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ADVANCED CHARACTERISATION AND MODELLING OF SIGE HBT's 

by Yue Teng, Tang 

This thesis investigates advanced characterisation and modelling techniques for silicon-
germanium heterojunction bipolar transistor (SiGe HBT's). Two characterisation 
techniques are proposed and evaluated to enable, as much as is possible, direct elec-
trical extraction of physical device characteristics which are unique to SiGe HBT's, aa 
opposed to standard silicon-only bipolar transistors. Principal objectives motivating 
the new characterisation techniques are the elimination of silicon control devices and 
the use of widely available measurement apparatus. 

A new electrical method for extracting the bandgap difference across the neutral 
base of a SiGe HBT is proposed. The method is able to extract the bandgap dif-
ference across the neutral base without the need of time consuming and expensive 
characterisation tools such as SIMS. Also, it does not require detailed modelling of 
the SiGe HBT, such as bandgap narrowing effect. The accuracy of the method is 
assessed. Numerical simulations and measurement results proved that the proposed 
method could achieve its predicted function. 

The bandgap difference across the neutral base extraction method is further devel-
oped for extracting the parasitic potential barrier height in a SiGe HBT. The proposed 
method is shown to be able to extract the parasitic potential barrier heights at the 
emitter-base and collector-base junctions of SiGe HBT's simultaneously in conjunc-
tion with numerical space-charge layer modelling using doping secondary-ion-mass 
spectroscopy (SIMS) profile data. It provides a more direct measure of parasitic 
barrier-related quantities and does not depend upon a detailed knowledge of the 
temperature dependence of SiGe density of states functions, carrier mobility, etc.. 
Numerical simulations and measurement results show that the method gives useful 
and representative values regarding the parasitic potential barrier height. 

Finally, the potential of a proposed novel lateral SiGe HBT structure for high per-
formance rf/microwave applications is assessed. Various issues regarding the lateral 
structure, including base deEnition and base contact, are discussed. Compared to a 
state-of-the art vertical SiGe HBT structure, the lateral structure is found to have 
many advantages for low power rf/microwave applications. A realistic comparison is 
carried out by means of full 2-D numerical simulation. Numerical simulation results 
indicate that a lateral SiGe HBT structure can potentially out-perform a vertical 
structure in term of low power and high frequency performance. 
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Chapter 1 

Introduction 

The studies into Heteroj unction Bipolar transistor (HBT) technology have been inten-

siEed enormously for the past 10 years as homojunction technology (mainly silicon) is 

moving closer to the predicted limit of its capability. It has attracted much attention 

because of both the device performance and the low cost for many applications such 

aa over 10-(96/g optical communication systems, LAN, and wireless communication 

system [1]. Advancement in silicon germanium (SiGe) technology, demonstrated by 

producing various high performance devices, has proved tha t SiGe HBT has the po-

tential to be the future silicon-baaed bipolar technology, taking over from the currently 

dominant silicon technology. Schuppen a/. [2] have fabricated double-mesa type 

SiGe heterojunction bipolar transistors using MBE where it is possible to obtain a 

record maximum frequency of oscillation up to 160 GHz for a 2-emitter finger HBT in 

common emitter configuration. By employing Ultra High Vacuum/Chemical Vapour 

Deposition (UHV/GVD) system, Oda oZ. [3] have achieved cut-off frequency up to 

130 GHz and current gain up to 29,000 with graded and uniform germanium profiles, 

respectively. For IC applications, Strohm oZ. [4] have fabricated a SiGe MMIC 

amplifier delivering gain up to 4 dB at 26 GHz. In fact, SiGe HBTs were successfully 

implemented in a 16 Gb/s multiplexer IC [5] and also in ICs (including selector, mul-

tiplier, D fiip-fiop) for a 20 Gb/s optical transmitter [6]. For analogue applications, 

Harame et al. [7] have fabricated a 12-bit D/A converter with SiGe HBT devices in 

an 8 inch wafer manufacturing line. Also, beta-Early voltage product (/^VA), & key 

property for analogue devices which measures the quality of the current source, of an 



impressive 48,000 was reported in [1] for SiGe transistor. Referring to [1], the SiGe 

heterojunction transistor is fast enough to replace gallium arsenide in many com-

mercial applications, including digital cellular telephones and wireless LANs. Most 

importantly, it can be made, with modest increase in processing complexity, on ex-

isting process lines. Also, it may be integrated with conventional circuits such as 

sub-micron VLSI CMOS to form SiGe HBT Bipolar/BiCMOS process. SiGe HBT 

Bipolar/BiCMOS technology has a unique opportunity in the wireless marketplace 

because it can provide the performance of III-V HBTs and the integration/cost ben-

e6ts of silicon bipolar/BiCMOS [7, 8]. 

The introduction of germanium into the base of silicon bipolar transistor, thereby 

forming a strained SiGe layer, alters the physical properties of the transistor and 

enhances the performance of the bipolar transistor tremendously. Germzmium has 

smaller bandgap compared to silicon, thereby reduces the base bandgap in a SiGe 

base. By using strained SiGe layer in the base to induce bandgap narrowing, het-

erojunctions are formed at the collector-base junction and the emitter-base junction 

of the transistor. The reduction of base bandgap results in the lowering of the elec-

tron injection barrier from emitter into base. This increases electron injection into 

base and therefore causes the increase of collector current and hence current gain. 

As current gain increases, higher base doping can be used without destroying the 

current gain. High base doping allows the use of thinner base to reduce the forward 

transit time without compromising the base resistance or fearing that the base will 

be 'punched through' by depletion region penetration across the base, due to a re-

verse collector-base bias. It also increases the device output resistance by allowing 

less depletion region penetration per unit of collector-base applied voltage. Reducing 

forward transit time improves the high frequency performance of device by increasing 

the cut-off frequency. Therefore, it is possible to engineer the base bandgap according 

to the purpose of the transistor. This is known as bandgap engineering where the 

base bandgap can be adjusted according to the germanium profile and the amount of 

germanium introduced. 

One popular method of base bandgap engineering is to grade the bandgap across 

the base [8]-[12]. Bandgap grading introduced into the base region of a SiGe HBT 



induces a drift 6eld which aids minority carrier transport by accelerating the injected 

minority carriers as they traverse the base, resulting in lower base transit time. In 

short, the base bandgap of SiGe HBT can be engineered to enhance device perfor-

mance, thereby making it suitable for a wide range of high-speed analogue and RF 

applications. 

As device modelling is an essential part of device or circuit designing, it is necessary 

for new parameters which characterise the behaviour of SiGe HBT to be extracted 

in order to be included in the physical model. In Chapter 4 of this thesis, a new 

electrical method is developed to measure the bandgap difference across the neutral 

base of a SiGe HBT. The base bandgap proSle controls the Sow of minority carriers 

and the difference of bandgap across the neutral base determines several other impor-

tant properties of the transistor including output conductance and base transit time. 

However, determining the actual bandgap difference across the neutral base can be a 

complicated matter because, other than the eEect of germanium, the base bandgap is 

also aSected by other physical properties such as heavy doping effect. There is no cur-

rently existing electrical method that directly measures the bandgap difference across 

the neutral base. Useful information regarding the impact of germanium on device 

performance in a SiGe HBT is obtained [13, 14] through comparison with a silicon 

device that does not contain germanium. However, these methods require the pro-

cessing of a separate set of silicon devices that have similar doping profile as the SiGe 

devices. Also, they rely on physical information of silicon and SiGe such as mobility, 

effective masses and so on. Physical information regarding SiGe is not currently well 

established and therefore is not always easily available. The proposed new method 

does not require a silicon control device or rely upon physical information of silicon 

and SiGe. Using this proposed new method, only the resultant bandgap difference 

across the neutral base is measured directly from the transistor. Therefore it gives an 

accurate measurement of the actual bandgap difference across the neutral baae inside 

the transistor. This new method was veri6ed numerically and demonstrated exper-

imentally, and was published in the 1997 Workshop on High Performance Electron 

Devices for Microwave and Optoelectronic Applications [15]. It has been accepted for 

publication by the Journal of IEEE Transactions on Electron Devices [16]. 



In Chapter 5, a new electrical method for extraction of parasitic potential barrier 

heights of SiGe HBT's is presented. Parasitic energy barriers, which do not generally 

exist in homo junction silicon bipolar transistor, are found to exist in SiGe HBT 

[17]-[19], if boron is allowed to out-diffuse beyond the SiGe layer boundaries during 

fabrication of a double heterojunction SiGe HBT. As a result, boron dopant, which 

deEnes the transistor's base, is found in the adjacent collector and emitter silicon 

regions. Since silicon has larger bandgap than SiGe, the bandgap near the edges of 

the neutral base widens up. This bandgap widening manifests itself as a parasitic 

energy barrier at both the emitter-base and collector-baae junctions. These barriers 

can have an adverse e&ct on the SiGe HBT performance. Slotboom oL [20] 

have shown that the barriers can severely degrade the collector current and cut-off 

frequency of the device. One way to estimate these paragitic barrier heights has been 

proposed by Le Tron oL [21] through analysing the temperature dependence of 

the collector current. This method relies on accurate modelling of the temperature 

dependence of the silicon and SiGe density of states and carrier mobility. It also 

requires a control device, a SiGe HBT device (without any parasitic barriers). It 

requires the same doping profile as the SiGe HBT with parasitic barriers. Here, as 

shown in Chapter 5, the Le Tron a/, method is reBned by using the temperature 

dependence of the ratio of the small signal a.c. output conductance in forward and 

reverse active operation. This new method is able to simultaneously extract the 

parasitic potential barrier heights at emitter-base and collector-base junctions of a 

SiGe HBT. The method is capable of independently determining the height of each 

barrier without the need for comparison to control devices or a knowledge of the 

temperature dependence of internal physical properties such as the density of states 

and carrier mobility. This new method was verified numerically and demonstrated 

experimentally, and was published in the 28th European Solid-State Device Research 

Conference [22]. It is to be submitted to the Journal of IEEE Transactions on Electron 

Devices [23]. 

Most existing high speed and low power bipolar transistors , suitable for a wide 

range of high speed analogue and RF applications, make use of the vertical bipolar 

structure [2, 10, 12]. A narrow base, which is essential for high speed SiGe HBT, can 



be grown epitaxially in a vertical bipolar structure using UHV/CVD or Molecular 

Beam Epitaxy (MBE) [3], [24]-[27]. Especially the approaches using selective epitaxy 

of the base have proven successful since a record cut-oS^ frequency of [3], 

fmax of 107 GHz and ECL gate delay of 6.7 ps [28], and CML gate delay of l ips 

[26] were achieved with this approach. However, the basic vertical structure has 

some weaknesses. Its main disadvantage lies on the fact that its whole structural 

alignment (emitter-base-collector) is buried vertically into the silicon substrate. This 

means that only the emitter can be conveniently contacted from the silicon surface. 

Self-aligned polysilicon contact and highly doped epitaxial buried layer are therefore 

required in order to connect the base and collector, respectively, Arom the silicon 

surface. This increases the device terminal resistances and capacitances signi6cantly. 

In many instances, extra processing steps need to be implemented in order to reduce 

these resistances and capacitances. 

The advancement of photolithography process has created an upsurge of interest 

in lateral bipolar transistors [29]-[31]. Deep sub-micron lithography processes have 

made possible the production of a thin lateral base down to approximately 0.1 

Before this, lateral bipolar transistors have always been handicapped by a wide base 

structure. With a thin base, high speed lateral bipolar transistors can be realised. 

In comparison to a vertical structure, the base lateral structure has the advantage 

of easy accessibility to the base and collector regions from the silicon surface as 

its emitter-base-collector are aligned parallel to the silicon surface. Also it is more 

compatible with existing Thin Film Silicon-on Insulator (TFSOI) CMOS technology 

where epi thickness is about 0.1 //m [32]. Therefore, it becomes a strong candidate 

for integrated Bipolar CMOS (BiCMOS) process [32], which is highly versatile and 

especially suitable for low power, low noise and high performance analogue circuits 

such as RF amplifiers, filters and mixers in wireless communication systems. In 

Chapter 3, various issues regarding lateral bipolar structures are discussed. The 

discussion is focused on evaluating the potential of the lateral SiGe device structure 

for high speed and low power applications. A new mode of lateral bipolar transistor 

operation, known as the hybrid mode [33], is also discussed. If the hybrid lateral 

bipolar transistor is designed correctly, it is able to induce virtual heteroj unction 



effect on the lateral bipolar transistor. Finally, in Chapter 6, since there does not 

appear to have been a published working lateral SiGe HBT where the emitter, base 

and collector form a true lateral double heteroj unction structure, a novel lateral SiGe 

HBT structure, meant for high speed and low power applications, is presented. This 

device is compared to a state of the art, ultra low power and high speed vertical 

SiGe HBT transistor [10] by means of full numerical simulations using Atlas [34]. 

The focus of this chapter is to assess the capability of lateral SiGe HBT transistor in 

comparison to vertical SiGe HBT transistor for low power high speed RF/microwave 

performance. 

Conclusions and suggested further work for this thesis are in Chapter 7. 



Chapter 2 

Theory of Heterojunction Bipolar 

Transistors 

2.1 Material Properties of Strained 

Heterojunction bipolar transistors were Erst proposed by Shockley [35] in 1951. Elec-

trically, he found out that if the emitter and base are made of different materials, 

in which they will have dissimilar bandgaps, it could bring about improvement in 

transistor gain and emitter delay. Initially, di&rent materials with similar crystal 

structure and lattice constant, such as AlGaAs and GaAs, were combined together 

to produce heterojunctions. The idea of having a strained heterostructure was only 

Grst realised much later by Kasper oZ. [36, 37] in early 1970s. They employed the 

concept of a strained 5'2i_a;(7ea; layer on silicon substrate to produce a heterojunction. 

The problem is that germanium and silicon have different lattice constants. At room 

temperature, silicon has a lattice constant of 5.43 and germanium has a lattice 

constant of 5.66 which is 4 % larger, as shown in Figure 2.1(a). When SiGe alloy 

is deposited on a thick silicon substrate, the resultant lattice mismatches cause strain 

in the SiGe layer (i.e. pseudomorphic layer) [38], as shown in Figure 2.1(b). There-

fore, a strained SiGe layer will have lattice constant somewhere in between silicon 

and germanium, depending upon the percentage of germanium incorporated. If the 

strained structure is relaxed, structural defects will occur especially along the Si/SiGe 



interface area 2.1(c). This is not desirable as relaxed SLĜ e has a larger bandgap than 

strained SiGe layers, and is also likely to reduce process yield. 

Unstrained SiGe 

Sub$*rof# Si 

Dislocated 

Praaudomorpliic 
(b) 

Figure 2.1: 2-Dimen8ional crystal structure represeibat^ioiis [38] of (a) growing SiGe 
alloy on silicon substrate forming (b) pseudomorphicgroivth with the lattice constant 
difference accommodated by tetragonal strain or (c) stzmctural dislocations or defects. 

Molecular Beam Epitaxy (MBE) [17, 39] and Ultra High Vacuum/Chemical Vapour 

Deposition (UHV/CVD) [8, 24] techniques Eire used to grow strained SiGe layers on 

silicon substrates. It is possible to grow a strained SiGe layer because the lattice 

constant of the SiGe during growth is determined by the silicon substrate, shown in 

Figure 2.1(b). There is a critical thickness for the sbraiaed SiGe layer above which 

the layer will relax resulting in defect formation. This is because as the strained SiGe 

layer thickness increases, the strain at the Si/SiGe iiit#erface will increase as well. The 

critical thickness is the maximum thickness of the strsuned SiGe before relaxation. 

Figure 2.2 shows a plot of the critical thickness versus germanium produced by Hull 

et al. [40]. Here two types of critical thickness are preh eated. One is the critical thick-

ness of SiGe with a silicon capping layer on top and the other is the critical thickness 

of SiGe without a capping layer. SiGe with capping kryer, vhich is the silicon emitter 

layer in a SiGe HBT's [2, 3, 8], is found to have about twice the critical thickness of 

an uncapped SiGe. 

The improvements brought about by SiGe heterojiLiictions to SiGe Heterojunction 
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Figure 2.2; Plot showing the critical thickness versus germanium concentration of a 
strained SiGe layer with and without silicon capping [41, 40]. 
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Bipolar Transistor's (HBT's) are mainly related to the bandgap reduction of the SiGe 

layer compared to silicon in the base region. SiGe has a smaller bandgap generally 

because it has a larger lattice constant [38]. Strained SiGe has a smaller bandgap 

compared to unstrained SiGe because the strain causes valence and conduction band 

splitting [44]. This results in a smaller bandgap. Figure 2.3 shows how the bandgap 

reduction varies with germanium concentration, at temperature 90]^, for strained 

SiGe [42] and unstrained SiGe [43]. 

2.1.1 B a n d g a p Narrowing Due to Heavy Doping Effects 

Besides germanium incorporation, bandgap narrowing can also be induced by heavy 

impurity doping [45, 46]. For lowly doped semiconductors (i.e. less than 5 x 10^^ 

in silicon), the dopant atoms are su0ciently spaced from each other in the semicon-

ductor lattice that the wave functions associated with the dopant atom electrons do 

not overlap. Therefore the energy levels of the dopant atoms are discrete. Also, it can 

be assumed that the sufRciently spaced dopant atoms have no effect on the perfect 

periodicity of the semiconductor lattice. In this case, the edges of the conduction and 

valence bands are sharply deSned, shown in Figure 2.4. 

However, in heavily doped semiconductors (i.e. more than 5 x 10^^ cm~^ in silicon), 

dopant atoms are close enough to aSect their dopant atom electron wave functions. 

This results in impurity level splitting where an impurity band begins to form within 

the bandgap. Also, the perfect periodicity of the semiconductor lattice will be dis-

rupted and causes a band tail to form near the band edge. The result of all these 

eEects is that the effective bandgap between the conduction and valence band is re-

duced, as shown in Figure 2.4. This accounted for electrically by using the term 

'apparent bandgap narrowing', Figure 2.5 shows the amount of bandgap 

narrowing with increased impurity doping for three different germanium concentra-

tions (0%, 10%, 20%). The results are obtained from Poortmans et aZ. [45], and as 

can be seen, strained SiGe haa a high apparent bandgap narrowing compeired to sil-

icon for similar doping. Bandgap narrowing also increases for increasing germanium 

concentration. 
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Figure 2.4: Figure illustrating the heavy doping effect on the bandgap of n-type 
silicon [46]. is the resultant bandgap due to heavy doping effect and is 
the bandgap without heavy doping e&ct. is the apparent bandgap narrowing 
due to heavy doping effect. 
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Figure 2.5: Apparent bandgap narrowing due to heavy doping effects for three differ-
ent germanium concentrations (0%, 10%, 20%) at a temperature of 300K [45]. 
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2.1.2 SiGe Growth using U H V / C V D 

Chemical vapour deposition (CVD) is a technique used to grow layers of semiconduc-

tor material on an existing substrate (or wafer). It depends on chemical reactions that 

take place on the substrate surface between different gases inside a growth chamber. 

The most mature strained SiGe growth method to date for SiGe HBT device and cir-

cuit fabrication is ultra-high vacuum/chemical vapour deposition (UHV/CVD) with 

progress culminating in wafer scale BiCMOS integration [47] in 1992. UHV/CVD of 

SiGe was 6rst reported by Meyerson in 1986 [48] and it combines the extremely clean 

growth ambient of UHV techniques with the growth chemistry and batch through-

put capability of CVD. Using a turbomolecular pump backed by a rotary pump, 

clean growth ambient is produced, with oxygen and carbon levels down to 10"^^ Torr 

partial pressure. This enables high purity epitaxial growth at low temperature (i.e. 

below 600°C). As mentioned above, low temperature processes are vital for strained 

SiGe because high temperatures may cause it to relax. The cross section schematic 

of a typical UHV/CVD reactor is shown in Figure 2.6. Before loading wafers into 

gas inlet 

gate valve 1 furnace wafers 

transfer system 

Load lock 

turbomolecular 
pump 

gate 
valve 

Turbomolecular and 
mechanical pump 

mechanical Roots 
pump blower 

Figure 2.6: Schematic diagram of a UHV/CVD reactor (after Meyerson [8, 50]). 

the growth chamber, UHV/CVD relies on hydrogen passivation as a low temperature 

surface preparation for epitaxy. This is carried out as a simple dip etch for 10-15 

seconds in dilute 10:1 [49]. The resultant hydrogen terminated surface is 
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able to provide hydrogen termination stable in air for t he length of time required 

to load the wafers into the reactor. Since hydrogen will desorb at about 500°C, 

no high temperature desorption step, such as those performed on oxide desorption 

at 1150 — 1200°C is needed. Wafers are Erst loaded into the reactor through the 

load lock, as shown in Figure 2.6, which minimises transfer of contaminants to the 

growth chamber. The growth temperature is in the range of 400° to 500°C at growth 

pressures of 1 x 10"^m6arr and the gaseous sources are silane, germane, diborane, 

and phosphine used to grow in-situ doped SiGe. Film growth rates are typically 

0.4-4nm/minute [8] with dimensional control down to the order of 1-2 atomic layers. 

