraction and g is the Ge grading over the neutral base. 

This definition allows Ge profiles of both positive and negative gradients to be 

included2 . For g = 0, it describes a box profile of a uniform Ge fraction of Yav• 

In other words, (2.7) represents a family of Ge profiles (box profile, graded profiles 

with negative Ge gradings, and graded profiles with positive Ge gradings) with 

identical Ge dose of Yau wb. 

2 It should be noted that the same Ge profile definition can be found in [97]. 
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Figure 2.2: A schematic of the Ge profile under study (Note. The Ge fraction is 
drawn in a linear scale). 
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2.2.2 Emitter delay time 

A brief review 

Polysilicon emitter (polyemitter) has been widely used in today's high-speed bipolar 

and BiCMOS production processes [98]. One of its advantages is the ability to 

maintain the emitter-base junction capacitance at a reasonable level by allowing a 

shallow emitter junction to be formed when the lateral device dimension is further 

reduced. Despite the shallow emitter junction depth, it provides a considerable 

current gain over conventional bipolar transistors. In light of these advantages, 

together with the self-aligning features introduced into the production process, 

polyemitter bipolar transistors are responsible for ushering bipolar technology into 

VLSI [99}. 

Models attributing the current gain enhancement to different mechanisms have 

been published: oxide tunneling [100], thermionic emission due to the oxide bar­

rier [101] or due to the doping pile-up [102], low-mobility transport in the poly-Si 

region or at the poly/mono-Si interface (103, 104], and some combinations of the 

above mechanisms [105-109]. However, only a few studies [109-112] were devoted 

to modelling the emitter delay time in polyemitter transistors. In general, two 

approaches have been taken to calculate Te. The first one is the macroscopic ap­

proach which models the effect of the poly-Si region by material parameters at the 

poly /mono-Si interface and the mobility value in the poly-Si bulk. This approach 

was first demonstrated by Suzuki [110], adopted by other researchers [113-116], 

and later improved by Basu et al. [112]. The second one is the microscopic ap­

proach which was first attempted by Castaner et al. [111] and later improved by 

Rinaldi [109}. As the name implies, this approach not only considers the poly/mono­

Si interface properties but also models the effect of the poly-Si region by looking 
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into its microstructures such as grains and grain boundaries. A brief review of both 

approaches follows. 

Taking into consideration oxide tunneling, reduced mobility in poly-Si and re­

combination mechanisms, Suzuki [110] reported a unified model with analytical 

expressions for the injected minority hole current and the emitter delay time 'e• 

One minor limitation of Suzuki's model is that it can only be applied to the uni­

formly doped poly-Si region. Employing Suzuki's model, Chang et al. [113] and 

later Lu et al. [114] derived closed-form analytical expressions of 'e for Si BJT and 

SiGe HBT, respectively. Chyan et al. [115] and Ma et al. [116] extended Suzuki's 

model to the high-injection regime for Si BJT and Si Ge HBT, respectively. More 

recently, Basu et al. [112] considered the effect of oxide break-up at the interface 

between the poly-Si region and mono-Si region and derived new expressions for the 

emitter delay time in the poly-Si region (-rep) and that in the mono-Si region ('rem)-

Castaner et al. (111] reported an alternative method to calculate 'e under the 

microscopic approach. The key to their method is to determine the ratio ( r) of 

minority charges stored in the poly-Si region ( Qp) to that in the mono-Si region 

(Qm)- The emitter delay time can then be obtained as the emitter delay time (with 

respect to the mono-Si region) multiplied by the factor (1 + r). To calculate Qp, 

Castaner et al. adopted the multi-grain box model of Yu et al. [106], in which the 

poly-Si region is assumed to consist of n grain boxes and 2n + 2 interfaces (including 

2n interfaces between grains and grain boundaries as each grain is bound by two 

grain boundaries, and one interface for the metal contact at one end, and one for the 

oxide at the other end). The charge in each grain and grain boundary is related to 

an effective recombination velocity (ERV), which in turn depends on the diffusion 

length, the mobility, and the density of the interface traps. In short, to calculate 

Qp, one first needs to know the charge stored in each grain, i.e., determine the ERV 
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at each interface, and then sum up the charges in all grain boxes. The difficulties 

of this method are: i) it is not clear how many grain boxes are required for an 

accurate calculation of Qp, ii) a numerical iteration is required as the ERV of each 

grain depends on the ERV of the next grain, and iii) parameters like the density of 

the interface traps at the grain boundaries are not well characterized. 

Rinaldi [109] improved upon Castaner et al. 's method by defining an effective 

hole diffusion constant and an effective hole diffusion length which encapsulate the 

properties of the multi-grain poly-Si region. By assuming an infinite number of 

grains, Qp can be approximated asymptotically. As such, difficulties i) and ii) of 

Castaner et al. 's method can be avoided. However, since both effective quantities 

depend on parameters like the density of interface traps at the grain boundary, it 

still shares the last difficulty of Castaner et al. 's method. Another concern is that 

e.xperimental evidence suggests that only one to three grains exist in the vertical 

direction [117]. In other words, the assumption of infinite number of grains that 

is required for the asymptotic approximation is questionable. Furthermore, the 

asymptotic method is not computationally efficient considering that one quadratic 

equation for each emitter structure studied needs to be solved to evaluate the 

asymptotic values before obtaining the two effective quantities. 

Derivation 

In this section, the macroscopic approach and in particular Suzuki's model, with 

modifications, is used to calculate re for the following reasons: 

• the details of the grain structures in the microscopic approach ( e.g. the in­

terface trap densities at grain boundaries) is seldom completely character­

ized [117], 
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• the concentration of the mono-Si emitter used in this chapter is uniform and 

high enough that Suzuki's low-injection model with the drift current neglected 

in the poly-Si region is still valid, 

• the trend in the industry is that a HF dip prior to the polysilicon deposi­

tion is often used to intentionally remove the interfacial oxide for reasons of 

reproducibility [118}, and thus modelling the oxide breakup is not necessary, 

• in order to compare the effect of a large number of Ge profiles on 'e and rb 

for bases and emitters with a wide range of dimensions, a simple analytical 

expression is preferred to the iteration method or the asymptotic method, 

and 

• an analytical expression facilitates the calculation of the charge partitioning 
-

factors (which will be discussed later} since it allows a quick determination 

of the hole profile in both mono-Si and poly-Si emitter regions. 

Based on Suzuki's model, a new analytical expression for 'e will be derived 

to account for the finite effective recombination velocity at the metal/poly inter­

face (Sm)- It should be noted that in Suzuki's and similar works (110, 112-116], a 

zero hole concentration, i.e., an infinite effective recombination velocity, is always 

assumed at the metal/poly interface, which slightly simplifies the derivation. How­

ever, considering both the concentration and electric-field dependence of the carrier 

mobility and the form of potential between the space-charge region near the metal 

contact and the semiconductor, Heasell [119] showed that the effective recombina­

tion velocity is lower than 107 cm/s in most situations. Fig. 2.3 shows a typical 

minority carrier profile in the poly-emitter structure that was defined earlier in the 

chapter. 
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Figure 2.3: A typical minority hole profile in poly-Si emitter structure used in this study. 
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First of all, the continuity equation in the poly-Si region needs to be solved. 

Since the doping concentration in poly-Si is often uniform, the drift term in the 

hole current equation can be ignored and the continuity equation can be turned 

into the hole diffusion equation as follows: 

cl2p2(x) _ p2(x) = 
0 dx2 L2 

p2 
(2.8) 

where Lp2 = J Dp2Tp2 is the hole diffusion length in poly-Si. The general solution 

to this 2nd order linear differential equation is: 

r r 

P2 ( x) = A e Lp2 + B e - LP2 (2.9) 

where A. and Bare constants to be determined from the boundary conditions. 

At x = vVem, a Dirichlet condition exists (see Appendix A), 

(2.10) 

where a is the hole tunneling probability, which can be expressed in terms of the 

hole effective mass in the insulator (mh), the effective potential barrier of the oxide 

to holes (Xh) tunneling into the poly-Si from the mono-Si, and the thickness of the 

interfacial oxide3 ( 5) [105,120]: 

e-bh 
a=----

1 - C11kT 
(2.11) 

3 For generality and the advantage of being able to cross-check with existing 'e expressions, the 
following derivation will first assume the presence of an interfacial oxide layer and then set o = 1 
to ignore its effect in calculations for HF devices. 
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with 

(2.12) 

(2.13) 

where his the Planck constant, k is the Boltzmann constant, and T the tempera­

ture. 

To account for the finite effective recombination velocity at the metal/poly-Si 

interface, a Neumann boundary condition is used at x = Wem + VV~P (this is where 

our derivation departs from the derivations of Suzuki and others): 

(2.14) 

Substituting (2.10) and (2.14) into (2.9) yields: 

(2.15) 

and 

(2.16) 
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With (2.15) and (2.16), the hole density given by (2.9) becomes: 

(2.17) 

With some algebraic manipulation, p2 ( x) can be re-written as: 

(2.18) 

In {2.18), p2(x) is expressed in terms of Pi(W:m)- But Pi(W:m) is an unknown. 

To obtain Te, both p2(x) and p1(x) must be known and integrated over the poly-Si 

region and the mono-Si region, respectively. The sum of the two integrations is 

then divided by the sum of the electron and hole currents to obtain Te. Therefore, 

p 1(W:m) must be evaluated first to determine p2(x) and later Pi(x). To do so, we 

examine the current continuity at the poly/mono-Si interface (see Fig. 2.3 and 

Appendix A for details): 

(2.19) 

where Jp1(W:m) is the hole current injected from the mono-Si region at x = w:m, 

and Jpr is the recombination current at the oxide/mono-Si interface, which can be 

written as: 

(2.20) 
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where Sp is the recombination velocity at the oxide/mono-Si interface4 . The quan­

tity Jp2(Wem) is the hole current at x = Wern on the side of the poly-Si region, 

which can be easily obtained since the electric field is assumed negligible in the 

uniformly-doped poly-Si region: 

(2.21) 

Using (2.18), Jp2(Wem) is found as: 

(2.22) 

Since Jp2(vVem) can also be written as: 

(2.23) 

where Spoly is the effective recombination velocity (ERV) relative to the poly-Si 

bulk region, from (2.10) and (2.22) Spoty is then found as: 

(2.24) 

It should be noted that (2.24) is actually the same as equation (10) in Yu et al. 's 

multi-grain box model [106] with the special case of only one grain considered in the 

poly-Si bulk. The equivalence is not surprising since our macroscopic approach, by 

4It should be noted that Rinaldi [109] used the symbol Sia to name the recombination velocity 
at the oxide/mono-Si interface, which is more appropriate. However, to facilitate the comparison 
between the derived expressions and Suzuki's expressions [110], Suzuki's notation of Sp is used 
here for convenience. 
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definition, attempts to model the poly-Si region as a "black box" (i.e. a single grain) 

instead of looking into its microstructures. To calculate Spo1y in this work, the value 

of Dp2 is obtained from Klaassen's recent unified mobility model [121] multiplied by 

the poly-Si to crystalline-Si majority hole mobility ratio taken from [122] ( assuming 

that this ratio is applicable to the minority carrier mobility). At a doping of 

1020cm-3 , the ratio is rv 0.57. A more recent result from [123] gives the ratio a 

value of 0.3. However, it is found that the two values give rise to a difference of 

less than 5 % in the final results presented in Section 2.4 ( except for the current 

gain, which varies by a factor of two). The value of Lp2 is taken from [124] (which 

is around 100 nm). Substituting (2.20) and (2.23) into (2.19), the relation between 

Pi(Wem) and the hole current Jp 1 (W:m) can be obtained: 

(2.25) 

In a more compact form, Jp1(W;m) can be re-written as: 

(2.26) 

where s; is the effective recombination velocity at the poly/mono-Si interface (to 

be precise, the oxide/mono-Si interface, see Appendix A), which is defined as: 

(2.27) 

with Sp modelling the oxide/mono-Si interface recombination, a modelling the oxide 

tunneling, and Spoly modelling the minority carrier transport in the poly-Si bulk. 

If only HF devices are considered, i.e., no oxide tunneling effect (a = 1), (2.27) 

reduces to Ning and Issac's two-region model (103]. Equation (2.26) shows that 
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P1(W;m) can be evaluated if Jp1 is known. 

To evaluate Jp1. in the mono-Si region, we neglect the recombination there. This 

is a reasonable assumption because the diffusion length in the mono-Si region is 

often larger than the typical emitter junction depth5 . In other words, JP1 is a 

constant. From conventional drift-diffusion transport theory, Jp1 can be expressed 

as: 

(2.28) 

where µP and Dp1 are the hole mobility and diffusion coefficient in mono-Si, re­

spectively. Their values are both concentration and field dependent and can be 

obtained from Klaassen's mobility model [121] and Caughey-Thomas electric field 

adjustment [126]. Since the electric field in the low injection regime, e, does not 

change significantly from its equilibrium value in the mono-Si region (127,128}, it 

can be determined by setting Jp1 = 0 in (2.28): 

(2.29) 

where VT is the thermal voltage and p0 is the equilibrium hole concentration. By 

substituting (2.29) into (2.28), we obtain: 

(2.30) 

5 Using Klaassen's latest lifetime and mobility models [121,125], for a donor concentration of 
1Q20cm-3 , the hole diffusion length is estimated as 0.385 µm, which is much higher than the 
thickness of today's mono-Si region. This assumption of negligible recombination is even more 
valid in this study because the doping of the mono-Si region is significantly lower than 1020cm-3

• 



CHAPTER 2. GE PROFILE OPTIMIZATION 43 

The same result had been obtained earlier by Selvakumar [129] and del Alamo 

and Swanson [130] using the definition of a normalized carrier density u = pf p0 • 

The equilibrium hole concentration p0 is related to the effective intrinsic carrier 

concentration nie as follows: 

(2.31) 

Considering the bandgap narrowing due to the heavy doping effect, the effective 

intrinsic carrier concentration can be written as [131]: 

(2.32) 

with nio as the intrinsic carrier concentration and b..Eg(x) as the apparent bandgap 

narrowing, which can be calculated using Klaassen's recent unified bandgap nar­

rowing model [132]. Integrating (2.30) over the mono-Si region, 

{We,n dx [ p(Wem) p(O)] 
Jpl f o Dp1Po = -q Po(Wem) - Po(O) 

(2.33) 

In Fig. 2.3, x = O is the depletion layer edge of the emitter-base junction on 

the emitter side and Wern is now re-defined as the location of the oxide/mono-Si 

interface, instead of the poly-Si/ oxide interface. Therefore, 

p(O) = evsE/VT 

Po(O) 
(2.34) 
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where VBE is the applied emitter-base terminal voltage. Applying this boundary 

condition with expressions (2.26) to (2.33), Jp1 is finally obtained as: 

(2.35) 

This is equivalent to equation (8) in Shibib et al. 's transparent emitter model [133]. 

If Sm approaches infinity, (2.27) reduces to: 

(2.36) 

Then Jp1 becomes: 

(2.37) 

This is the same as equation ( 13) in Suzuki's model [110}. 

For convenience, Jp 1 is re-written in terms of the effective emitter Gummel 

number (Ge) as follows: 

(2.38) 

where 

Ge= 9em + 9ep (2.39) 
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with 

9ern = 1
Wem dx 

o Dp1Po 
(2.40) 

which is associated with the mono-Si region, and 

1 
(2.41) 

which is associated with the poly-Si region. 

Now with the knowledge of Jp1 , both p1 (x) and p2 (x) can be readily obtained. 

To obtain p1 (x), (2.30) is integrated from x to Wern, 

1Wem dz [ p(Wem) p(x)] 
J.1 ----q ------

p x Dp1Po - Po(Wem) Po(x) 
(2.42) 

( ) _ p0 (x)Jp1 (1Wem dz ) 
Pi X - D + 9ep 

q x plPo 
(2.43) 

From (2.18) and (2.26), p2 (x) is obtained as: 

_l_cosh cx-Wem-t-it"ep) - ~sinh (r-Wem-Wep) 

( ) 
Jpl Lp2 Lp2 Dp2 Lp2 

P2 x =a-• 
qS~ - 1-cosh (~Vep) + .§.m_sinh (Wep) 

Lp2 Lp2 Dp2 Lp2 

(2.44) 

Finally, 'e can be calculated. By definition1 

(2.45) 
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where Qe is the total hole charges in the neutral emitter, which can be written as: 

(2.46) 

and Jn is the electron minority current injected into the neutral base: 

(2.47) 

where Qb is defined as effective base Gummel number. Its definition will be given 

later when the base transit time expression is presented. Since p 1 (x) and p2 (x) are 

proportional to Jp1 and both Jp1 and Jn are proportional to eVsEfVT, (2.45) simply 

becomes: 

(2.48) 

Substituting (2.46) into (2.48), we can divide th~ emitter delay time into two com­

ponents: Tem for the mono-Si region and Tep for the poly-Si region: 

(2.49) 

and 

(2.50) 
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Substituting (2.43), (2.44), (2.38), and (2.47) into (2.49) and (2.50), one can finally 

obtain the two components of the emitter delay time: 

~tanh (Wep) + -1-
Dp2 Lp2 S..n 

(2.51) 

where f3dc is the D.C. common-emitter current gain, here defined as Ge/Gb. It can 

be seen from (2.51) that Te is inversely proportional to the D.C. current gain f3dc• 

Again, if Sm approaches infinity (i.e. s; becomes (2.36) ), (2.51) reduces to: 

1 {We..n 

Tern = 1 + f3dc Jo Po 

1- l 

T. - l . L;2 . cosh ( ~) 
ep - 1 + f3dc Dp2 SpLp2 tanh ( Wep) + 1 

0Dp2 Lp2 

(2.52) 

which are the same as equations (22) and (23) in Suzuki's model [110]. 

2.2.3 Base delay time 

Compared with Te, the calculation of the base delay or transit time Tb is more 

straightforward. The primary task here is to incorporate the effects of non-uniform 

energy bandgap, due to the presence of Ge, into the conventional expression of 

Tb for Si BJTs. A more detailed derivation and background survey can be found 

in Chapter 3 where a closed-form analytical expression of Tb is derived for a SiGe 
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HBT with a retrograde base profile and linear Ge grading. In this section, a more 

limited derivation of the analytical 71 expression for a SiGe HBT with arbitrary 

base doping and Ge profiles is presented. 

As the base counterpart of the hole current density (2.30) in the neutral emitter, 

the electron current density injected into the neutral base can be similarly V-Titten 

as: 

(2.53) 

where Dn is the electron diffusion coefficient, which is both concentration and 

field dependent and can be obtained from Klaassen's mobility model [121] with 

Caughey-Thomas adjustment [126]. The quantity n 0 is the equilibrium electron 

concentration, and n is the electron concentration. To incorporate the influence of 

Ge in the base, n 0 is defined through the effective intrinsic carrier concentration 

(nie) 6
: 

(2.54) 

where Nb is the base concentration, and 

(2.55) 

6 Although the same notation is used for both the effective intrinsic concentration in the base 
and in the emitter, it should be understood that the two are not the same because of the Ge 
presence in the base. 
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with the apparent bandgap narrowing 

-6.E (x) =~E + ~E + kT [ ( Nc,SiGeiVv.SiGe) g g,H DE g,Ge n N. N, 
c,Si v,Si 

+ kT [ln ( Nb ) - :F;-1 
( Nb )] 

Nv,SiGe 2 Nv,SiGe 

(2.56) 

The terms l::,.E9 ,HDE and l::,.Eg,Ge denote the bandgap narrowing due to the doping 

and the Ge presence, respectively. The last two terms of (2.56) account for the 

reduced effective density of states due to the Ge and the Fermi-level shift associated 

with Fermi-Dirac statistics7
, respectively. The details of the physical models for 

each of these terms are given in Appendix C and the corresponding analytical 

expressions can be found in Chapter 4. With these physical models, the last three 

terms of (2.56) can be expressed in terms of the Ge fraction as defined in (2.7). In 

other words, the effects of the Ge profile are now incorporated through the quantity 

Since the base width for today's optimized HBT is around 100 nm or smaller, 

which is much smaller than the electron diffusion length at typical base doping levels 

used for today's Si Ge HBTs8
, the neutral base recombination is neglected. In other 

words, Jn is treated as a constant. Integrating (2.26) from x to the depletion layer 

edge of the base-collector junction on the base side, i.e., Wb ( since the depletion 

layer edge of the emitter-base junction on the base side is assumed at x = 0) yields: 

(2.57) 

'Since the base doping used in this study can be very high (e.g. 1019cm-3 ), the Fermi-Dirac 
statistics correction term is included. 