This enables very good dopant concentration prohle control. 

P-type doping of 5 x lO^^cm"^ for boron [51] and n-type doping of 5 x lO^^cm"^ 

for phosphorous [52] are reported. UHV/CVD has the advantages of good doping and 

thickness uniformity, and precise control of doping and germanium prohle. Harame 

oZ. [8] have reported routine SiGe deposition over small dimensions for graded ger-

manium profiles with run to run and wafer to wafer uniformity and reproducibility at 

the level of 5% to 1%, respectively. However, UHV/CVD process can be costly be-

cause of the UHV equipment involved. Also, for it to be integrated into a technology, 

it needs to meet all the technology requirements simultaneously such a low thermal 

budget, good patterned wafer handling, reproducibility, uniformity, reliabihty and 

good growth control. 

2.2 Electrical Properties of HBT s 

Figure 2.7 shows how the base bandgap changes are brought about by the incorpora-

tion of germanium into the baae. For the purpose of comparison, it is assumed that 

both the silicon bipolar and SiGe HBT are similar other than the fact that germa-

nium is present in the SiGe HBT's. In thermal equilibrium, the Fermi level, Ep, is 

constant across the junction. Therefore, for an abrupt Si/SiGe interface, the differ-

ence in bandgap between the emitter and base causes discontinuities to exist at the 

conduction and valence band, shown in Figure 2.7 as and respectively. Also, 

the total discontinuity, is equal to the base bandgap di&rence between 
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Figure 2.7: Figure illustrating the effect of SiGe strained layer on the bandgap of 
emitter-base junction for an abrupt Si/SiGe interface. 

silicon emitter and SiGe base, The valence band discontinuity, 6^^, tends to 

be a considerably larger than the conduction band discontinuity, 

2.2.1 Collector Current and Current Gain 

Figure 2.8 shows the band diagram of a graded SiGe HBT's in forward active mode. 

Its germanium concentration is graded linearly across the base, increasing Arom emit-

ter towards the collector. With the presence of germanium, the electron injection 

barrier from emitter to base, is reduced and there will be greater electron injec-

tion from emitter to base. This means increase in collector current. However, the 

hole injection barrier from base to emitter, remains the same as in a silicon bipo-

lar transistor. Therefore, the hole current from base to emitter, which is the main 

contributor to base current, remains the same. Hence silicon bipolar transistors and 

SiGe HBT's tend to have approximately the same base current. 

The following derivations are used to show enhancements resulting &om germa-

nium incorporation which closely follow derivations contained in [8]. The collector 

current of a graded SiGe HBT can be obtained by altering the collector current equa-

tion of a silicon bipolar transistor. Assuming uniform base doping for the device, the 

silicon bipolar collector current, Jc.gi, for uniformly doped base can be written using 
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Figure 2.8: Bandgap energy diagram across a graded SiGe HBT in forward active 
mode of operation. 0/ and W/ are the electrical boundaries of the neutral base region 
on the emitter and collector sides of the base, respectively. 

the Moll-Ross relation [53]: 

== g(exp(g%e/A:r) - 1) x 

X exp 

i 
-1 

exp 

(2.1) 

(2.2) 

where q is the charge on a electron, is the forward biased base-emitter voltage, 

k is the Boltzmann's constant, T is temperature, 0/ and Wf are the base electrical 

junction positions at the emitter and collector side of the neutral base, in forward 

active mode, IV), is the neutral base width, 7Vji,(z) is the positional dependent base 

doping concentration, Dn(,(a;) and nie(a;) are the positional dependent base electron 

diffusion coefficient and effective intrinsic carrier concentration, respectively, Dnb is 

the base electron diffusion coefBcient, Mio is the intrinsic carrier concentration in the 

absence of heavy doping effects, TV;, is the base doping, and is the base apparent 

bandgap narrowing due to heavy doping effect. 

In Equation 2.1, n^e(a;) accounts for the effective intrinsic carrier concentration 

across the base and is a function of bandgap. For a graded SiGe HBT, bandgap 
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changes across the baae, as depicted in Figure 2.8, can be accounted for [8], 

. X X exp (2,3) 

where, 

^ - 0.4 [20] and W), = - 0/ (2.4) 

The term Eg_aiGe(8'ro(fe) represents the bandgap diEerence across the neutral base, 

ag shown in Figure 2.8. The term ^g,aiGe(0/) represents the bage bandgap at the 

emitter side of the neutral base, Nc and Ny are the density of states in the collector 

and valence bands, respectively. 

Putting Equations 2.1 and 2.3 together and integrating, the graded SiGe HBT 

collector current, Jc,s«Ge, can be written as [8]: 

where, 

77 = ^ % ^ > 1 [54] (2.6) 

where the symbol refers to a position-averaged quantity. The ratio of (Dri6)g:Ge to 

iDnb)si accounts for the strain enhancement of the minority carrier electron mobility 

with increasing germanium content [54]. 

Taking the ratio of Jc,siGe to Jc,si, the collector current enhancement due to 

bandgap engineering can be estimated by, 

Jc,SiGe ^ -.- AEj^sice(grade) ( ' i t ' ' ' ' ) /„ 

Jc,s. kT ' ' 

where. 

Even though ^ is 0.4 [20], exp(A^g_giGe(Oy)//:%') increases the SiGe HBT's collector 

current exponentially for a finite germanium content. For a SiGe HBT having a 
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germanium concentration 3 to 8% with a trapezoidal shape across the base, 4.5 times 

collector current increment has been reported [8]. Also, since the base current of 

silicon and SiGe HBT's are more or less the same, the current gain enhancement due 

to germanium incorporation is similar to the collector current enhancement. 

With larger gain, a trade oE can be made between base doping and current gain. 

Base doping can be increased to allow a smaller base width in order to reduce base 

transit time. Higher baae doping also reduces baae resistance, which has the eSect 

of increasing the maximum oscillation frequency, /moz- Wi th base doping increasing 

beyond a few x 10^^ , the emitter doping needs to be reduced to prevent tunnelling 

leakage currents across the emitter-base junction. For silicon bipolar, reduction of 

emitter doping and increase in base doping has the effect of reducing the current 

gain. However, in this case, the current gain is already enhanced by germanium and 

remains high enough for useful applications. Therefore, the superior current gain 

potential of a SiGe HBT can be traded off for an increased /moz reduced base 

resistance leading to higher power gain, faster switching speed, and a lower noise 

figure. 

2.2.2 Base Transit Time 

Bandgap grading across the base creates a drift electric 6eld across the base that 

accelerates the electron minority carriers through the base. The graded electric Held 

reduces the amount of base stored charge per unit collector current. This reduces the 

energy and time required to move charge in and out of the base during transients. 

As a result, the base transit time, Tt, decreases. Theoretically, the base transit time 

for constant base doping can be written as [53]: 

" 7c 4 [A 
(fz (2.8) 

where Qb is the total base stored charge, and ic is the collector current. Putting 

Equation 2.3 into 2.8 and integrating, [46, 55] and [8] become: 

n.s, = ^ (2-9) 
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'^b,SiGe — T-r^AZ7 I , \ ^ 
(grade) 

1 | i __ ex-p f 'fljCa.aiGeljyrckde) 
/Urg,%G,(,7rode) ^ tOT ^ 

(2.10) 

Taking the ratio of 76,aiGe/76,g^ gives: 

76,giGe 2 /uT 
7-(,,gi 7yAEg,aiGe(^ro(fe) 

X 

_ g^p A^g,giGeWrao;e)Y 
(2.11) 

AEg,giGe(pra(ie) \ \ A;T / , 

For a Bnite germanium grading of more than 1% at room temperature, T(,_giGg/T(,_g* 

will be less than 1 and therefore the SiGe HBT base transit time will be shorter than 

the silicon bipolar. The cut-off frequency, Jt, of a bipolar device, as explained later 

in this chapter, is a function of base transit time implying that bandgap grading will 

also increase the usable frequency of operation of the device. 

2.2.3 O u t p u t Conduc tance 

Output conductance is a measure of collector current variations with regards to the 

reverse biased collector-base biag voltage. From Figure 2.9, when the reverse biased 

collector-base voltage increases, for a 6xed base-emitter voltage, the collector-base 

depletion region widens and therefore reduces the neutral base width. Reduction of 

the neutral base width leads to an increase in the gradient of the injected electron 

distribution in the p-type base, as shown in Figure 2.9. Since the electron diffusion 

current across the base is directly proportional to this gradient, the collector current 

will increase. A low output conductance is desirable to achieve invariant output 

current in low frequency analogue applications. 

The output conductance can be defined by an Early voltage, VA, such that 

% ^ 1 3 ^ (2-12) 

which is the ratio of the collector current to the output conductance. Therefore, the 

larger the Early voltage, the lower will be the output conductance. Reference [8] 

shows that Early voltage enhancement of a graded SiGe HBT can be expressed as, 

K4,« - H kT j 
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Figure 2.9: Minority carrier distribution in an n-p-n transistor for increasing collector-
base reverse bias voltage in forward active mode. Tip is the electron concentration in 
a p-type. 

For hnite germanium grading, such as more than 1% germanium across the baae at 

room temperature, the ratio will be larger than 1. Therefore, grading germanium 

across base improves the Early voltage as well. Also, since both current gain and 

Early voltage are enhanced by SiGe base and germanium grading, respectively, the 

PVa product, which is an important figure of merit for analogue applications, is 

greatly enhanced. 

2.3 Numerical Device Modelling in Medici and At-

las 

In Chapters 4, 5, and 6, two full two-dimensional numerical semiconductor solvers, 

Medici [56] and Atlas [34], were used for full numerical simulations of SiGe HBT's. 

These solvers are widely used and widely recognised in industry for electrical semi-

conductor device simulation. Their primary functions are to solve Poisson's equation 

19 



and the continuity equations for electrons and holes. Poisson's equation is given by, 

Qi^ib 
e - ^ = - g ( p - z i + 7 V + - N j ) - p , (2.14) 

Continuity equation for electrons and holes are, 

^ = _ 1 ^ + ( G - A ) (2.16) 
^ g (/a; 

where e is the dielectric permitivity, ^ is the electrostatic potential, x is the position, 

q is the charge of an electron, p and n are the hole and electron concentrations, 

and are the ionised donor and acceptor impurity concentrations, Ps is the 

surface charge density, ( is the time, and ^ are the electron and hole current 

densities, G and R are the generation and recombination rates. Poisson's equation 

relates variations in electrostatic potential to local charge densities. The continuity 

equations describe the way that the electron and hole densities evolve as a result of 

transport processes, generation processes, and recombination processes. 

Besides these three basic partial differential equations, physical models are needed 

to model the characteristics of the semiconductor. Some of the physical models 

that are used to model SiGe HBT's are presented here. These are models that are 

used to numerically investigate the proposed theories in Chapter 4, 5, and 6. Rigid 

bandgap models were used which do not account for splitting of degenerate bands 

for low concentrations of germanium [57]. In Medici, the bandgap narrowing due to 

germanium in strained SiGe is modelled according to [38], such that for T=90K, 

f E , (90) -4 .0(Eg(90)-0 .950)2 ; ; for a; < 0 . 2 5 

[ 0.950 - 0.66666(2; - 0.25); for 0.25 < z < 0.40 

where x is the germanium composition fraction and Eg (90) is the bandgap energy at 

90K. 

In Atlas, the bandgap of strained SiGe alloys is given according to the germanium 

composition fraction by [34], 

= 1 . 0 8 + a; X ^ ^ ^ ^ 2 4 5 ^ 

- 0 9 4 5 + ( j ; - 0.245) for 0.245 <2; < 0 . 3 5 
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In Medici and Atlaa, the bandgap narrowing model describing the eGects of heavy 

doping in silicon [58] was used for SiGe according to, 

A E r ( A r ) - In 
N 

where is the apparent bandgap narrowing due to heavy doping eSects. = 

9 X lO^^eV, No = 1 X and C = 0.5, are default parameters which are used 

for simulations presented in this thesis and N is the doping concentration. 

In Medici and Atlas, the bandgap temperature dependency are modelled using 

[59], such that. 

E,{T) = E,{0) 
T + f ) 

= £"3(300) — a 
300^ y2 

300 + /) T + ^ 

where .6^(300) is bandgap at 300K, which is l.OSey, a = 4.73.10"^ and = 636 are 

default parameters for Medici in this thesis. For Atlas, a and /?, according to the 

germanium composition fraction, are [34]; 

a = (4.73 + 3; X (4.77 - 4.73)) x 

= 636.0 + a; X (235.0 - 636.0) 

Philips Unified mobility model [60, 61], which models silicon bipolar devices, is 

used to model the SiGe HBT carrier mobilities in Medici. It separately models major-

ity and minority carrier mobilities. The full mobility model is presented in Appendix 

A. In Medici and Atlas, the electron and hole lifetimes which are concentration 

dependent are modelled by [62]: 

rv4[/Aro 
Tn(a;,?/) 

7^(3:,;/) 

1 + Ntotalis: y)/NSRHN 
TAC/fO 

where 7^(3;,?/) and 7 (̂37,2/) are the positional dependent lifetime of the electrons 

and holes, and A^w(^, 2/) is the positional dependent total impurity concentra-

tion. TAUNO, TAUPO, NSRHN and NSRHP are lO'^sec, lO'^aec, 5 x 10^^^^^ ^nd 
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5 X lO^^gec, respectively, and are default parameters for simulations presented in this 

thesis. 

In Medici and Atlas, the e%ctive density of states for conduction and valence 

bands are modelled for their temperature dependencies according to [63]: 

X X 3/2 

A^.m = iVC300 ( - ) 

/ T \ 3/2 
N.m = NV300{-) 

where 7Vc(T') and A^(T') are temperature dependent density of states of the conduction 

and valence bands, NC300 and NV300 are 2.8 x and 1.04 x which 

are default values when Medici is used in this thesis. In Atlas, NC300 and NV300 are 

given according to the germanium composition fraction as [34], 

ArC300 = 2.8 X 10^^ + z X (1.04 x 10^^ - 2.8 x 10^^) 

7Vy300 = 1.04 X 10^^ + z X (6.0 x 10^^ - 1.04 x 10^^) 

for all Atlas simulations in this thesis. 

Any number of models could have been used; however, it is felt that the models 

chosen represent the behaviour of the various transport parameters to a sufRcient 

degree of realism and accuracy for the purposes of the numerical studies presented in 

this thesis. 

2.4 Boron Out-diffusion and Parasitic Barrier For-

mation 

Dopant diffuses whenever the silicon wafer is being heated up. In SiGe technology, 

wafer doping and subsequently dopant diffusion is an essential part of the process in 

dehning device proAle and structure. As a result, processing steps that involve heating 

up the device, such as annealing and oxidation, have to be optimised very carefully 

in order to produce the required proSle and structure. Heterojunction effect of SiGe 

base has allowed thin, heavily doped base to be used to reduce the base transit 

time without compromising the base resistance or the emitter injection efBciency. 
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However, the base dopant, which is usually boron, is able to diffuse much faster. This 

can easily result in boron out-diffusion at the base where high boron concentration 

is found outside the germanium doped region of the base. Even in low temperature 

SiGe growth method, such as rapid thermal chemical vapour deposition (RTCVD) 

where growth temperature is 625°C [18], undoped SiGe spacers are grown adjacent 

to the SiGe base to contain the boron out-diffusion. The size of the parasitic barriers 

depends on the amount of out-diffusion from the SiGe region, illustrated in Figure 

2.10. Dopant diffusion is proportional to dopant gradient. The higher the base doping 

in thinner bases results in larger dopant gradients at base edges. Therefore, more out-

diffusion results which requires larger spacers. Even small amount of out-diffusion 

(a few nanometers) can severely degrade the collector current and thus the gain of 

transistor [64]. 

Figure 2.10 shows the effect of boron out-diffusion a t the collector-base junction 

on the base conduction and valence bands. As boron atoms diffuse, the base width 

increases and can extend beyond the SiGe region. Depending on the position of the 

base electrical junction, which depends on collector doping level, the neutral base 

can also extend beyond the SiGe region and fall into the SiGe and silicon regions. 

Since SiGe has a much smaller bandgap than silicon, a sharp change of bandgap 

then exists at the Si/SiGe interface in the neutral base where the bandgap increases 

towards the silicon region, shown in Figure 2.10. This increase of bandgap manifests 

itself in the conduction band creating a parasitic potential barrier at the junction. 

The parasitic potential barrier restricts minority carrier flow across the base, thereby 

decreasing the collector current, decreases the current gain, and increases the base 

transit time. The Early voltage is also adversely affected as slight changes in reverse 

collector-base bias causes large Buctuations in the conduction band edge at the edge 

of the neutral base region resulting in large changes in collector current. For these 

reasons, accurate knowledge of parasitic barrier height is required for accurate device 

modelling purposes. 
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Figure 2.10: Figure showing the effect of boron out-diffusion on the device energy 
band at the collector-bage junction based on results of numerical simulation using 
Medici. Three types of baae boron doping distributions, with different base widths, 
are shown together with their corresponding band energy diagrams. The size and 
height of the parasitic potential barriers are dependent on the amount of out-diffusion 
and can exist at both emitter-base and collector base junction. 
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2.5 Theory of Previous SiGe H B T Characterisa-

tion Technique of Parasitic Potential Barrier 

Chapter 5 is focused on a new method that is proposed to measure the parasitic 

barriers heights that can exist in SiGe HBT due to boron out-diffusion effect. Here, 

two currently existing methods, which are related to each other, are presented briefly 

to aid comparison with the newly proposed method. Two existing methods were 

proposed by Slotboom W. [20] and Le Tron a/. [21]. 

2.5.1 Slotboom Method 

germanium 

.s 

I l ^ b a s e doping 

parasitic barrier ^ silicon 
\ 4 ^ conduction band 

1 
§ 

I 
U 

g,SiOe 

SiGe 
conduction band 

W, 

Distance across neutral base 

Figure 2.11: The effect of boron out-diSFusion on the conduction band for uniform 
box-like boron and germanium doping (after [20]). 

Slotboom et a/. [20] assume a uniform box-like boron and germanium prohle in 

the base. The resulting conduction band profile is shown in Figure 2.11. AWb and 

AEc are the parasitic barrier width and parasitic barrier height, respectively. By 

using the Moll-Ross/Gummel/Kroemer expression [53], a formula is derived for the 

SiGe HBT collector current (with parasitic barrier) [20] such that, 

exp(g%,/A;r) 
c.giGe X 

1 - -h (Avy^/Wb) exp(AE,/A:T) 
(2.17) 
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where nib{SiGe) is the effective intrinsic carrier concentration in the SiGe base. The 

silicon bipolar collector current for a similar box like boron profile can be written as: 

Jc.si = exp{qV,JkT) (2.18) 

where is the effective intrinsic carrier concentration of the silicon base. Since, 

n: 
(2.19) 

where is the bandgap reduction due to germanium incorporation, as depicted 

in Figure 2.11, the ratio of Jc,aiGe/'^,si becomes, 

i S f " 0.4exp(Ai5,,siG./*^r) x j + (AWi/Wj) exp(Ag . / tT) 

where (7Vc-^)a!Ge/(^^)ai ^ 0 4 [17]. Here is assumed to be similar for the 

silicon bipolar and the SiGe HBT. For a significantly large parasitic barrier > > 

/rT"), the current ratio above becomes: 

J, c,Si 
0.4 exp(AEg,g,G«/A:r) x (^^b/AW),) e x p ( - A ^ ^ / M (2.21) 

0.4 X M/b/AWb X exp((AEg,a,Gg - A E J / A T ) (2.22) 

Taking natural logarithm, 

= ln(0.4xW6/AIV&) + (AEg,g ,Ge-AEj /A;T (2.23) 

Therefore, if Equation 2.23 is plotted for ln{Jc,siGe/Jc,Si) versus l / k T , the slope of 

the graph will be {AEg^siOe — AE'c), with a y-axis intercept of ln(0.4 x Wb/A.Wb). If 

a control SiGe HBT is available without a parasitic barrier, and which is otherwise 

identical to the SiGe HBT with a parasitic barrier then AEg^siOe can be obtained. 

This is because the ln{Jc,siGe/Jc,Si) versus 1/kT plot of Equation 2.20 for the control 

SiGe HBT will have slope equal to AEg^g^ce. 

The drawback of Slotboom [20] method is that it needs to have an identical SiGe 

HBT control device without parasitic potential barrier and also an identical silicon 

bipolar control transistor. It requires detailed mobility and density of states mod-

elling for silicon and SiGe. Also it requires uniformly doped base and germanium 

concentration which is not realistic in practical SiGe HBT. 
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2.5.2 Le Tron et al. M e t h o d 

Le Tron aZ. [21] haa proposed a way of measuring the total bandgap reduction due 

to germanium and heavy doping eSects, in a SiGe HBT. 

Jo(T) ^ A:r ^ ) 

where, 

(Oyp \ 3 

Ri,(T) exp (2.25) 

and 

^ (A'cA^)giGe(T') //n6(giGe)(T') 

- ( N M s i i T ) (T) 

where A, is the Planck's constant, and are the elective mass for electrons and 

holes modelled by [65], and //p6(gi)(T') are the temperature dependent silicon 

minority and majority carrier mobilities in a p-type base modelled by [60], is 

the temperature dependent intrinsic baae resistance, 7Vc,s!Ge(7') and are 

the temperature dependent SiGe base density of states of the conduction and valence 

bands, respectively, WcaX?") and A^,a:([r) are the temperature dependent silicon base 

density of states of the conduction and valence bands, respectively, /4i6(aiGe)(^) is the 

temperature dependent p-type SiGe base minority carrier mobility, and Eg{T) is the 

silicon bandgap variation with temperature modeled by [59]. For Equation 2.26, 

Manku et al. [66] and Poortmans et al. [67] data are used for the density of states 

and carrier mobility ratios. The density of states ratio is 0.3 for 8% germanium at 

300K and the mobility ratio is 1.3. Using the above mentioned models, and also 

measuring for different temperatures, Jo(T') is derived. By measuring the 

intrinsic base resistance, the Le Tron et al. method accounted for the base doping 

"tails" and therefore a non-uniformly doped base. From Equation 2.24, a plot of 

ln(Jc,a:Ge(?^)/'^(!r)) versus l /AT is used to yield a slope of AEg^giCg + AE'J^. 

To measure the parasitic barrier height, the Slotboom method is adapted. Using 

Equation 2.20 from Slotboom et al. [20] the {Jc,siGe{T)/JoiT)) ratio from Equation 
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2.24 for large barrier (AE'c > > /zT), becomes, 

exp ( | (2.27) 
Jo AM^ A:T 

The plot of lii(Jc,5'iGe(w%^Aporaa2tzc)/Jo) versus l/AiT will yield a slope of (A.E'g,aiGe+ 

AEg^^ — AEc), and intercept at the y-axis gives ln(W6/AM^). Once again, as in 

the Slotboom method, if a control SiGe HBT is available without a parasitic barrier, 

which is otherwise identical to the SiGe HBT with a parasitic barrier, then {AEg^siGe+ 

AEgj^) can be obtained. This is because ln(Jc,aiGe/'/o) versus l/Zcr plot of Equation 

2.24 for the control SiGe HBT will have a slope equal to (AE'g,giGe+AE'g^). Assuming 

a uniform and abrupt germanium doping concentration, can be determined when 

(AEp,giGe + AEjg^) is known. 

The disadvantage of the Le Tron af. method is t h a t it requires a SiGe HBT 

control device without parasitic potential barriers but identical to the measured SiGe 

HBT. Also, it requires detailed mobility and density of s ta tes modelling for silicon and 

SiGe. And by using Slotboom model, it assumes that germanium doping is uniform 

and abrupt, which for practical SiGe HBT are not possible. 

2.6 Figure of Merits for High Frequency Bipolar 

Transistor Performance 

For high frequency a.c. operation, bipolar transistors are often assessed according 

to two types of Egure of merit. The first type is known as the cut oE or transition 

frequency, The second type is known as the maximum oscillation frequency, 

/moz- It must be said that both hgures of merit may not necessarily be suitable for 

all integrated circuits [68]. However, both are still widely accepted, particularly in 

device research publications. 

2.6.1 Figure of mer i t f r 

The JT is defined as the frequency at which the common emitter short circuit a.c. 

current gain is unity [46]. It is related physically to the bipolar device as the total 
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delay for the minority carrier across the device from emitter to collector, Tec [63]. 

The total delay consists of the minority carrier stored charge delay and the junction 

capacitance charging delay. It can be written as: 

^ 
where r^c is comprised of: 

Tec = Te + + TcW + + 7^ (2.29) 

where Tg and are the delays due to excess minority carrier in the emitter and 

emitter-base depletion layer. They are generally much smaller than the other delay 

terms. However, for high speed devices, they can be signiGcant [69, 70]. 

The base transit time is the delay due to the excess minority charge in the base. 

This is generally a significant term in Equation 2.29. For an n-p-n bipolar device, Tf, 

can be written as [55]: 

W2 
7-6 = - ^ (2.30) 

where Wb is the neutral base width, Dnt is the minority carrier diffusion coefficient, 

a depends on the base doping profile and which is equal to 2 for a uniformly doped 

base. Therefore, to increase / r , the base width needs to be reduced. 

The delay term tm is the delay at the collector-base depletion region and is known 

as the collector depletion layer transit time. It can be written as [46, 71]: 

W-
(2.31) 

where is the collector-base depletion layer width, is the carrier scattering 

limited velocity which is approximately equal to 1 x 10^^ cm/s at room temperature 

for silicon [72]. For high speed devices, the base width is consistently scaled down. 

As T(, reduces, Tctd becomes more and more significant. 

The delay term rje is the total emitter depletion layer charging time and consists 

of [63]: 

je ^ T {C'je + Cjc) (2.32) 
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where C ĝ and Qc are the emitter-base and collector-base depletion capacitances. 

The delay term is the collector charging time [63]: 

Tg — RcCjc (2.33) 

which can be calculated from the collector-base depletion capacitance, Qc, and series 

collector resistance, TZc. With epitaxial collector, Ac is quite small and therefore is 

usually not very signiGcant. 

Finally, the / r can be formulated as: 

1 
i (cje + c^c) -i p; 1- tg -i- t;.w + 

- 1 

JC + AcC, (2.34) 
27r \g7c ' 2?;acf 

Figure 2.12 shows the typical behaviour of / r with increasing operating i c From 

f̂ max 
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Figure 2.12: Behaviour of cut-off frequency, / r , for increasing collector current, 7c-

Equation 2.32, Tje is dominant at low collector current, and therefore /y increases with 

7c. However, the influence of Tjg reduces drastically as the collector current continues 

to increase. At peak /T, which is Tjg, and 7 ^ are usually dominant for an 

optimal transistor design [46]. Therefore, to get higher all three T,g, T;, and Tcw 

need to be reduced. 

2.6.2 Figure of merit maz 

The cut-off frequency, /(p, provides a good indication of the delay inside a bipolar 

transistor. However, it is not usually realistic or practical enough because it assumes 

that the output is short circuited. This is not relevant for practical applications. 
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Also it does not take the base resistance collector-base depletion capacitance time 

constant into account. These are important parameters for determining the transient 

behaviour of bipolar circuits. Therefore, another more practical and widely accepted 

figure of merit, fmax, is commonly used which characterises the power transfer in and 

out of the bipolar device, /mw; is deBned as the frequency at which the unilateral 

power gain becomes unity. Here the output is essentially isolated from the input by 

an appropriate external neutralising circuit comprising reactive and resistive com-

ponents. The load that it drives is also assumed to be conjugately matched to the 

transistor output impedance. It can be written as [73]: 

fmax — (2.35) 

where ^ is the base resistance. To increase /moz, the product needs to be re-

duced. However, as base width decreases rapidly to achieve high / r , ^ will increase 

unless the doping is increased. To counter that effect, the base needs to be more highly 

doped, which means that emitter doping has to be lowered to prevent emitter-base 

junction tunnelling for very high base doping levels. The increased current gain capa-

bility of a SiGe base enables lowering of emitter doping without jeopardising sufficient 

current gain. One way to reduce Cjc is to reduce the collector-base junction area. It 

will be shown in Chapter 3 and 6 that, theoretically a lateral bipolar structure on 

a silicon-on-insulator (SOI) substrate provides lower emitter-base and collector-base 

junctions areas compared to a vertical bipolar structure and are therefore inherently 

faster than vertical bipolar structure. 
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Chapter 3 

Lateral Bipolar Transistor 

With the advent of deep-submicrometer photolithography, bipolar transistor with 

lateral structure is being reinvestigated as potentially attractive structure for achiev-

ing medium to high performance device. Deep-submicrometer photolithography has 

opened up the possibilities of producing thin base lateral bipolar transistor [29]. DifB-

culties in base definition and base contact have always been the main issues preventing 

a high performance lateral bipolar transistor from achieving performances comparable 

to a bipolar transistor with vertical structure, which is the dominant bipolar transis-

tor structure in the bipolar manufacturing world. However, lateral bipolar transistors 

could prove to be more popular if it can be improved to achieving performances that 

is comparable to vertical bipolar transistor, especially in terms of speed and gain. 

This is because the lateral bipolar transistor's basic structure is simpler than vertical 

bipolar transistor, and also it has a shallow structure along the wafer surface, which 

makes it compatible to CMOS process especially when silicon on insulator (SOI) 

wafer is used [32]. Since CMOS is currently the dominant technology in the tran-

sistor manufacturing world and SOI is slowly becoming inevitable for performance 

enhancement, the lateral bipolar transistor hag become a very strong candidate for 

the highly versatile combined SiCe HBT/BiCMOS technology. 

In this chapter, issues facing lateral bipolar transistors, particularly with regard 

to base deEnition and base contact, will be discussed. This will include a look into 

various published novel lateral bipolar transistor structures and processes. The ad-

vantages of lateral bipolar transistors compared to vertical bipolar transistors will also 
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be evaluated. Then a new mode of lateral bipolar operation, known aa the hybrid 

mode is discussed [33]. 

3.1 Issues Facing High Frequency RF/Microwave 

Lateral Bipolar Transistor Technology 

Initially the issues regarding lateral base dehnition are examined. A high performance 

transistor requires a thin base in order to reduce the base transit time and the base 

minority carrier recombination current. As the emitter-base-collector alignment of a 

lateral bipolar transistor is aligned parallel to the silicon surface, the transistor base 

can be directly deSned lithographically follow by implantation, as shown in Figure 3.1. 

In this approach, the base width, and therefore the frequency response, of the of lateral 

bipolar transistor is dependent on the smallest lithography size available. Before 

lithography sizes were reduced to deep submicrometer dimensions, lateral bipolar 

transistor bases always tended to be too wide for high frequency operation. However, 

recently, with the availability of deep-submicrometer lithography Sauter oZ. [29] 

have reported to have achieved base widths of 80 Mm using electron-beam lithography 

to pattern the base region. This is comparable to but still considerably larger than 

a typical rf vertical bipolar transistor base width, which is usually determined by 

the base doping diffusion, implantation, or chemical vapour deposition (CVD) layer 

growth. 

There are also other novel methods devised specifically for submicrometer wide 

base definition in lateral bipolar transistors. One popular method is to use a self-

aligned oxide or nitride sidewall spacer to de6ne the lateral base [74, 75]. For example, 

Sugii W. [75] used silicon nitride as a spacer, as shown in Figure 3.2. An 

oxide step was Rrstly formed using oxide deposition followed by a reactive ion etch, 

as shown in Figure 3.2(a). After thin oxide growth, a 5'23N4 sidewall was fabricated 

at the step by deposition followed by an anisotropic reactive ion etch (Figure 

3.2(b)). Arsenic ions were then implanted without a mask to fabricate the emitter, 

was thermally grown to isolate the emitter (Figure 3.2(c)). The 5'z37V4 was 
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Figure 3.1: Resist is used to pattern the base region and it acts as an implantation 
mask. Due to high-temperature stability of tungsten, an annealing step could be 
performed to drive the phosphorous dopant further into the base region to reduce the 
base width [29]. 
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Figure 3.2; The sidewall technique used by Sugii et al. [75] to make an 80nm wide 
base, (a) Oxide step formation, (b) the formation of SisN^ sidewall and emitter 
implantation, (c) emitter oxide growth, (d) SisN^ and thin oxide strip followed by 
base implantation. 
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then selectively etched followed by boron ion implantation to make a thin intrinsic 

base (Figure 3.2(d)). Self-aligned base contact can be formed directly on top. It was 

reported that by using this technique, base width of about 80 nm was obtained by 

Sugii et al. [75]. 

Low base contact resistance is crucial for high speed unity power gain frequency. 

A lateral bipolar transistor base has the advantage that it can be contacted directly 

from the wafer surface on top of the active base region thus reducing the base resis-

tance significantly. However, as the base width reduces to submicrometer dimensions, 

connecting the base becomes a tedious job as the base contact window needs to be 

opened precisely on top of the base. One solution is to have a self-aligned base con-

tact window. Conveniently, the spacer technique described in Figure 3.2 does have a 

self-aligned base as part of the base definition process. 
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Figure 3.3: Figure illustrating the lateral bipolar transistor process flow used by 
Sturm et al. [31] which enables metal contact on top of the entire base. This method 
can be use in conjunction with a lithographically defined base. 

In the case of a lithographically defined base, Sturm et al. [31] has presented a 

lateral bipolar transistor process, as shown in Figure 3.3, which allows a photolitho-

graphically defined base width and yet still provides for a metal contact precisely on 
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the entire base region. A layer of thermal oxide was grown by thermal oxidation, 

followed by boron implantation chosen to have its peak a t the silicon surface. Lithog-

raphy was then used to deGne narrow stripes of photoresist which would eventually 

define the base region. The minimum dimension was used for minimum base width. 

The photoresist stripes were then used as a mask for the vertical plasma etching of 

the oxide, followed by vertical etching of the silicon (Figure 3.3(a)). Arsenic ion im-

plantation and annealing were then used to form the emitter and collector regions, 

(Figure 3.3(b)). The photoresist and oxide masked the implant from penetrating into 

the base region. Following the implantation, the photoresist and oxide were removed 

and the implant was annealed. An oxide deposition and a planarisation were per-

formed (Figure 3.3(c)). A lithography step then deGned windows for the contact to 

the base region, and wet oxide etch was done to expose the top of base but not the 

regions (Figure 3.3(d)). Base resistance of an upper limit of 20 was reported 

for experiments with metal/silicon base contact area of 2 x to 10 x 50//m^. 

emitter base collector 
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Figure 3.4: Figure illustrating the common isolation problem associated with lateral 
bipolar transistor caused by two parasitic vertical bipolar transistor that are inher-
ently present in the structure. 

All of the new lateral bipolar transistors reported above are based on silicon on 

insulator (SOI) technology. SOI is widely used for lateral bipolar transistor because 

a lateral bipolar transistor is inherently difficult to isolate in a silicon bulk substrate 

technology. This is illustrated in Figure 3.4 where for every n-p-n lateral bipolar 

transistor that is fabricated on a silicon wafer using a p-well, there are always two 

parasitic n-p-n vertical bipolar transistors that co-exist with it. With the presence of 
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two parasitic vertical transistors, extra care needs to be taken regarding the circuit 

operations so as not to accidentally turn on these vertical transistors. If this hap-

pens, these parasitic transistors can cause severe circuitry problems, such as leakage 

current or latch-up which can paralyse the whole circuit operation. As a result, SOI 

technology is particularly attractive for lateral bipolar transistor because it basically 

solves the whole problem of device isolation for the lateral structure by removing the 

vertical parasitic transistors completely [29, 74, 75]. SOI also has the advantage of 

having very low device parasitic substrate capacitance which can be an important 

criterion for high speed devices. Recently, SOI technology advancement has enabled 

thin film silicon of bulk silicon substrate quality to be bonded on oxide [32, 74, 76]. 

As SOI becomes more widely adopted, its cost should go down and its benefit could 

outweigh the extra cost compared to bulk silicon substrates. 

3.2 Advantages of the Lateral Bipolar Transistor 

In this section, the basic lateral bipolar transistor structure is compared to the basic 

vertical bipolar transistor structure, the most widely used bipolar transistor structure. 

For the purpose of comparison, the basic structures of both types of transistor are 

shown in Figure 3.5. 
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Figure 3.5: The basic structures of (a) Lateral Bipolar Transistor and (b) Vertical 
Bipolar Transistor. 
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From the Bgure, lateral bipolar transistor with its emitter-baae-collector aligned 

parallel to the silicon surface can be eaaily contacted from the silicon surface. As 

presented in Section 3.1 above, the base contact can be formed precisely on top of 

the entire base using either the Sturm [31] or Sugii [75] method, depending on the 

type of base definition used. For a vertical bipolar transistor, the emitter can be 

contacted directly from the surface through a contact window. However, it requires 

more complicated ways of connecting the base and collector regions to the surface. 

With its basic structure vertically buried inside the silicon, the baae and collector 

dopings need to be engineered in such a way so that the dopings will extend all 

the way to the silicon surface. This has a significant effect on the device terminal 

resistances and capacitances. Whereas the emitter can be contacted directly from 

the surface, the base and collector tend to have high terminal resistances due to their 

extended connections to the silicon surface. And in many instances, extra processing 

steps need to be implemented in order to reduce these resistances. In this case, as 

shown in Figure 3.5 (b), a highly doped n-type buried layer, grown initially using an 

epitaxy process, is used to create a low resistance route for collector current to reach 

the collector contact. This is because high terminal resistances can cause signiGcant 

voltage drops across the terminals. Also, high base resistance causes reduction in the 

transistor maximum operating frequency and high collector resistance causes early 

saturation of collector current. In a lateral bipolar transistor, terminal resistances 

can potentially be made to be very low. 

In a lateral bipolar transistor, the electron injection from emitter to base is pri-

marily concentrated along the sidewall portion of the emitter-base junction where 

the intrinsic base is doped much higher, as shown in Figure 3.5(a). Therefore, the 

electron injection area is approximately equal to the sidewall area of the emitter-base 

junction, which is the emitter depth multiplied by the device length. Since the emitter 

depth, controlled through dopant diffusion, is typically very shallow (i.e., 0.15//m), 

the electron injection area is small. It is usually smaller than the vertical bipolar 

transistor electron injection area, which is defined lithographically. Therefore lateral 

bipolar transistors tend to have smaller operating current compared to vertical bipolar 

transistors. Devices with small operating current are suitable for low powered mobile 
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rf applications where power consumption is of importance. High speed applications 

demand devices with low capacitances. Advanced vertical bipolar transistors in gen-

eral tend to have much lower capacitances compared to a lateral bipolar transistor 

fabricated on a bulk silicon substrate. Vertical devices are much smaller and more 

compact, and therefore have a small junction area and also a small device-substrate 

interface area. Lateral bipolar transistors on bulk silicon tend to have a big junction 

area and device-substrate interface area. However, if lateral bipolar transistor is fab-

ricated on SOI technology, the device semiconductor-substrate interface is eliminated 

and the device junction area will be greatly reduced being equivalent to the lateral 

electron injection area. In this case, lateral bipolar transistor device capacitances can 

be potentially made lower than the vertical bipolar transistor device capacitance. 

Finally, referring to Figure 3.5 again, it is obvious tha t , in terms of structural 

manufacturability, that lateral bipolar transistors require simpler processing com-

pared to vertical bipolar transistors. In fact, a lateral bipolar transistor is bagically 

a CMOS transistor without its gate and is in principle manufacturable using only 

the existing CMOS technology process [30, 77]. With CMOS technology dominating 

the silicon world, a lateral bipolar transistor could potentially become a lower cost 

technology than a vertical bipolar transistor. Lateral bipolar transistor compatibility 

with CMOS also makes it very suitable for the bipolar-CMOS (BiCMOS) combined 

technology. BiCMOS is highly versatile and especially useful when both digital and 

analogue applications are needed on the same chip. Besides, as far as high speed and 

low power applications are concerned, SOI may continue to increase in importance 

and use such that a vertical bipolar transistor with its deeper structure may not be 

suitable with SOI that uses a thin active silicon layer. 

3.3 The Hybrid Mode Lateral Bipolar Transistor 

A new mode of lateral bipolar transistor operation was reported recently [33], and it 

is called the hybrid mode bipolar transistor. The basic idea is to operate a MOSFET, 

which is structurally similar to a lateral bipolar transistor except for the additional 

gate, with its gate and well connected together to form the base of the bipolar tran-
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Figure 3.6; Lateral bipolar transistor operating in hybrid mode where the base and 
gate are connected together. The intrinsic base region, where the depletion region 
that results in pseudo-heterojunction effect in the lateral bipolar transistor base is 
also shown in the figure. 

sistor, as shown in Figure 3.6. The resulting operational characteristic is like having 

a MOSFET and a lateral bipolar transistor combined together, operating in parallel 

with each other. Verdonckt et al. [33] has done an extensive study on the hybrid 

mode bipolar and found out that no additional processing steps are needed to obtain 

it when the MOSFET is properly designed. 

Referring to section 3.2, electron injection from emitter to base of a conventional 

lateral bipolar transistor is primarily concentrated along the sidewall portion of the 

emitter-base junction. This portion of the base is known as the intrinsic base, as 

illustrated in Figure 3.6. The conduction and valence bands energy diagram of the 

emitter-intrinsic base junction is shown in Figure 3.7. 

The potential barrier, for electron injection into the intrinsic base of the 

hybrid mode device is 

bn Vbi ~ Vb (3.1) 

where ^ is the built-in potential of the emitter-intrinsic base junction and Vbe is a 

small forward emitter-base bias externally applied. Figure 3.7. 
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The hole injection barrier, from intrinsic base to emitter is; 

(H. - A S ? " / ? ) - n . (3.2) 

where is the total apparent bandgap narrowing due to heavy doping between 

the emitter and the intrinsic base. Hence in a conventional bipolar transistor, #6^ is 

lower than and the difference is due to the heavily doped emitter bandgap 

narrowing. 

n-emitter 
Conduction band 
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VL/ hybrid 
on 

hybrid 

"Fn 

Valence band 

Figure 3.7: Energy band diagram for conventional lateral B J T (solid lines) and the 
hybrid mode lateral BJT (broken lines), across the emitter-intrinsic base junction in 
the direction parallel and close to the oxide-silicon interface. 