8 Using Klaassen's latest lifetime and mobility models [121, 125], for an acceptor concentration 
of 1020cm-3 , the electron diffusion length is estimated as 0.487 µm, which is much higher than 
the thickness of today's base width. 
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At x = Wb, the electron current can be expressed in terms of the junction velocity 

at the base-collector junction ( S). The junction velocity ( S) can be reasonably 

assumed to be the thermal velocity V 5 as there exists a high electric field at the 

base-collector junction: 

(2.58) 

Substituting (2.58) into (2.57) gives: 

(2.59) 

By definition, the base delay time is: 

(2.60) 

where 

(2.61) 

Since n(x), in turn Qb, and Jn are all proportional to eVBsfVT (see (2.59) and the 

end of the following derivation for Jn), the base delay time can be simply calculated 

as: 

(2.62) 
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Substituting (2.59) into (2.62) with the absolute value of n( x )/ Jn taken, one finally 

obtains: 

(2.63) 

This is the same as equation (11) in Suzuki and Nakayama's different, but equivalent 

derivation [134], which defined Tb as the the product of the emitter-base diode 

resistance and electron diffusion capacitance. If the velocity saturation at the base­

collector junction is neglected (i.e. Sis set to infinity), (2.63) reduces to: 

(2.64) 

which is equivalent to Kroemer's Tb expression [135]. 

To show that Jn is proportional to evBEfVT, one can set x to O in (2.57) and then 

apply the boundary condition at x = 0 (i.e. n(O) = n 0 (0)eVssfVT). Jn becomes: 

(2.65) 

which will be the same as the Jn introduced in previous section (2.47) if the effective 

base Gummel number Gb is defined as: 

(2.66) 

2.2.4 Non-quasi-static correction 

Analytical expressions for emitter and base delay times have been derived in the 

two previous subsections. It is tempting to immediately relate the two delay times 

to the transition frequency as most, if not all, studies on Ge profile design have 
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done: 

1 1 
fr=-=----

21rTt 211( Te Tb) 
(2.67) 

where Tt is defined in this chapter as the total contribution of the emitter and base 

delay times to fr9
. Equation (2.67) can be easily shown to be based on the current 

gain model resulting from the conventional charge-control theory: 

(2.68) 

where w is the radian frequency, the quantity j denotes the imaginary number 

v'=f, and /30 is the current gain at zero frequency. This represents the classic 6 

dB/ octave drop with frequency and is the basis on which fr can be extrapolated 

from low frequencies. When I.B(w)I = 1, w = I/rt rv 1/(Te+Tb)- Since the transition 

frequency is defined as the frequency at which the short-circuit current gain (i.e., 

/3) drops to 1, (2.67) is obtained. 

However, in this subsection, it is shown that (2.68) is not sufficient to describe 

the high frequency behaviour of transistors where the emitter delay time is com­

parable to the base delay time, and consequently the contribution of Te and Tb to 

fr measured by (2.67) will be inaccurate. Furthermore, it is explained how studies 

on the non-quasi-static behaviour of the transistors at high frequencies can provide 

a better estimation of the contribution of Te and Tb to f T, and in particular, why 

Hamel's high frequency model [136,137] is adopted in this chapter. 

9 To be precise, it should be noted that there are other delay time terms, as described in 
Chapter 1, in the overall fr expression. 
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Limitation of quasi-static assumption 

The term "quasi-static" refers to the situation where the dynamic or time-dependent 

behaviour of a transistor is deduced from some static or steady-state quantities. A 

typical quasi-static situation is encountered when Gummel's static charge-control 

relation [138J is used under the charge-control approach (139} proposed by Beaufoy 

and Sparkes to predict the A.C. or transient behaviour of a device. This results 

in an expression similar to (2.68). In (2.68), the base transit time Tb, originally a 

static parameter (which can be determined from the D.C. or steady-state solution 

of the minority carrier as shown in the previous subsection), is used to model the 

A.C. current gain. As such, Tb in (2.68) can be considered a quasi-static parameter. 

Another well known quasi-static example is the use of Beaufoy and Sparkes' 

charge control approach in the conventional Gummel-Poon capacitance-based bipo­

lar transistor model [140,141] for modelling the A.C. or dynamic behaviour of bipo­

lar transistors. However, such use of the Gumm.el-Poon model has been shown to 

cause inaccuracies, e.g. transconductance phase error [142-144]. These inaccuracies 

stem from the quasi-static assumption made in the model. In other words, the true 

time-dependent physical effects of the transistor (hereafter called non-quasi-static 

effects), in response to the time-varying signals applied to its terminal, are ignored. 

In fact, Lindmayer and Wrigley [145] have long pointed out a non-quasi-static ef­

fect when they calculated the small-signal base diffusion capacitance of a uniformly 

doped base. They have observed that even at low frequencies 10 the base diffusion 

capacitance seen from the junction terminal is not the capacitance calculated based 

10The phrase "low frequency" refers to the frequency which is considerably less than the recip­
rocal of the transit time of the minority carrier in a quasi-neutral region. 
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on the quasi-static assumption: 

(2.69) 

where VBE is the time-varying base-emitter voltage and 9m is the transconductance. 

Instead, they found that for a wide-base junction, the capacitance is only one-half 

of the quasi-static base diffusion capacitance; while for a narrow-base junction, it is 

only two-thirds. This implies that only a fraction of the "stored" minority charges 

in the base is reclaimable through the junction (Qb/2 for the wide base and 2Qb/3 

for the narrow base). That is, not all stored charges respond to the applied small­

signal voltage even at low frequencies. Phenomenologically, the stored charge is 

partitioned between the terminals in a way that only a fraction of them can be 

reclaimed through the junction during the dynamic operation of the device. This 

charge partitioning phenomenon can be considered as incorporating the non-quasi­

static effect, which is modelled in this particular example by a charge-partitioning 

factor, ab (1/2 for the wide base and 2/3 for the narrow base). 

A physical interpretation of this non-quasi-static effect is that it takes a finite 

amount of time for the minority carriers to respond to the time-varying voltage 

across the junction and then settle to a steady-state value. Therefore, the higher 

the frequency of the applied voltage, the shorter time the carriers will have to 

respond and the more the actual carrier distribution will deviate from the steady­

state value, i.e., the more invalid the quasi-static approximation will be. In other 

words, the quasi-static approximation tacitly assumes that the minority carrier can 

travel at an infinite velocity to respond to the applied voltage instantam~ously (144]. 
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Because only a portion of "stored" charges is reclaimable through the junction, 

the delay time, which is defined as the ratio of the change in "stored" charges 

to the change in the current density in response to the an applied voltage, may 

be over-estimated. For the purpose of comparing Tt 's corresponding to different 

base doping and Ge profiles in this chapter, a quasi-static approximation such as 

(2.67) will over-estimate the delay time terms that contribute to the overall fr and 

the comparison results will become unreliable. Therefore, the question is: how do 

we account for the non-quasi-static effects when adopting Tl, and re as quasi-static 

parameters to model Tt accurately? 

A brief review of studies on non-quasi static modelling 

Four general approaches have been taken by researchers on modeling non-quasi­

static effects of bipolar transistors. 

Weighting methodology 

The weighting methodology [142, 146-148] weighs the time-dependent continuity 

equation and/ or the current equation with appropriate analytic functions, in order 

to quantify the charge partitioning phenomenon and obtain a new charge control 

relation. The first example of this approach is the work by Fossum and Veeraragha­

van [142], who simply integrated the time-dependent continuity equation over the 

neutral base twice (i.e. the weighting function being set to 1) to obtain a new 

expression for the charge partitioning between the emitter and the base. The main 

drawback of their work is twofold: i) the recombination is neglected (i.e., the re­

sult cannot be applied to neutral region where recombination is significant, e.g. the 

emitter), and ii) the correct charge partitioning in the case of having a built-in elec­

tric field in the neutral region ( e.g. regions with non-uniform doping or non-uniform 

bandgap) is not well defined [142]. 
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Klose and Wieder [146] integrated the current equation instead of the continuity 

equation from the emitter terminal to the collector to obtain a new charge control 

relation that predicts the correct charge partitioning even in the case of a non­

zero electric field. However, as shown by Hamel and Selvakumar [148], Klose and 

Wieder's relation is only useful in regions where recombination is negligible (148]. 

Another limitation is that their relation involves a double integral, which makes 

it impractical for circuit-level compact modelling. McDonald [147] showed that 

the expression for charge partitioning can be arrived by taking moments of the 

continuity equation with arbitrary weighting functions and thus provides a more 

general framework from which Fossum and Veeraraghavan's model can be derived 

and from which improvements can be made to handle non-uniformly doped neutral 

regions. However, he did not show how these arbitrary weighting functions can be 

deduced. For modelling the non-quasi-static charge partitioning in neutral regions 

with significant recombination, Hamel and Selvakumar [148] weighted the time­

dependent current equation with a position-dependent weighting function (in their 

case the minority current), resulting in a general charge control relation which 

predicts the following charge partitioning factor for the emitter: 

(2. 70) 

where We is the width of the neutral emitter region. The significance of this result is 

that the charge partitioning factor can be solely determined from the static charge 

distribution p(x) and the profile data p0 (x). The advantage is not only that it is 

less computationally intensive than Klose and Wieder's result, but it also allows the 

non-quasi-static effect in a neutral region, where recombination can be significant, 

to be accurately modelled by a quasi-static parameter such as O:e. 
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Series expansion method 

The second approach relies on truncating the infinite series solution to the time­

dependent continuity equation in the time or frequency domains [144, 149-153}. 

Unlike the first approach that attempts to arrive at a new charge control relation 

from which the charge partitioning and terminal currents can be obtained, this 

approach aims to arrive at terminal currents directly; even though expressions for 

quasi-static parameters, such as the charge partition factor, can often be obtained 

analytically as secondary results. The goal is to incorporate non-quasi-static effects 

into the cu...rrent expressions but not necessarily through the concept of charge parti­

tioning. Using a perturbation expansion to the time-dependent continuity equation 

with truncation up to the first order term, Hu.rkx [149] showed that the A.C. be­

haviour of the transistor can be modelled by small-signal base and collector currents 

as follows11
: 

ib = : [lb+ jwlc(Tt - (1 - O:e)Te)} 

ic = Vbe fc[l - jw(l - 0:b)Tb] 
Vr 

where Tt =Te+ Tb and the charge partitioning factor can be expressed as: 

k J0w[m(x) for G(x')dx'Jdx 
0:be = W W 

' fa G(x)dx fo m(x)dx 

with 

k - Wv/D 
- w 

Wv/ D + G(W)W/ f0 G(x)dx 

(2.71) 

(2.72) 

(2. 73) 

11It should be noted that in Hurkx's paper, the charge partitioning factor is defined as one 
minus the charge partitioning factor used here. 
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where W is the position of the emitter contact in the case of a neutral emitter 

region or the base edge of the base-collector junction in the case of a neutral base 

region, vis the velocity at x = W, and 

(2.74) 

where m = n (or p), the minority carrier concentration for base (or emitter). Sim­

ilar to problems of Klose and Wieder's model, Hurkx's model is computationally 

intensive as it involves double integral in determining a and neglects recombina­

tion. Also, it is not very accurate since higher order terms are ignored during the 

truncation. 

Performing a Laplace transform on the continuity equation and then solving 

the resulting ordinary differential equation in frequency domain by series expansion 

with truncation, Chen, Lindholm and Wu [144] proposed an inductive model which 

successfully predicts the frequency dependence of the magnitude of the transcon­

ductance for an exponentially-doped base. However, the main limitation is that 

recombination is neglected in the derivation. Later in another paper, Wu and 

Lindholm [150] accounted for the emitter recombination and arbitrary base profile 

and presented an expression for the A.C. input admittance in the emitter region 

that involves a few triple integrals. The intensive computation required for evalu­

ating the triple integrals is the major drawback of their result. Similar to Hurkx, 

Hamel [151] employed the rigorous perturbation method but included recombina­

tion, and obtained the same charge partitioning factor predicted earlier by Hamel 

and Selvakumar's charge control relation (see (2.70)). This confirms that the charge 

partitioning factor can be solely determined from the static charge distribution and 

profile data. 
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More recently, Rinaldi [152,153] extended Wu and Lindholm's work to the high 

injection regime by solving the current and continuity equation with the integral 

series solution method proposed by \Vu and Lindholm. Rinaldi showed that small­

signal base and collector currents can be expressed in terms of an infinite poly­

nomial of a complex variable. Results of a few other non-quasi-static models can 

be obtained using different approximations of the general current expressions. In 

addition, simple analytical expressions for model parameters, such as the charge 

partitioning factor and phase shift were given. However, sharing the common prob­

lem of all series expansion methods, Rinaldi's model can be very accurate but at 

the same time very computationally intensive as many high order terms can be 

included in the solution. 

Effective time constant method 

The third approach for modelling non-quasi-static effects is characterized by the 

use of effective time constant(s) to represent the infinite number of poles and zeros 

in the small-signal expressions for the base and collector current or equivalently the 

admittance (Yn), trans-admittance (y2 i) and current gain [143,154]. This approach 

usually provides a highly accurate non-quasi-static model since higher order terms 

are implicitly included in the effective time constants. It is also compact and 

computationally efficient provided that the effective time constants are known. Like 

the second approach, the concept of charge partitioning is not necessarily involved as 

long as the terminal currents can be modelled accurately. Thomas and Moll [154] 

showed that (3 can be represented by an excess phase shift term instead of the 

product of an infinite number of poles. As such, the magnitude and phase of /3 

can be determined from three amplitude measurements. Seitchik et al. [143] then 

applied the same treatment to y21 since both /3 and Y21 can be represented by the 
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product of an infinite number of poles, resulting in the following expressions12 : 

(2. 75) 

where yfi. is the common-emitter admittance and a 0 is the common-base current 

gain at zero frequency, 

(2.76) 

where Yii. is the common-emitter trans-admittance, and finally 

B e-iwTJ. /3 = _,_o __ _ 

1 + jw/30 TJ 
(2. 77) 

Equations (2.75)-(2. 77) show that three important small-signal A.C. quantities can 

be fully characterized using three effective time constants r 1 , r 2 , and ,1, where r 1 and 

, 1 are related by the excess phase shift (which can be determined experimentally 

or estimated) and TJ and r 1 + r2 can be calculated from other non-quasi-static 

models. In other words, although models of effective time constant are compact 

and accurate, they rely on either A. C. measurements or other non-quasi-static 

models to provide them with reliable time constants. 

Extended charge control method 

The last approach for modelling non-quasi-static effects is the extended charge con­

trol models [136, 137, 155-158}. It extends the charge-control approach in that it 

models the small-signal A.C. quantities using parameters that can be determined 

from static device quantities and profile data. In fact, it is the same as the effec-

12It should be noted all admittances discussed in this chapter do not include the junction and 
parasitic admittance since it has been assumed that only delay times associated with the neutral 
regions contribute to fr as discussed earlier. 
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tive time constant approach, except that in this case, the time constants can be 

expressed in terms of quasi-static parameters such as Te, Tb, ae, and Ob, which in 

turn depend only on profile data and static charge distributions. This technique 

takes advantage of the accuracy of the effective time constant approach and the fact 

that expressions for certain static quantities can be analytically derived from other 

non-quasi-static models, especially those categorized under the second approach. 

In short, this approach is the most compact, accurate and computationally efficient 

among all the approaches described above. 

Given that devices with many different Ge and doping profiles will be compared 

in this chapter, an approach which can accurately model non-quasi-static effects 

by parameters, calculated from analytical expressions in terms of static charge 

distributions and profile data in a computationally efficient way, is required. As a 

result, this extended charge-control approach, and in particular the model proposed 

by Hamel [136,137, 156-158], has been chosen for this study. In the following, we 

give a brief description of how the final expressions of Hamel's non-quasi-static 

model for the current gain are obtained as they were reported without detailed 

derivation in the literature. 

Non-quasi-static current gain model 

Using the notation in two-port network theory, one can express the common-emitter 

gain {3 as: 

E 

(3 _ Y21 
- E Yu 

(2. 78) 
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since 

E Zc I Y21=-
V1>e: Vce=O 

E Zb I Yu=-:;;-
be Vcc=O 

(2.79) 

where the superscript ''E" refers to the common-emitter con.figuration and i&, ic, vbe 

and Vee are the small-signal base current, collector current, base-emitter voltage and 

collector-emitter voltage, respectively. Therefore, if yfi and yfi can be accurately 

modelled, then an accurate model for /3 will be obtained. It should be noted that 

since yfi is related to ic, only the neutral base region is considered in its calculation. 

On the other hand, yf{ is related to ib which has two major current components: 

the hole current due to the recombination in the neutral base region ( Ibb) and the 

hole current injected into the emitter at the emitter-base junction ([be). Therefore, 

both the neutral base and the neutral emitter are considered in its calculation. For 

convenience, yfi is written as: 

E _ E E 
Yu -Ynb+Yue (2.80) 

where the subscripts "'b" and "'e" refer to the neutral base and neutral emitter 

regions, respe~tively. 

Let us first consider yfi.. We can start from the Seitchik et al. 's model (2. 76) 

and then derive expressions for r 1 and , 2 . Rinaldi (153] showed that the common­

base trans-admittance yfi can be expressed as the reciprocal of the polynomial of 

the complex variable 'jw' as follows: 

B_ 
Y21-

9m 
1 + jwrv1 + (jwrv2)2 + · · · 

(2.81) 
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From two-port network theory, yfi = -yfi ( assuming y~ is negligible13), therefore, 

E _ 9m 
Y21 - l • ( • )2 + JWTD1 + JWTD2 + · · · (2.82) 

Truncating after the first-order term in the denominator, (2.82) is approximated 

as: 

E 9m 
Y21 = . 

1 + JWTD1 
(2.83) 

1\!Iultiplying both numerator and denominator by eiw-r-z and applying series expan­

sions, (2.83) then becomes: 

(2.84) 

Comparing (2.84) and (2. 76) yields: 

(2.85) 

if a-
0 

is assumed to be unity. Since at low frequencies, an admittance can be 

expressed as: 

y = G +jwC (2.86) 

where G and C are frequency-independent constants corresponding to the small-

13This is a good assumption since in the case of a practical bipolar transistor, the output 
conductance needs to be small. 
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signal conductance and capacitance, respectively, one can re-Vv-rite yfi as: 

(2.87) 

where a 0 is the common-base D. C. current gain. Equation (2.87) is the same as 

equation (3.35) in [159]. Therefore (according to two-port network theory), 

(2.88) 

where [148., 151] 

(2.89) 

Substituting (2.69) into (2.88) gives: 

(2.90) 

if a 0 is assumed to be unity. This is the same as Hurkx's result (see (2.71)). 

Comparing (2.90) and (2.83) after series expansion yields: 

(2.91) 

From (2.85) and (2.91), 

(2.92) 

which is equation (4) in [156]. By observing that the excess phase shift(= rifr1 = 

ri/rb, see equation (8) in [1431) is linearly proportional to the quantity (1 - ab), 
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Hamel [136, 156] proposed the following: 

(2.93) 

Therefore, from (2.93) and (2. 76), 

E le e-jw(l-ob)Tb/2 

y21 = VT • 1 + jw(l - o.b)rb/2 
(2.94) 

Now, let us consider yf{. In order to obtain the expression for yfib, let's apply 

Seitchik et al. 's results to the neutral base region only, i.e., the hole current will be 

just the current due to neutral base recombination (lbb) and Tf = 'b· Substituting 

(2.93) into (2. 75) yields: 

(2.95) 

where /3b = lei Ibb. Note: f3dc 
6 

lbetlbb = 1/.Be~l/.Bb • 

Considering the low-frequency yfi. in terms of charge-partitioning factors, Hamel 

[159] wrote: 

(2.96) 

According to two-port network theory, yfi = yf1 + yf1 (for small output conduc­

tance), therefore, (2.96) and (2.87) together gives: 

(2.97) 
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Since ao = 1/(1 + f3o) and /30 = Ic/(Ibe + Ibb), (2.97) becomes: 

E 9m • dQe 9m . dQb 
Yu = -13 + JWO'.e d¼ + -13 + JW JTr 

e be b u Vbe 
(2.98) 

where f3e = lei Ibe- With the charge-control relations 9mle = ~~b: and 9mTb = ~eb~, 

(2.98) becomes: 

(2.99) 

which can be easily shown to be equivalent to Hurkx's result (2. 71) on the base 

current. Comparing (2.99) with (2.80), one can separate yfi.e and yfib: 

(2.100) 

and 

E lbb ( • /3 ) 
Yub = Vr l + JW &Tb (2.101) 

Since both (2.95) and (2.101) are expressions for yfi.&, which one should be used? 

Rinaldi [153] has shown that (2.95) includes the second order term in the infinite 

number of zeros in the numerator of the polynomial of the complex variable whereas 

(2.101) includes only the first order terms. Therefore, (2.95) is more accurate. Sim­

ilarly, (2.100) does not contain any high order terms and therefore is not accurate 

to model the actual yfie as frequency increases. From the expression (2.100), it 

can be readily seen that yfi.e will exhibit the classic 6 dB/ octave rise as frequency 

increases beyond l/(2-rro:ef3ere)- This will fail to explain the 3 dB/octave increase 

observed at very high frequencies. At very high frequencies, the admittance should 
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be proportional to ,Jw (see equation (2-86) in [145] and equation ( 4.30) in [160]). In 

light of this, Ham.el (137,158] proposed that (2.100) should be modified as follows: 

(2.102) 

It should be noted that (2.100) and (2.102) only differ in the denominator of (2.102). 

The square root in the denominator will cause a 3 dB/ octave rise when the frequency 

increases beyond l/[21r(l - ae)f'ere]- For frequencies below this, the numerator will 

dominate and still show the classic 6 dB/octave rise with frequency. 