A hybrid-mode lateral Bipolar structure is basically a conventional lateral bipolar 

transistor with the base contact replaced by a thin gate oxide and an M""" polysilicon 

gate on top, shown in Figure 3.8. The polysilicon gate is directly connected to the 

base (p-well), not shown in Figure 3.8. Since the gate and well are tied together, a 

depletion region can be created underneath the gate oxide by controlling the voltage 

drop between the gate and well through optimising the gate oxide thickness and 

channel doping. This depletion layer is stable as the gate and well are permanently 

connected together and it is strongest at the oxide silicon interface. 

The main part of the emitter current is composed of the electrons which are 

injected into the depleted part of the intrinsic base, le in Figure 3.8. Figure 3.9 shows 

the energy band diagram through the intrinsic base in the direction perpendicular to 
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Figure 3.8: Diagram indicating the major electron (solid lines) and hole (broken lines) 
current components in the hybrid-mode lateral BJT. 
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Figure 3.9: Energy band diagram for conventional lateral BJT (solid lines) and the 
hybrid mode lateral BJT (broken lines), through the intrinsic base in the direction 
perpendicular to the surface. 
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the surface. There is a potential increase from the quasi-neutral part of the base to 

the saddle point in the depletion region, depends on process parameters such as the 

workfunction difference between the polysilicon gate and the substrate, the interface 

state density, the hxed oxide charge density, and the surface doping concentration. 

Therefore the potential barrier of electrons injection into the depleted intrinsic base, 

bn 

^ (3.3) 

The other 2 parts of the emitter current are shown as 2e and 3e, respectively in 

Figure 3.8. 2e consists of electrons which are injected from the emitter over the 

larger potential barrier into the quasi-neutral base where most of the electrons are 

attracted towards the saddle point potential and merge into the surface depletion 

region before reaching the collector. 3e is composed of electrons which are injected 

vertically from the bottom part of the emitter into the extrinsic base region and 

collected by the lightly doped n substrate. 2e and 3e are rather small compared to 

le. 

The main part of the base current composed of the holes which are injected from 

the base into the emitter, lA in Figure 3.8. Since large part of the intrinsic base 

region is depleted of holes, as indicated in Figure 3.9, most of the holes are injected 

from the extrinsic base into the bottom of the emitter. The number of holes injected 

will depend on the bottom area of the emitter and the doping of the well under the 

emitter. The injection barrier for the holes is given by 

(3.4) 

which is larger than that seen by the electrons as long as Other parts 

of the base current consist of recombination current in the base (2A) and hole current 

from the collector and substrate into the base through the reverse-biased junctions 

(3/i). Both 2A and 3/̂  are rather small compared to lA. 

Therefore the electron current is mainly determined by the electrons injected from 

the emitter into the depleted region of the intrinsic base(le), while the hole current is 

mainly determined by the holes injected from the quasi-neutral part of the base in to 
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the emitter (lA). Figure 3.7 shows the energy diagram of the hybrid mode operation. 

If the hybrid-mode lateral BJT is correctly designed (i.e. or 

it behaves as a heterojunction BJT. The emitter injection efBciency approaches unity 

and as a consequence the current gain is very large. At low collector current levels, 

lateral bipolar action with a current gain higher than 1000 is achieved [33]. [78] 

has reported current gain higher than 2000 and a cut-off frequency of 1.6 GHz. [79] 

also achieve excellent device characteristics with peak current gain, = 120, peak 

breakdown voltage, = lOy, and peak cut-off frequency, Both 

the emitter injection efBciency and current geiin are predicted to improve at reduced 

temperatures due to their exponential dependence on However, the 

voltage drop across the gate oxide and depletion region could potentially increase the 

ideality factor of the hybrid-mode bipolar collector current. Increase in the collector 

current ideality factor reduces the hybrid-mode bipolar transconductance, which 

in turn reduces the cut-off frequency of the device. 

3.4 Conclusion 

In this chapter, an investigation was carried out to assess the potential of lateral 

structure SiGe HBT for high performance applications. Various issues regarding 

lateral bipolar structures such as base dehnition and base contact were discussed. 

Comparing the structure of lateral bipolar to vertical bipolar suggests that lateral 

bipolar has many advantages and suitable for microwave applications. A new mode 

of silicon bipolar transistor operation known as the hybrid mode wag also discussed. 

The basic idea is to operate a MOSFET, which is structurally similar to a lateral 

bipolar transistor except for the additional gate, with its gate and well connected 

together to form the base of the bipolar. The resulting operational characteristic is 

like having a MOSFET and a lateral bipolar transistor combined together, operating 

in parallel with each other. If the hybrid-mode lateral B J T is correctly designed, it 

behaves like a virtual heterojunction BJT. Peak current gain of more than 2000 is 

reported. However, the hybrid-mode lateral BJT could have problem with increase 

in collector current ideality. 
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Chapter 4 

An Electrical Method for 

Measuring The Difference in 

Bandgap across the Neutral Base 

in SiGe HBT's 

4.1 Introduction 

Rapid development of SiGe HBT's has brought about the production of transistors 

with aggressive bandgap proxies. With such capabilities of bandgap engineering, is-

sues regarding the most suitable bandgap proAle for certain types of applications of 

device has become significantly important. Roulston aZ. [69, 80] have examined 

issues concerning the optimum base germanium proBle to use for particular applica-

tions. It was found that uniform base bandgap profile is most optimum for minimum 

emitter delay and maximum current gain. Whereaa for minimum base delay and/or 

high output resistance purposes, bandgap grading across the base will be most ben-

ehting [8, 69, 80]. 

In this chapter, a simple low frequency electrical method will be proposed to mea-

sure directly the bandgap difference between the electrical edges of the neutral baae 

in a SiGe HBT. The theoretical basis of this method will firstly be presented where 
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the physical justiHcation and also certain assumptions for this method is discussed. 

Then the method shall be verified numerically, by means of full numerical simulation 

using the Medici [56] semiconductor solver, and also experimentally. With the nu-

merical and experimental results, the effectiveness, accuracy and different usage of 

this method in device characterisation will be discussed. Finally, conclusions will be 

drawn. 

conduction band 

n-Si (emitter) 

valence band 

germanium 

base doping 

SiGe 

silicon 

n-Si (collector) p-SiGe (base) 

Figure 4.1: Figure showing the effect of grading the germanium concentration across 
the base region on the device band energy. The difference in bandgap across the 
neutral baae is equivalent to Eg(Q) — ^g(6). 

The single most important process parameter to control in silicon-germanium het-

erojunction bipolar transistor (SiGe HBT) process is the quantity and pro61e of the 

germanium in the electrical neutral base region. The total quantity of germanium 

in the neutral baae region controls the current gain through bandgap reduction and 

the resulting increase in emitter injection efhciency [13, 53]. The difference in ger-

manium concentration between the electrical edges of the neutral baae region (i.e. at 

the emitter-base and collector-baae edges of the neutral base) determine several other 

important properties including the device output conductance [81] and base transit 

time [13]. Both of these parameters can be dramatically improved by grading the 
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germanium so that the bandgap is smaller at the collector side of the neutral base, 

shown in Figure 4.1. Advanced high frequency SiGe HBT's usually contain heavily 

doped bases [82] to reduce intrinsic base resistance, taking advantage of the larger 

emitter efBciency. The heavy doping results in impurity-induced bandgap reduction 

or narrowing [83] which must also be taken into account when determining the com-

bined impact of the germanium profile and the impurity profile on the diH'erences in 

bandgap reduction at the edges of the neutral base region. Design of an optimal SiGe 

HBT is further complicated by the fact that both the germanium and doping proxies 

cannot be made truly abrupt in spatial composition which results in concentration 

"tails" that can inadvertently result in unwanted differences in bandgap across the 

neutral base. If the base doping extends beyond the Si-SiGe boundaries into the emit-

ter and/or collector regions, parasitic potential barriers will form severely degrading 

current gain and transition frequency [18, 20, 21]. 

Clearly it would be extremely useful to be able to measure directly the bandgap 

difference between the edges of the neutral base region, shown in Figure 4.1, when 

developing SiGe HBT processes. It is especially advantageous when it is necessary to 

determine process factors that are contributing to poor overall device performance. 

The author is not aware of any method at the present t ime that is able to measure 

the bandgap grading across the neutral base electrically. To date the only methods 

available to make a direct determination of this bandgap difference is to measure the 

actual base dopant and germanium spatial composition in a processed SiGe HBT. 

This involves using time-consuming and expensive characterisation techniques such 

as secondary ion mass spectroscopy (SIMS), followed by detailed numerical mod-

elling. To be accurate, it is necessary to be able to resolve dopant and germanium 

spatial variations to within a few nano-meters, which is beyond present conventional 

SIMS capabilities. SIMS will only give a relative germanium concentration profile 

making calibration necessary using some other technique such as x-ray diffraction 

to obtain absolute germanium concentrations. The collector dopant concentration is 

also required for electrical modelling, however, this must usually be determined from 

capacitance-voltage measurements as many transistors have a collector dopant con-

centration below the measured noise level of SIMS. To determine the actual electrical 
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impact of the measured germanium and dopant variations, it is then necessary to 

assume correct bandgap narrowing models. Established bandgap narrowing models 

exist for silicon [83], however, the development of models for strained SiGe, which 

include the effects of heavy doping etc. [84], is still an active area of research. Choos-

ing the best bandgap narrowing model is also complicated by the prospect that the 

grown SiGe layer may not be fully strained due to improper growth conditions [42]. 

Comparison with a silicon control device that does not contain germanium is an-

other approach [13, 14] that can be adopted to yield useful information regarding the 

impact of the germanium grading on device performance in the SiGe HBT's. Besides 

requiring the processing of a separate set of devices, several factors can complicate 

interpretation of the comparative measurements of current gain and frequency re-

sponse. These include differences in impurity prohles between the silicon control and 

the SiGe HBT due to differences in impurity incorporation and diffusion in the pres-

ence of Ge, differences in mobility [85] between the silicon base of the control and 

the strained SiGe baae of the HBT, differences in effective masses [66] and also pro-

cessing variations between wafers. All these can contribute to errors in experimental 

interpretation of bandgap grading and reduction. 

4.2 Theory 

Prom Appendix B, Equation B.6, the low frequency a.c. output conductance for 

a SiGe HBT operating in forward active mode, poy, as illustrated in Figure 4.2(a), 

becomes [81]; 

-'CFCI, I N,{x) 

where the "f" subscripted and superscripted symbols refer to the transistor operating 

in the forward active region, g is the electronic charge, 7^/ is the forward d.c. collector 

current, as illustrated in Figure 4.2(a), is the junction capacitance of the reverse 

biased collector-base junction, Ac is the collector-base junction area, 0/ is the neutral 

edge of the base region at the emitter side, W/ is the neutral edge of the base region 

at the collector side, D;i(,(Vyy) and Mie(Wy) are the base electron diffusivity and effec-
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Figure 4.2: Circuit diagram of an n-p-n transistor illustrating the bias condition and 
the current How when the transistor is biased at the (a) forward active region of 
operation, and (b) reverse active region of operation. 
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Figure 4.3: Figure illustrating the di&rence of the neutral base boundary positions 
in the forward active region mode and reverse active region mode. For a highly doped 
base, which is common for a SiGe HBT, the position of 0^ for zero emitter-base bias 
can be made very close to the position of 0/ for normal forward emitter-base junction 
reverse bias, in reverse active operation. This is because most of the space-charge 
layer movement will take place in the lower-doped emitter side of the junction. 
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tive intrinsic carrier concentrations, respectively, at the collector side of the neutral 

base, 7Vt(a;) is the positional dependent base impurity proSle, is the positional 

dependent base diffusivity of electrons and is the positional dependent effective 

intrinsic carrier concentration. 

Similarly, the low frequency a.c. output conductance in reverse active operation, 

aa illustrated in Figure 4.2(b), gor, can be written as; 

9or — 

where the "r" subscripted and superscripted symbols refer to the transistor operating 

in the reverse active region, /cr is the reverse d.c. collector current, which is the 

current that Sows into the emitter when the transistor is operating in the reverse 

active region, as illustrated in Figure 4.2(b). C ĝ is the junction capacitance of the 

reverse biased emitter-base junction, Ag is the emitter area. Or is the neutral edge 

of the base region at the emitter side, 1%. is the neutral edge of the base region at 

the collector side, ^^^(Or) and Mie(Or) are the base electron diffusivity and effective 

intrinsic carrier concentrations, respectively, at the emitter side of the neutral baae. 

As different bizis voltages are used across the emitter-base and collector-base junc-

tions for the forward and the reverse active operation, the neutral base positions are 

in general different for both modes of operation. Therefore, as illustrated in Figure 

4.3, WJ and 0/ in Equation 4.1 are not necessary the same as WR and Or in Equation 

4.2. Also Icf, obtained from Equation B.2 of Appendix B, and Icr can be expressed 

by, 

h , = (4.3) 

U, = , A , e x p ( ^ ) (4.4) 

These expressions show that /c/ will be different from because they are influenced 

by the neutral base boundaries. Therefore, to account for the eSect of the difference 

in neutral base boundaries between modes of operation, Equation 4.3 and 4.4 are 

substituted into Equation 4.1 and 4.2 respectively such tha t and become, 

^ exp(V^/ l^ ) 
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o = M 
g2Acyle^n6(0r)M'e(0r)exp(T/^/V^) 

where is the forward bias voltage across the emitter-base junction in the forward 

active region of operation, is the forward bias voltage across the collector-base 

junction in the reverse active region of operation, and is the thermal voltage. 

Taking the ratio of Equation 4.6 to Equation 4.5 one obtains; 

The elective intrinsic carrier concentration can be expressed in terms of density 

of states and the bandgap energy such that, 

[Wj) = (4.8) 

4 ( O r ) = % ( 0 , ) % ( O J exp (4.9) 

therefore, 

% (Wi) ^ K(W,)N,(Wi) (E,(0,) - E,(W,)\ 

nUOr) %(0r)%(0,) kT J ^ ' 

where and are the effective density of states in the conduction and 

valence band, respectively, at the collector side of the neutral base when the transistor 

is operated in the forward active region, and Wc(Or) and A^(Or) are the effective 

density of states in the conduction and valence band, respectively, at the emitter 

side of the neutral base when the transistor is operated in the reverse active region. 

.E'g(Or) is the bandgap energy at the emitter side of the neutral base in reverse active 

region mode, is the bandgap energy at the collector side of the neutral base in 

forward active region mode, T is the absolute temperature and A; is the Boltzmann's 

constant. 

Substituting Equation 4.10 into Equation 4.7 one obtains for the ratio of the 

output conductance in reverse and forward active operation, 

J^g(Or) 

"""PI AT 
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Equation 4.5 shows that the forward active mode output conductance of the SiGe 

HBT's is inversely affected, among other things, by the effective intrinsic carrier 

concentration at the collector side of the neutral base. This is not surprising because 

output conductance is a result of base width modulation due to increase in collector-

base junction depletion region. Higher elective intrinsic carrier concentration at the 

collector side of the neutral base means less depletion region penetration into the 

base from the collector side and therefore less increment in collector current. This 

also means reduction of output conductance. In the same way, low e&ctive intrinsic 

carrier concentration at the collector side of the neutral base will results in an output 

conductance increase. 

Equation 4.6 shows that reverse active mode output conductance of the SiGe 

HBT's is inversely affected, among other things, by the effective intrinsic carrier 

concentration at the emitter side of the neutral base. Equation 4.8 and 4.9 show 

that the effective intrinsic carrier concentration is related to the positional dependent 

base bandgap energy. Therefore, if the bandgap energy effect can be isolated from 

Equation 4.11, the relationship between the output conductance and the positional 

dependent baae bandgap energy can be used to create a method to directly extract 

the base bandgap energy information from the device output conductance. 

Taking the natural logarithm for Equation 4.11, an Arrhenius relationship is es-

tablished, such that, 

' - D n i T O ) , (vl-v;,--
" I J + i 14 

which is linear with respect to inverse temperature provided that, 

is constant with respect to temperature. The capacitance term, In , in Equar 

tion 4.12 waa later found to be virtually constant with temperature in the numerical 

modelling section. Section 4.5, except for devices where the emitter and collector dop-

ing are different by several orders of magnitude. If this situation arises the junction 
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capacitances can be easily measured using conventional techniques. 7c/ and ĉr a^e 

measurable quantities and therefore In (7cr//c/) can be easily taken into account in 

Equation 4.12. 

If the transistor is operated in the forward active region of operation and then in 

the reverse active region of operation, for various temperatures such that the forward 

biased and are equal at each temperature, a plot of: 

te)""" ( f c ) " ( i : ) 

will yield, to Erst order, a straight line which has a slope equal to (Eg(Or)— 

Since A; is a constant, Eg (Or) — Eg(iyy), which is the difference of bandgap between 

the emitter junction in reverse operation mode and the collector junction in forward 

operation mode, can be extracted directly from the slope. For a highly doped base, 

which is common for a SiGe HBT, the position of 0̂  for zero emitter-base bias can be 

made very close to the position of 0/ for normal forward emitter-base junction bias 

because most of the space-charge layer movement will take place in the lower-doped 

emitter side of the junction, as shown in Figure 4.3. Therefore, Ep(Or) is similar to 

Eg(0/) and E'g(Or) — Eg(lVy) becomes the difference of bandgap between the collector-

base and emitter-base electrical junctions (i.e. bandgap grading across the neutral 

base) for forward active region of operation. 

Two distinct categories of SiGe HBT impurity profiles have emerged. One type 

uses a low doped emitter region in conjunction with a highly doped base region 

which is often more highly doped than the emitter. This type of device trades ofF 

the increased emitter efBciency afforded by the reduced bandgap in the base by using 

a highly doped base to attain lower base resistance. These types of devices take 

full advantage of the presence of germanium in the base leading to extremely high 

switching speeds [2, 17]. A second earlier type of SiGe HBT design uses a highly 

doped emitter region and therefore cannot fully exploit the increased emitter efBciency 

to reduce base resistance since the base doping must be su&ciently low to avoid 

unwanted tunnelling leakage currents across that emitter-base junction [86]. The 

high speed switching properties and rf noise Sgures in such devices are therefore 

limited by this requirement. In such devices, a larger error is expected to occur with 
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respect to the assumption that the zero and forward bias positions of the neutral base 

edge on the emitter side of the base are in approximately the same position. For such 

devices it can be estimated, using simple pn-junction theory, that the relative error 

in using this assumption to estimate the degree of bandgap diEerence for forward 

active operation is approximately given by the ratio of the emitter-base space charge 

layer width divided by the neutral baae width in forward active operation, further 

explained in Appendix C.l. Devices of this type have been reported to have base 

impurity concentrations on the order of 5 x and metallurgical base widths 

of QOMTTi [86]. Use of the proposed technique to measure the bandgap difference across 

the neutral base region in forward active operation on this structure could lead to 

an error on the order of 5% to 10%, elaborated in Appendix C.l. If the germanium 

concentration is purposely graded using a linear distribution, this sort of knowledge 

can be used to arrive at a simple extrapolation to obtain a more accurate estimate of 

the bandgap diSerence in such devices. 

Klaassen [60, 61] has shown that in silicon, even though the minority carrier 

mobility varies with temperature, it does not vary exponentially with l / T . In this 

case, the temperature dependency of the ratio of the electron diffusivities in Equation 

4.11 will tend to cancel out or at least be much weaker than an exponential behaviour. 

If it is significant, the plot of Equation 4.14 will not yield a straight line and therefore 

the extraction method will not work. 

Simple theory (i.e. parabolic band approximation) suggests that the temperature 

dependence of the ratio of the density of states on either side of the neutral base 

region will cancel resulting in this ratio becoming, 

me(0r)m,,(0r 
(4.15) 

where mg and are the effective masses of electrons and holes, respectively. Equa-

tion 4.15 should be nearly temperature independent if the ratio of effective mass 

products on either side of the neutral base region is much weaker than the expo-

nential bandgap term in Equation 4.11. The proposed technique does not depend 

upon the nature of the temperature dependence of the actual density of states pro-

vided that such dependence is not purely exponentieil. For low concentrations of 
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germanium in has been shown [57] that a portion of the density of states can indeed 

become exponentially dependent upon temperature due to splitting of degeneracies in 

the conduction and valence bands. From Equation 4.10 it can be seen that any such 

exponential dependence in any of the density of states functions aiid at either 

edges of the neutral base region will simply introduce an apparent contribution to 

the overall bandgap variation ^g(Or) — E'g(Wy) across the neutral base if the strength 

of the density of states exponential dependence varies across the neutral baae region. 