If the denominator is approximated by a series expansion, (2.102) becomes: 

(2.103) 

where Te,transit is the emitter transit time Te/3e- Observing that (2.103) and (2.95) 

have the same form, Hamel suggested that (2.95) should also be modified in order to 

model the 3 db/ octave increase at very high frequencies. Therefore, yfi6 becomes: 

(2.104) 

Finally, the common-emitter current gain can be obtained from (2.78), (2.94), 

(2.103) and (2.104) and expressed as: 
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If Ibb ➔ 0, /3b ➔ oo, then f3dc = f3e and (2.105) becomes: 

(2.106) 

From (2.106), it becomes clear why the current gain model derived from charge­

control theory ( e.g.(2.68)) fails to predict fr when non-quasi-static effects are signif­

icant because there is no guarantee that the drop will follow the classic 6 dB/ octave 

slope when the frequency is increased near fT- Only when Oe = Ob = 1 will the 

classic 6 dB/octave fall-off be guaranteed as (2.106) reduces to (2.68) with /30 = /3dc· 

In short, (2.106) allows the common-emitter current gain to be accurately mod­

elled at frequencies near fr and beyond (which will be shown in Section 2.3) in 

terms of quasi-static parameters ( Tb, Te, ab, oe) that can be determined from static 

charge distributions and profile data (see (2.63), (2.52), (2.89), and (2.70)). The 

effective total delay time, with non-quasi-static effects taken into account, can then 

be obtained by setting the magnitude of (2.106) to one and '/ = 1/wt. 

2.3 Verification 

In this section, the expressions for 'e, 'b, minority carrier profiles in both neutral 

emitter and base regions, and ,B(w) are verified by comparing with published results 

in the literature and results from numerical simulations. 

2.3.1 Emitter and base delay times 

The emitter and base delay time expressions ((2.52), (2.63)) are compared with 

results obtained by Suzuki [110] and Basu et al. [112] for Sm = oo. A wide range 
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of thicknesses for both poly-Si and mono-Si regions is covered. In Suzuki's work, 

Slotboom and de Graaff's bandgap narrowing model [161], del Alamo et al. 's hole 

mobility [162] and Swirhun et al. 's electron mobility [163] were used for the mono­

Si emitter and base regions. A hole diffusion length in the poly-Si region of 100 nm 

was assumed. The ratio of the hole minority mobility in poly-Si region to that in 

mono-Si was assumed to be 0.3. The recombination velocity SP at the poly/mono­

Si interface was assumed to be 104 cm/s for HF devices. No Ge was used in the 

base region of the devices. In Basu et al. 's work, the hole diffusion coefficient in 

mono-Si was assumed to be 1.27 cm2 / s. The ratio of hole mobility in mono-Si to 

that in poly-Si was taken to be 3. A hole diffusion length of 100 nm was assumed 

in poly-Si. The quantity Sp was assumed to be zero for HF devices. No Ge was 

used in the base region of the devices. 

In Fig. 2.4, the thickness of the poly-Si region was fixed and the mono-Si 

thickness was varied from 0 to 300 nm. In Fig. 2.5, the thickness of the mono-Si 

region was fixed and the poly-Si thickness was varied from 0 to 300 run. Both 

figures show that the results based on the Te expressions in this work (2.52) agree 

well with those reported by Suzuki and Basu et al. In Fig. 2.6, the emitter and 

base delay times were plotted against the base width with constant thicknesses for 

both mono-Si and poly-Si regions. It shows that the results of (2.63) and (2.52) 

match well with those of Suzuki. 

2.3.2 D.C. minority carrier profiles in emitter and base 

Since the accuracy of both the delay times and the current gain depend on the ac­

curacy of the carrier profiles, it will be useful to check the minority carrier profiles 

in both the base and the emitter as calculated by (2.35), (2.43), (2.44), (2.59), and 

(2.65). The results are compared with a sinusoidal steady-state numerical simula-
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Figure 2.4: Emitter delay time versus emitter junction depth (mono-Si region thick­
ness). Results of Suzuki [110] are the sum of the emitter delay times in poly-Si and 
mono-Si region. Basu et al. 's [112] results were available as individual emitter de­
lay times in mono-Si and poly-Si regions. Infinite recombination velocity at emitter 
contact (Sm) and uniform emitter doping were assumed in [110,112]. 



CHAPTER 2. GE PROFILE OPTI1\1TZATION 

8 

e-r , Basu et al. cm 

■ 'tcp' Basu et al. 
.A. 'tc, Suzuki 

6 This work 
......, 
Cl) 
c.. 

Wern =50 nm ........ 
Q) 

E Wb = 100 nm 
+-
>, N = 1020 cm-3 
~ 4 e 
Q) 18 -3 

""C Nb =2X10 cm 
~ 

Q) 
_t 
E 
w 

2 

a ... =----'---------'--------'---------1------'-------l 

0 100 200 300 
Polysilicon thickness, Wep [nm] 

Figure 2.5: Emitter delay time versus polysilicon thickness. Results of Suzuki [110] 
are the sum of the emitter delay times in the poly-Si and mono-Si regions. Basu et 
al. 's [112] results were available as individual emitter delay times in the mono-Si 
and poly-Si regions. Infinite recombination velocity at emitter contact (Sm) and 
uniform emitter doping were assumed in [110,112}. 



CHAPTER 2. GE PROFILE OPTIMIZA .. TION 72 

30 

• 'te, Suzuki 
■ 'tb, Suzuki 

This work 

20 ...... 
wep= 300 nm (/) 

Q. ....... 
Q) Wern= 50 nm 
E 
.:: N = 1020 cm-3 >. e 

('tS 18 -3 
a3 Nb= 2x10 cm 
Cl 

10 

0 -::::;;;_~::::;::::_ __ _1-__ __.__ __ _i_ __ __._ __ ____,i __ ____. _____ _J 

0 50 100 150 200 
Base width, Wb [nm] 

Figure 2.6: Base and emitter delay time versus base width. Infinite recombination 
velocity at emitter contact (Sm) and uniform doping in both base and emitter were 
assumed in (110]. 
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tor called S 3 A, developed at the University at Waterloo [159, 164! 165]. S 3 A solves 

the 1-D A.C. continuity equation using a finite-difference discretization. Recombi­

nation, heavy doping effects, doping and field dependence of diffusion coefficients, 

finite recombination velocity at edges of neutral regions, and non-uniform bandgap 

due to the Ge presence are all incorporated in the implementation. Since the effect 

of recombination velocity at the edges of neutral regions can be easily reflected in 

the carrier profile, S3 A. is an ideal tool for checking the validity of Te expression 

especially in the case where Sm is finite. Furthermore, since S3 A takes recombi­

nation into account, the comparison can show the validity of assuming negligible 

recombination in the mono-Si and neutral base regions, made in the the previous 

sections. 

Four test devices of different base profiles, base widths, mono-Si emitter thick­

nesses, poly-Si emitter thicknesses, and Ge gradings are used for the comparison 

(see Table 2.1). Doping levels of the poly-Si, mono-Si emitter, epitaxial collector 

regions are 1020

, 1018

, and 1017cm- 3

, respectively. The Gaussian-doped transition 

region between the poly-Si and mono-Si emitters has a width of ( Xem - w 1 ) / 4. The 

parameters used in the comparison are as follows. The recombination velocity at the 

emitter contact (Sm) is 106 cm/s. The recombination velocity at the collector-base 

junction (S) is 10 7 cm/s. The recombination velocity at the poly/mono-Si interface 

is set to zero since S3 A. does not model the interface recombination. The tunneling 

probability a: is set to unity since only HF devices are studied. Definitions of doping 

and Ge profiles given at the beginning of this chapter are used. Identical physical 

models are used by both S3 A and analytical expressions derived in this chapter. 

A forward bias of 0. 7 V is applied across the base-emitter junction and a reverse 

bias of 2 V across the collector-base junction. Depletion layer widths for the test 

structures under such biases are calculated by solving the Poisson equation with 
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Device Wep Xem Nbo Xb I) W1 W2 W3 y(O) y(vVi,) 
[µm] [µm] [cm-3 ] [nm] [nm] [nm] [nm] 

1 0.38 0.02 5 X 1019 50 0.5 16.64 6.81 10.76 0.1 0.1 
2 0.25 0.15 5 X 1019 50 0.2 17.96 4.09 15.07 0 0.2 
3 0.2 0.2 5 X 1019 30 0.8 16.68 6.67 3.74 0.2 0 
4 0.1 0.3 2 X 1019 100 0.5 16.95 10.86 20.17 0.1 0.1 

Table 2.1: Profile details of SiGe test devices. 

the depletion approximation using the numerical method suggested by Lin [166]. 

Fig 2. 7 compares results generated by analytical expressions derived in the pre­

vious section and those by S3 
.. 4. for the four Si Ge test HBTs specified in Table 2.1. 

Excellent agreement is obtained for all four devices. The good match of minority 

carrier concentrations at the edges of the devices indicates that the finite recombi­

nation velocities at the emitter contacts and collector-base junction are modelled 

accurately. Also, the good match implies that the assumption of negligible recom­

bination in the mono-Si neutral region and the neutral base region is justified. 

2.3.3 A.C. current gain and total delay time 

To check the validity of (2.106), the A.C. current gains for the four test devices 

specified in Table 2.1 calculated by (2.106) over a wide range of frequencies are com­

pared with results obtained from S3 A. (Note: S3 A does not make any quasi-static 

approximation). Fig. 2.8 compares S3 A simulation results with those obtained 

from analytical expressions based on the quasi-static assumption ( (2.68)) and those 

from non-quasi-static correction ((2.106)). It shows that the results of the expres­

sion, based on the quasi-static assumption, and the results based on non-quasi-static 

correction agree well with S3 A results from low frequencies to around one order of 

magnitude above the 3-dB corner frequency, for all devices. However, when the fre-
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Figure 2.7: D. C. minority carrier profiles in neutral emitter and base regions of 
SiGe HBTs. Comparison of results generated by analytical expressions, derived in 
this work, and those from the numerical simulator S 3 A (Sm = 106 cm/s, S = 107 

cmf s, Sp = 0 cmf s). 
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quency increases toward fT and beyond, only the expression with non-quasi-static 

correction can predict the A. C. current gain accurately for all four devices. The 

quasi-static approximation predicts a total delay time of 6.82 ps and 12.1 ps for 

test devices #2 and #4, respectively. But the actual total delay times predicted 

by S3 A are only 2.2 ps and 6.0 ps, respectively. It shows that the quasi-static 

approximation here over-estimates the total delay time and consequently fr by a 

factor of 2 to 3. This affirms the necessity of accounting for non-quasi-static effects 

when calculating the total delay times and also of the accuracy of the analytical ex­

pression (2.106). Furthermore, although not shown, devices with uniformly-doped 

poly-Si and Gaussian-doped mono-Si region of different thicknesses have also been 

tested and the results have the same degree of accuracy as seen here. 

2.4 Results and Discussions 

In this section, the emitter and base delay times and the total delay time are 

calculated with and without non-quasi-static correction. The calculations are per­

formed for Ge profiles of identical Ge dose incorporated into the base of SiGe HBTs 

with different emitter geometries and base profiles. Profile definitions presented in 

Section 2.2 are followed. For the Ge profiles, Yav = 0.1 and -~~2 < g < ~! are 

used. For all devices studied in this section, the following assumptions are made: 

VaE = 0.7 V and VcB = 2 V, Nep =1020cm-3

, Nern =1018cm-3

, Nepi =1017cm-3

, 

Vf1eml = (Xem - wi)/4, a = 1 (i.e. HF devices), Sm =106 cm/s, S =107 cm/s (ex­

cept for devices with uniform base doping where an infinite recombination velocity 

is assumed). Depletion layer widths are calculated in the same manner as described 

in Section 2.3. 

The quantity Sp is set to zero. As shown in Appendix A, Sp is actually the 
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Transistor Wep Xern Xb (j 1Vbo Rt, 
[µm] [µm] [nm] [cm-3] [kf1/□j 

la 0.38 0.02 100 _t 7.5 X 1018 1.15 
lb 0.38 0.02 100 0.2 2 X 1019 1.22 
le 0.38 0.02 100 0.5 2 X 1019 1.15 
ld 0.38 0.02 100 0.8 2 X 1019 1.08 

Table 2.2: Profile details of transistor set #1 (tindicates a uniform base profile). 

recombination velocity at the oxide/ mono-Si interface ( called Sis by Rinaldi [109]). 

Referencing Patton et al. 's work [1671, Suzuki set Sp to 104-5 x 104 cm/s for HF 

devices. However, in Patton et al. 's work, the surface saturation current density 

( J05 ) and not Sp was reported. It appears that Suzuki extracted Sp by incorrectly 

treating it as the effective recombination velocity at the poly /mono-Si interface 

(i.e. s; in the definition adopted here) and then calculating s; from J0 s and the 

equilibrium hole concentration at the poly /mono-Si interface. The equilibrium hole 

concentration can be estimated from Slotboom and de Graaff's bandgap narrowing 

model [161] given the doping density in the poly-Si region. This likely over-estimates 

Sp. Based on the values of the hole capture cross section, the thermal velocity, and 

the total density of interface traps per unit area, Yu et al. [106] estimated Sp to 

be around 1.6 x 103 cm/s. However, as noted by Ashburn et al. [107], there are 

no reliable experimental values for Sp yet. As a result of this, and that only HF 

devices are studied, Sp is consistently set to zero in this section. Even when a value 

of 1.6 x 103 cm/s is used for Sp, the effective recombination velocity s; varies by 

less than 5% when compared with the case where a zero value of Sp is used since 

Spoty is in the order of at least 3.8 x 104 cm/s (for 0.1 µm < Wep < 0.38 µm and 

Nep = 1020cm-3 , see (2.24)). 

First, a set of transistors with the same emitter structure and base width but 
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different base profiles are studied (see Table 2.2). Fig 2.9 plots the emitter delay 

time for transistor set #1 as a function of the Ge grading. It shows that the 

minimum Te point for the uniform doping profile (transistor # la) occurs at zero 

Ge grading (i.e. a Ge box profile). The same result was obtained by Roulston and 

McGregor [97]. However, for non-uniform base profiles {transistors #lb, le, ld), 

the minimum 'e points vary with the location of the profile doping peak. The closer 

the peak is to the emitter-base junction, a less positive Ge grading is required to 

reach the minimum 'e• For example, for 8 = 0.8 (transistor #ld), the peak base 

doping is located at 80 nm away from the emitter-base junction and the minimum 

'e occurs at a Ge grading of around 104 /cm. Whereas for 8 = 0.2 (transistor #lb), 

the peak base doping is located at 20 nm away from the emitter-base junction, 

the minimum 'e point occurs at a negative Ge grading of around 0.5 x 104 / cm. 

For () = 0.5, the minimum 'e point is located at a Ge grading between the two. 

To explain this, the D.C. common-emitter current gain (/3dc) is plotted in Fig. 

2.10. It shows that the locations of maximum f3dc points for different base profiles 

coincide with their respective minimum 'e points. This is because 'e is inversely 

proportional to Pde in (2.52). However, why do the maximum f3dc points follow the 

peak location of the base doping? Since the current gain is inversely proportional 

to the effective base Gummel number Gb, from (2.66) the current gain can be 

minimized if no ( X) = nze ( X) I Nb( X) is maximized over the neutral base. Therefore, 

if the peak doping location is near the base-emitter junction, a negative Ge grading 

will give a high Ge fraction near the doping peak to maximize n 0 ( x) and hence 

minimize the base Gummel number and maximize /3dc• 

Fig. 2.11 shows the base delay time as a function of the Ge grading for transistor 

set #1. As expected, for all four base doping profiles1 Tb decreases with increasing 

Ge grading. However, 'b saturates when the Ge grading is very high because the 
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Figure 2.9: Emitter delay time vs. Ge grading for transistor set #1 (Wep = 0.38 µm, 

Xem = 0.02 µm, _J(b = 100 nm). 
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Figure 2.12: Total delay time (without non-quasi-static correction) as a function of 
Ge grading for transistor set #1 (Wep = 0.38 µm, Xem = 0.02 µm, Xb = 100 nm). 

effect of the field-dependent mobility begins to set in at such a high Ge grading 

(i.e. electric field). If the quasi-static approximation is used to estimate fT, one can 

simply sum the emitter and base delay times to see the influence of the Ge profile 

on Tt ( = 1/ fT ). This is shown in Fig. 2.12. The figure illustrates that the higher 

the Ge grading, the smaller is the total delay time. In other words, if only base and 

emitter delay times are concerned, a graded Ge profile with a positive Ge gradient 

instead of a box Ge profile is preferred. This conclusion is expected because, in 
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this particular case, 'b is larger than 'e by at least an order of magnitude and a 

higher Ge grading can reduce 'b as shown in Fig. 2.11. To measure the advantage 

of adopting a graded Ge profile, with the Ge grading required to minimize Tt, over 

the use of a box Ge profile, a graded profile leverage factor ( "Y) is defined as follows: 

(2.107) 

where Tt is the either the total delay time (in the case without non-quasi-static 

correction) or the effective total delay time (in the case with non-quasi-static cor­

rection), g is the Ge grading, and 9min is the Ge grading where Tt is the minimum 

and the function sgn(gmin) is the sign of 9min ( = 1 if 9min > 0 or = -1 if 9min < 0). 

A factor of 1 = 0 implies that the minimum total delay time or the effective total 

delay time is attained with a box Ge profile. A positive "Y indicates that a graded 

Ge profile with a positive Ge grading is preferred over the box profile. A negative 

; indicates that a graded Ge profile with a negative Ge grading is preferred over 

the box profile. Quantitatively, the absolute value of 1 is the percentage drop, with 

respect to a box Ge profile, in the effective total delay time when an optimal graded 

profile is used. From Fig. 2.12, "Y is 50% for the uniform base profile and 54% for 

the retrograde base profile with f) = 0 .5. 

If non-quasi-static effects are considered, the effective total delay time can be 

obtained through (2.106) and shown in Fig. 2.13. It is similar to Fig. 2.12 except 

that the absolute magnitude is generally smaller by less than 1 ps. For uniform 

base doping, the effective delay time is around 6 ps at zero Ge grading and 2.5 ps 

at the minimum point where the Ge grading is 2.1 x 104 / cm. This translate to a 

1 of 58%. For the retrograde base profile with 8 = 0.5, a I of 63% can be attained 

when a graded Ge profile with a grading of 2.9 x 104 / cm is used instead of a box 
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Figure 2.13: Effective total delay time (with non-quasi-static correction) as a func­
tion of Ge grading for transistor set #1 (Wep 0.38 µm, Xem = 0.02 µm, xb = 100 
nm). 
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Transistor vv~P Xem Xb (} Noo R,o 
[µm] [µm] [run] [cm-3} [kf!/0] 

2a 0.38 0.02 30 _t 1.8 x 1019 2.0 
2b 0.38 0.02 30 0.2 5 X 1019 2.16 
2c 0.38 0.02 30 0.5 5 X 1019 2.02 
2d 0.38 0.02 30 0.8 5 X 1019 1.89 

Table 2.3: Profile details of transistor set #2 (findicates a uniform base profile). 

profile. 

That is, an increase of around 10% in ""f (for both base doping profiles) is caused 

by the non-quasi-static correction. In other words, the conclusion that a graded Ge 

profile with positive gradient should be used is even more valid with the non-qua.si­

static effects taken into account, even though the non-quasi-static effects are not 

very significant in this particular case. The insignificance is due to the fact that 

the emitter delay time is small relative to the base delay time. From (2.106), one 

can see that a small re will suppress the denominator term associated with charge 

sharing in the neutral emitter region. Also, the base-related terms with charge 

sharing effect are not significant at frequencies much smaller than 1/(1 - ab)'b 

which is higher than the transition frequency. 

But what if the base width is reduced? A second set of transistors with smaller 

base widths is studied (see Table 2.3). As can be seen from Table 2.3, a higher base 

concentration is required in order to avoid high base sheet resistances which degrade 

the maximum oscillation frequency. However, the base concentration cannot be too 

high, otherwise the depletion layer extending into the emitter will be wider than the 

mono-Si emitter thickness. Fig 2.14 plots 'e for the transistors with Xb = 30 nm 

in set #2 as a function of the Ge grading. Compared with transistor set #1 (Fig. 

2.9), 'e is smaller but still in the same order of magnitude. The slight decrease 
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Figure 2.14: Emitter delay time vs. Ge grading for transistor set #2 (Wep -
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is caused by the base ·width reduction that decreases G& and thus increases Pde• 

The relative locations of the minimum Te points on the Ge grading axis are similar 

to those found in Fig. 2.9. However, the base delay times for transistor set #2 

(see Fig. 2_15) are smaller, by an order of magnitude, than those for transistor #1 

mainly because of the reduced base width. The total delay time and the effective 

total delay time are plotted in Fig. 2.16 and Fig. 2.17, respectively. 

For the case without non~quasi-static correction (Fig. 2_16), the minimum Tt 

point occurs at Ge gradings 3.38 x 104 and 6.71 x 104 /cm corresponding to the 

uniform base and the retrograde base with B = 0-5, respectively. The graded Ge 

profile leverage factor 1 is 16% and 27% for the uniform base profile and retrograde 

base profile (0 = 0.5), respectively. After non-quasi-static effects are considered 

(Fig. 2_17), the minimum effective total delay times occur at higher Ge gradings: 

7.2 x 104 / cm for the uniform base profile and 11.5 x 104 / cm for the retrograde base 

with 0 = 0.5. The leverage factor 1 is 45% for the uniform base and 53% for the 

retrograde base (B = 0.5). 

In comparison with transistor set #1, two observations can be made: i) the 

graded profile leverage is smaller by 10-13%, i.e., the advantage of using the graded 

Ge profile over the box Ge profile becomes smaller as the base width is reduced, 

ii) non-quasi-static effects become more important when the base width is reduced. 

An increase in 1 of 25-30% is obtained when compared with the case without non­

quasi-static correction. 

The smallest metallurgical base width (X&) we have studied is 30 nm. For 

metallurgical base width smaller than 30 nm (i.e., neutral base width (vv-b) less 

than 10 nm for the base and emitter profiles under this study), it will be difficult 

to estimate 't accurately because the drift-diffusion transport theory may not be 

valid any more. Simulations based on hydrodynamic formulations, Monte Carlo 
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Figure 2.15: Base delay time as a function of Ge grading for transistor set #2 
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Transistor Wep _..Yern Xb 0 Nbo ~ 
[µm] [µm] [nm] [cm-3] [H1/D] 

3a 0.25 0.15 30 _t 1.8 X 1019 2.0 
3b 0.25 0.15 30 0.2 5 X 1019 2.16 
3c 0.25 0.15 30 0.5 5 X 1019 2.02 
3d 0.25 0.15 30 0.8 5 X 1019 1.89 

Table 2.4: Profile details of transistor set #3 (tindicates a uniform base profile). 

techniques, etc. will be required, which are beyond the scope of this study. 

What if the emitter thickness is large so that Te becomes dominant ? To answer 

this question, another new set of transistors ( see Table 2.4) is considered. In tran­

sistor set #3, although the total emitter widths remain unchanged from those in 

sets #1 and #2, the thickness of the mono-Si emitter (i.e. emitter junction depth) 

is larger than those in #1 and #2 by 0.13 µm. This will increase 'e (see Fig. 2.18) 

when compared with sets #1 and #2 and it is more effective to increase 'e through 

the mono-Si thickness than the poly-Si thickness (for example, compare Fig. 2.4 

and Fig. 2.5). It should be noted that since the same base structures are used 

in set #2 and #3, the base transit times are identical for transistors in both sets. 

The comparison of Fig. 2.15 with Fig. 2.18 shows that for Ge gradings higher than 

-5 x 104 /cm, Te can be even higher than Tb- Fig. 2.19 and Fig. 2.20 plot the total 

delay time and the effective total delay time, respectively, for set #3. 

In Fig. 2.19, the minimum Tt point for the uniform base profile and the ret­

rograde base profile (8 = 0.5) is at a Ge grading of 0.9 x 104 and 4.4 x 104 
/ cm, 

respectively. The factor 1 is 2% for the uniform base profile and 11% for the ret­

rograde base profile (8 = 0.5). These numbers, calculated without the non-quasi­

static correction, are much smaller than those observed in sets #1 and #2. More 

surprisingly, for the retrograde base profile with (8 = 0.2), the minimum Tt is actu-
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Figure 2.19: Total delay time (without non-quasi-static correction) as a function of 
Ge grading for transistor set #3 (Wep = 0.25 µm, )(em = 0.15 µm, xb = 30 nm). 
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ally achieved by a negative Ge grading. However, after non-quasi-static effects are 

taken into account (Fig. 2.20), the minimum Tt points for all devices are pushed to­

wards positive Ge gradings. The factor -y becomes 19% for the uniform base profile 

and 32% for the retrograde base profile (8 = 0.5). These numbers are also smaller 

than their counterparts in sets #1 and #2, implying a smaller advantage for using 

a graded Ge profile over the box profile than in those two sets. Also, these numbers 

are around 17-21 % higher than the 1 's calculated without non-quasi-correction. In 

other words, the non-quasi-static effects in this case are more significant than in 

set #1 but less significant than in set #2. This suggests that the significance of 

non-quasi-static effects on the final estimate of Tt depends, not only on the relative 

magnitudes of Te and Tb (as shown by comparing sets #1 and #2), but also on the 

emitter charge-partitioning factor. The emitter charge partitioning factors <l'.e vary 

from 0.51 to 0.6 in set #2 and are around 0.93 in set #3. This explains why the 

non-quasi-static effects in set #3 are smaller by around 20% than in set #2 despite 

the larger Te achieved by transistors in set #3. 

So far it has been observed that the graded Ge profile leverage factor -y tends 

to decrease when the magnitude of Te increases. To further explore this trend, Te is 

increased by using a higher base doping such that the current gain drops. In Table 

2.5, transistors are designed with the peak base concentrations two times higher 

than those in the previous sets. This brings down the base sheet resistance closer to 

those of transistors with a base width of 100 nm (i.e., set #1). However, it should 

be noted that for transistor #4a, with a uniform base profile, the depletion layer 

of the emitter-base junction on the emitter side is larger than 20 nm. It does not 

pose problems in this particular case (as the emitter junction depth is 0.15 µm), 

but it will not work for transistors with both small emitter junction depths ( e.g. 

sets #1 and 2) and uniformly doped bases. Although not shown, the base transit 
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Transistor Wep Xern Xb () l'lbo ~ 
[µm] [µm] [nm] [cm-3] [kn/□] 

4a 0.25 0.15 30 _t 3.5 X 1019 1.11 
4b 0.25 0.15 30 0.2 1020 1.19 
4c 0.25 0.15 30 0.5 1020 1.12 
4d 0.25 0.15 30 0.8 1020 1.06 

Table 2.5: Profile details of transistor set #4 (findicates a uniform base profile). 

times are in the same order of magnitude as those in sets #2 and #3. The effective 

total delay time with non-quasi-static correction is plotted in Fig. 2.21. It shows 

higher total effective delay times than those in Fig. 2.20 because the emitter delay 

times are higher, as expected. The factor I is 13 % for the uniform. base profile 

and 28 % for the retrograde base profile (8 = 0.5). These values are the lowest 

compared with those in sets #1-3, implying that the advantage of the graded Ge 

profile over the box Ge profile is the smallest with set #4. This confirms the 

previously observed trend that the a graded Ge profile with positive Ge gradings 

have less advantage as 'e continues to rise. Furthermore, for the retrograde base 

profile with B = 0.2 (transistor #4b), the effective total delay time is minimum 

when a negative Ge grading of -1. 73 x 104 / cm is applied across the neutral base. 

However, the corresponding 't achieved at this Ge grading is practically the same 

as that at zero Ge gradient (i.e. a box Ge profile). 

To make the study complete, transistors with very large emitter junction depth 

(Xem = 0.3µm, Wep = 0.lµm) and transistors with base width of 50 nm (somewhere 

between the base widths of transistors studied above) are investigated along with 

the transistors in set #1-3. Fig. 2.22-2.25 summarize all the results by plotting 

the graded profile leverage factor ( calculated with non-quasi-static correction) as 

a function of the metallurgical base width and the emitter depth for four different 
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shapes of base doping profile. 

Fig. 2.22 is plotted for transistors with uniformly doped bases. It should be 

noted that a recombination velocity, at the collector-base junction~ of 107 emfs 

instead of an infinite recombination velocity ( which is assumed earlier for studying 

the same uniformly doped base profiles) is used. Fig. 2.23 shows results for the 

retrograde base profiles with (} = 0.2. In this particular case, additional data points 

obtained from transistors with extra base doping ( which can indirectly increase Te 

as discussed earlier) are included in order to see more clearly the point where the 

leverage of the graded Ge profile over the box profile diminishes. As shown in the 

figure, for Xb = 30 nm, when the emitter junction depth (or the mono-Si emitter 

thickness) increases further (between 0.15 and 0.3 µmin this case), either a box Ge 

profile or a graded profile with a negative Ge grading is preferred over the graded 

Ge profile with a positive grading. In fact, the data point for Xem = 0.15 µm 

was taken from Fig. 2.21. What is new is that it shows a continuous drop in the 

leverage factor as _.1[em increases further to 0.3 µm. Furthermore, when comparing 

Fig. 2.23-2.25 together, one can see that the factor 1 tends to decrease as the base 

doping profile is tilted towards the emitter-base junction (i.e. a smaller 8). This is 

true for transistors of all three sizes of base width Xb = 30, 50,100 run and emitter 

junction depths (0.02, 0.15~ 0.3 µm). 

2.5 Conclusions 

By keeping the Ge dose constant as the Ge grading is varied to include the box 

Ge profile and graded Ge profiles with both positive and negative gradings, the 

emitter and base delay times, for SiGe HBTs of different base profile shapes, base 

concentrations, base widths, and emitter junction depths, have been studied with 
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non-quasi-static effects taken into account. Considering the total emitter and base 

delay times, the following trends are observed: 

i) The advantage of the graded Ge profile with a positive Ge grading for min­

imizing 't varies considerably with the detailed shape of the base doping 

profile. 

ii) The advantage of the graded Ge profile with a positive Ge grading for mini­

mizing 'tis reduced when the emitter junction depth increases. 

In particular, the advantage of the graded Ge profile with a positive Ge grading is 

considerably reduced in the case of a retrograde base doping profile tilted toward 

the base-emitter junction (e.g. B = 0.2). The graded Ge leverage factors I for 

retrograde doping profiles with B = 0.2 and with 8 = 0.8 differ by around 20-50%, 

dependent on the emitter and base dimensions. 

However, for retrograde doping profiles (9 = 0.5 or 0.8) and the uniform doping 

profile studied here, the Ge graded profile with a positive Ge grading is still pre­

ferred, as a reduction in the effective total delay time by at least 25%, with respect 

to a Ge box profile, can be achieved, for transistors with emitter depth smaller 

than 0.3 µm and metallurgical base width larger than 30 nm. In particular, for 

transistors with an emitter depth of 20 nm and metallurgical base width of 30 run 

(B = 0.5), a reduction of around 50% is obtained, with respect to a box Ge profile, 

when a Ge profile graded from O near the emitter to 0.2 near the collector is used. 

Even when the emitter depth is increased to 150 nm, a reduction of 30% can be 

still obtained with a Ge profile graded from 0.06 near the emitter to 0.14 near the 

collector. 

For transistors with a retrograde doping profile tilted toward the emitter-base 

junction (i.e., fJ = 0.2), a peak doping of 1020cm-3 , and a base sheet resistance of 



CHAPTER 2. GE PROFILE OPTIMIZATION 105 

around 1 kf2/D, a box or a graded Ge profile with a small negative Ge grading is 

more effective than the graded Ge profile with a positive Ge grading if the met­

allurgical base width is 30 nm or smaller and the emitter junction depth is larger 

than 0.15 µm. In theory, this might be possible in future generations of SiGe HBTs 

as the base width continues to shrink such that the base concentration has to be 

increased to keep the the base sheet resistance at a reasonable level. In this case, 

the mono-Si emitter thickness (or the emitter junction depth) must be large enough 

to accommodate a wider depletion layer that extends into the emitter. However, for 

today's SiGe HBTs with typical dimensions, i.e., Xb > 30 nm and Xern < 0.15 µm, 

as far as 'e and Tb are concerned, the advantage of a positively graded Ge profile 

remains. 



Chapter 3 

Analytical expressions of base 

delay time for retrograde doping 

profiles 

3.1 Introduction 

Advances in epitaxial growth techniques in the past two decades have allowed in­

tegration of device-quality SiGe films as base layers into bipolar devices. This has 

led to the emergence of Si Ge HBTs. One of the important figures of merit for SiGe 

HBTs is the transition frequency, fT- As discussed in Chapter 1, the base transit 

( or delay) time is one of the significant delay times contributing to the fT of a bipo­

lar transistor. Thus, developing an accurate analytical model for the base transit 

time is useful. An analytical expression is preferred to a numerical approach since 

it reveals explicit dependencies of the base transit time on different parameters and 

provides valuable engineering insights for device design and optimization. 

106 
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The use of the analytical expression allows us to evaluate the impact of the 

retrograde portion of a retrograde base doping profile on Tb- The importance of 

the retrograde base profile lies in its ability to reduce the capacitance and the 

tunneling leakage current of the emitter-base junction of a SiGe HBT. As high base 

doping, i.e., small intrinsic base resistance, is often used to improve the maximum 

oscillation frequency of SiGe HBTs, the issues of high emitter-base capacitance 

and tunneling leakage current become more important. As shown in Chapter 2, the 

graded Ge profile is more effective than the box Ge profile in minimizing the emitter 

and base delay time contribution to the transition frequency. This result holds for 

transistors with base widths larger than 30 nm and emitter junction depths smaller 

than 150 nm. Therefore, we assume a graded Ge profile in our derivation of the 

Tb analytical expression, even though the derivation in the case of a box Ge profile 

is more straightforward. A brief survey of pertinent works on deriving analytical 

expressions for Tb follows. 

Since the works of Moll and Ross [168] and Lindmayer and Wrigley [169] in 

the 1960's, different models and analytical expressions of Tb have been derived for 

bipolar transistors. Kroemer [135] in 1985 generalized Moll and Ross' integral ex­

pression to account for the impact of the non-uniform energy bandgap caused by 

the composition variation in a uniformly-doped base of a HBT. Szeto and Reif [170] 

considered the effect of the non-uniform bandgap narrowing caused by heavy doping 

effects on Tb in an exponentially-doped base. Suzuki [171] proposed a more accurate 

Tb model by taking into account the electric field due to the base doping profile, 

heavy doping effects, and the electric-field and concentration dependencies of the 

carrier diffusivity. Later, Suzuki and Nakayama [134] also considered the effect of 

velocity saturation at the collector-base junction. Then, Lu and Kuo (172] de­

rived an analytical Tb expression for an exponentially-doped retrograde base, taking 
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into account the effects of heavy doping and doping-dependent diffusivity. Jahan 

and Anwar [173] presented an analytical Tb expression for an exponentially-doped 

base, which considers these two effects together with the velocity saturation at the 

collector-base junction. However, it was later pointed out by Rinaldi [174] that 

J ahan and Anwar's results were inaccurate because the effective doping concentra­

tion, instead of just the doping concentration, was used to calculate the low-field 

electron mobility. 

For SiGe HBTs, Gao and Morkoc [175] presented a set of analytical expressions 

for an exponentially-doped retrograde base profile (see Fig. 3.1), which reduces the 

junction capacitance and the tunneling current at the emitter-base junction. How­

ever, their e:x--pressions were incorrect since Kraemer's integral relation for Tb ( equa­

tion ( 12) in [135]) was improperly applied to the three subregions of the neutral base. 

They also neglected important effects like electric-field-dependent diffusivity, heavy 

doping effects, etc. Chen et al. [85} included heavy doping effects alongside the ef­

fect of the non-uniform bandgap narrowing due to the Ge gradient in the base, and 

presented an analytical Tb expression for an exponentially-doped base. In addition 

to these effects, Lu et al. [114] considered the effect of doping-dependent diffusivity 

in deriving a closed-form analytical Tb expression for an exponentially-doped ret­

rograde base. Recently, Rinaldi [17 4] reported a closed-form analytical expression 

of Tb for an exponentially-doped base with all effects, including the electric-field­

dependent diffusivity and the velocity saturation at the collection-base junction, 

taken into account. However, thus far, no correct analytical Tb expression, which 

considers all the effects mentioned above, for each subregion of an exponentially­

doped retrograde base has been reported. 

This chapter proposes a regional model and derives a set of closed-form analyt­

ical r6 expressions for the subregions in the same base profile considered by Gao 
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and Morkoc (175], i.e., an exponentially-doped retrograde SiGe base (see Fig. 3.1). 

Our derivation considers the following effects: ( 1) the built-in electric field caused 

by the non-uniform base doping profile, (2) the electric field due to the non-uniform 

apparent bandgap narrowing associated with heavy doping effects in the base, (3) 

the electric field induced by the non-uniform bandgap narrowing due to the Ge 

concentration gradient in the base, ( 4) the doping dependency of the electron dif­

fusivity, (5) the electric-field dependency of the electron diffusivity, and (6) the 

velocity saturation at the collector-base junction. To simplify the derivation, we 

only consider low-level injection and neglect the neutral base recombination 1 and 

the effects of ballistic transport and velocity overshoot. We assume that material 

parameters (except the bandgap energy) for Si and those for SiGe are identical and 

that the transistors operate at 300 K. The work in this chapter has been published 

in (89]. 

Section 3.2 derives the rb expressions for a regional model. Results calculated 

from the regional model are presented in Section 3.3 for assessing the relative im­

portance of each of these effects and also the impact of the retrograde portion of the 

base doping profile on Tb. Section 3.4 verifies the results by numerical integration 

and compares them with published results in the literature. Conclusions are drawn 

in Section 3.5 

1 Please see Chapter 2 for the justification of this assumption. 
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3.2 Regional model 

3.2.1 Base profile approximation 

Using the same definitions as in (175], we approximate and divide the base profile 

of a n-p-n SiGe HBT into three subregions (Fig. 3.1) as follows: 

0 < x < x 1 (Region I), 

xi < x < Xz (Region II), 

Np e-~(:r-x2 ) X2 < X < wb (Region III) 

bi= In G:) /x,, ~=In(::) /(Wb - x2) 

where No, Np, Nw, Xi, X2, and wb a.re indicated in Fig. 3.1. 

(3.1) 

3.2.2 Apparent bandgap narrowing due to heavy doping 

effects 

As in [114, 170, 172, 173], we approximate Klaassen et al. 's [132] expression of ap­

parent bandgap narrowing due to heavy doping effects as: 

for Ns(x) > N2 (3.2) 

where Vg0 = 6.92 meV and N2 = 1.3 x 1017 cm-3 . Thus, the effective intrinsic carrier 

concentration becomes: 

(3.3) 
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where nio is the intrinsic carrier concentration in Si. 

3.2.3 Bandgap narrowing due to Ge concentration gradient 

According to People and Bean [70], the bandgap narrowing !::l.Eg,Ge in a coher­

ently strained Si1-yGey on <100> Si is related to the Ge fraction, y, as .6..Eg,Ge = 
0.74 y (eV) for y < 0.3. For a linearly-graded Ge profile in the base without Ge at 

x = 0, ~Eg,Ge(x) = 0.74 x Yae/Wb, where YGe is the Ge fraction at x = vl'b, indicat­

ing the Ge grading across the base. Thus the effective intrinsic carrier concentration 

given in (3.3) needs to be modified as: 

(3.4) 

where a= 0.74 YGe/(WbkT). Hence, the minority electron concentration at thermal 

equilibrium becomes: 

(3.5) 

Using (3.1), (3.4), and (3.5), we can express the electron concentration at thermal 

equilibrium in each subregion of the base as: 

0 < x ~ x 1 (Region I), 

x1 < x ~ x 2 (Region II), 
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3.2.4 Doping-dependent diffusivity 

Klaassen [121, 125] recently reported a more accurate low-field electron mobility 

model which results in a single function of the local donor and acceptor concen­

trations and takes into account different scattering mechanisms, and screening and 

clustering effects. To facilitate our derivation, we approximate Klaassen's results 

as follows [174]: 

(3.7) 

whereµ~ is the low-field mobility; µno, Nm, m are fitting parameters. As shown in 

Fig. 3.2, a good fit is obtained for NB(x) = 1017 ➔ 1019cm-3 by using the least 

square method with µno = 4 X 106 cm2 v- 1 s- 1

, Nm =l.46 X 104 cm-3

' and m = 0.295 

(Note. A local donor concentration of 1016cm-3 is assumed in generating Klaassen's 

curve). Using Einstein's relation, the low-field electron diffusivity can be obtained 

from (3.7): 

Dl (x) - ___ D_n_o __ _ 
n - 1 + (NB(x)/Nm)m 

where Dno = µno VT and VT is the thermal voltage kT / q. 

3.2.5 Velocity saturation at collector-base junction 

From conventional drift-diffusion transport theory, Jn can be expressed as: 

dn(x) 
Jn = qµn(x)n(x)e(x) + qDn(x) dx 

(3.8) 

(3.9) 
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where µn and Dn are the electron mobility and diffusion coefficient, respectively. 

The electric field in the neutral base e is the sum of the doping-induced electric 

field ( ed) and-the electric field caused by the non-uniform bandgap narrowing ( c,9 ). 