In other words, any physical effect, be it germanium incorporation, strain, impurity-

induced bandgap narrowing, or non-degenerate band splitting, will contribute to the 

overall bandgap variation across the neutral base that will directly impact transistor 

electrical behaviour. It is this overall effective bandgap variation that the proposed 

technique is intended to yield. Obtaining a straight line plot in the technique guar-

antees that only physical effects which contribute to this overall bandgap variation 

are being accounted for. 

4.3 Experimental Procedure 
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Figure 4.4: Figure shows the experimental setup for the proposed bandgap difference 
extraction technique. It consisted mainly of the HP4155A parameter analyzer and a 
temperature regulating system. 
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The experimental set up of the proposed measurement method is shown in Figure 

4.4. It consisted of the HP4155A parameter analyzer and a temperature regulation 

system. The HP4155A parameter analyzer was used to supply voltages to the device 

terminals (i.e. emitter, base and collector) and measure currents at the device ter-

minals through the probes. The measured device wag placed on a metal plate inside 

the heat insulated chamber, where air wag pumped out t o create a vacuum environ-

ment. The temperature of the metal plate was regulated by heating it up through 

the heater or cooling it down using liquid nitrogen. Both the heater and the liquid 

nitrogen pump were controlled by the temperature controller, which monitored the 

metal plate temperature through a thermometer in the heat insulated chamber. 
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Figure 4.5: Gummel plot for increasing temperature shows that the collector and 
base current increases with temperature. As a result, the haa to the lowered for 
increasing temperature in order to maintain low operating current. 

It is not uncommon to End that the actual device temperature differs from the 

metal plate temperature due to imperfect conduction between the metal plate and 

device. Also device self heating, if signiScant, can increase the device temperature. 

Therefore, device temperature is seperately measured by extracting the collector cur-

rent slope in the linear region of the gummel plot, as shown in Figure 4.5. The slope 

is related to the device temperature as, 

Q 

56 



r = — ^ ^ — (4.16) 

where n is the ideality factor of the collector current, which is reported in the G7 

process report [87] as 1.007. Figure 4.6 shows the difference between the metal plate 

temperature, set by the temperature controller, and the device temperature. The 

device temperature was used for subsequent results analysis. 
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Figure 4.6: Figure shows the di&rence between the insulated chamber temperature 
(i.e. metal plate temperature) measured by thermometer and the device temperature 
measured using gummel plot. 

To extract the forward active mode output conductance, 7c is obtained for in-

creasing %:e, in steps of 0.05 y , at hxed bias voltage, shown in Figure 4.7. Noise 

was found in the collector current and therefore a five da ta points moving average 

function, built-in to the HP4155A, was performed on the collector current to Slter 

out the noise. The output conductance was extracted from the Tc t'a plot by dif-

ferentiating 7c with regarding to between two data points that were adjacent to a 

certain this is also a built in function of the HP4155A parameter analyzer. This 

was performed for the whole range of at hxed bias voltage, shown in Figure 

4.8, and was repeated for different temperatures. Note tha t because the collector and 

base current increase with temperature, shown in Figure 4.5, the bias voltage was 

reduced for increasing temperature to maintain current operation around the micro 

ampere range, in order to minimise the electrically resistive effect along the current 
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Figure 4.7: Figure illustrating dc output conductance extraction of the SiGe HBT 
(with 5nm spacers) for forward active operation, at 250K, 300K and 350K, by mea-
suring the gradient of the collector bias collector current graph. 
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paths. Note that according to Equation 4.12, as long as is always equal to the 

plot of Equation 4.14 will not be a&cted by the difference of used for diSerent 

temperatures. 

Similarly, output conductance in reverse active operation was extracted by revers-

ing the order of biasing. 

4.4 Experimental Results 

The proposed technique was demonstrated experimentally using two SiGe HBT struc-

tures that were identically processed [64, 87] using low pressure chemical vapour 

deposition (LPCVD) with the exception that one device (Device A) had larger un-

doped SiGe spacer layers adjacent to the doped SiGe base region to take up boron 

out-diSFusion from the base towards the collector and emitter regions than the other 

device (Device B). Figure 4.9 shows a SIMS profile of Device B which is identical to 

that of Device A except for the larger spacer layers in Device A. The impact of the 

diEerent undoped spacer layer thicknesses on the base impurity proAles of the two 

devices is hardly detectable in the SIMS plot further emphasising the requirement 

for techniques to determine bandgap differences that do not rely on SIMS informa-

tion. As can be seen in Figure 4.9, the devices were designed to have a nominally 

flat or constant germanium concentration across the neutral base region. The devices 

have measured peak germanium concentrations of 10%. The baae layers were grown 

at 610°C, and the emitters were grown at 700°C. The nominal peak base impurity 

dopings were 2 x 10^^ and polysilicon emitter contacts were used. Base layer 

widths, not including spacer layers, were nominally 25)2m. 

Device A had 15 nm undoped spacer layers and Device B had 5 nm spacer layers, 

as shown in Figure 4.10. It is known from other measurement methods [88] that De-

vice B possessed a signi6cant parasitic potential barrier at the collector-base junction. 

This meant for Device B that the edge of the neutral base region on the emitter side 

resided in the SiGe base layer because of the high emitter doping and the edge of the 

neutral base region on the collector side resided in the silicon collector layer for low 

to moderated reverse collector-base bias voltages. An example of the conduction and 
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Figure 4.9: SIMS profile of Device A and Device B, used for the experimental verifi-
cation of the measurement technique. 
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Figure 4.10: (a) Device A, with 15nm wide undoped SiGe base spacers at the emitter 
and collector sides of the base, used for experimental measurements, (b) Device B, 
with 5nm wide undoped SiGe base spacers at the emitter and collector sides of the 
base, used for experimental measurements. 
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(parasitic barrier region) whereas the neutral base edge at the emitter side resides in 
the SiGe region. The bandgap diEerence across the neutral base is therefore equivalent 
to Eg(o) - Eg (6). 
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valence energy bands of such device is shown in Figure 4.11, which is obtained from 

the semiconductor device simulator Medici [56]. On the other hand, it is known [88] 

that Device A exhibited behaviour commensurate with no parasitic barriers being 

present. This implies that both edges of the neutral baae would be expected to reside 

within the SiGe base layer in Device A. For this reason it is expected that there 

should be a significant bandgap difference across the neutral base region for Device 

B and not a significant difference for Device A. 
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Figure 4.12: Experimental results obtained for Device A (15nm spacers) and Device 
B (5nm spacers), where bandgap grading across the neutral base (slope of graph) are 
extracted and found to be 0.002 eV and -0.104 eV respectively. The slopes of the 
curves give the bandgap difference across the neutral base divided by Boltzmann's 
constant A; for each case. Note that a negative slope indicates a retarding electric 
field and a positive slope indicates a positive retarding electric field in the base. 

From the experimental results, shown in Figure 4.12, the bandgap difference across 

the neutral base was extracted to be 0.002 e y increasing for Device A and 0.104 eF 

retarding for Device B. This implies that there is almost no bandgap grading across 

the neutral base for Device A and that the 15 nm SiGe spacer layers are adequate to 

contain the base boron diffusion in Device A. For Device B base boron out-difiFusion 

has caused a bandgap difference between the silicon and SiGe regions in the neutral 
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base of 0.104 ey . This is due to the combined effects of bandgap reduction due to a 

nominal incorporation of 10 % strained germanium during fabrication [42] and heavy 

base doping of 10^^ [83] in the SiGe portion of the neutral base compared to 

the lower doped silicon side of the neutral base. Note t ha t a negative slope indicates 

a retarding electric field and a positive slope indicates an accelerating electric 6eld in 

the base. 

It is interesting to consider an error analysis of the proposed measurement tech-

nique. For the experimental results presented it was found that the influence of the 

junction capacitances were negligible. If the junction capacitances could not have 

been neglected, a straight line plot would not have been obtained in the preceding 

data due to the non-linear inSuences of the differences in temperature dependencies 

of the emitter-base and collector-base junction capacitance terms. Neglecting the 

temperature variations of ratios of junction capacitances as well as mobility, density 

of states and the bias terms. Equation 4.12 becomes, 

(4.17) 

where = ^g(Or) — Using simple error propagation analysis, the 

absolute uncertainty in measuring the bandgap difference across the neutral base re-

gion 6AE'g(^rode) can be expressed in terms of the relative uncertainties in measuring 

Por, ^cr and 7c/ such that, also elaborated in Appendix C.2, 

AEg(gTade) (4.18) 

For the case where AE'g(^roc(e) = O.le^, assuming t ha t the relative accuracy of 

measuring por, Po/, /cr and 7c/ are each 5% (i.e ^Por/Por = (^/cr/^cr = 

= 0.05), the absolute uncertainty in measuring AE'g(pra(Ze) becomes at 300 degrees 

K, 

(^AEg (grade) = 0.3AT -t- 0.05AEg(gnz(fe) = 0.013ey (4.19) 

This degree of uncertainty would correspond to approximately 1.5 % germanium 

grading using strained SiGe [42]. 
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4.5 Numerical Results 

Numerical simulations were conducted on a number of digerent idealised SiGe HBT 

structures in order to demonstrate the potential uses of t he proposed technique. The 

principle motivation for conducting the numerical simulations is to explore the pos-

sibility of using the proposed technique in two situations, namely (1) to measure 

bandgap grading in purposely linearly graded SiGe HBT's , and (2) to assess the 

impact of impurity related bandgap narrowing on overall bandgap variation in non-

graded heavily-doped SiGe HBT's. These simulations are not intended to model the 

experimental device in the previous section. An attempt to model the experimentally 

measured device would merely be an elaborate curve-fitting exercise due to the large 

selection of models and model parameters which are available for mobility, bandgap 

grading, and lifetime. Indeed, the principle advantage of the proposed technique to 

measure bandgap difference across the neutral base region is the lack of requirement 

for knowledge of the various dependencies of these effects on doping, temperature, 

and germanium concentration. 
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Figure 4.13: Net impurity proGle for high performance device structure from [11], 
used in numerical simulations to produce the results shown in Figures 4.14 and 4.16. 
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One useful application of the proposed technique is to determine the amount of 

bandgap grading that would result in a purposely graded SiGe HBT. A realistic device 

structure intended for superior analogue circuit performance [11], as shown in Figure 

4.13, was used to demonstrate the technique with the exception that the germanium 

grading was altered for the numerical simulations. The device has peak base doping 

of 4 X and a metallurgical base width of 70 nm. Figure 4.14 shows numerical 

simulation data plotted using Equation 4.14 for the device profile of Figure 4.13 with 

10% linearly graded germanium in the base between the metallurgical junctions from 

the emitter increasing towards the collector. Different curves are shown for various 

terms in Equation 4.14 where curve # 1 represents the output conductance ratio term, 

curve # 4 represents the collector current ratio term and # 5 represents the capacitance 

ratio term. A zero bias was used across the reverse biased junction of the transistor 

for forward and reverse active operation. Collector current was adjusted to ensure 

operation below the onset of high current effects and to minimise the inSuence of 

terminal series resistance loss. Simulation results are shown for temperatures between 

340 A' and 220 jiT. As shown in Figure 4.14, curves # 2 and # 3 are extremely 

linear and ideal over the whole temperature range. For this device, only the output 

conductance and current terms needed to be accounted for as the ratio of the junction 

capacitances (curve #5) was found to be virtually temperature independent. 

The positive slopes of the curves # 2 and # 3 in Figure 4.14 indicate that the 

bandgap at the collector-base edge of the baae region is 0.023 e F smaller than at the 

emitter-base edge. This result is reasonable taking into account the fact that the space 

charge layer intrusions into the neutral base will reduce the overall amount of bandgap 

grading below the 10 % defined between metallurgical junctions. This was conBrmed 

from inspecting internal bandgap information from the numerical simulator, shown in 

Figure 4.15, where the bandgap variation across the metallurgical base, for germanium 

concentration increasing from 0 to 10 % linearly, is plotted. With the approximated 

base electrical junctions, the bandgap difference across the neutral base is found to 

be 0.022 eF. 

Figure 4.16 shows numerical simulation results of plotting Equation 4.14, exclud-

ing the capacitive term, for various amount of linear germanium grading. The positive 
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Figure 4.14: Numerical simulations of Equation 4.14 for the device structure shown 
in Figure 4.13, where various terms are included. The germanium grading between 
metallurgical junctions was 10% increasing towards the collector. The slopes of curves 
# 2 and # 3 give the bandgap difference across the neutral base divided by Boltzmann's 
constant A;. The positive slope indicates that the bandgap is smaller by 0.023 e F at 
the collector side of the neutral baae region than at the emitter side in agreement 
with the internally defined device in the 2-D numerical simulation. 
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Figure 4.16: Numerical simulations demonstrating the bandgap grading measurement 
technique for the device structure show in Figure 4.13. Without taking into consider-
ation the capacitance term in Equation 4.14, results for various amounts of bandgap 
grading are shown. The slopes of the curves give the bandgap diHerence across the 
neutral base divided by Boltzmann's constant A; for each case. 

slope increases as expected for increasing amounts of germanium grading and bandgap 

differences across the neutral base of 0.023 eF, 0.051 e y and 0.080 were found for 

germanium grading of 10%, 20% and 30% across the metallurgical base, respectively. 

Note that the small negative slopes noticed even for uniform germanium dopings are 

explained below. 

The technique is also useful for assessing the effects of impurity related bandgap 

reduction on the overall bandgap variation across the neutral base. Other than Ge, the 

base bandgap is also affected by high impurity doping and could be signiEcant where 

impurity doping increased above lO^^cm^^. Because of its increased emitter injection 

efEciency, SiGe HBT's usually have high base doping which improves the output 

resistance and reduces the base resistance. With the aid of numerical simulations 

the proposed technique was used to investigate the heavy doping eEects on bandgap 

grading for a SiGe HBT designed for optimum speed such as that shown in Figure 

4.17, which is similar to that of [2]. The device had a uniform bandgap reduction 

(or "box") germanium profile across the neutral base region to maximise / r [80], a 

highly doped base with peak doping 3 x lO^^cm"^ to minimise base resistance, and a 

metallurgical base width of 800^1°. 
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Figure 4.17: Net impurity proEle of high speed device structure from [2], used in 
numerical simulations to produce the results shown in Figures 4.18 to 4.20. 

High base doping often leads to a non-uniform base impurity prohle due to diGFu-

sion eEects [21]. Therefore, the bandgap across the neutral base can be unintention-

ally graded by the non-uniform impurity-induced bandgap narrowing. Figure 4.18 

shows numerical simulation results where various terms in Equation 4.14 are plotted 

for 20% uniform germanium concentration in the base. By including the inSuence 

of junction capacitance (curve #1) a straight line plot (curve #5) in Figure 4.18 is 

obtained which indicates that there is an unintentional net increase in bandgap of 

approximately 0.014 e y across the neutral base, from the emitter to the collector. 

This is conhrmed by Figure 4.19 showing the simulated bandgap, across the neu-

tral base. Figure 4.19 shows that even though the germanium concentration across 

the base is uniform and therefore uniformly reduces the base bandgap, the resultant 

base bandgap is by no means uniform. It indicates that impurity-induced bandgap 

narrowing can signihcantly affect the base bandgap and, in this case, is responsible 

for the unwanted retarding bandgap between the emitter and collector edge of the 

neutral base. This is equivalent to a decreasing germanium grading from emitter to 

collector edges of the neutral base region of roughly 1.5%, which can significantly 

increase the base transit time above the optimum value if this situation were allowed 

to exist in an actual fabricated device. From the error analysis of the previous sec-
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tion, it is clear that the relative error in the measured parameters ^or, /c/, ^cr 

and T would have to be better than 5 % to be able to detect this degree of bandgap 

diSerence. 
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Figure 4.18: Numerical simulations of Equation 4.14 for t he device structure shown 
in Figure 4.17 for 20% uniform germanium concentration in the base, where various 
terms are included. The slope of curve # 5 gives the bandgap diEerence across the 
neutral base divided by Boltzmann's constant A:. The negative slope of curve # 5 
indicates that the bandgap is larger by 0.014 e y at the collector side of the neutral 
base region than at the emitter side. 

Figure 4.20 demonstrates how the proposed experimental technique can be used 

to optimise the germanium grading in such a device to minimise any adverse eSects of 

impurity-induced bandgap grading. It shows numerical results where the full Equa-

tion 4.14 is plotted for various germanium profiles. The near horizontal line in this 

6gure labelled "4% grading" indicates that approximately 4% to 5% germanium grad-

ing between metallurgical junctions increasing towards the collector should be used to 

counteract the adverse inBuence of impurity-induced bandgap grading for optimum 

transistor performance. 
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Figure 4.19: Numerical simulation results showing the variation in bandgap energy 
across the neutral base region due to both germanium and impurity induced bandgap 
reduction for the device impurity profile shown in Figure 4.17. With the approximated 
base electrical junctions positions using the electric Seld across the base for zero bias 
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base is found to be 0.015 el/. 
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Figure 4.20: Numerical simulations demonstrating the bandgap grading measurement 
technique for the device structure shown in Figure 4.17 where results for various 
amount of bandgap grading are shown. The slopes of the curves give the bandgap 
diKerence across the neutral base divided by Boltzmann's constant A; for each case. 

72 



4.6 Conclusion 

A simple new low frequency electrical method to measure directly the bandgap dif-

ference between the electrical edges of the neutral base in a SlGe HBT has been 

presented. This method can be used to measure the elective bandgap grading due to 

the presence of germanium, including the eSects of heavy doping. Detailed numerical 

simulations were used to demonstrate the usefulness of t he technique to determine 

bandgap differences across the neutral base in a variety of practical situations. Exper-

imental measurements on fabricated LPCVD SiGe HBT's verify that the technique 

can accurately measure the bandgap difference across the neutral base in devices with 

parasitic potential barriers. 

The proposed electrical technique should prove useful in rapidly verifying bandgap 

grading, or absence of it, in industrial SiGe process development obviating the need 

for SIMS data, detailed numerical modelling, or control devices. The technique should 

also prove useful in process monitoring in established SiGe processes. 
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Chapter 5 

An Experimental Method for 

Simultaneous Extraction of 

Parasitic Potential Barrier Heights 

at Emitter-Base and 

Collector-Base Junctions of SiGe 

HBT's 

5.1 Introduction 

The introduction of SiGe as the base in silicon bipolar transistors can greatly improve 

the performance of a bipolar transistor. This is due to the effect of bandgap narrowing 

induced in the transistor base by the strained SiGe layer. By adopting SiGe base 

technique, a thin, highly doped base can be used to reduce the transit time in the 

base without compromising the base resistance or the emitter injection efficiency. 

Also, by controlling the germanium prohle the bandgap narrowing can be controlled 

to improve transistor's performances such as lower base resistance, higher cut-off 

frequency and higher Early voltage [9]. However, small amounts of boron out-diffusion 
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from the heavily doped base into the emitter and collector regions can seriously 

degrade the collector current, Early voltage and cut-off frequency enhancement by 

forming parasitic potential barriers for electrons in the conduction band at the Si/SiGe 

interface. These may occur during device processing because the base dopant diffuses 

faster than germanium. Therefore, information about the parasitic barrier that exists 

in a SiGe HBT is valuable when it comes to device and process modelling. 

In this chapter, an alternative electrical method for simultaneous extraction of 

parasitic potential barrier heights at the emitter-base and collector-base junctions of 

SiGe HBT's is presented. The theory behind the proposed new method to extract 

parasitic barrier heights is presented. The method is, Erstly, veriGed numerically 

by means of full numerical simulation using the Medici [56] semiconductor solver 

where a device with parasitic barriers are simulated. Then, by applying the method 

experimentally on a chosen n-p-n SiGe HBT suspected of having parasitic potential 

barriers due to boron out-diGusion, the method is experimentally demonstrated. The 

experimental results are further confirmed by full numerical modelling using the SIMS 

profile of the measured n-p-n SiGe HBT in Medici. Finally, conclusions will be drawn. 

Device processing has to be optimised carefully, to avoid boron out-diffusion from 

the SiGe base layer into either or both the emitter and collector silicon layers [20]. 

Base dopant, especially when in the presence of implantation damage, diffuses faster 

than germanium during layer growth and subsequent device processing. This can re-

sult in boron out-diffusion where high boron dopant is found outside the SiGe region 

[20]. When this happens, paraaitic energy barriers are formed at the collector-base 

and emitter-base junctions [17, 18]. They can impair the heterojunction action and 

can lead to a much smaller enhancement of collector current than would otherwise 

be expected. Slotboom W. [20] have shown that the existence of parasitic energy 

barriers can severely degrade the cut-off frequency, the Early voltage and the collec-

tor current. Therefore, extra processing steps were taken to avoid the formation of 

parasitic energy barriers. Prinz aZ. [18, 21] have shown tha t the boron out-diffusion 

can be controlled to some extent by introducing undoped SiGe spacers adjacent to 

the p'"' SiGe base. The idea is to allow more space in the base for boron to diffuse 

thus still keeping the boron base doping inside the SiGe base region, illustrated in 
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Figure 5.1. This has the effect, however, of increasing t h e overall thickness of the 

SiGe layer and hence imposes a tighter constraint on the amount of germanium that 

can be introduced [42]. 
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Figure 5.1: Figure showing the diffusion of boron doping from it's original position 
and the use of SiGe spacer layers to contain the base boron doping inside the SiGe 
base region. 