Neglecting the hole current [135], we can express the doping-induced electric field 

as: 

(3.10) 

where Vr is the thermal voltage and Nb is the acceptor concentration in the neutral 

base. Considering the non-uniform bandgap narrowing in the base, the induced 

electric field eg can be written as: 

(3.11) 

where nie is the effective intrinsic carrier concentration and can be written as [131]: 

(3.12) 

where nio as the intrinsic carrier concentration and ~Eg( x) the apparent bandgap 

narrowing. From (3.10) and (3.11), the total induced electric field in the neutral 

base can be written as: 

(3.13) 
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z 
where n0 = ~ is the equilibrium electron concentration obtained in (3.6). Substi-

tuting (3.13) into (3.9), we obtain: 

(3.14) 

Integrating (3.14) from x to ltVi, with the boundary condition at z = W6 (i.e., 

Jn = -qSn3 (Wb), where S is the interface velocity or B-C junction velocity [176} 

and n 3 is the electron concentration in subregion III), we obtain: 

n3(Wb) n(x) 
---

no3(Wo) no(x) 
Jn n(x) 

(3.15) 

qSno3(W&) n0( x) 

3.2.6 Regional base transit times 

The base transit times in the three different subregions are defined as follows: 

(3.16) 

(3.17) 

(3.18) 

where n 1(x), n2 (x), and n3 (x) are the electron concentrations in subregions I, II, 

and III, respectively. It is noteworthy that Jn is constant throughout all three 
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subregions. From (3.15), we can express the ratio n(x)/Jn as: 

(3.19) 

Please note that (3.19) is similar to the expressions presented by Jahan and Anwar 

[173] and by Suzuki and Nakayama [134] if n 0 is replaced by nle/ NB ( x). However, 

it differs from Suzuki and Nakayama [134]'s expression where Sis assumed to be 

the thermal saturation velocity, v 6• 

Substituting (3.19) into (3.16)-(3.18) gives: 

(3.20) 

(3.21) 

(3.22) 

It should be noted that the upper limits of the inner integrals in the first terms of 

(3.20)-(3.22) ~hould be the same, i.e., Wb, instead of x 1 , x 2 , and Wb, as incorrectly 

assumed by Gao and Morkoc [175]. 

3.2. 7 Electric-field-dependent diffusivity 

Since the electric field in the non-uniform base influences the electron diffusivity, 

Dn in (3.20)-(3.22) is different from the low-field diffusivity obtained from (3.8). 

Using the Caughey-Thomas mobility formula [126] and Einstein relation, we relate 
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the electron diffusivity to the low-field diffusivity by the electric field across the 

base as follows: 

(3.23) 

where /3 = 1 [177,178] or 2 [126]. The electric field, E, is either negative or zero in 

subregions II and III (i.e., IEI = -E = Vr ![ln(n0 c2,3)(x))], from (3.13)). \\'bile in 

Region I, E = - Vr fr [ln( n 01 ( x)) J = -Vr( a - b~). Thus, the direction of the electric 

field depends on the strength of the electric field associated with the doping profile 

and the heavy doping effects, relative to the electric field due to the Ge grading: 

0 ifa=b~, 

IEhn Region I= -E = Vr ![ln(n0 1(x))] if a > b~, (3.24) 

E = -Vr ![ln(nai(x))] if a < b~ 

Therefore, for f3 = 1, by substituting (3.23) and (3.24) into (3.20)-(3.22), we can 

show that ( see Appendix B): 

(3.25) 



CHAPTER 3. ANALYTICAL EXPRESSIONS OF BASE DELAY Til\{E 119 

3.2.8 Analytical expressions for base delay time 

In order to obtain closed-form analytical expressions, the inner integrals in the first 

terms of (3.25)-(3.27) need to be expanded. So, (3.25)-(3.27) are re-written as: 

(3.28) 

(3.29) 

Taking into consideration all the effects mentioned in Sections 3.2.2-3.2.5 and 3.2.7, 

we can obtain the analytical expression for 'bin each subregion by substituting (3.1), 
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(3.6), (3.8) into (3.28)-(3.30): 

where 

(3.31) 

(3.32) 

(3.33) 

if a# 0 

if a= 0 

(3.34) 
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It should be noted that {3.31) is invalid when a= b~ or b1m = a-b~. vv"b.en a= bi, 

the following equation, which is directly derived from (3.20) with Dn = D~, should 

be used: 

(3.35) 

Furthermore, when b1m = a - b~, the following expression, which is derived from 

(3.28) directly, should be used: 

(3.36) 

If no bandgap narrowing due to heavy doping. effects is considered, bi and b~ become 

b1 and b2 , respectively. If velocity saturation at the collector-base junction is ignored 

and n(Wb) is assumed to be zero, S approaches infinity in (3.31)-(3.36). Similarly, 

set V 8 ➔ oo if the electric-field dependency of the diffusivity is ignored. If the 

dependency of diffusivity on doping concentration is neglected, both (-H:; )m and 

( ~ )m should be set to zero in (3.31)-(3.36). If no Ge exists in the base, set 

Vs ➔ oo in (3.32) and the limits of (3.31)-(3.36), when a ➔ 0, should be taken 

instead. 
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3.3 Results 

Fig. 3.3 shows the sensitivity of Tbi, rb2, and Tb3 to the base concentration at the edge 

of the emitter-base depletion layer, N 0 , for the Si BJT and the SiGe HBT studied 

by Gao et al. in [175]. This result is obtained by assuming S = V 6 =10; emfs and 

a =7.74 x 106 /cm (i.e. a Ge grading of 13.5%), and that the retrograde region 

occupies 30% of the neutral base. 

Both Tbz and Tb3 are insensitive to the variation of N0 because they depend only 

on parameters in regions II and III (see (3.29) and (3.30)). ~'b.ereas, Tbi decreases 

significantly with N 0 since a higher N 0 lessens the retarding electric field induced by 

the retrograde profile in region I. However, this variation in Tbi diminishes for Si Ge 

HBTs ( denoted by the dashed line) because the electric field induced by the Ge 

concentration gradient may dominate the retarding field in the retrograde region. 

Fig. 3.4 demonstrates how the Ge grading across the base affects the sensitivity 

of the Tbi/Tb ratio to N0 for SiGe HBTs of different fractions of the retrograde region 

I (10% and 50%) and neutral base widths (50 nm and 200 nm). Again, we assume 

that S = Vs =10; cm/s. 

For both base widths, the variation of the Tbi/Tb ratio is less than 15% as N0 is 

increased from 5 x 1017 cm-3 to 9 x 1018cm-3
. Furthermore, this variation reduces 

with a higher Ge grading. This result is consistent with Fig. 3.3 in that the 

retarding electric field in the retrograde region I does not affect Tb significantly. In 

fact, Tb is more sensitive to the ratio of the retrograde region width to the neutral 

base width. As shown in Fig. 3.4, the rbl/Tb ratio increases by a.round 60% when 

xi/Wb changes from 0.1 to 0.5. 

Fig. 3.5 compares Gao et al. 's results ( using (7)-(10) in [175]) with our results 

for a Si BJT and a Si Ge HBT. In obtaining our results, all effects are considered 
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concentration at the edge of the depletion layer ( with all effects considered and 
S = Vs = 107 cm/s assumed). 



CHAPTER 3. ANALYTICAL EXPRESSIONS OF BASE DELAY TIME 124 

1.5 

1.0 

0.0 
0.0 

17 -3 
No=5X10 cm , Wb=50nm 

10
18 -3 

No=9X cm , Wb=50nm 
17 -3 

No=5X10 cm , Wb=200nm 
18 -3 

No=9X10 cm , Wb=200nm 

x2-X1=10nm 
19 -3 

I 
--- N =10 cm 

---- P 17 -3 j 
:-_-:::_---- --_-ft:-.=-_-=..-:-----N~=4x10 cm -------_)i - -- -- ----= == ~--=--=--=-~-

- - - - - - - - - - - 1 ------------
X1=0.5Wb 

5.0 10.0 15.0 20.0 25.0 30.0 
Ge grading across the base [%] 
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and S = Va = 107 cm/sis assumed. Other parameters used for both sets of results 

are NP =1019cm-3
, Nw =4 x 1017cm-3

, x 1 =15 nm, x 2 =25 nm, and VVt, =50 nm. 

In Fig. 3.5, both Tb and Tbi are shown. According to Gao et al. 's results ( denoted 

by dashed lines) for Si and SiGe transistors, the Tbi/Tb ratio increases by ""0.30 and 

""0.26, respectively, as N0 drops from 9.5 x 1018 to 5 x 1017 cm-3 . However, our 

results indicate a less significant increase: rv0.17 for Si and .....,Q.09 for SiGe. In 

terms of the total base transit time of SiGe transistors, for the same N 0 drop, our 

results show an increase of 20%, whereas Gao et al. 's results show an increase of 

71%. The effect of the retrograde region is smaller for the SiGe transistor because 

the electric field induced by the Ge concentration gradient dominates the retarding 

field in the retrograde region. This implies that the retarding electric field does not 

influence Tb as much as Gao et al. have reported. The discrepancy between Gao et 

al. 's results and our results is mainly due to the incorrect derivation for Gao et 

al. 's analytical expressions. 

Fig. 3.6 assesses the relative importance of each effect, mentioned above, on 

Tb as the Ge grading varies across the base of the two SiGe HBTs with different 

xi/Wb ratios. Since the y-axis is the ratio of the 'b modelled with one of the effects 

neglected to the Tb modelled with all effects considered, the closer to unity the curve 

is, the less significant is the neglected effect. In the case where the effect of the 

doping dependency of electron diffusivity is ignored, an averaged diffusivity, D~, 

calculated from the averaged base concentration and Klaassen's low-field mobility 

model [121], is used. 

For both transistors with different xifvv-b ratios, the curves associated with the 

effect of the doping dependency of the electron diffusivity (Dn(N)) are close to 

unity and does not vary much with the Ge grading. This implies that the influence 

of Dn(N) effect on Tb is neither significant nor altered much by the Ge grading. 
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Figure 3.5: Base transit time of the retrograde region and the total base transit 
time as a function of the base concentration at the edge of the depletion layer. 
Solid lines: our results with all effects considered and S = V 5 = 107 emfs assumed. 
Dashed lines: Gao et al. 's results using (7)-(10) in [175] with D~ = 4.4 cm2 /s and 
F = 20 kV /cm (i.e., a Ge grading of 13.5%). Other parameters: x 1 = 15 nm, 
X2 = 25 nm, wb = 50 nm, Np= 1019cm-3

, Nw = 4 X 1017 cm-3
. 
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The curves corresponding to the effect of velocity saturation at the collector-base 

junction are very close to unity, regardless of the Ge grading. However, it should 

not be concluded that the effect of velocity saturation is insignificant because we 

have assumed S = V 5 =107 cm/sin our calculation, which is a relatively high value. 

In fact, we have found that when Sis reduced to 106 cm/s, the corresponding curves 

will move farther away from unity (Note. The effect of Scan also be seen in Fig. 

3.7). 

The effect of the electric-field dependency of the diffusivity ( Dn ( E)) becomes 

increasingly significant as the Ge grading increases. This is expected because a 

higher Ge grading across the base induces a higher electric field. The higher the 

electric field, the more pronounced this effect will be. 

The impact of heavy doping effects (HDE) on Tb is weakly affected (within 5%) 

by the Ge grading, except when the retrograde region occupies a significant fraction 

of the neutral base width. For xif Wb = 0.5, at low Ge gradings, the effect of HDE 

becomes important. But its effect diminishes with increasing Ge grading. 

3.4 Verification and comparison 

Results obtained from our analytical expressions, numerical integration, and Gao 

et al. [175] are compared with the published simulation data of Patton et al. [93] 

for their 75-GHz SiGe HBT. The base region of Patton et al.'s SiGe HBT is ap­

proximated as follows: 

NB 1(x) = 4.14 x 1018e5
•
532 x

105
r , 0 < x < 14.9 nm 

NB 2(x) = 9.44 x 1018 
, 14.9 nm< x < 20 nm 

NB3 (x) = 9.44 x 1018e-1.29 xto
5
(r-2oxio-

7
) , 20 nm< x < 46.7 nm 

(3.37) 
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Figure 3.7: Base transit time as a function of the Ge grading across the base. 
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generated using (7)-(10) in [175J with D~ = 4.4 cm2 /s. 
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where x is in cm. Since the emitter-base voltage ('v&e) was not specified in [93], 

three values of Vbe (0.6, 0. 7, and 0.8 V) are considered here. The locations of the 

neutral base region (or the depletion layer widths of the emitter-base junction and 

the base-collector junction on the base side) are determined by MEDICI numerical 

simulations [179] at the specified base-emitter voltages. It is found that the deple­

tion layer widths of the emitter-base junction on the base side at Vbe = 0.6, 0.7, 0.8 V 

are 7.5, 6, and 4.5 run, respectively. The depletion layer width of the collector-base 

junction does not vary much with the base-emitter voltage and is "'.J 13 nm under 

a zero collector-base voltage. For each value of Vbe and the corresponding deple­

tion layer width, we then approximate the resulting neutral base profile in each 

subregion using (3.37). 

Fig. 3. 7 shows how Tb varies with the Ge grading across the base under the 

three bias conditions. Assuming that Sis in the range of 106 cm/s --+ 107 cm/sis 

reasonable because the Ge grading can reduce the formation of energy spikes at 

the collector-base junction and can cause most of the band offset in the valence 

band in SiGe [93]. Gao et al.'s results are obtained from analytical expressions 

((7)-(10) published in [175]) with D~ = 4.4cm2/s. Identical structural parameters 

are used for generating our results and Gao et al. 's. As shown in the figure, our 

results agree well with Patton et al. 's simulations, while Gao et al. 's results deviate 

significantly from both Patton et al. 's and our results. Furthermore, the results 

obtained from our analytical expressions are in agreement with those obtained by 

numerical integration. 

To further validate our analytical expressions, we consider the special case of 

a uniformly-doped neutral base with a linearly graded Ge profile (i.e., b1 = b~ = 
b2 = b; = 0, C1 = C2, N 0 = Np = Nw ). When the effects of doping dependency and 

electric-field dependency of the electron diffusivity are ignored (as what Kroemer 
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did in [135]), (3.31)-(3.34) become: 

(3.38) 

C2a 

B 
ea(:ri-:r2 ) - 1 X2 - X1 C2A ----- + --- + --(ea:r2 _ ear1) 

a2 Dno aDno aDno 

Therefore, 

(3.39) 

This is the same as Kraemer's expression ( equation (16) in [135] with a = F /VT 

and e-aWb = (nio/niw)2). 

3.5 Conclusions 

We have presented a regional base transit time ( Tb) model which results in a set of 

closed-form analytical expressions for an exponentially-doped retrograde base of a 

SiGe HBT with a linearly graded Ge profile. This model considers the retarding 

built-in electric field due to the retrograde region, heavy doping effects, the effect of 

velocity saturation at the collector-base junction, the effects of the doping depen­

dency and the electric-field dependency of the electron diffusivity, and the electric 

field induced by the Ge concentration gradient. The impact of these different effects 
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on Tb has been assessed. Our model results show that the retarding field due to the 

retrograde region in the base does not increase T& as much as Gao et al. reported, 

especially when a high Ge grading exists and when the retrograde region is small 

compared with the total base width. For a Ge grading of 13.5 at.%, the base transit 

time increases by rv 20% (vs. 71% predicted by Gao et al. ) when the base concen­

tration near the emitter-base junction drops from 9 .5 x 1018 cm - 3 to 5 x 1017 cm - 3 . 

The impact of the retrograde region on Tb reduces when a high Ge grading ( e.g. 

13.5 %) exists in a base with the retrograde region occupying only a small fraction 

of the total base width (e.g. 10%). For a high Ge grading across the base, the 

effect of the electric-field dependency of the electron diffusivity on Tb becomes very 

pronounced and must be considered in the model. We also show that this model 

results in Kraemer's analytical expression for the special case of a uniformly-doped 

base. The results have been verified by numerical integration. They agree well with 

the published simulation data of Patton et al. for their 75-GHz SiGe HBT. 



Chapter 4 

Doping and Ge profile 

optimization for rninirnuni base 

delay tillle before onset of Kirk 

effect 

4.1 Introduction 

To fully utilize the high-frequency performance of HBTs, the base doping and 
. 

germanium profiles must be carefully designed. Since the base delay ( or transit) 

time (Tb) is one of the important delay time contributors to f T, a few base profile 

optimization studies for minimizing T& have been published [180-185]. Broadly 

speaking, two approaches have been taken in these studies. The first approach 

adopts numerical methods (180] or optimization theory [181] to obtain the optimal 

Ge profile for minimizing Tb. However, such approach has two limitations: i) a 

133 



CHAPTER 4. DOPING AND GE PROFILE OPTIMIZATION 134 

uniformly doped base and a low-injection condition are often assumed in order to 

make the problem more tractable, and ii) with the constraint of a fixed Ge dose in 

the base, the resulting optimal Ge profile is often difficult to realize in fabrication. 

The second approach is to derive closed-form analytical expressions to com­

pare 'b for different combinations of more realistic Ge and doping profiles in the 

base. Under this paradigm, two regimes of operation can be considered; low injec­

tion [182-185] and high injection before the onset of the Kirk effect. Unlike other 

works in the low-injection regime, Patri and Kumar's study [185] provided a more 

meaningful comparison by considering Ge profiles under the important criterion of 

identical film stability. However, they did not account for the electric-field depen­

dency of the electron diffusion coefficient, which has been shown to be significant 

in a HBT with Ge grading [89]. Also, in their comparison, the peak base concen­

tration, instead of the base concentration near the emitter, was kept constant. A 

more useful comparison is to keep the latter the same as it is a stronger factor than 

the former in determining the emitter-base junction capacitance. This was first 

suggested by Varnerin [81} and recently emphasized by Hamel [186]. 

In the high-injection regime, to our knowledge, no profile comparison study 

for SiGe HBTs is available, although modern transistors are often biased at high 

currents to reduce charging times. Even for Si bipolar transistors, most studies 

in this regime focus only on how to accurately and efficiently solve for the minor­

ity carrier concentration, the current density, and subsequently 'b [115, 187-192]. 

Although Suzuki [193] and Ma et al. (194] have compared different base doping 

profiles in Si bipolar transistors for minimizing Tb, the doping profiles considered in 

both studies correspond to different base resistances. This makes the comparison 

less meaningful. 

Unlike Suzuki and Ma et al., Yuan [195] compared a uniform doping profile and 
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an exponential one with the same base resistance. The electric field due to the 

variation of bandgap narrowing in the base and the modulation of injected carriers 

under high injection was considered in determining the diffusion coefficient. But 

in calculating the minority carrier concentration for the case of the exponentially­

doped base, this electric field was neglected. This compromises the accuracy of the 

comparison. 

Apart from the aforementioned limitations, three important points are seldom 

addressed in the base transit time studies for high injection: i) the definition of 

base-emitter voltage, and ii) the impact of plasma-induced energy bandgap nar­

rowing (BGN), and iii) the assumption of identical transport parameters for Si and 

SiGe. Although Tb is often calculated for a given VBE, most studies did not give 

a clear definition for V BE· One exception is the study by Suzuki [193], who cor­

rectly distinguished between V BE,t, the base-emitter terminal voltage, and VaE, the 

built-in voltage minus the base-emitter junction voltage. Under high injection, the 

electric field in the base becomes significant and can cause a substantial difference 

between V BE,t and V BE· 

Regarding the second point, Wu and Lindholm [196] have pointed out the sig­

nificance of the phenomenon of bandgap narrowing in the presence of high con­

centrations of mobile carriers, which is likely under high injection. However, to 

our knowledge, this has not been considered when studying the base profile design 

for minimizing Tb in the high-injection regime. Finally, except for the Ge-induced 

bandgap narrowing, most profile comparison studies simply assume Si values for 

SiGe parameters. 

The objective of this chapter is to study and compare the Tb performance for 

different combinations of Ge profile and doping profile in SiGe HBTs operating in 

both low-injection and high-injection regimes before the onset of the Kirk effect. 
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To provide a meaningful comparison, we fix the intrinsic base resistance ( under 

low-injection condition), the base concentration near the emitter, and the Ge dose 

in the base while comparing Ge profiles of different shapes and doping profiles 

of different base widths. In calculating Tb for a given collector current density Jn 

(instead of VBE), we adopt a consistent set of SiGe transport parameters and include 

important effects such as the electric-field dependency of diffusion coefficient and 

plasma-induced bandgap narrowing. Results in this chapter have been reported 

in [90]. 

The organization of the chapter is as follows. Section 4.2 presents the theoretical 

framework for calculating 71, which will be verified in Section 4.3. Sections 4.4 and 

4.5 present and discuss the profile comparison results for the regimes of low injection 

and high injection, respectively. Conclusions are drawn in Section 4.6. 

4.2 Theory 

4.2.1 Assumptions 

The following assumptions are made in our study: 

1. The transistor operates under conditions before the onset of _high current 

effects such as emitter crowding [197], Kirk effect [198} and van der Ziel­

Agouridis effect [199]. Base conductivity modulation caused by the rise of the 

majority carrier concentration in the high-injection regime takes place only 

in the intrinsic device region. We consider a SiGe base HBT with a collector 

of 9 x 1016cm-3 and 0.5 µm, operating with a collector-base terminal voltage 

of 2 V, for which the Kirk onset current density is ~1.4 x 105 Ai cm2 . The 

transistor operates at 300 K. 
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2. All base doping and Ge profiles considered here are located within the neutral 

base region. The neutral base width is constant before the onset of Kirk effect. 

3. The drift-diffusion equations are still valid for the base widths considered in 

this study ( ;-v 25-100 nm). Stettler and Lundstrom [200] have shown that the 

carrier travels ballistically only when the base width is much smaller than the 

carrier's collision-free path length ( ~ 10 - 20 nm for heavily-doped silicon). 

4. The base current density can be approximated to be zero. Yue et al. [192] 

have conducted an am.bipolar study without assuming a zero base current 

and found that the assumption of zero base current will be more valid when 

the base width decreases and the base concentration increases. This together 

with the fact that a thin base is often used in modern bipolar transistors (less 

than 100 nm in this work) allows us to neglect neutral base recombination 

(i.e. Jn is constant). 

5. Boltzmann statistics can still be used as an approximation. The averaged 

base concentration considered in this study does not exceed 1019cm-3 . 

6. Boltzmann quasi-equilibrium ( or the non-equilibrium equivalent of Boltzmann 

relation) is still valid even under high forward base-emitter bias [201]. This 

allows the use of the law of the junction or the Fletcher boundary conditions. 

7. The law of the junction can approximate the Fletcher boundary conditions 

[202] and be applied across the space charge region of the emitter-base junc­

tion as long as the emitter concentration is much higher than the electron 

concentration at the emitter edge of the base (e.g. Nne =1019cm-3
) [203]. 

8. For the boundary condition at the base-collector junction, it is assumed that 

for both low and high injection the electron concentration at the collector edge 
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of the base is related to the electron current density through the saturated 

velocity, V 8 • This is more accurate than assuming a zero electron concentration 

(i.e. an infinite carrier velocity) at the edge for a finite electron current 

density. For high collector current density, the electric field at the junction 

begins to drop and it is not accurate to assume an infinite carrier velocity at 

the collector edge of the base (204]. 

4.2.2 Profile Definitions 

Although any arbitrary doping profile can be used in this work, we have chosen 

four representative profiles (shown in Fig. 4.1) for comparison: uniform, Gaussian, 

exponential, and retrograde profiles. The four profiles can be analytically described 

as follows: 

( 4.1) 

where T/e = ln(Nr,/Nbe.), TJc = ln(Np/Nbc), Rp is the peak location of the profile, Nbe. 

is the base concentration near the emitter, Nbc is the base concentration near the 

collector, Np is the peak concentration of the profile, and Wb is the neutral base 

width. For a uniform doping profile, T/e = T/c = 0, Np = Nbe.. For the exponential 

and the Gaussian profiles, a= 1 and 2, respectively, and NP = Nbe, Rp = 0. For a 

retrograde profile, a= 2, and NP must be larger than Nbe.. 

Following [185], we describe the Ge profile as follows. Since the Ge dose in the 

base is kept constant, regardless of the shape of the Ge profile, the Ge fraction y( x) 
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is defined as: 

where 

y(x) = { [y(XT) - Ye} JT + Ye, 

y(XT), 

140 

( 4.2) 

and XT defines the shape of the Ge profile. This is, XT = 0 for a box Ge profile, 

XT = W& for a triangular Ge profile, and O < XT < W& for a trapezoidal Ge profile 

(see Fig. 4.1). The quantity Ye is the Ge fraction near the emitter, while Y6c is the 

Ge fraction near the collector when the Ge profile becomes triangular. 

4.2.3 Solution method 

Considering an n-p-n transistor, the base transit time is defined as the ratio of the 

injected charge to the electron or collector current density1
: 

( 4.3) 

where n(x) is the electron concentration; q, the electronic charge; Jn, the conven­

tional collector current density in the base. Please note that we define J n as the 

absolute value of the actual collector current density. To calculate Tb, one needs to 

know n(x) and Jn. 

Unlike other similar studies [115, 187-191], where researchers calculate Jn and 

1 As neutral base recombination is neglected, Jn and Jc are used interchangeably. 
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n(x), and subsequently 'T& for a given value of VaE, we assume that Jn is given and 

use it to calculate VBE and n(x), and subsequently r6• There are two advantages of 

this approach. First, it naturally leads to the Tb-Jn plot, which is more useful than 

the Tf,-VaE plot since it is more common for circuit designers to refer the operating 

or biasing point of a device to Jn than VsE- Second, quoting Tb by Jn instead of 

VBE avoids the possibility of confusing the definition of VBE as mentioned. 

In the following, we shall derive expressions relating VBE, Jn, and n(x). A key 

parameter is the electron diffusion coefficient, Dn(x), which is a function of the 

electric field, £(x), in the base. Therefore, we shall first derive the expression for 

E(x). 

With Jp ,.._, 0, we can write the electric field in the base as: 

e{x) = VT~ [ln(p(x))] - !. dtlEg{x) 
dx q dx 

(4.4) 

where VT is the thermal voltage; p is the hole concentration in the base; LlEg( x) is 

the apparent electrical bandgap narrowing in the base, which can be expressed in 

terms of the effective intrinsic carrier concentration, nie, as follows: 

(4.5) 

where n, is the intrinsic carrier concentration; k, the Boltzmann constant; T, the 

temperature. Substituting (4.5) into (4.4) gives: 

d [ ( p(x) )] e(x) = Vr dx ln nze(x) (4.6) 

Now, we are ready to relate Vas, Jn, and n(x) together. Substituting (4.6) into 
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the electron current transport equation 

-J. _ Dn(x)n(x)e(x) D ( ) dn(x) 
n - q Vr + q n X dx ' 

we obtain: 

(4.7) 

Using the principle of charge neutrality (p(x) = n(x) + N&(x)), the law of the 

junction at x = 0, and the boundary condition at x = Wb (i.e., Jn = qv.,n(t¾)), 

( 4. 7) is integrated from 0 to Wb: 

(4.8) 

Observing that Jn = qvsn(Wb) at x = Wb, we can write ( 4.8) as, 

(4.9) 

Therefore, the base-emitter voltage ( defined as the built-in voltage at the base-­

emitter junction minus the base-emitter junction voltage after a terminal VBE volt­

age is applied)·can be expressed as: 

( 4.10) 

To determine n(x), we integrate (4.7) from O to x and apply the principle of 
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charge neutrality and the law of the junction at x = 0: 

( 4.11) 

A quadratic equation of n(x) is then obtained: 

with the solution2 : 

Two points should be noted here. First, nie(x) in (4.10) and (4.13) also depends 

on n( x) because of plasma-induced bandgap narrowing in the case of high injec­

tion. This becomes clear when considering the different terms in ~Eg. To account 

for the bandgap narrowing due to the Ge presence, the heavy doping effects, the 

high concentrations of carriers, the difference between Nc,Si Nv,Si and Nc,SiGe Nv,SiGe, 

and the Fermi-level shift due to the difference between Fermi-Dirac statistics and 

Boltzmann statistics, we write .e:,.E0 in ( 4.5) as follows (205): 

AE ( ) AE AE A£ kT l (Nc,SiGeNv,SiGe) l.l. g X =.u g,HDE + ~ g,Ge + ~ g,pla.sma + ... n N. ·N . 
c,S, v,S, 

+kT [zn ( Nb )-:.r;-1 ( Nb )] 
l'1v,SiGe 2 Nv,SiGe 

( 4.14) 

2The solution corresponding to the positive square root term 1s taken since 
J r= n(::r)+No(:z:) d Vas/VT d. t (4 9) 

n Jo D,.(:z:)n~_,(::r) x < q e accor mg o • • 
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where 5"i1 is the inverse function of -j; x the Fermi-Dirac integral of ½ order (Please 
2 

note that the details of the physical models used in this section to describe the 

electron transport in the SiGe base are given in Appendix C). 

Based on Klaassen's new mobility model [121,125], the apparent bandgap nar­

rowing, due to the heavy doping effects in Si after correcting for the Fermi-level 

shift associated with the use of Fermi-Dirac statistics, is extracted by Sokolic and 

Amon (206]: 

( 4.15) 

where a =6. 76 x 10-11
, b =3.58 x 10-7

, c = 0.5, and d = 0.28. 

Using the L:l.Eg,H DE above and taking into account the Fermi-level shift associ­

ated with the use of Fermi-Dirac statistics, and the difference between the Si and 

SiGe NcNv products, Sokolic and Amon [206] extracted the bandgap narrowing due 

to the Ge presence as: 

~Eg,Ge(x) = 0.937y(x) - 0.5y2 (x) [eV] (4.16) 

where y(x) is the Ge fraction defined by (4.2). 

For plasma-induced bandgap narrowing, we have fitted the experimental results 

of Neugroschel et al. [207] as follows: 

( 4.17) 

where a 2 = 1.4898 meV/cm6 , a 1 = -1.0346 x 102 meV/cm3, a0 =1.7833 x 103 meV. 
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The ratio of the NcNv product between Si and Si Ge for Nb <1019cm-3 calculated 

by Sokolic and Am.on [205] can be fitted as a function of the Ge fraction: 

Nc.SiGeNv,SiGe(x) = 
0

_
07768 

+ 0.9223 
Ne.Si Nv,Si 1 + 78.02(y( X)) 1-213 

( 4.18) 

for y < 0.35. 

To calculate Nv,SiGe for the Fermi-level shift, we assume Nc.SiGe = iNc,Si [206] 

and the values of Nc,Si and Nv,Si are taken from [71]. 

Second, Dn(x) in (4.10) and (4.13) also depends on n(x) and nie(x) through 

the electric field, the carrier-carrier scattering, and the carrier-impurity scattering 

in the base. According to the Caughey-Thomas model [126]3 , Dn(x) is related to 

c,( x) as follows: 

( 4.19) 

where /3 = 2. The electron diffusion coefficient at low electric field, D~(x), is a 

function of the base doping, carrier concentration, and the Ge fraction. It can be 

written as: 

( 4.20) 

where D1 
1 is the ratio of the electron diffusion coefficient in SiGe to that in Si, n,re 

which is modelled by Decoutere et al. [209] as a function of the Ge fraction. Taking 

the carrier-carrier scattering and carrier-impurity scattering into account, Klaassen 

[121,125] has recently modelled D~.si(x) as a function of Nb(x), n(x ),p(x )( = n(x) + 
N6 ( x)), and the donor concentration ( which is set to the background collector con-

3In our implementation, Thornber's model [208] can also be chosen. 
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centration in our study)4
• Because of the quasi-neutrality in the base, £(x) in ( 4.19) 

can be modified from ( 4.6) as: 

( 4.21) 

From (4.10) and (4.13), we can see that VBE and n(x) are interdependent, and 

Dn(x) and nie(x) must be known in order to obtain VBE and n(x). This, together 

with the fact that both Dn ( x) and nie ( x) depend on n( x), as just noted, implies that 

an iterative method is needed to solve (4.10) and (4.13) for VBE and n(x). We have 

chosen to use the low-injection values as the initial solutions for the iteration. For 

low injection, n(x) << .Nb(x), i.e., p(x) "'Nb(x), (4.21), (4.10) and (4.13) become: 

( 4.22) 

To determine Dn,L(x) and nie,L(x) in ( 4.23) and ( 4.24), we set .6.Eg,pla5ma = 0 

4 We consider Klaassen's low-field mobility model most suitable for simulating bipolar transis­
tors operating under high injection because it accounts for the carrier-related scattering. However, 
other low-field mobility models can also be chosen within our implementation. 
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in (4.14), substitute (4.22) in (4.19) and set p(x) = Nb(x) in Klaassen's low-field 

mobility model. 

In short, we can determine n(x) iteratively for a given Jn as follows: 

n;e,1(x) f- Fn.JnL(x)] 

Dn,i(x) f- FD[nL(x),nie,i(x)J 

VBE,1 f- Fv[nL(x), Dn,i(x), nie,i(x)] 

n1(x) f- Fn[nL(x), Dn,i(x), VBE,1, nie,1(x)] 

nie,2(x) f- Fn.Jn1(x)] 

Dn,2(x) f- Fv[ni(x), nie,2(x)] 

VBE,2 f- Fv[ni(x), Dn,2(x), nie,2(x)] 

n2(x) f- Fn[n1(x), Dn,2(x), VBE,2,nie,2(x)] 

nie,;(x) f- FniJnj-1(x)] 

Dn,j(x) f- Fv[nj-1(x), nie,iCx)] 

VBE,i f- Fv[n3-1(x), Dn,i(x), nie,iCx)] 

nj(x) f- Fn[nj-1(x), Dn,j(x), VaE,j, nie,j(x)] 

( 4.25) 

where Fn,e, FD, Fv, Fn are functions determined by (4.5), (4.10), (4.13)-(4.21) and 

the subscript j denotes the number of iteration. 

4.3 Verification 

The results generated by the iteration scheme and expressions described in Section 

4.2 are compared with those reported in [89,185,193,210], which cover a wide range 
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of base region characteristics (base width, doping level, Ge concentration, profile 

shape) and injection level. 

Fig. 4.2 and Fig. 4.3 show that the solutions, obtained from the expressions 

and iteration scheme described in Section 4.2, converge quickly. For the profiles 

used for Fig. 4.2-4.4, solutions converge at the 5th iteration. In Fig. 4.2, for 

the Si case (Suzuki's profiles), the Vas solutions at the 3rd and the 5th iteration 

are identical over a wide range of J". For SiGe HBT (Rinaldi's profile), for J0 < 

105 A/ cm2 , solutions of VBE at the 3rd and the 5th iteration are identical. For 

J0 >105 A/ c:rn2, the error at 3rd iteration relative to the 5th iteration is less than 

1 %. In Fig. 4.3, no difference can be .seen between the solution of the normalized 

electron concentration at the 3rd iteration and that at the 5th iteration. For the 

base transit time, the error at the 3rd iteration relative to the 5th iteration is less 

than 1 % even at very high VBE biases. 

As shown in Figs. 4.2-4.4, our results agree well with those reported. Discrep­

ancies are possibly due to the use of slightly different parameters for modelling 

heavy doping effects, the diffusion coefficient, and different NcNv (in the case of 

SiGe) or Nbc values which are not clearly specified in the compared works. When­

ever possible, the same models and parameters, and profile definitions specified 

in [89, 185, 193, 210] are used in the comparison. The effect of plasma-induced 

bandgap narr.owing is not considered in the comparison as it was neglected in those 

works. In Fig. 4.4, for low injection, our result agrees well with Rinaldi's analyt­

ical expression. For high injection, our result (generated with a J 0 of 108 A/ cm2
) 

approaches the limit set by Rinaldi's analytical expression [210] for strong high 

injection. 
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Figure 4.2: Collector current density vs. base-emitter voltage. Suzuki's uniform 
and Gaussian base: W& = 100 nm, Nbe =2 x 1018cm-3 . Nbc =2 x 1016cm-3 is used for 
Suzuki's Gaussian base [193]. Rinaldi's Gaussian base [210]: W& = 100 nm, y(Wb) = 
0.15, triangular Ge profile, Nbe =1018cm-3, N&c =5 x 1016cm-3 . The variable N is 
the number of iteration. 
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angular Ge profile). Patri & Kumar's profiles (185]: Wb = 60 nm, R,, = 5kf2/□. 
Their results are generated under low injection without considering electric-field de­
pendency of the diffusion coefficient. Rinald.i's uniform base [210]: Nb =1018cm-3

. 

The triangular symbols for Rinaldi's base are calculated using equations (3) and 
(5) in [210], which correspond to the low injection and strong high injection, re­
spectively. Kwok's retrograde base [89]: Wb = 38.5 nm, x1 = 6.5 nm, x2 = 
11.5 nm, Nbe =6.55 x 1018cm-3,Nbc =3 x 1017 cm-3 , Np =9.4 x 1018cm-3 where 
x 1 and x 2 define the neutral base region with a constant base concentration of Np. 
Kwok's results are produced under low injection. 
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4.4 Low injection 

The following points can be noted from comparing the four doping profiles shown 

in Fig. 4.1. The doping profiles have the same intrinsic base sheet resistance5 and 

base concentration near the emitter. The base transit time and the intrinsic base 

sheet resistance for each doping profile are plotted against different shapes of the Ge 

profile (i.e., different XT/Wb values) in Fig. 4.5. The Ge dose remains unchanged 

for all doping profiles and shapes of the Ge profile. Results are generated at Jn =103 

A/crn2 (for low injection) with the following effects considered: concentration and 

electric-field dependencies of the electron diffusion coefficient, non-uniform bandgap 

narrowing due to the Ge presence and the heavy doping effects, and velocity sat­

uration near the collector. Hereafter, all results are obtained at the 5th iteration. 

Although not shown, we have found that the same results are obtained regardless of 

whether or not plasma-induced bandgap narrowing is considered. This is because 

the electron concentration at low injection is small relative to the base doping level. 

Fig. 4.5 shows that the intrinsic base resistances for all doping profiles are 

around 5 kf! /□ For all shapes of Ge profile considered ( i.e. 0 ~ ~J(_ T /Wb ~ 1), 

both the Gaussian and the exponential doping profiles result in higher Tb than the 

uniform and the retrograde profiles due to their larger base widths. A larger base 

width simply offsets the enhancement from the aiding electric field caused by the 

doping gradient. The retrograde doping profile gives a smaller Tb than the uniform 

profile because of its slightly smaller base width and the aiding field associated with 

5The intrinsic base sheet resistance Ro is calculated as 

where µp(x) is a function of Nb(x) and n(x) and can be obtained by Klaassen's unified mobility 
model [121]. The electron concentration n(.x) is set to zero in the case of low injection. 
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Figure 4.5: Base transit time and intrinsic base sheet resistance vs. XT/Wb. 
Jn =l03 A/cm2 ,Rb = 5kf1/□ , Ye = O,Nbe =5 X l018cm-3, Noc =9 X 

1016cm-3 . Uniform doping profile (W& = 29 nm,Ye::.c =0.1724), Gaussian (Wb = 
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26 nm, Y6c = 0.1923, R,, = 13 nm, NP =1019cm-3

). 
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its tail region. 

Regarding the optimal Ge profile, Fig. 4.5 suggests that for the retrograde 

doping profile, graded Ge profiles with Xr/Wb ~ 0.5 (i.e. trapezoidal or triangular) 

achieve the minimum or near minimum. Tb. To be precise, the Xr /vVi value for the 

minimum Tb is 0.68. Although not shown, it is found that the optimum XT ;w-b value 

is always less than one for the retrograde profile considered here when R,, is less than 

Wb. However, if the electric-field dependency of the diffusion coefficient, D(E), is 

ignored ( denoted by the plus symbols in Fig. 4.5), a false optimum point will appear 

at Xr /Wb = l regardless of the location of the peak concentration. Therefore, the 

electric field dependency of the diffusion coefficient should be considered when 

determining the optimum point. 

In Fig. 4.5, we set Y6cWb/2 (a measure of the Ge dose) to 2.5 (i.e., the Ge dose 

is equivalent to a triangular Ge profile with Wb of 50 nm and a Ge fraction of 0.1 

near the collector). vVb.ereas in Fig. 4.6, the base transit time is plotted against 

the Ge dose of a trapezoidal Ge profile with XT/Wb = 0.68 for different doping 

profiles. It shows that the retrograde doping profile always gives a smaller Tb than 

the uniform profile for all Ge doses. Also, a Ge dose (y6 c Wb/2) of 2.5 is sufficient 

to reach the near minimum T&. Additional Ge doses will not reduce 'b effectively. 

4.5 High injection 

The four doping profiles in Fig. 4.1 are again compared at high-injection levels. Fig. 

4. 7 (Fig. 4.8) plots the base transit time and base sheet resistance of a triangular 

Ge HBT against the collector current density for the four doping profiles without 

(with) plasma-induced BGN. The Ge doses are identical for all doping profiles. 

It should be noted that our discussions are limited up to the Kirk onset current 



CHAPTER 4. DOPING AND GE PROFILE OPTIMIZATION 

3.0 

l Jc, 1 ~
3

~cm~ _ 
2.5 

- Uniform 
-- Gaussian 7n 

-... _ 
2.0 -- - - - Exponential c.. --...... --

Q) -- -- Retrograde --E -- --= .. _ 
---- ---·u5 1.5 ............ _ ..... _ 

C: ---ca --Q) 
en ca 1.0 ----Qj --- -------....... ,__ ....... _.,_, ____ 

0.5 

0.0 
0 1 2 3 4 

Ge dose (=Y&:. W/2) 

6 

5 

4 

3 

2 

1 
5 

155 

-c:r 
en 

~ ........ 
Q) 
0 
C: ca 
a5 
·u5 
~ -Q) 
Q) 
.c: en 
(I) 

"' ca 
CD 
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). 
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density (around 1.4 x 105 A/c:m2 ). 

A comparison of Fig. 4. 7 and Fig. 4.8 shows that the effect of plasma-induced 

BGN is not significant for the triangular Ge profile considered. The base transit 

times for all doping profiles are not strong functions of the collector current density 

(at least within the range under discussion). The base transit time for the uniform 

doping profile is slightly higher than that for the retrograde profile. Both are only 

around 40% and 20% of those of the Gaussian and the e>...'1)onential profiles, respec­

tively. & begins to drop for Jn > 104 A/ cm 2 
( as the excess carrier concentration 

increases with J n). At Jn = 1.4 x 105 A./ cm 2, Rt, of the retrograde and the uniform 

profiles are around 5% and 20% larger than those of the Gaussian and exponen­

tial profiles, respectively. Therefore, the retrograde profile is still preferred to the 

Gaussian doping profile. For applications where the maximum oscillation frequency 

(which is affected by Rb) is a more important figure of merit, an in-depth trade­

off study is required to compare the effects of the retrograde and the exponential 

doping profiles. 