It has been shown by Slotboom et al. [20] and Le Tron [21] that the parasitic 

barrier height can be estimated by analysing the temperature dependence of the col-

lector current, presented in Section 2.5.1 and 2.5.2. Slotboom et al. assume uniform 

box-like germanium and boron doping profile and Le Tron et al., who adapted the 

Slotboom et al. method, also assume uniformly doped germanium profile. In both 

cases, accurate modelling of the temperature dependence of the silicon and SiGe den-

sity of states and carrier mobility were employed. A control device with no parasitic 

barriers was used to determine the total bandgap narrowing due to germanium and 

heavy doping effects. The extraction of the parasitic barrier height relied on com-

paring the bandgap narrowing of two similar SiGe HBTs, except where one had a 

parasitic barrier and one did not. 

Here, the method in [20, 21] is refined [22] by using the temperature dependence 

of the ratio of the small signal a.c. output conductance in forward and reverse active 

operation as opposed to using the temperature dependence of the collector current. 
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In contrast to using collector current [20, 21], if barriers exist on both sides of the 

base it will be shown that the new proposed method is capable of independently 

determining the height of each without the need for comparison to a control device. 

Also the use of ratios of the output conductances eliminates the need for knowledge 

of the temperature dependence of internal physical properties such as the density of 

states and carrier mobility. This feature is especially advantageous since such physical 

properties of SiGe are not well known at this time. 

5.2 Theory 

In this chapter, the electrical method proposed in Chapter 4 is extended to measure 

the parasitic energy barrier height. The proposed electrical method of Chapter 4 

measures the difference of bandgap in the base between the collector electrical junc-

tion in forward active operation and the emitter electrical junction in reverse active 

operation, as illustrated in Figure 5.2. It was shown in Chapter 4 [15] that the ratio 

of the small signal low frequency output conductances of a bipolar transistor operated 

in the forward and the reverse active mode is given by (i.e. Equation 4.11 of Chapter 

4). 

(Dn,(w,)\ _ (v£ - V, 
So, \h,) \cn\D„,{%) V, T 

(NUW,)N.(W,)\ (E,(0,) ~ E,(Wj)\ 
i %(0 , )%(0r ) j I kT ) 

where the "f" and "r" subscript or superscript denote parameters for forward and 

reverse active operation, respectively, go is the a.c output conductance, fc is the d.c. 

collector current, Qg is the emitter-base depletion capacitance, Cjc is the collector-

base depletion capacitance, is the base di@[usivity of electrons, Vk is the emitter-

base bias voltage, is the collector-base bias voltage, 1/^ is the thermal voltage, 

Wc and are the elective density of states in the conduction and valence band, 

respectively, T is temperature and k is the Boltzmann's constant. ^g(Or) — E'g(IVy) is 

the bandgap difference between the collector-base junction edge of the neutrzil base 

in forward operation (Wy) and the emitter-base junction edge of the neutred base 
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Figure 5.2: Figure illustrates, with the aid of numerical simulations [56], the effect 
of doping pro61e and germanium concentration on the base conduction and valence 
energy bands for a SiGe HBT where boron out-diffusion exists. Parasitic barriers are 
shown to exist at zero bias. The positions of and used in Equation 
(5.2) are also indicated. 
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in reverse operation (Or). Since W/ and Or are dependent on the forward active 

collector-base reverse bias voltage, and reverse active emitter-base reverse bias 

voltage, respectively, Equation 5.1 can be written as: 

9or exp 
Vt 

[MEA] 
AiJ \C(J\dmo,)) 

NAW,)N,(Wi)\ (E,(V:,) -
%(0,)%(0,) y kT 

(5.2) 

EgiVJj,) — Eglv£), shown in Figure 5.2, can be measured directly by plotting 

C'ifi \ 1 
_ 2 1 n ^ ^ " (5.3) 

and then extracting the slope of the plot. Therefore, by analysing the temperature 

dependence of the output conductances in the forward and reverse active operation, 

the bandgap difference between the edges of the neutral base, can 

be extracted. 
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Figure 5.3: Figure illustrates, with the aid of numerical simulations [56], the depen-
dence of the collector-base parasitic barrier's shape on It shows the movement of 
the electrical junction with regards to and also how the parasitic energy barrier 
can be lowered by increasing and are also indicated. 
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The shape of the parasitic barrier is dependent on and varies according to the 

junction bias voltages, as shown in Figure 5.3. Note that Figure 5.3 is from numerical 

simulation results [56] of a realistic SiGe HBT structure and is used for the purpose 

of explaining the measurement method. This change of shape is due to space charge 

layer expansion or reduction, depending upon whether the junction is more reverse 

biased or forward biased, respectively [20]. When the space-charge layer expands, the 

parasitic barrier height and width decreases due to space-charge layer encroachment, 

whereas when the space-charge layer reduces, the parasitic barrier height and width 

increases. Note that the position of the electrical junctions, which always follows the 

peak of the parasitic barriers, varies according to the shape of the parasitic barrier. 

In this chapter, the low frequency method mentioned in Chapter 4 [15] was used to 

monitor the change of bandgap energy diEerence across the neutral base with regards 

to the electrical junction position controlled by the junction bias voltage, shown 

in Figure 5.3. The collector-base junction parasitic energy barrier can be prohled 

by holding the reverse active operation reverse bias voltage constant, so that the 

emitter-base junction bandgap can be used as a reference, and then increasing 

the forward active operation reverse bias voltage which will cause the collector-

base space charge layer edge to sweep through the parasitic energy barrier. The low 

frequency method to extract was used at every increment of 

to monitor the bandgap changes. was increased until the parasitic energy barrier 

completely disappeared, resulting in barrier "push-through", as shown in Figure 5.3, 

where the collector-base electrical junction resided in the SiGe region for high and 

the bandgap diEerence across the neutral base was free from the ejects of the parasitic 

energy barrier. The total bandgap change at the collector side of the neutral base 

edge, AEg, over the change in applied can be extracted from plotting Equation 

5.3 with regarding to 

A^g is equivalent to the summation of the changes at the conduction band, AEc, 

and the changes at the valence band A^^, as shown in Figure 5.3. 

AEg = AEc -t- AE^ (5.4) 

AE'c results from the effects of germanium and doping induced bandgap narrowing 
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Figure 5.4: Figure showing the valence band variation at the collector-base junction 
due to non-uniform base doping. The offset between the hole fermi level and the 
valence band decreases with increasing and the total valence band changes, 
is equivalent to — ^^(6). 

on the base conduction band, manifested ag a parasitic energy barrier. is due to 

the effect of p-type dopant variation with position at the base. The majority carrier 

(hole) Fermi level in the baae is held constant across the Si-SiGe transition region by 

the emitter-base voltage. If the base impurity concentration is decreasing across the 

Si-SiGe transition region going towards the collector, the offset between the constant 

hole Fermi level and the valence band will increase across the transition region. AE,, 

is therefore the difference of Ey between = 0 V and "pushed-through" shown 

in Figure 5.4. Since AEg = AEg — AE^, the knowledge of the base impurity proHle 

is therefore required to determine AE^ before extracting the precise parasitic barrier 

height using this proposed method. Since a real SiGe HBT's base is usually highly 

doped and non-uniform, especially near the metallurgical junction, the doping level 

at zero v£ and at "pushed-through" is generally significantly different. Note that 

if the device doping is uniform across the base, as assumed in [20], AE'g will be equal 

to AE'c, which is the parasitic potential barrier height. 

To extract the collector-base parasitic potential barrier height. Equation 5.3 is 

plotted versus increasing magnitude of the reverse collector-base biaa, > 0, when 

the transistor is operated in the forward active region. Note that can only be 
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increased up to the collector-base junction breakdown voltage. Reverse operation 

data is extracted for 6xed values of the reverse emitter-base bias, VEilues of bias 

applied to the forward biased junctions in forward and reverse active operation 

and respectively, are simply chosen to be equal and so that the collector currents 

are low enough to neglect series resistance losses. The to ta l change in the slope of 

Equation 5.3 versus 1/kT over the change in reverse collector-base bias is the overall 

bandgap variation, AE'g, between the silicon collector and SiGe base region at the 

collector side of the neutral base edge. can be calculated by using the equation 

that models the difference of doping level, 

AE« = A ; T l n : ^ ^ (5.5) 

where W is the p-type base doping concentration, and are the positions of the 

electrical junction when the reverse collector-base bias used is at zero volts and the 

"pushed-through" voltage, respectively. AE'c, the parasitic energy barrier height, can 

then be calculated from Equation 5.4 since AEg and AE'„ are known. 

The emitter-base parasitic potential barrier height, if present, can be indepen-

dently measured by varying the reverse emitter-base bias, and keeping the reverse 

collector-base bias, constant in a similar procedure as above. a;i and 2:2 are now 

the positions of the electrical junction when the reverse emitter-base bias used is at 

zero volts and "pushed-through" voltage, respectively. 

5.3 Numerical Simulation Results 

The method is first evaluated by means of full numerical simulation using the MEDICI 

[56] semiconductor solver to demonstrate the independent parasitic barrier height 

measurement capability of the proposed technique. An n-p-n SiGe HBT with a 

Gaussian base doping profile with peak impurity concentration of and 10% 

uniform germanium concentration, as shown in Figure 5.2, was simulated. Parasitic 

barriers were purposely introduced at both the collector-base and emitter-base junc-

tions by allowing boron to exist beyond the silicon-SiGe metallurgical boundaries 

on both sides of the base region, thereby simulating the electrical impact of boron 

out-diffusion. 
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Figure 5.5: Figure showing the change of the slope of Equation 5.3 (i.e. — 
with regarding to the increasing for the parasitic barrier at the collector-

base junction of the simulated device. 
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Figure 5.6: Figure showing the change of the slope of Equation 5.3 (i.e. 
E'g(V^)) with regarding to the increasing for the parasitic barrier at the emitter-
base junction of the simulated device. 
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As the reverse collector-base bias, is increased, the bandgap difference between 

the edges of the neutral base, is reduced by space-charge layer en-

croachment into the collector side of the neutral base. This changes the slope of Equa-

tion 5.3 as shown in Figure 5.5. Eventually, for high enough reverse collector-base bias, 

the slope no longer changes significantly indicating t h a t the electrical junction has 

moved into the SiGe area when the parasitic barrier is completely "pushed-through". 

The final bandgap variation, of the collector-base junction for zero collector-

base bias is the total change in slope of ln(g(M-/pof) —21n(7(^/7c/) —ln((7je/Qc) versus 

l /AT over the reverse collector-base bias, variation. Similarly, the whole process 

was repeated to extract the emitter-base parasitic barrier height except that was 

fixed at a reference voltage and was increased from zero to "push-through" volt-

age. Equation 5.3 for increasing for the emitter-base parasitic potential barrier 

extraction is shown in Figure 5.6. 
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neutral base) 
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silicon and SiGe layers 
on collector side of 
neutral base) 

Collector-base reverse bias or 
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Figure 5.7: Plots of the slope of ln(^or/P(,/) — 21n(/cr//c/) — ln(Cje/(<;c) vs (or 
for the emitter-base junction) were used to "measure" the emitter-base and collector-
base bandgap variation across the parasitic barrier of the simulated device. 

Figure 5.7 shows the simulated extractions of the bandgap variations between 

the silicon and SiGe regions across the parasitic barriers a t the collector and emitter 

sides of the neutral base region. Applying the proposed measurement technique to 

the simulated output conductance data of the SiGe HBT, of 0.086 eV and 
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0.097 e y were "measured" across the emitter and collector parasitic potential barrier 

regions, respectively. Prom the internal simulation data, shown in Figure 5.8 and 

5.9, AEp was found to be 0.092 e F and 0.093 e F across the emitter and collector 

parasitic potential barrier, respectively. This shows that the "measured" method 

and the internal data of Medici is within 10 % of agreement with each other, ^2, 

7V(zi) and 7V(a;2), were extracted directly from internal simulation data and was 

calculated using Equation 5.5 and found to be 0.064 eV and 0.055 eV for the emitter 

and collector junctions, respectively, as shown in Figure 5.8 and 5.9. Therefore, 

according to Equation 5.4, the emitter and collector parasitic barrier heights are 

0.022 e y and 0.042 ey , respectively. 
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Figure 5.8: Band energy diagram of the collector-base junction for v£ = OV plotted 
from interna] 
respectively. 
from internal simulation data. AEg and AE„ are found to be 0.093 eV and 0.055 eV 

5.4 Experimental Measurement Results 

The experimental method was used on a fabricated n-p-n SiGe HBT [64], from the G7 

batch [87], known to have parasitic potential barriers due to boron out-diffusion [88]. 

It was processed using low pressure chemical vapour deposition (LPCVD) and its 

doping proBle, obtained from secondary-ion mass spectrometry (SIMS), is shown in 

Figure 5.10. This device had a nominal peak base doping of 2 x lO^^cm"^ , nominally 

10% uniform germanium concentrations, and 5Mm undoped spacer layers to partially 
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Figure 5.9: Band energy diagram of the emitter-base junction for = Oy plotted 
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respectively. 
from internal simulation data. AEg and AE',, are found to be 0.092 and 0.064 eF 

suppress the effects of boron out-difFusion. Base layer widths, not including spacer 

layers, were nominally and were grown at 610°C. The emitters were grown at 

700°C and polysilicon emitter contacts were used. 

It was not possible to extract the barrier height at the emitter-base junction since 

this junction reached break-down at relatively low reverse emitter-base bias. However, 

it is unlikely that a signiGcant emitter parasitic barrier existed since the emitter 

doping was signihcantly higher than the collector doping (10^^ versus 10^^ 

which of course also results in a lowered reverse emitter-base junction breakdown 

voltage. Conveniently, for lower emitter doping where parasitic barrier formation is 

more likely, the proposed technique could possibly be used since the emitter-base 

breaJtdown voltage will be higher. Whether or not a parasitic barrier existed at the 

emitter-base junction has no impact on the extraction of the collector-base parasitic 

barrier height, since, as demonstrated in Section 5.3, the proposed method can extract 

both barrier heights independently. Figure 5.11 shows the forward active mode, 

collector current versus the reverse biased collector-base voltage characteristic of the 

measured device for various base bias. It shows that the base-collector junction can 

be reverse biased up to 19 volts without breaking down. This enables the parasitic 

barrier extraction method to be applied to the base-collector junction. 

Figure 5.12 shows plots of Equation 5.3 for the measured device for increasing 
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Figure 5.10: Doping proBle from SIMS of the fabricated n-p-n SiGe HBT device 
measured for experimental verification of the new proposed method. 
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showing that the forward active mode base-collector junction can be reverse 

biased up to 19 F without breaking down. 
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Figure 5.12: The slope of ln(por/Po/) — 21n(/cr/^c/) indicates that a rather large 
bandgap variation, A^g, is present in the meagured device as the slope changes 
considerably with collector-base reverse bias 

values of reverse collector-base bias, The effect of the ratio of the depletion 

capacitance can often be insignificant [15] and has been neglected in these measure-

ments. Figure 5.13 shows the variation in the slopes of the plots in Figure 5.12 versus 

the reverse collector-base bias, The bandgap difference across the neutral base 

begins to change rather rapidly as increases and this is caused by space-charge 

layer encroachment into the collector side of the neutral base, which will reduce the 

parasitic barrier. The bandgap will continue to change rapidly until the parasitic 

barrier is removed completely by the space-charge layer encroachment, which is at 

= 17 y in Figure 5.13. From Figure 5.13, the collector-base junction bandgap 

variation across the parasitic barrier, AE'g, can be obtained by extracting the bandgap 

changes between = 0 y and — 17 y , and is found to be 0.110 e ^ . This value 

of represents a direct measurement of the bandgap difference between the sili-

con collector layer and the SiGe base region of the SiGe HBT. This value of bandgap 

reduction is obtained without the need for a silicon control and without the need for 

knowledge of any transport parameter values or device structural data. 

A full numerical simulation using Medici was also performed by modelling the 

SIMS pro61e of the measured n-p-n SiGe HBT device, shown in Figure 5.10. The 
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simulation procedure is similar to those described in Section 5.3. As shown in Fig-

ure 5.14, the boron and germanium doping proGle used in Medici was modelled very 

closely to the SIMS profile. The germanium concentration is nominally 10%, and 

the emitter and collector doping are informed by the process report [87] as nominally 

7 X and The simulation result is shown in Figure 5.13 and AEg 

of O.lOOeF wag extracted using the extraction method. The diSerence in absolute 

value of the bandgap between the measurement result and simulation result in Figure 

5.13 could be due to inaccuracies in the SIM's data and doping information of the 

measured device. However, it is the changes of bandgap with increasing v£ that yield 

the bandgap difference across the parasitic barrier. In this case, the simulation result 

is within 10% of agreement with the measured result. Therefore this increases the 

conhdence that the proposed measurement method is indeed measuring the bandgap 

diEerence across the parasitic barrier of the n-p-n SiGe HBT device and this mea-

surement method is not significantly aEected by other effects that are not taken into 

account in the simulations, such as 3-D eHect, collector-base avalanche breakdown, 

etc.. 
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Figure 5.15: Simulated band energy diagram of the collector-base junction for 
V/jj = Oy plotted from internal simulation data of experimentally measured device. 
Modelled AEg and AEy are 0.130 eV and 0.095 eV, respectively. 

AEy was found to be O.OQSeF for the measured device, shown in Figure 5.15. 
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This waa estimated using Equation 5.5 where and were determined from 

solving Poisson's equation using Medici device simulator on the device SIM's data in 

Figure 5.10. Therefore the parasitic barrier height, AEc, is found to be 0.110—0.095 = 

0.015ey for this device. Note that in Figure 5.15, the bandgap difference across the 

parasitic barrier from solving Poisson's equation, AJS'g was found to be O.lSOey as 

compared to O.llOey from the measurement. This again could be due to inaccuracy in 

the SIM's data. Also, from the bandgap energy diagram in Figure 5.15, the electrical 

junction positions at zero and "pushed-through" were estimated from the shape of 

the paraaitic barrier and could not be determined absolutely. Perhaps, the weakness 

in thig proposed parasitic potential barrier extraction method is to rely on solving 

Poisson's equation to determine However, it must be said that the currently 

existing methods to estimate the parasitic potential barrier height by Slotboom [20] 

and Le Tron [21] assumed a uniformly doped and abrupt germanium prohle where 

AEu did not exist, in which, from Equation 5.4, AEg = A^7c. Since practical SiGe 

HBT does not have uniform base, AE^ was shown above to be signihcant to the 

calculation of the parasitic potential barrier height and have to be accounted for in 

the paraaitic potential barrier height extraction method. 

It is interesting to approximate the effect of A^c — 0.015ey on the collector 

current of the measured device. Refering to Slotboom's collector current model [20] 

for uniformly doped SiGe HBT with significant parasitic potential barrier, discussed 

in Section 2.5.1: 

^ exp(gVL/AT) , . 

^ e x p ( A E c / t r ) ^ 

where JcJiOe is the collector current of a SiGe HBT with parasitic barrier, AWb is the 

parasitic potential barrier width, and the other parameters have their usual meaning. 

For a SiGe HBT without parasitic potential barrier, AWb and AEc become zero and 

the collector current becomes: 

Jc.s.Ge = eMiVJkT) (5.7) 

Therefore, the ratio becomes: 

1 - AW^b/Wb + (AWb/IVb) exp(A^c/A;T) (5.8) jpar 
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From Figure 5.15, is 0.036 //m and AW;, is 0.016 therefore Jc,a:Ge/'/^Ge is 

equal to 1.35. 

The measured device (with 5 nm SiGe undoped spacer) has extrapolated zero 

base-emitter bias collector current, 7co, of 2.28 x 10"^^^. From the G7 batch of SiGe 

HBTs [87], another SiGe HBT was fabricated with 15 nm undoped SiGe spacer. 

It went through similar processes as the measured SiGe HBT and was known to 

have no parasitic potential barrier [88]. It has Ico of 5.91 x 10"^^A. Therefore, 

('4,aiGe(15Mm)/Jc,giGe(5Mm)) becomes 2.59. 

From the Slotboom's model estimated result and the measurement result, it is 

reasonable to say that the measured value of barrier height of 0.015 at the collector-

base junction is a reasonable value to be expected. 

5.5 Conclusions 

An alternative electrical method to measure junction parasitic barrier heights has 

been presented. By means of simulation and experimental measurement, it was 

demonstrated that the method enables a direct electrical measurement of the bandgap 

variation across the barrier. Simulation results also show how the method can be used 

in principal to measure the height of the collector-base and emitter-base junction par-

asitic barriers on the same device independently. Even if an emitter-base parasitic 

barrier cannot be measured due to a lack of a sufficiently high emitter-base break-

down voltage, the method is capable of extracting the parasitic barrier information 

at the collector-base junction independent of the inEuence of a possible emitter-base 

barrier. 