Fig. 4.9 examines the effect of the Ge profile shape on the base transit time and 

base resistance for different doping profiles at Jn =105 A/ cm2 , without considering 

plasma-induced BGN. The base transit time for the retrograde doping profile is 

smaller than that for the uniform profile for all Ge profile shapes considered. Since 

the base resistance for each doping profile is sufficiently constant over different 

XT /Wb values, it is still meaningful to compare different Ge profile shapes. For 

the retrograde profile, graded Ge profiles with XT/Wb ~ 0.5 give the minimum (or 

near minimum) Tb. To be precise, the XT/Wb value for the minimum Tb is 0.7. 

With plasma-induced bandgap narrowing taken into account (see Fig. 4.10), 

the base transit time for the retrograde doping profile is again the lowest for all 

Ge profile shapes considered. Graded Ge profiles with XT/Wb ~ 0.5 axe found to 
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26 nm, YAc = 0.1923, Rp = 13 nm, Np =1019cm-3

). 



CHAPTER 4. DOPING AND GE PROFILE OPTIMIZATION 160 

be optimal for the retrograde doping profile. The exact minimum Tb point occurs 

at XT /Wt, = 0.67. Compared with Fig. 4.9, the base transit times are higher 

for all doping profiles. The increase is more significant for Ge profiles with a box 

shape (i.e. small XT/Wb values) than for those with a triangular shape (i.e. large 

Xr/W& values). This can be explained by the fact that the large Ge-induced aiding 

electric field associated with the triangular Ge profile dominates the effect of the 

retarding electric field caused by plasma-induced ba.ndgap narrowing. It should 

be noted that a higher current density associated with an increase in the base­

emitter voltage results in a larger negative electron concentration gradient in the 

neutral base. As predicted by (4.4), (4.14), and (4.17), a larger negative electron 

concentration gradient creates a higher positive (i.e. retarding) electric field related 

to plasma-induced bandgap narrowing. 

Figs. 4.11 and 4.12 assess the relative importance of different effects in deter­

mining Tb as a function of the Ge profile shape and the Ge dose, respectively, for 

the retrograde doping profile. The relative importance of the effect 'X' is measured 

by the Tb ratio 11t~ec~•x· is ne~~cte;/. The closer this ratio to unity, the less important 
To a. e ects const ere 

the effect 'X' is. Fig. 4.11 shows that the effect of plasma-induced BGN is more 

significant when the shape of the Ge profile is box-like rather than triangle-like, 

which is consistent with the difference between Fig. 4.9 and Fig. 4.10. Fig. 4.12 

indicates that the effect of plasma-induced BGN is very significant in the case of 

a Si BJT (i.e. zero Ge dose) and becomes less prominent when the Ge fraction 

near the collector of a triangular Ge HBT increases. A Ge-induced electric field 

associated with a Ge fraction of 0.2 near the collector can reduce the adverse effect 

of plasma-induced BGN to a Tb difference of 5%. Furthermore, both Figs. 4.11 and 

4.12 confirm the importance of the electric-field dependency of Dn in the presence 

of the Ge-induced electric field. 
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time with all effects considered vs. XT/Wb for a retrograde doping profile in a SiGe 
base. Jn =105 A/ cm2

, Ye = 0, YLk = 0.1923, N1,e. =5 X 1018cm-3

, Nbc =9 x 1016cm-3

, 

Np =1019cm-3 ,Wb = 26 nm, R,, = 13 nm. 
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Figure 4.13: Base transit time and intrinsic base sheet resistance vs. Ge dose 
of a trapezoidal Ge profile with Xr /Wb = 0.67 for different doping profiles. 
Plasma-induced bandgap narrowing is considered. Jn =105 A/ c:m2 , Rb = 5kf!/□, 
Ye = 0, Nbe =5 x 1018cm-3

, Nbc =9 x 1016cm-3
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sian (Wb = 54 nm), exponential (Wb = 83 nm), retrograde (Wb = 26 nm, Rp = 
13 nm, NP =1019cm-3

). 
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Figs. 4.13 shows how the base transit times of different doping profiles for 

a trapezoidal Ge profile (XT/Wb = 0.67) vary with the Ge dose. The effect of 

plasma-induced BGN is considered. Just as in the case of low injection, a Ge dose 

(Yl:!,.c vl-'b/2) of 2.5 is sufficient to reach the near minimum Tb. 

4.6 Conclusions 

An iteration scheme to calculate Tb for a given collector current density instead 

of a base-emitter voltage has been developed in order to determine the optimal 

doping profile and Ge profile in the neutral base for minimizing Tb of SiGe HBTs 

under all levels of injection before the onset of the Kirk effect. We have adopted 

a consistent set of SiGe physical models with parameters tuned to measurement 

data, and included important effects such as the electric-field dependency of the 

diffusion coefficient and plasma-induced bandgap narrowing in our study for the 

first time. The iteration scheme has been verified by comparing its results with 

simulation results reported in the literature. Using this iteration scheme in both 

low- and high-injection regimes, we have compared, for the first time, base transit 

times for a range of doping and Ge profiles with identical Ge doses, intrinsic base 

sheet resistances, and base concentrations near the emitter. Based on the results 

in Sections 4.4 and 4.5, we draw the following conclusions: 

1. For the triangular Ge profile and the retrograde or uniform doping profile 

considered, the base transit times in the low-injection regime do not differ 

much from those in the high-injection regime before the onset of Kirk effect. 

2. For the given Ge dose, Ge profile shape, Nbe, and Rb, the retrograde rather 

than the uniform doping profile gives the minimum Tb. 
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3. For the given Ge dose, Nbe, and R.,,, graded Ge profiles with }Cr /Wb ~ 0.5 

achieve the minimum ( or near minimum) Tb for a retrograde doping profile. 

4. For the retrograde doping profile and the trapezoidal Ge profile with X T /Wt, ,.,.., 

0.67 considered, Ge doses higher than Yb:.cWb/2 = 2.5 will not reduce Tb effec­

tively. 

5. The effect of the electric-field dependency of Dn is significant in the presence 

of a Ge-induced electric field and must be considered when determining the 

optimal Ge profile. 

6. In the high-injection regime, the effect of plasma-induced BGN tends to in­

crease the base transit time. For a Ge dose y6 c Wb/2 = 2.5, piasma-induced 

BGN can increase the base transit time by.- 70% for the box Ge profile with 

the retrograde doping profile. 

7. Whether one should take into consideration the effect of plasma-induced BGN 

depends on the magnitude of the aiding Ge-induced electric field, which acts 

against the retarding field associated with plasma-induced BGN. For the ret­

rograde doping profile in a HBT with the triangular Ge profile considered, 

the effect should be accounted for if the Ge fraction is less than 0.15 near the 

collector. The effect should also be considered if the Ge profile is box-shaped. 



Chapter 5 

Fabrication of SiGe HBTs by 

high-dose Ge in1plantation and 

solid-phase epitaxy -w-ith Si 

a~orphization 

5.1 Introduction 

The emerging Si Ge technology has been shown to greatly improve the performance 

of Si devices in high-performance circuits [211]. However, the success of this tech­

nology will depend on its ability to be integrated into the existing Si production 

line. At present, device-quality SiGe growth is mainly realized by epitaxial de­

position techniques such as molecular beam epitaxy (MBE) [35], rapid thermal 

chemical vapor deposition (RTCVD) or limited reaction processing (LRP) [45], at­

mospheric pressure chemical vapor deposition ( AP CVD) [ 46], low pressure chemical 
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vapor deposition (LPCVD) (212], and ultra-high vacuum chemical vapor deposition 

(UHV /CVD) [42]. Most of these techniques involve the introduction of a new pro­

cessing equipment in the production line. Some have low throughput ( e.g. NIBE). 

Issues relating to integration, reliability, and downscaling are yet to be fully ex­

plored. 

Alternatively, the technique of high-dose1 Ge implantation with solid-phase epi­

taxy offers many attractiv~ advantages.2 This technique easily allows multiple 

selective growth of SiGe regions and is fully compatible with the existing Si facili­

ties. Several attempts [214-222] have been made to fabricate SiGe-base HBTs by 

this new technique. Fukami et al. [214] managed to show transistor action but no 

heterojunction characteristics could be demonstrated. Both surface defects caused 

by the high-dose Ge implantation and end-of-range extended defects at the original 

amorphous/crystalline interface were observed. Based on the work of Fukami et al., 

Gupta et al. [215] improved the current gain of the HBT up to 110 ( versus 100 for 

the Si BJT). However, the current gain enhancement was caused more by the nar­

rower base width (80 nm versus 130 nm in Si) than by the 7 at.% Ge presence, i.e., 

no heterojunction characteristics could be confirmed. Just like the case of Fukami 

et al., surface defects and end-of-range extended defects were observed. Ma [216] 

successfully demonstrated the heterojunction effect of the base-collector junction 

but did not observe any transistor action. Dopant profile obtained by Secondary 

Ion Mass Spectrometry (SIMS) showed that the arsenic profile overdiffused into 

the base, resulting in a large emitter junction depth too dose to the end-of-range 

extended defects near the original amorphous/ crystalline interface. 

1 In tliis work, the phrase "high-dose" refers to an implantation resulting in a peak concentration 
of at least 5 atomic% of the Si substrate, i.e. 2.5 x 1021cm-3 . 

2 A review of this technique can be found in [213]. 
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Better electrical characteristics were then demonstrated by Lombardo et al. [217-

219]. Their SiGe HBT achieved a current gain larger than the Si BJT by a factor of 

2.67. However, it is still questionable as to the origin of the enhancement because it 

was also shown that the base width of the SiGe HBT is smaller than that of the Si 

BJT by a factor of two. Even if the current gain did arise from the heterojunction 

effect, it is clear that the Ge leverage was not fully exploited. More recently, the 

enhancement of the collector current was reported by the same group [220,221]. 

Again, since base width reduction due to the Ge presence was also shown, it be­

came difficult to confum the heterojunction characteristics. Although a bandgap 

narrowing of 27 meV was estimated by a temperature-dependent current measure­

ment, both the temperature dependency of the electron mobility and the effect of 

dopant ionization were not considered when interpreting the measured data. This 

renders the claim of the heterojunction effect questionable. Using the technique 

of Ge implantation, Mitchell et al. [222] fabricated SiGe HBTs of both n-p-n and 

p-n-p types. Transistor action was shown only by the p-n-p SiGe HBT and no het­

erojunction characteristics shown by either type. In fact, a collector-emitter leakage 

was observed in the n-p-n SiGe HBT due to enhanced arsenic diffusion. Also, hair­

pin dislocations extending from the original amorphous/ crystalline interface to the 

surface were found in the regrown Si Ge region. 

Since it has been shm\in that extended defects near the device junctions can 

adversely affect the device performance (223, 224], it is beneficial to use a high­

energy Si amorphization step to push the original amorphous/crystalline interface 

(created during the high-dose Ge implantation) and the associated end-of-range 

(EOR) extended defects farther away from the base-collector junction (225,226]. 

However, no studies, using the high-dose Ge implantation followed by the solid­

phase epitaxy and a high-energy Si amorphization to realize SiGe HBTs, have been 
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reported. 

In this chapter, a brief report of the electrical characteristics of Si BJ Ts, Si Ge 

HBTs, and SiGe HBTs with Si am.orphization fabricated by the high-dose Ge im­

plantation and solid-phase epitaxy is presented. Due to limited resources, this 

aspect of the research could not be pursued to its logical end; however, certain 

original experimental results are presented here. In particular, transistor action of 

the SiGe HBT with Si amorphization is reported for the first time. 

5.2 Goal of the experiment 

The goal of this experiment was threefold. First, to demonstrate the feasibility 

of fabricating a SiGe HBT without introducing any new processing equipment. 

Second, to demonstrate heterojunction effects of the Si Ge HBTs fabricated by high­

dose Ge implantation and solid-phase epitaxy, with or without Si amorphization. 

Third, to see if the Si amorphization step can improve the D.C. characteristics of 

SiGe HBTs fabricated by high-dose Ge implantation and solid-phase epitaxy only. 

In order to fairly compare the three types of transistors (Si BJTs, SiGe HBTs, 

SiGe HBTs with Si am.orphization), they were fabricated side-by-side in the same 

dice to minimize the effects of possible processing deviations. Figure 5.1 shows the 

schematic of a cross sectional view of the three types of transistors. Figure 5.2 

shows how the Ge implantation, Si amorphization, and solid-phase epitaxy steps 

are incorporated into a polyemitter Si BJT fabrication process. 
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Figure 5.1: Schematic of a cross-sectional view of Si BJT, SiGe HBT, and SiGe 
HBT with Si amorphization. 

Wafer Temperature Time 
1 100°c 30 min 
2 800°C 30 min 
3 900°C 30 min 
4 1000°c 30 sec 
5 1050°C 30 sec 
6 1100°c 30 sec 

Table 5.1: Conditions used in the first annealing step (Note: all annealing steps 
were performed in a N 2 ambient). 
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Figure 5.2: Fabrication process flow. 

5.3 Device fabrication 

Si amorphization 

172 

Six 3-inch (100) Nepi on N+ wafers were used as the starting materials. The Nepi 

layer is 1 µm thick with a doping density of 7 x 1016cm-3 . Except implantation, 

all fabrication steps were performed in the SiDIC Lab at the University of Water­

loo. Only n-p-n transistors were fabricated. All transistors have the same lateral 

dimensions (an emitter area of 15 x 150 µm2). Two annealing steps are required 

in the fabrication process: solid-phase epitaxial growth, and dopant drive-in and 

activation. Wafers were subjected to different conditions of the first annealing step. 

A brief summary of the process steps and details of the Ge implantation are given 

in the following. Details of other process steps can be found in Appendix D. 

First, a steam oxide was grown and windows for Ge implantation were opened_ 

Wafers covered with photoresist were then sent to Implant Sciences for Ge implan-
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tation ('4 Ge, 190 keV, 3.5 x i016cm-2
). An implant current density of 1.25 µA/cm 2 

was used. The backsides of the wafers were coated with APD Cry-Con thermal 

grease to improve the thermal conductivity to the sample holder and the temper­

ature of the wafers was monitored and kept below 125 Kat the specified implant 

current density3
. It has been found that lowering the substrate temperature can 

reduce end-of-range defects4 [227, 228]. The thermal grease at the back was then 

removed. Photoresist on the front was stripped off using a "piranha" etch (7:3 

H2SO4 :H2 02) ,followed by a hot stripper. Wafers were cleaned using the conven­

tional RCA recipe. Then, a low-temperature oxide was deposited in a LPCVD 

system at 410°C in the SiDIC Lab at the University of Waterloo. The low deposi­

tion temperature ensures that no solid-phase epitaxy can take place until the first 

high-temperature annealing step. Windows were then opened for Si amorphization. 

For the Si implant, an energy of 200 ke V and a dose of 1016cm-2 were used. Again, 

the same low-temperature setup used for the Ge implantation was employed for 

the Si implantation. Photoresist stripping and wafer cleaning then followed. The 

high-energy Si implantation will locate the initial amorphous/crystalline in~erface 

around 0.38 µm from the silicon surface [229]. In other words, the end-of-range 

extended defects remaining after the solid-phase epitaxial growth can be kept far­

ther away from the depletion layer of the base-collector junction. Fig. 5.3 shows 

the Ge profile .generated from the profile simulator PROFILE CODE developed by 

3 Although it is possible for the Ge implantation to be performed at room temperature as 
it is argued that the subsequent low-temperature high-dose Si implantation will re-amorphize 
the substrate anyway, there has been no comparison studies on the differences between results 
obtained from the two different wafer temperatures during Ge implantation. 

4 This is expected because as the substrate temperature is lowered, ion-beam-induced recrys­
tallization is suppressed and a thicker amorphous layer can be formed. A thicker amorphous layer 
implies a deeper original a/c interface, leading to a smaller number of excess Si interstitials that 
form the end-of-range defects. 
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Figure 5.3: Simulated as-implanted Ge profile (190 keV and 3.5 x 1016cm-2 
) from 

PROFILE CODE. 

Implant Sciences. The corresponding peak at.% is estimated around 6.7. Fig. 5.4 

shows the net doping profiles from TSUPREM simulations for Si BJTs on wafer 

#3. 

The remaining steps include the base, collector and polyemitter formations, and 

the Al sputtering for metallization. After boron (20 keV, 2 x 1013cm-2
, tilt=7°, 

room temperature) was implanted for the base formation, the wafers were subject 

to the first annealing step for the solid-phase epitaxial growth (see Table 5.1 for de­

tails of annealing conditions). Then, emitter windows were opened and polysilicon 

was deposited at 585°C in a LPCVD system. Collector windows were opened and 

arsenic was implanted (120 keV, 2 x 1016cm-2 , tilt=7°, room temperature) to form 
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Figure 5.4: Simulated net vertical doping profile under the emitter of Si BJTs on 
wafer #3. 
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the collector and to dope the polysilicon. Polysilicon was patterned and low tem­

perature oxide was grown. In order to drive in and activate the arsenic for emitter 

formation and break up the oxide at the polysilicon/ mono-silicon interface, a rapid 

thermal annealing step at 1050°C for 30 seconds was performed in a N2 ambient. 

Aluminum was then sputtered and patterned on the front side of the wafers, fol­

lowed by sputtering on the back side for backside collector contacts. Since devices 

will be probed one at a time, no isolation between devices is required. 

5.4 Experimental results 

Gumm.el plots and common-emitter output characteristics were measured by two 

Keithley 236 Source Measure Units at room temperature. Most of the transistors 

showed poor characteristics and hence are not reported here, although considerable 

effort was expended in studying them including failure mode analysis. Transistors 

on wafer #3 show relatively better characteristics and their electrical characteristics 

are summarized as follows. Figure 5.5 shows the Si BJT Gumm.el plot and Fig. 

5.6 shows the output characteristics of Si BJT. Figs. 5. 7 and 5.8 show the I-V 

characteristics of the emitter-base and collector-base junctions of SiGe HBTs. Fig. 

5.9 shows the output characteristics of SiGe HBTs with Si amorphization. While 

SiGe HBT with Si amorphization shows transistor action for the first time, its 

performance is not very satisfactory. Due to resource limitations, these studies 

could not be taken to logical conclusions. Further experimentation and refinements 

are needed which would probably be left for future work. 
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Figure 5.5: Typical measured Gumm.el plots of Si BJTs. 
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5.5 Conclusions 

SiGe HBTs, with and without Si amorphization, have been fabricated side-by­

side with Si BJTs. Transistor action is shown by Si BJTs. SiGe HBTs without 

Si amorphization show no transistor action nor heterojunction effects. Transistor 

action of SiGe HBTs with Si amorphization is reported for the first time even 

though no heterojunction effect can be confirmed. 

Further experimentation is required to improve the characteristics. Studies of 

dopant diffusion in implantation-formed SiGe and defect characterization of im­

planted SiGe would be helpful in further refinement of process architecture. 



Chapter 6 

Con cl us ions 

Three topics related to SiGe HBTs have been studied. The first topic involved two 

vertical base profile optimization studies for improving the frequency performance 

of SiGe HBTs. In the first study, we mapped out important factors that impact 

the performance of the Ge profile in minimizing the contribution of the emitter and 

base delay times to the transition frequency in the low-injection regime. A new 

emitter delay time e::-..-pression that allows a finite effective recombination velocity 

at the metal/poly-Si interface was derived. For the first time, a fixed Ge dose was 

adopted as the constraint, with non-quasi-static effects taken into account, in an 

optimization study. 

We found that the detailed shape of a retrograde doping profile can have great 

influence on determining the optimal Ge profile in minimizing the total emitter and 

base delay time contribution to fT- In particular, a retrograde base doping profile 

tilted toward the emitter-base junction will favor the choice of a less graded Ge 

profile. We also confirmed that the advantage of a graded Ge profile over a box Ge 

profile is greater for shallower emitter junctions, especially when non-quasi-static 

effects are considered. The main result of the study was: a graded Ge profile is still 
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more effective than a box Ge profile in minimi7,ing the emitter and base delay time 

contribution to fT for SiGe HBTs with typical emitter and base dimensions, i.e., an 

emitter junction depth smaller than 0.15 µm and a metallurgical base width larger 

than 30 nm. 

In the second base profile optimization study, we compared the base delay time 

for different combinations of the base doping and Ge profiles in both low- and high­

injection regimes before the onset of Kirk effect. We have presented a new iteration 

scheme that calculates the base delay time for a wide range of collector current 

densities instead of base-emitter biases. This is the first study which adopts iden­

tical Ge doses, intrinsic base resistances: and base concentrations, as optimization 

constraints, together with the effect of plasma-induced bandgap narrowing taken 

into consideration. 

Three main results were obtained in the second optimization study. First, for the 

triangular Ge profile with the retrograde or uniform base doping profile considered, 

the base delay times in low-injection (e.g. Jc =103 A/cm2
) and high-injection (e.g. 

Jc =105 A/cm2 ) regimes do not differ much before the onset of Kirk effect. Second, 

for the given Ge dose ( equivalent to the total content of a uniform Ge profile 

of 19 at.% over a neutral base of 26 nm), intrinsic base resistance (""' 5kf2/D), 

and base concentration near the emitter (Nbe = 5 x 1018cm-3
), graded Ge profiles 

(Xr/Wb ~ 0.5) together with a retrograde doping profile achieve the minimum 

( or near minimum) base delay time. Third, for the graded Ge profile ( trapezoidal 

profile with Xr /Wb = 0.675) considered, Ge doses higher than the equivalent Ge 

content of a uniform profile at 10 at.% across a base of 25 nm will not effectively 

reduce the base delay time. 

The results from the two base profile optimization studies are of particular 

importance to a SiGe BiCMOS process where only a limited amount of Ge can be 
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incorporated into the base for maintaining the thermal stability of the SiGe layer. 

These results can serve as starting points for choosing the appropriate base doping 

and Ge profiles to improve the high-frequency performance of future generations of 

SiGe HBTs. 

The second topic in this thesis involved the analysis of the retrograde portion 

of a retrograde doping profile in a SiGe base with a graded Ge profile in the low­

injection regime. We discovered a longstanding error in the derivation for a set of 

analytical base delay time expressions in the literature. We corrected the mistake 

and developed a new set of dosed-form analytical expressions for the base delay 

time. Our e>...-pressions take into consideration important physical effects such as 

the built-in electric field caused by the non-uniform base doping profile, heavy 

doping effects, Ge-induced bandgap narrowing, and both the doping and the field 

dependencies of the electron diffusivity. One of the contributions arising from this 

analysis is the assessment of the relative importance of these physical effects in 

determining the base delay time. 

We found that the adverse effect of the retrograde portion of the retrograde 

base profile considered was over-estimated by the incorrect analytical expressions. 

For a Ge grading of 13.5 at.% over a base of 50 run, a peak doping concentration 

of 1019cm-3, and a retrograde region of 15 nm wide, the base delay time increases 

by "' 20 % ( versus 71 % predicted by the incorrect expressions) when the base 

concentration near the emitter drops from 9.5 x 1018 to 5 x 1017 cm-3
. This result 

will be of interest to researchers who adopt the retrograde base doping profile to 

reduce the capacitance and tunneling leakage current of the emitter-base junction 

in a SiGe HBT with a high base peak concentration. 

The results from assessing the relative importance of the physical effects men­

tioned above showed that the field dependency of electron diffusivity has great 
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impact on determining the base delay time. This is especially true in the case of a 

high Ge grading across the SiGe base. For a Ge grading of 10% across a retrograde 

base of 50 nm, the effect of the field dependency of electron diffusivity can make 

a difference of "' 30% in the base delay time. This confirms the similar finding 

obtained in the second optimization study for minimizing the base delay time in 

both low- and high-injection regimes. In addition, we found from the second op­

timization study that the effect of plasma-induced bandgap narrowing should be 

considered for a SiGe base graded from 0 near the emitter to less than 0.15 near 

the collector in the high-injE:ction regime. These findings are useful for modelling 

purposes. 

The third topic of this thesis involved the fabrication of Si Ge HBTs by high-dose 

Ge implantation, Si amorphization, and subsequent solid phase epitaxy. Transistor 

action of SiGe HBTs fabrication by high-dose Ge implantation and solid-phase 

epita.xy, with Si amorphization, is reported for the first time. 

As a final remark, the work presented in this thesis has only dealt with a few 

of many important issues relating to SiGe HBTs. For example, the problem of 

optimizing emitter and base profiles in the emitter-base depletion layer was not 

considered. The base profile optimization study for minimizing the emitter and base 

delay time contribution to the transition frequency, with non-quasi-static effects 

considered in the high-injection regime, was not discussed. In addition, more novel 

Ge profiles, for instance, Ge profiles with different Ge gradings in more than two 

base subregions, can be considered in the optimization studies. Regarding the SiGe 

HBT fabrication, structural characterization for dopant distributions and extended 

defects can be attempted. After all, the research area of SiGe HBTs is vast. It is 

hoped that the studies in this thesis have made a meaningful contribution to the 

rapidly growing field of SiGe HBT technology. 



Appendix A 

General formulation for s; 
Recently, Rinaldi [109] proposed a general formulation of the effective recombi­

nation velocity at the poly/mono-Si interface (S;) to clarify the similarities and 

differences between various poly-emitter models. The key to his formulation is the 

re-consideration of the current continuity at two interfaces: one between the poly­

Si and the interfacial oxide ( x = Wern) and the other one between the interfacial 

oxide and the mono-Si region (x = w:m) (see Fig. A.I). This Appendix shows how 

equations (2.10), (2.19) and (2.27) arise from Rinaldi's general formulation. 

For the current continuity at x = Wern, 

(A.l) 

where Jp2(Wem) is the hole current injected into the poly-Si region; Jpr(We111 ) is the 

hole recombination current due to the traps at the poly-Si/ oxide interface; Ji is the 

tunneling and/ or thermionic-emission current across the interfacial oxide. 
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poly-Si oxide mono-Si 

Figure A.1: A schematic of current flows at the poly-Si/oxide/mono-Si interfaces. 
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Parameters Definition 
Effective recombination velocity with respect to the poly-Si bulk region 
Effective recombination velocity at the poly-Si/mono-Si interface 
Interface recombination velocity at the oxide/mono-Si interface 
Interface recombination velocity at the poly-Si/ oxide interface 
Interface blocking factor at the oxide/mono-Si interface 
Interface blocking factor at the poly-Si/ oxide interface 

Table A.l: Definitions of poly-emitter model parameters 

For the current continuity at X = w:m' 

(A.2) 

where Jpr(W;m) is the hole recombination current due to the traps at the oxide/mono­

Si interface; Jp 1(W:m) is the hole current injected from the mono-Si region into the 

interfacial oxide layer. 

The five current components in (A.2) and (A.1) can be expressed as follows: 

Jp2(Wem) = qSpotyP2(Wcm) 

Jpr(Wem) = qSipP2(Wem) 

Ji = q[TisP1 ( w:m) - TipP2 (Wern)] 

Jpr(W:m) = qSisPi(W:m) 

Jp1(W:m) = qS~i(W:m) 

(A.3) 

where p 1 and p2 are the hole concentrations in the mono-Si and poly-Si region, 

respectively, and the definitions of Spo1y, Sip, Sis, s;, Tis, and Tip are listed in Table 

A.l. 

By making different assumptions on the relative importance of the each possible 

current gain mechanism mentioned in Chapter 2, various polyemi tter models assign 
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different expressions to the model parameters. The parameter Spoly encapsulates 

the transport property in the poly-Si bulk. S,6 and Sip model recombination at 

the two interfaces. Tia and T,p model the tunneling and/or barrier effect due to 

the interfacial oxide. Finally, the parameter s; encapsulates the overall effect due 

to the presence of the poly-Si region and the interfacial oxide layer. Substituting 

(A.3) into (A.2) and (A.l) gives: 

(A.4) 

(A.5) 

Substituting (A.5) into (A.4) yields: 

S t S P2(Weni) (S S ) 
p = ill + (W' ) poly + ip 

Pi eni 

(A.6) 

If Tis= Tip and Sis = Sip, then (A.4) reduces to: 

(A.7) 

which is equation (18) in Yu et al. 's model [106]. Yu et al. also set Tis and Tip to Vea 

where Ve is the collection velocity and a is the tunneling probability 1 ~~:~T [120]. 

As observed by Post et al. [98], Tis and Tip take on different expressions in various 

polyemitter models. 

For Suzuki's model [108] ( on which our derivation is based), Sip is set to zero, 

Tip and Tis are assumed to be much greater than Spoly, and Tis/Tip is equated to 
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the tunneling probability [120]. Equations (A.5) and (A.6) then become: 

P2 (Wern) _ Ti.s _ e-b1i 

P1(W:m) - Tip - 1 - ChkT 
(A.8) 

S' S P2(Weni) S 
p = i.s + (W' ) poly 

Pl eni 

(A.9) 

Recognizing 1~~::r as a, (A.8) and (A.9) can be written as: 

P2(Wern) 
o:=---

Pi(W:,n) 
(A.10) 

and 

(A.11) 

which are (2.10) and (2.27), respectively, in Chapter 2 with Sill = Sp. Since Sip = 0, 

the hole recombination current at the poly-Si/oxide interface (Jpr(Wem)) becomes 

zero, therefore (A.2) and (A.l) can be combined into: 

(A.12) 

which is (2.19) in Chapter 2 if Jpr(W;m) is simply written as Jpr· 



Appendix B 

Derivation for equation (3.26) 

Take (3.26) as an example. Substituting (3.23) and IE[ = VT ![ln(n0 (x))] (Note. 

E < 0 in regions II & III for a > 0) into (3.21) gives: 

(B.1) 

Similarly, (3.25) and (3.27) can be obtained. 
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Appendix C 

Physical models for electron 

transport in SiGe 

This Append.ix reviews the most recent and consistent physical models for de­

scribing the electron transport in SiGe, with the focus on how these models were 

developed in a consistent manner from both measured data and theoretical studies. 

In particular, Sokolic and Amon 's framework of interpreting the collector current 

data will be adopted [205] since it accounts for the lower effective densities of states 

in the energy bands of SiGe due to the strain-induced energetic splitting and the 

change in the hole effective mass (230], and the Fermi-level shift associated with 

the use of the· Fermi-Dirac statistics in the case of a heavily doped base [231]. 

From Chapter 2, the collector current density of a SiGe HBT in the low-injection 

regime is written as: 

q eVsE/VT 
J s-G - __,..,..,......--------c, I e - rWb dx 1 

Jo Dn,SiGeno + Sno(Wb) 

(C.l) 

Assuming negligible velocity saturation at the collector junction (i.e. S ➔ oo ), 
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Jc.SiGe becomes: 

(C.2) 

because no = n~ef _rvb. To relate the profile information to Jc,SiGe, the effective 

intrinsic electron concentration nie is expanded as follows [205]: 

(C.3) 

with the apparent bandgap narrowing 

f::..E =6.E + tl.E + kT l ( iVc,SiGe Nv,SiGe) 
g g,HDE g,Ge n r'/ ·N. . 

• c:,S, v,S, 

+ kT [ln ( Nb ) - ~r;1 
( Nb )] 

Nv,SiGe 2 Nv,SiGe 

(C.4) 

The notation !;F7"1 denotes the inverse function of Fermi-Dirac integral of order 1/2. 
2 

The quantity Nc,SiGe(Nv,SiGe) is the density of states in the conduction (valence) 

band of SiGe. The first two terms of (C.4), tl.Eg,HDE and 6.Eg,Ge, denote the 

ba.ndgap narrowing due to the doping and the Ge presence, respectively. The last 

two terms account for the reduced effective densities of states due to the Ge, and 

the Fermi-level shift associated with Fermi-Dirac statistics, respectively. 

Under the compressive strain caused by the lattice mismatch between Si and 

Ge, energy band splitting occurs in both the conduction and the valence bands of 

SiGe [232]. The effective density of states in the conduction band of SiGe (Nc:.SiGe) 

can be approximated as i Nc,Si since the lower fourfold degenerate states after split­

ting are Si-like as long as the Ge fraction is less than 0.85 (233] (as the ellipsoidal 

constant energy surfaces are unchanged to first order under strain (232]). However, 
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the situation for the effective density of states in the valence band is more com­

plicated and will be discussed later. Regarding the heavy-doping induced bandgap 

narrowing (D..Eg.HDE) in SiGe, Poortmans et al. [234] have predicted a difference 

of""' 5 - 10 meV larger than the Si value for base doping less than 1019cm-3 and 

Ge fraction less than 0.2. Their prediction is in agreement with the experimental 

data obtained by photoluminescence (235]. Since the accuracy of e>..--perimental pro­

cedure is ,...., 10 meV, it is reasonable to assume that the doping-induced bandgap 

narrowing in Si and SiGe are practically the same (205]. 

In short, in order to model Jc,SiGe accurately for different base doping and Ge 

profiles and operating temperatures, one has to first obtain the physical models for 

Dn.SiGe, /;!J..E9 ,Ge, Nv,SiGe, and D,.Eg,HDE over a wide range of Ge fraction, doping con­

centration, and temperature. In fact, many experimental studies have attempted 

to extract D..Eg,Ge as a function of the Ge fraction by DC measurements on SiGe 

HBTs with uniform base doping and Ge profiles. Assuming uniform doping and 

Ge profiles in the base (i.e., Dn,SiGe and n;e are position-independent), Jc,SiGe from 

(C.2) becomes: 

(C.5) 

However, similar to the observation made by del Alamo et al. [236] for Si transistors, 

DC measurements can only give information on the product n;eDn,SiGe in (C.5) but 

not the individual terms nle and Dn.SiGe• Even if n;e could be extracted, it still 

requires the knowledge of the Nv.SiGe in order to obtain t:::,.Eg,Ge accurately from 

(C.4). 

Therefore, a better method to consistently obtain the physical models ~Eg,HDE, 

Nv,SiGe, Dn,SiGe, and 6.Eg,Ge is the following. First of all, t:::,.Eg,HDE is determined 
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from DC measurements on Si BJTs. The collector current density of a Si BJT with 

uniformly-doped base can be written as: 

(C.6) 

where ni can be obtained from the recent Green's model [71] and 

(C.7) 

with Nv,Si also taken from Green's model. Based on Klaassen's latest mobility 

model [121,125] a new ~Eg,HDE model which is independent of the Fermi-level 

shift associated with the use of Fermi-Dirac statistics can be obtained from ( C.6) 

and (C.7) [206}. It should be noted the unified bandgap narrowing model obtained 

consistently by Klaassen et al. [132] from Klaassen's latest mobility model does 

consider Fermi-Dirac statistics for heavily doped bases. 

Secondly, Nv,SiGe is determined from photoluminescence measurement at differ­

ent temperatures and used to extract Dn,SiGe from a set of temperature-dependent 

measurements over a wide range of Ge fraction. Decoutere et al. [209] assumed 

identical temperature and doping dependences of the the electron diffusivities in Si 

and SiGe. Using Klaassen's mobility model and Nc,SiGeNv,SiGe experimental values 

from Poortmans et al. [2371, and recognizing the limitation of Boltzmann Statis­

tics at high base concentrations, Decoutere et al. expressed Dn,SiGe as a product 

of Klaassen's dopant-dependent mobility value and a Ge-dependent multiplying 

factor. They have shown that their Dn,SiGe model agrees well with the equivalent 

mobility values obtained by Manlm and Nathan's calculation (238] and Monte-Carlo 

simulations of Hinckley et al. [239]. In Decoutere's model, the electron mobility for 

SiGe is always higher than that in Si for a Ge fraction less than 0.2. This is con-
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sistent with the physical picture because a higher out-of-plane (i.e. perpendicular 

to the growth plane) electron mobility is caused by the population of the lowered 

fourfold degeneracy of the conduction band valleys and the reduced inter-valley 

scattering. As the Ge fraction is higher, the mobility will drop as a result of alloy 

scattering [240]. 

Thirdly, taking into account the Fermi-level shift associated with Fermi-Dirac 

statistics as shown in (C.4), using Decoutere et al. 's Dn,SiGe model, the re-calculated 

~Eg,HDE model, and their new Nv,SiGe model, Sokolic and Amon re-calculated 

~Eg,Ge from a set of of DC measurements over a range of Ge fraction. They (205] 

found that the extracted values of ~Eg,Ge agree well with those obtained from op­

tical measurement [69]. It should be noted that Green's n: model was consistently 

adopted in interpreting the measured data. 

Finally, a few words on Sokolic and A.man's Nv,SiGe model are in order. The 

compressive strain in Si Ge not only causes the energetic splitting between the heavy­

hole and light-hol_e valence bands and down shifting of the split-off band, but also 

distorts the electronic structure of the valence band. This change in the valence 

band results in a smaller hole effective mass m; and consequently a smaller Nv,SiGe• 

Therefore, one needs to first determine m;(T, Nb, y) in order to model Nv,SiGe accu­

rately over a wide range of Ge fraction (y), doping level (Nb), and temperature (T). 

Building upon the theoretical works on SiGe valence band structures by Manku and 

Nathan (241] and Fu et al. [242], and incorporating the temperature dependence of 

m; from Green [71] and doping dependence of m; from Fu et al., Sokolic and Amon 

managed to derive a m;(T, N6, y) model [230] over a wide range of temperature, 

base doping, and Ge fraction. This new m;(T, Nb, y) model then leads to the new 

Nv,SiGe model presented in [205], which agrees reasonably well with Poortmans et 

al. 's .lVc,SiGe•lVv,SiGe values [237] used previously in obtaining Dn,SiGe by Decoutere 
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et al . . Such agreement strengthens the consistency of Sokolic and A.mon:s set of 

physical models for describing the electron transport in a strained Si Ge layer. 



Appendix D 

Ge-implanted base and 

polysilicon-ernitter HB T process 

This append.ix includes the details of the fabrication process of a SiGe HBT formed 

by high-dose Ge implantation, solid-phase epitaxy, and Si amorphization. 

The starting materials are 3-inch Nepi on N+ Si (100) wafers. The N+ substrate 

is 380 µm thick with a resistivity of 0.001-0.004 n-cm. Then-doped epitaxial (Nepi) 

layer is 1 µm thick with a doping density of 7 x 1016cm-3 . Both the Nepi layer and 

the N + substrate are doped with arsenic. All steps except the implantation steps 

were performed in the SiDIC lab at the University of Waterloo. The mask set, 

named UW-108, consists of eight masks: germanium, silicon-post-amorph, base, 

emitter, collector, poly, contact, and metal (numbered in this order). Details of the 

process steps [243] are given in Tables D.1 and D.2. It should be noted that wafers 

sent to Implant Sciences for implantation were covered with photoresist. 
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Step Parameters Comments 
1 RCA I & II, HF dip Clean wafer surface 
2 1100°c, 7 min, steam Oxide for patterning, 0.18 µm 
3 8:1 BHF, mask #1 (Ge) Open window for Ge implant 
4 Ge, 190 keV, 3.5 x 1016cm-2

, tilt=0, Implant Sciences 
LN2 

5 7:3 H2SO4 :H2 02, hot stripper Strip PR by piranha etch 
6 RCA I & II, HF dip Clean wafer surface 
7 410°C, 40 min, 0.32 torr Oxide for patterning, 0.35 µm 
8 8:1 BHF, mask #2 (Si) Open window for Si amorphization 
9 Si, 200 keV, 1016cm-2

, tilt=0, LN2 Push EOR defects to 0.38 µm 
10 7:3 H2SO4 :H2 02, hot stripper Strip PR by piranha etch 
11 RCA I & II, HF dip Clean wafer surface 
12 410°C, 40 min, 0.32 torr Oxide for patterning, 0 .175 µm 
13 8: 1 BHF, mask #3 (base) Open base window 
14 B, 20 keV, 2xl013 cm-2, RT, tilt=7° Implant Sciences 
15 hot stripper Strip PR 
16 RCA I & II, HF dip Clean wafer surface 
17 410°C, 20 min, 0.37 torr Oxide for patterning and annealing, 

0.47 µm 
18 see Table 5 .1 Solid-phase epitaxy 
19 8:1 BHF, mask #4 (emitter) Open emitter window 
20 RCA I & II, HF dip Clean emitter surface 

Table D.l: Fabrication process steps. 
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Step Parameters Comments 
21 585°C, 40 min, 0.32 torr Polysilicon deposition, 0.36 µm 
22 410°C, 20 min, 0.37 torr Oxide for patterning, 0.47 µm 
23 8: 1 BHF, mask #5 (collector) Open collector window 
24 KOH, 55°C Etch polysilicon in collector 
25 8:1 BHF Remove oxide in collector 
26 As, 120 keV, 8 X 1015cm-2 , tilt=7°, Implant Sciences 

RT 
27 RCA I & II, HF clip Clean wafer surface 
28 410°C, 20 min, 0.38 torr Oxide for patterning, 0.45 µm 
29 8:1 BHF, mask #6 (poly) Pattern polysilicon 
30 KOH, 55°C Etch polysilicon 
31 RCA I & II, HF clip Clean wafer surface 
32 410°C, 30 min, 0.39 torr Oxide for patterning, 0.67 µm 
33 RTA, 1050°C, 30 sec, N2 Drive-in, break up interfacial oxide, 

dopant activation 
34 8:1 BHF, mask #7 (contact) Open contact window 
35 RCA I & II, HF clip Clean wafer surface 
36 150W, 31.3% Ar, 5 mtorr Sputter Al, 1.8 µm thick 
37 mask #8 (metal), 37°C, Pattern metal 

H3PO4/HNO3/H4C2O2 
38 hot wash Clean wafer surface 
39 wipe backside with HF Deglaze backside 
40 150W, 32.1 % Ar, 5 rntorr Sputter Al back contact, 0.66 µm 

Table D.2: Fabrication process steps ( cont'd). 
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