The proposed method provides a more direct measure of the parasitic barrier 

heights at the edges of the neutral base region in SiGe HBT's than previous methods. 

The method is more direct as it does not depend upon a detailed knowledge of the 

temperature dependence of SiGe density of states functions or carrier mobility. It 

depends instead upon a direct measure of the bandgap difference across the Si-SiGe 

transition region and upon the positional variation of base impurity concentration in 

the vicinity of the potential barrier. It also does not require the use of a control device 
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that must be identically structured while at the same t ime not possessing parasitic 

barriers. 

The technique should also prove useful as a means of directly measuring the elec-

trical bandgap reduction in actual processed SiGe base layers. 
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Chapter 6 

Theoretical Comparison of a 

Proposed Novel SiGe H B T with 

Existing Advanced Vertical SiGe 

H B T Technology 

In this chapter, the potential of lateral SiGe HBT transistor structure as high per-

formance device is assessed by means of numerical simulation. In this study, a state 

of the art ultra low power and high speed vertical SiGe H B T transistor published by 

Kondo ef aZ. [10], and a proposed novel lateral SiGe HBT structure [89] were simu-

lated using Silvaco Atlas 2-D semiconductor solver. Performance of the novel lateral 

SiGe HBT transistor is assessed by comparison to the performance of the Kondo 

aZ. device. 

So far as a lateral bipolar transistor is concerned, there does not appear to have 

been a published working lateral SiGe heterojunction bipolar transistor where the 

emitter, base and collector form a true lateral double heterojunction structure. The 

pseudo-heterojunction hybrid mode lateral transistor [33, 90, 91] described in Section 

3.3 appears to be the closest to the heterojunction effect ever published for a lateral 

bipolar transistor. The advantages of SiGe heterojunction bipolar transistors over 

silicon bipolar junction transistors were already discussed in Chapter 2. By includ-
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ing germanium in the base, thereby forming a SiGe base to enable base bandgap 

engineering, SiGe HBTs have (1) improved emitter injection efBciency; (2) reduced 

base transit time; (3) reduced output conductance; (4) reduced base resistance and 

(5) improved low temperature performance [8] over silicon bipolar transistors. A lat-

eral SiGe HBT would combine the advantages of low parasitic and low power of a 

lateral bipolar transistor with superior speed and analogue performance of a SiGe 

HBT. Therefore, a SiGe heterojunction lateral bipolar transistor is potentially a high 

performance technology and well worth investigating. Here, the possibility of making 

lateral SiGe heterojunction bipolar transistor is examined. A main diSSculty here 

will be in realising a strained SiGe baae. Also, the diKculties faced in deSning and 

contacting the lateral bipolar transistor base, as discussed in Section 3.1 for silicon 

only RF lateral bipolar transistors, applies here as well. 

In general there are two known methods of making a strained SiGe layer. The 

hrst method is to implant germanium ions directly into the silicon wafer, such as in 

doping implantation [92]. Germanium implantation produces an amorphous layer and 

would therefore need to be recrystallined through annealing. However, germanium 

implantation often creates less satisfying SiGe quality [92, 93] and may not always be 

practical. Besides, implantation also results in dopant diffusivity enhancement and 

can cause excessive boron out-diffusion. Parasitic energy band barriers can easily be 

formed under such conditions and would impair the transistor performance. A second 

more widely used method is to grow the SiGe layer on the silicon wafer. Two mature 

growth methods employed in a SiGe HBT device and circuit fabrication are the ultra-

high vacuum chemical vapour deposition (UHV/GVD) [8, 48] and molecular beam 

epitaxy (MBE) [94, 95]. These methods yield strained SiGe layers of high quality. 

As in a lateral bipolar transistor, a thin base is still essential for a high perfor-

mance lateral SiGe HBT for the same reasons. If lithography or oxide/nitride spacer 

is used for base definition, as explained in section 3.1, germanium implantation would 

most likely be the most suitable method for SiGe base formation. However, since ger-

manium implantation may not yield good quality strained SiGe layer, only methods 

that involve CVD, SiGe layer growth processes, and in particular LPGVD are being 

considered here. 
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A novel lateral double Si/SiGe heterojunction bipolar transistor structure is pro-

posed in this section [89]. To evaluate its performance, the structure is numerically 

modelled using Silvaco Atlas semiconductor solver [34] and then compared with an 

existing advanced ultra-low-power and high speed vertical SiGe heterojunction bipo-

lar transistor that is suitable for RF applications [10]. To compare the performances 

of the vertical device with the proposed lateral SiGe HBT, both devices were mod-

elled using the Silvaco Atlas semiconductor solver. The same models and parameters 

used for the vertical HBT simulations in Atlas were then used to model the lateral 

HBT. This enabled a direct and realistic comparison between both structures. 

It will be argued that in principle, a SiGe GVD process can realise a lateral active 

region identical to that obtained in vertical SiGe HBT's. For this reason, the active 

region dimensions and doping proGles are made identical in the vertical and lateral 

simulated devices. In this way the impact of the lateral structure with regards to 

lower current and lower parasitics on RF performance are determined relative to a 

reported state-of-the-art vertical device. 

In the following sections, the proposed lateral HBT structure with its processing 

steps is presented in section 6.1. The vertical SiGe HBT [10] used for comparison 

with the proposed lateral HBT is discussed in section 6.2. Here, the vertical HBT is 

numerically modelled using the Atlas semiconductor solver in order to reproduce the 

reported performance in [10]. Finally, the performances of both lateral and vertical 

HBT are compared in section 6.3 in order to evaluate the performance of the latereil 

SiGe HBT. 

6.1 Proposed Lateral SiGe HBT 

The objective of proposing this novel lateral bipolar transistor structure is to enable 

the development of a transistor that combines the advantages of the lateral transistor 

with the enhancement brought about by the incorporation of SiGe in the base. To 

achieve these objectives, the novel transistor is fabricated on Silicon-on-Insulator 

Substrate (SOI) to reduce parasitic capacitances. It needs to have self-aligned base 

deGnition to reduce junction capacitances and to reduce base resistance through direct 
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base contact from the top. Low power is achieved by small emitter-base junction area, 

which is inherent in a lateral structure. And finally, it has to allow lateral epitaxy 

SiGe growth in order to obtain a high quality strained SiGe base layer. 

The proposed structure satisfies all the above requirements. It involves a novel 

epitaxy processing step called confined lateral selective epitaxy growth, introduced 

by Schubert et. al. [96] to realise the base layer. The technique of Schubert et. al. 

[96] makes use of a micro structure where the silicon growth consists of filling a cavity 

inside the micro structure towards only one direction with selective silicon epitaxy. 

This technique was created as a new method of producing SOI. It was reported to 

have produced single-crystal silicon over insulator of 0.9 yum thick, 8.0 fim wide and 

500 //m long. 

Processing steps of the proposed lateral SiGe HBT (LHBT) are shown in Figure 

6.1 and 6.2. To fabricate the proposed lateral SiGe HBT, a layer of SOI is used as the 

starting material. This layer, which will become the collector side of the transistor, is 

thinned to 0.1 fim (one can also obtain commercial thin SOI substrates) and etched 

to required width. A layer of oxide is then deposited on top. Part of the silicon and 

oxide layers are etched away vertically in order that the oxide and silicon side wall is 

exposed, as shown in step # 1 in Figure 6.1. The exposed silicon sidewall is the seed 

hole where SiGe layer will be grown. A very thin layer of oxide is regrown to heal 

the etching damage at the seed hole and to protect it against a selective polysilicon 

wet etch later in the process, #1 . This thin layer of oxide can in fact be a protective 

'RCA' oxide layer, which is nominally 1.5 nm thick, that is introduced onto any silicon 

surface at the end of an RCA clean [97]. The collector is doped by implantation and 

annealing. 

Next, a layer of sacrificial amorphous silicon is deposited over the oxide and silicon 

step and patterned, #2 . The thickness and shape of this sacrificial layer will determine 

the growth cavity dimension. To provide a thermal oxide lining for the cavity, the 

sacrificial layer is partially oxidised. This may also convert the amorphous silicon 

to polycrystalline silicon, but it should still retain the surface smoothness helpful in 

reducing defects. Then the entire structure will be covered with silicon nitride for 

mechanical support of the top layer of the cavity. Part of the nitride and oxide top 
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layers are etched away to expose the top end of the polysilicon layer, #3 . 

The polysilicon layer is then removed selectively by selective wet etch (e.g. KOH) 

to leave a cavity with the seed hole within, as shown in ^ 4 . The thin RCA oxide 

layer thickness is then reduced in dilute HF (150:1 H2^ : HF) before being desorbed 

completely in the SiGe growth chamber, in a hydrogen atmosphere at 750 mTorr and 

860 Celsius [97]. This is to prepare for the selective SiGe growth inside the cavity. 

Epitaxy gases can now enter the cavity through the opening window on top and grow 

from the exposed silicon at the seed hole. The epitaxy gas composition, temperature 

and reactor pressure are adjusted for selective growth so that the SiGe deposition 

occur only from the silicon and not the oxide cavity walls [97]. As SiGe layer begins 

to grow from the seed hole, it will block off the corner of the cavity eventually and 

allow the epitaxy to grow only upwards towards the opening, as shown in step #5 . 

By adjusting the epitaxy gas compositions, the epitaxy layer composition and doping 

profile can be adjusted according to requirement. Note tha t at this stage, the emitter 

side is yet to be formed and this region remains void during the first LPCVD epitaxy 

step. 

Base 

i \ 

^ direction 

seed n i \ 

^ direction 

seed n 
' i hole 

Collector 
n-Si 

20nm I 30nm !l5nm 
>i< > 

i ! p+-SiGe I i 
12L. 

SiGe spacers 

Emitter 
n-Si 

(a) 

Figure 6.3: (a) Illustrates how the SiGe base layer is expected to grow from the 
seed hole, (b) An example of the kind of high performance base structure (with its 
undoped SiGe spacers i) that could be potentially possible with this LPCVD growth 
technique, in order to suppress boron out diffusion. 

Figure 6.3(a) illustrates how the SiGe layer is expected to grow from the seed 

hole. SiGe layer is expected to grow vertically as well as horizontally since SiGe 

molecules will bond themselves to any exposed silicon or SiGe surface during the 
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LPCVD growth. By controlling the epitaxy gas compositions, undoped SiGe spacers 

can be incorporated at both sides of the doped SiGe. An example of such a base 

structure is shown in Figure 6.3(b) where 20 nm and 15 nm of undoped SiGe spacers 

are incorporated with precise thickness at the collector and emitter sides of the 30 nm 

thick p+-SiGe layer respectively [10]. Such base structure is necessary for high speed 

and high gain devices where the undoped SiGe-spacers are used to take up the effects 

of boron-out-diffusion that result in parasitic energy barriers [20]. Without such base 

structure, it will be impossible for the lateral SiGe HBT's to achieve performance 

that is comparable to state-of-the-art vertical SiGe HBT's. Note that it is difficult, if 

not impossible, to obtain such a high performance base structure if ion implantation 

is used to form the SiGe layer. 

A blanket oxide is then deposited on the structure for isolation, as shown in step 

#6 . A via hole is etched through the oxide/nitride/oxide layers of the growth cavity 

to allow epitaxy gases reaching the emitter side for emitter growth, as shown in step 

#7 . The silicon emitter is grown epitaxially with in situ doping through the via hole, 

as shown in step #8 . Finally, via windows are opened for the collector, base and 

emitter metal contacts directly from the top, as shown in step #9 . 

letal 

metal 

W W 
n-Si (collector) ..e n-Si (emitter) 

' \ 
p+-SiGe(intrinsic base) 

extrinsic 
base 

n-Si (collector) ^ n-Si (emitter) 

p+-SiGe (intrinsic base) 

(a) (b) 

Figure 6.4: (a) Base contact structure with base metal contact close to the intrinsic 
base (active base) region, (b) Base contact structure of the proposed lateral SiGe 
HBT, with an extrinsic base region to reduce base current. 

The proposed lateral SiGe HBT has self-aligned base definition. The choice of 

base contact structure for the lateral SiGe HBT will affect the device base current. 

Figure 6.4(a) shows a base contact structure that has the base metal contact directly 
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on top of the intrinsic base area. This can be done by etching away the top of the 

SiGe base layer before laying the metal contact. This structure could give a very low 

base resistance. However, by having the base metal contact too close to the intrinsic 

base region, this structure would also be expected to have very high base current 

due to electrons from the emitter going directly into the base contact, as depicted in 

Figure 6.4(a). 

To avoid this happening in the proposed lateral SiGe HBT, a retarding electric 

held to minority carrier electrons in the base can be introduced between the base 

contact and the intrinsic base region (active base region). Otherwise, there must be 

a signihcant silicon (or SiGe) extrinsic region with enough ohmic resistance between 

base metal contact aad intrinsic base. Figure 6.4(b) shows the base structure used in 

the proposed lateral SiGe HBT to solve this problem. There are two different ways to 

realise a retarding electric Held between the base metal contact and the intrinsic base 

region. The 6rst way is to use a higher doping in the ' top' extrinsic base contact 

layer, shown in Figure 6.4(b), than is in the intrinsic base region. This diGerence of 

dopant will create a retarding electric Seld to the minority carrier electrons. If the 

same dopant concentration are used for the intrinsic and extrinsic base region (e.g. 

for the situition where the base already has the maximum p-type doping for very low 

base resistance), the use of a silicon 'top' extrinsic layer over a SiGe intrinsic base 

layer will produce a potential barrier as it does in parasitic barrier formation. This 

potential barrier will restrict the minority carrier electrons from reaching the base 

contact. This type of contact will be referred to as an "isotype heterojunction" base 

contact, which will keep the base current low resulting in sufBciently high current 

gain combined with low base contact resistance. 

6.2 Vertical SiGe HBT used for Comparison to the 

Proposed Lateral SiGe H B T Structure 

For the purpose of comparison, a state of the art high performance vertical SiGe 

HBT device developed by Kondo e^. [10] is chosen to be compared with the 
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proposed lateral SiGe HBT. It is an ultra low power and high speed SiGe base bipolar 

transistor that has been developed for low power high frequency rf/microwave wireless 

telecommunication applications. 

The Kondo device structure is illustrated in Figure 6.5. It has the same structure 

as a conventional double-polysilicon bipolar transistor. However, to enhance the high 

speed capability of the device, a couple of new features were specifically introduced in 

the structure, as indicated in Figure 6.5. Borophosphosilicate glass (BPSG)-refilled 

trench is used for isolation. The trench is about 0.8 fxm wide. The e of the BPSG 

is about one-third that of silicon and in this case, it minimises the substrate capaci-

tance because its sidewall component has been reduced to only 0.03 fF/^m [10]. A 

wedge-shaped CVD Si02 isolation structure was also developed to reduce the base-

collector capacitance component below the polysilicon base electrode. The SiGe 

base and polysilicon/SiGe base contact, respectively, were simultaneously formed in 

a UHV/CVD process in a self-aligned manner on the n~ collector and on the side-

wall of the polysilicon base electrode inside the window, as shown in Figure 6.6. 

Therefore, the width of the base-collector junction is only 0.5 nm, which is the width 

of the window. 

selective epitaxy 

polysilicon/SiGe 

n Si epitaxy 

SiO, 

Polysilicon 

Silicon or SiGe 

0.5 

Figure 6.6: The simultaneous formation of SiGe base on the n collector with the 
self-aligned polysilicon/SiGe base contact on the polysilicon sidewall. 
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Figure 6.7: Figure illustrating cross section of the base structure of Kondo's transistor 
[10], 

Figure 6.7 illustrates the base structure of the device. The as-grown intrinsic base 

consists of a 20 nm thick nondoped SiGe layer, a 30 nm thick p-type graded SiGe 

layer, and a 15 nm thick nondoped silicon layer. SIMS plot of the device is shown 

in Figure 6.8. The SiGe base is thermally stable for the emitter annealing at 900 

Celsius, which is the highest temperature after SiGe growth. 

The Kondo structure was modelled using Silvaco Atlas 2-D Semiconductor Solver. 

Atlas solves Poisson's equation and the continuity equations for electrons and holes 

in two-dimensions. Poisson's equation relates variations in electrostatic potential to 

local charge densities. The continuity equations describe the way that the electron 

and hole densities evolve as a result of transport processes, generation processes, and 

recombination processes. Physical models used were as follows: 

Mobility is function of local electric field, lattice temperature, doping concen-

tration and so on. The Gaughey-Thomas mobility model was used to model the 

field-dependent mobility of electrons and holes in high-field eflfect [98]. It provides a 

smooth transition between low-field and high field behaviour. The low-field mobility 

was also modelled for doping concentration and temperature dependency [98, 99]. 

Bandgap narrowing effects due to heavy doping were included as spatial variations 
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Figure 6.8: Figure illustrating the SIMS profile of the Kondo device [10]. 

in the intrinsic concentration [58]. Electron and hole recombination mechanisms 

were modelled by Shockley-Read-Hall recombination using concentration dependent 

lifetime and Auger recombination, which models the effect of doping concentration 

on recombination in highly doped silicon [100]. 

Figure 6.9 shows the doping profile used in Atlas. Peak emitter doping is n-type 

1 X 1 0 ^ ° p e a k base doping is p-type 5 x lO^ ĉm"̂  and peak collector doping is 

n-type 5 x It closely fits the SIMS profile from the Kondo device [10]. The 

device length in Atlas was 1.7 //m and its dimensions aa per [10], as shown in Figure 

6.10. The germanium percentage is as shown in Figure 6.7. The Kondo device input 

file is shown in Appendix D. 

The Gummel plot generated from Atlas is shown in Figure 6.11. The published 

Gummel plot of the Kondo device is also inserted as comparison. Since very similar 

doping profile and germanium composition are used, the collector current of both 

published and simulated devices match reasonably well, considering the inaccuracy 

that usually exists in a SIMS plot. However, the base current of the simulated device 

is much higher than the published result. The high base current in Atlas could be due 

to much lower emitter hole lifetime parameters in the polysilicon emitter area which 
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increases base current flowing into the emitter. Also, not enough information can be 

obtained from the research paper [10] regarding the emitter polysilicon/SiGe interface 

in order to model it properly. However, as the primary concern in this modelling is 

the speed and power of device no further study was carried out to investigate the 

cause of the high base current. This is because it does not directly aSect the fx and 

fmax figure of merits which reflect the frequency performance of the device. 

fmax and / t are used as figures of merit to assess performance. In the Atlas 

simulation, sinusoidal voltage or current of different frequencies were applied to the 

device structure from which sinusoidal terminal currents and voltages were calculated. 

Then using the relationship 

Yi, = Gij + jujC., = ^ (6.1) 
K; 

the frequency dependent admittance matrix can be calculated. The y-parameters are 

obtained by the formula below; 

^11 Crease,base j^Ci)ase,base (^-2) 

Yi2 — Gf)ase,collector ~l~ j^Cfjase,collector (G-3) 

^21 Gcollector,base 4^ (^-4) 

Y22 Crcollector,collector j^Ccollector,collector (®'^) 

where and Gcoffector.kiae a^e the conductances obtained at the base and col-

lector terminals respectively when a small ac signal is applied at the base terminal. 

and Gco(Zedor,co!!ecfor are the conductances obtained at the base and collec-

tor terminals respectively when a small ac signal is applied at the collector terminal. 

Ckiae.kiae and are the capacitances obtained at the base and collector ter-

minals respectively when a small ac signal is applied at the base terminal. Cboae.cofZector 

and CcoHecfor,coHeĉ or are the capacitances obtained at the base and collector terminals 

respectively when a small ac signal is applied at the collector terminal. 

The transducer power gain and ac gain of the device are calculated with the 

extracted y-parameters using the equation [101]: 

> 2 1 
a.c. gain = 20Zo^ y, 

11 
(6.6) 
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a.c. power gain = ' ' ' ' ' 

The /moa: / r Ggures of merit are obtained at unity a.c. power gain and zero a.c. 

gain respectively. Note that a negative sign was required for jggc formula due to the 

current flow sign convention in Atlas. 

Figure 6.12 shows the simulated and the published /rrioa; and / r of the device. Note 

that the doping profile between the modelled and measured device, shown in Figure 

6.9, is very close where no significant "fitting" of structural data was required. The 

simulation result shows very good agreement with the published result with peak fmax 

of about 70 GHz and peak fr of about 40 GHz at around 200 /lA. This supports the 

assumption that the difference in base current between the modelled and measured 

devices does not affect the high frequency modelling. Good agreement in the collector 

current, /mai, and / r versus 7c indicates that the Atlas modelling is accurate and it 

is able to model the Kondo device to a very good degree of accuracy. 

6.3 Comparison between the Proposed Lateral SiGe 

H B T and the Vertical SiGe H B T of Kondo 

aL [10] 

The structural advantages of a lateral structure over a vertical structure is established 

in this section by comparing, using Atlas, the modelling results of the proposed lateral 

SiGe HBT and those of the vertical SiGe HBT described in the previous section. 

The lateral HBT was assumed to have the same active transistor doping profile 

and germanium concentration as the Kondo device of the previous section so as to 

investigate only the extrinsic structural effects of the lateral device on the transistor's 

performance. Also, since the vertical device waa fabricated using a 0.2//m design 

rule process [10], the lateral device was also structured according to a 0.2 //m design 

rule process, as illustrated in Figure 6.13. For the same reason, identical physical 

models and parameters as those used in the vertical SiGe HBT modelling were used 

for the lateral simulations. Both device lengths were 1.7 //m in the unsimulated 3rd 
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dimension. The proposed lateral device input file is shov^n in Appendix D. 

1 

0.1 Lim n 

0.375 p jn 0.05 0.25 p jn 

Figure 6.13: Figure showing the structural dimension of the proposed lateral SiGe 
HBT used in the Atlas modelling. 

The Gummel plots of both devices from Atlas modelling are shown in Figure 6.14. 

As expected, the lateral device, with smaller emitter area (0.1 x 1.7yum^) than the 

vertical device (0.2 x 1.7iim?), has a smaller collector current than the vertical device 

for a given V ĝ. Therefore, the lateral device would be more suitable than vertical 

device for low power operation. This is because one dimension of the lateral device 

emitter is defined by the epi-layer thickness whereas for vertical device, it was defined 

by the minimum lithography. The modelled base currents of both the vertical and 

lateral devices are shown to be almost similar, where the modelled lateral device base 

current is very slightly lower than the modelled vertical device base current. 

Figure 6.15 shows the high frequency performance of both devices. Both lateral 

f x and fmax peaked at much lower collector current (i.e. 40 fiA) than the vertical 

device (i.e. 200 jiA). This shows that lateral devices have an advantage over vertical 

devices for low power high speed operation. Peak /y of the lateral device, 33 GHz, 

is slightly lower than peak fr of the vertical device, 40 GHz, even though they are 

expected to be similar because similar active region doping profiles and voltage biases 

were used. This could be due to more stored charge that may present in 
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Figure 6.15: The f x and fmax vs collector current plots from Atlas modelling of the 
lateral and vertical device. 

112 



emitter region than in the vertical device emitter as the lateral device emitter is wide 

(more than 0.25 as shown in Figure 6.13) and not optimised for this simulation. 

However, the lateral device peak /moa;, 160 is much higher than the vertical 

device peak /moa; of 75 To first order approximation, /moa; is related to / r as 

in equation 6.8 below [68], 

fma. 

\ 
(6.8) 

87rCjc^ 

where C^c is the collector-base depletion capacitance and is the base resistance. 

Equation 6.8, shows that both Qc and need to be low in order to enhance /moz-

Using the extraction technique in [102], and ^ can be extracted using small 

signal z-parameters as below, 

7(6 = Ae(Zn - Z12) (6.9) 

1 
ujIm(Z22 — Z21) 

Cjc = - -73 :71 ; ^ (6.10) 

where Zn , Z12, Z21 and ^22 are 2-port Z parameters of bipolar transistor. Equations 

6.9 and 6.10 are further explained in Appendix E. Note that Equation 6.9 and 

6.10 do not take the substrate capacitance and resistance into account. The Kondo 

vertical device simulation above did not model the device substrate exactly, as the 

real thickness of the substrate is not known. Also, in both vertical and lateral device 

simulations, the substrates were not grounded and were allowed to doat. However, 

it was decided that the substrate does not signiHcantly affect the / r of the Kondo 

vertical device as the simulation result matched very well with the published result 

[10] even without grounding the substrate. Also, Equation 6.9 and 6.10 will be shown 

later on to predict the base resistance and collector-base capacitance accurately for 

approximating the device /moz-

Using equations 6.9 and 6.10, the base resistance and collector-base capacitance 

are found to be 319 0 and 0.861 / F , respectively, for the vertical Kondo device at 

PGak /mar. Using Equation 6.8 aa a hrst order approximation, /moz is calculated as 

76 GTfz which is very close to the simulation and published [10] value of 70 

This shows that Equation 6.8, 6.9 and 6.10 give very good prediction of the device 

fmax • 
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Figure 6.16: The extrapolated /moz of the lateral device is found to be approximately 
220 Gjifz. This is consistence with the first order approximation of using Equa-
tion 6.8. 

Similarly for the lateral device, at peak /mar, using Equation 6.9 and 6.10, the 

base resistance and collector/base capacitance are found to be 172 0 zmd 0.139 / F , 

respectively. Again using Equation 6.8, /moz is calculated as 234 GTifz which is much 

larger than the simulation value of 160 This can be explained by looking at 

the unilateral power gain versus frequency plot, at peak /maz, shown in Figure 6.16. 

The unilateral power gain is the forward power gain in a feedback amplifier with its 

reverse power gain set to zero, /moz is the frequency when the unilateral power gain 

equal to 0 dB. However in this case, it can be seen that a pole is present in the plot 

at about 100 GHz and thus causes the unilateral power gain to decrease faster than 

20 (fB/decacZe. This pole is not taken into account by Equation 6.8 and therefore, the 

simulation /maa; is smaller than the calculation /moi- By extrapolating the unilateral 

power gain according to 20 cfB/cfemde, as shown in Figure 6.16, the /moz without the 

extra pole at 100 GHz is found to be approximately 220 GHz, which is very close 

to the calculation value of 234 GHz. Therefore, if the extra pole can be pushed to a 

frequency much higher than 230 GTfz, the /mai of the lateral device will be as high 

as 220 Gjifz. 

From Equations 6.9 and 6.10, the lateral device has a noticeably smaller base 

resistance and smaller collector-base depletion capacitance than the vertical device 

because it has a more direct base contact capability from the wafer surface that 
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reduces the base resistance, and it haa much smaller collector-base junction area which 

reduces the junction capacitance. Therefore, from equation 6.8, it is no surprise to 

Snd the lateral device has much more superior /moz than the vertical device. 

As the comparison indicates, if the proposed lateral H B T is manufacturable, it is 

good for high performance applications. High performance implies low power and high 

frequency. Low power implies that the device needs to have low parasitic resistance 

and capacitances. The lateral HBT was demonstrated to have lower ^ and Qc than 

the vertical HBT. Also, the lateral HBT uses SOI substrate in order to minimise 

the substrate capacitance. Lower parasitics allow for lower bias current for a 

given frequency of operation [103], and the lateral HBT was shown to have much 

lower operating current than the vertical HBT for similar operating frequency. High 

frequency also implies that and /moa; must be high. The lateral HBT has / r 

comparable to the vertical HBT but superior /moi- Also, from Equation 6.8, high 

/mar implies that and are low. However, Ag and Ac could be high for the 

lateral HBT due to the very thin epi-layer used in order to reduce Cje and Cjc- But 

if the 7c of the lateral HBT is low, the Tc^c and ZgAg products are also low implying 

no real increase in voltage drop relative to a vertical HBT which operates at higher 

current. 

6.4 Conclusion 

Since there does not appear to have been a published working lateral SiGe HBT where 

the emitter, base and collector form a true lateral double heterojunction structure, a 

novel lateral SiGe HBT structure, meant for high speed and low power applications, 

was presented. This device was compared to an existing state of the art, ultra low 

power and high speed vertical SiGe HBT transistor by full numerical simulations using 

Atlas. The proposed lateral SiGe HBT was found to out-perform the vertical SiGe 

HBT especially in Its /moz was found to be 160 and could potentially be 

improved up to 220 GHz. With its Jt comparable to the vertical SiGe HBT device, 

the lateral SiGe HBT has great potential for low power and high speed applications. 
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Chapter 7 

Conclusions and Further Work 

SiGe HBT technology has demonstrated itself to be capable of providing continued 

improvements in bipolar transistor performance. With silicon bipolar technology ap-

proaching its limits of capability, SiGe HBT technology can provide the much needed 

room and space for further exploration and improvement. Perhaps most importantly, 

SiGe HBT technology has opened up the possibility for its integration into the existing 

BiCMOS large-scale production line technology. This is fast becoming a reality. How-

ever, much work is still remains to be done, especially in characterising the changes 

in device physical properties due to germanium incorporation. And all these are es-

sential to ensure that this new SiGe HBT technology, when it is hnally employed, is 

reliable and can be implemented with high efficiency and good yield. 

The aim of this thesis has therefore concentrated on developing new parameter 

extraction methods that can be used for studying these new SiGe HBT characteristics 

and also that can simply be employed as simple and quick measurement tools that 

yield useful and accurate information regarding SiGe HBT's. It is reckoned that the 

availability of such methods will facilitate greater control and insight during device 

processing. On the other hand, this thesis also explores the potential of lateral SiGe 

HBT structures. A lateral device structure was shown to have many advantages over 

a vertical device structure, especially for high speed and low power applications. 

Previous theory and experimental results have established that b&ndgap grading 

across the neutral base can have a signihcant effect on the electrical properties of 

SiGe HBT's, including the output conductance and the base transit time. A new low 
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frequency electrical method was developed to measure t he bandgap diSerence across 

the neutral baae of a SiGe HBT's. The method does not rely on using a silicon or SiGe 

control device, or detailed modelling of SiGe transport parameters such as bandgap 

narrowing, mobility, density of states, etc.. By using the temperature dependence of 

the ratio of the forward active output conduction to t he reverse active output con-

ductance, the effective bandgap grading due to the presence of germanium, including 

heavy doping effects, was successfully measured. The accuracy of the method was 

derived to be within approximately 1.5% germanium grading, theoretically, assuming 

a 5% accuracy in measuring device electrical parameters such aa collector current, 

output conductance and temperature. In detailed numerical simulations, the extrac-

tion results were found to be within 5% of agreement with the simulator internal 

data. Experimental results further demonstrated the practicality of the method by 

producing reasonable measurement results of the bandgap difference across a neutral 

base of an n-p-n SiGe HBT with parasitic potential barrier. 

SiGe bases are usually highly doped and of submicron thickness. It is known that 

parasitic potential barriers can easily formed under these conditions due to boron 

out-diH'usion. These parasitic potential barriers are known to reduce the SiGe HBT's 

collector current and the cut-off frequency. An alternative electrical method for simul-

taneous extraction of parasitic potential barrier heights a t emitter-base and collector-

base junctions of SiGe HBT's was presented. This method was developed by adapting 

the neutral base bandgap diSerence extraction method described above. The method 

provides a more direct measure of parasitic barrier-related quantities and does not 

depend upon a detailed knowledge of the temperature dependence of SiGe density of 

states functions, carrier mobihty, etc.. It depends instead upon a direct measure of 

the bandgap difference across the Si-SiGe transition region and upon the positional 

variation of base impurity concentration in the vicinity of the potential barrier. In 

numerical simulation, the extraction results were found to be within 10% of agree-

ment with the simulator internal data. Experimental results show that a reasonable 

value was extracted for the collector-baae junction parasitic potential barrier height 

when correlated with the collector current reduction compared to an identical SiGe 

HBT known to have no barrier using the simple model of Slotboom oZ.. Numerical 
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modelling of the measured SiGe HBT device further supported this result. 

Finally, an investigation waa carried out to assess the potential of a lateral SiGe 

HBT structure for high performance applications. First of all, various issues regarding 

lateral bipolar structure, such as self-aligned base contact and base width definition 

were presented. The lateral bipolar structure wag assessed by means of comparison to 

industrial vertical bipolar structures which are a widely used. It was found that a lat-

eral structure hag many advantages over the vertical bipolar structure, and is perhaps 

more suitable for low power microwave applications. Also a pseudo-heterojunction 

lateral bipolar, known as the hybrid mode bipolar, was discussed. Its operating prin-

ciple is heterojunction like and yields good results especially in terms of current gain. 

However, the practical aim of this investigation was to assess the potential of a real 

SiGe HBT in a lateral structure. Therefore, as there does not appear to have been 

a published working lateral SiGe HBT where the emitter, base and collector form 

a true lateral double heterojunction structure, a novel lateral SiGe HBT structure 

was proposed. The proposed processing steps for this device was briefly discussed. 

Numerical simulation work was performed to assess the high-speed capability of this 

device. An existing industrial state-of-the art vertical SiGe HBT designed for ultra-

low-power and high speed operation in rf telecommunication systems, developed by 

Kondo aZ., was used as a yard stick for judging the performance of the proposed 

lateral SiGe HBT. Similar doping profile, germanium concentration and design rules, 

from Kondo et al., were applied for the simulations of the vertical and lateral struc-

tures. The results show that both devices have comparable / r but that the lateral 

device out-performed the vertical device in /nwi- The lateral device's /moa; was found 

to be 160 GHz, more than twice that of the vertical device, and could potentially be 

improved up to 220 GHz. The tremendous fmax capability for the lateral SiGe HBT 

was recognised to be due to its low base resistance and collector-base depletion ca-

pacitance nature. Also, the smaller achievable junction areas of the lateral SiGe HBT 

enabled its /moi to peak at a low 40 //A, as compared to 200 //A produced 

by the vertical SiGe HBT. Therefore, in this case, the lateral SiGe HBT was found 

to out-perform the vertical SiGe HBT in terms of low power and high speed. 

There are areas in this work that merits further research. The parasitic potential 
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barrier height extraction technique can probably be extended to measuring the par-

asitic potential barrier width as well. Knowing the barrier width would be useful for 

determining the width of the undoped SiGe spacers needed to suppress boron out-

diffusion. Besides, Slotboom e( aZ. [20] has a model that is able to predict the &nd 

collector current degradation from the parasitic potential barrier width and height. 

The proposed lateral SiGe HBT is demonstrated numerically to have great potential. 

Therefore, fabricating it seems to be the logical step to follow next. Some of the new 

processing steps will require much experimenting and testing. This includes making 

the growth cavity microstructure, and also perfecting the conAned lateral selective 

silicon and SiGe epitaxy growth technique in the microstructure. The combination of 

the lateral structure and SiGe heterojunction effect is surely worth further exploring 

in the light of all these advantages discovered. This can be done with more novel 

lateral structures or more in-depth study on issues faced by lateral structure such as 

excess stored charges along the thin emitter body. 
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Appendix A 

Philips Unified Mobility model 

The Philips UniGed mobility model [60, 61] takes into account the: (1) Distinct 

acceptor and donor scattering (2) Carrier-carrier scattering (3) Screening 

The following expressions describe the carrier mobilities and are reproduced from 

[56]. The mobility model for electron carrier mobility is: 

where 

l^latt,n = M M X N j (-^-2) 

IJ-D+A+P — IJ^N,n Ar I /^c,n . r 
^aC,e//,n \ 

where M M X N is the maximum electron mobility, 1417.0 default, TETN is an ex-

ponent used for temperature dependence of lattice scattering, 2.285 default, 

is the reference impurity concentration, 9.68 x 10^^ default, is 0.68 default, M 

is the electron concentration, p is the hole concentration, T is the temperature. 

A(c,n, and 7Vgc,e//,n are given by 

" MMZAT - MMATTV 1300/ ^ 
M M X 7 V X MMATW /300 \ ° -^ _ . 

" M M X N - MM7VW I T y ^ 
+ (A.6) 

N,c.e,!.n = Nl, + N\G(P^) + J ^ ^ ( A . 7 ) 
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where is a parameter to determine electron mobility at high dopant and/or 

carrier levels, 52.2 default. The e%ctive impurity levels and take ultra-high 

doping effects into account and are de6ned by 

N, D N, D 1 + 
1 

AT! 1 + 

(A.8) 

(A.9) 

where A f̂, is the donar concentration, is the acceptor concentration, C7ZFD is 

a factor determining the ultra-high doping effects for donors, 0.21 default, CRFA is 

a factor determining the ultra-high doping effects for acceptors, 0.5 default, N A F D 

is a reference impurity concentration for donors to model ultra-high doping effects, 

4x10^° default, A^AF^ is the reference impurity concentration for acceptors to model 

ultra-high doping effects, 7.2 x 10^°. 

The functions and that take the Gnite maas of scattering holes and 

the repulsive potential for acceptors into account, are given by 

0.7643f;^ G478 + 2.2999 + 6 .5502^ 

f;o.6478 + 2.3670 - 0 .8552^ 

0.89233 0.005978 
0.19778 

p f Wf. 300 \ 

(A.IO) 

0.721691^ '̂̂ ^) 

For values of is used instead of where is the 

value at which G{Pn) reaches it's minimum. The P„ parameter that takes screening 

effects into account, is given by 

-Pn = I ^ , o .̂.,»9n 1 (A. 12) 
3.97 X 10^3N 300 

' SC,n n+p mo 

Similar expressions hold for holes. The elective electron and hole mass that are 

used are mg = l.Omg and m/, = 1.258mo with mo being the free electron rest mass, 

9.108 X 10-3^kg. 
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Appendix B 

Derivation of the Electrical 

Bandgap Grading Extraction 

Technique 

V dd V dd 

Base " 

Collector 

Vte' 
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V p b ' " 

Base -

Emitter 

Emitter 

I 

+ 
Vb/ Collector 

(a) (b) 

Figure B.l: Circuit diagram of an n-p-n transistor illustrating the biaa condition and 
the current flow when the transistor is biased at the (a) forward active region of 
operation, and (b) reverse active region of operation. 

For a SiGe HBT operating in forward active region, the output conductance is 
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written as, 

9of 
•tvl % = 0 /=, 

dicf dW 

d%.{=0 
(B.l) 

where the "f" subscripts and superscripts refer to the transistor operating in the 

forward active region. Qgf is the a.c. output conductance, I^f is the collector current, 

illustrated in Figure B.l, Vĵ  is the reverse biased collector-base voltage, is the 

forward biased base-emitter voltage and l y is the width across the neutral base region. 

a 
0 

1 
0 

U 

1 
(D % 

Electrical junction 

Oj. = Of a s s u m e d 
W f (Vb, < 0 ) 

w , ( V ^ > 0 ) 

E m i t t e r Collector 

Electrically neutral base region 
for forward active operation 

D e p t h 

Figure B.2: Figure illustrating the difference of the neutral base position in the 
forward active region mode and reverse active region mode. For a highly doped base, 
which is common for a SiGe HBT, the position of Or can be made very close to the 
position of 0/ for low emitter/base junction reverse bias, in reverse active operation, 
because most of the space-charge layer movement will take place in the lower-doped 
emitter side of the junction. 

SiGe HBT collector current in forward active region mode is written as [104], 

I c/ 
9 ^ 

= — 

V, T, i /o; 

(fa; 

AE, 

(B.2) 
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since. 

= Gummel number — / ——7-^ea;p r;;T-< ẑ: 
JQ f J-)r) h ( ^ ) kT 

'"^z VV6(a;) A E , 

/oy 3 T 

Q 

where g is the electronic charge, Ag is the emitter-base junction area, yiw is the intrinsic 

carrier concentration, k is the Boltzmann constant, T is the absolute temperature, 

Vr is the thermal voltage, W/ and 0/ are the neutral edge of the base region at the 

collector and emitter side respectively, shown in Figure B.2, Nh{x) is the positional 

dependent base impurity profile, is the positional dependent bage diffusivity 

of electrons, is the total bandgap narrowing in the baae, Mie(2;) and are 

the positional dependent effective intrinsic carrier concentration and intrinsic carrier 

concentration, respectively. 

dicf = ( I ) ^7 

= ( ^ ) {1,' DJZL)''" 
- 2 

X 

d 

= ( I ) ( C 
-1 

X 

([ 

= / J / V ) i r ' o ^ A ^ (B.3) 

The SiGe HBT base-collector depletion capacitance is written as, 
. ^ f 

Cjl 
dVl 

, < 1 d W 

dw ^ 

" • i C S " Si 
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6c 
dW C'i, 

(B.4) 

(B.5) 

is the junction capacitance of the reverse biased collector-base junction, 

are the base charge and voltage across the reverse biased collector-base depletion 

region, Ac is the collector-base junction area. 

Putting Equation B.5 and Equation B.3 together, the low frequency a.c. output 

conductance for a SiGe HBT operating in forward active mode, illustrated in Figure 

B.l, becomes [81]; 

Po/ 
die/ 

' ''W dvl 

gjc 

qA^NtiW;) 

h f C j 

I cf 

/ 
[I (fa; 

-1 
(fa; (B.6) 
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Appendix C 

Error analysis of the bandgap 

difference across neutral base 

extraction method 

C. l Error Analysis for High Emitter Doping 

Assuming uniform base doping, if the germanium is graded linearly across the base, 

the bandgap reduction due to germanium will be increasing linearly across the base. 

Since the germanium a%ct the bandgap linearly across the base, from Figure C.l, 

the error in the neutral base bandgap difference extraction method that is caused by 

the difference in emitter-base electrical junction positions for forward bias, 0/, and 

zero reverse biaa, Or, will be equivalent to AW/W;,. 

Using simple theory, the emitter-base depletion capaciitance can be written as 

[105]: 

For high emitter doping where almost all the depletion junction is in the base, a 

one-sided abrupt junction CjC [105]: 

where e, is the permitivity of silicon, 1.05 x Wje is the emitter-base 
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junction 

emitter collector 

Linear germanium 
grading across base 

Distance across base 

Figure C.l: Figure showing difference between the emitter-base electrical junction 
positions for forward bias, Oy, and zero reverse bias, Or- It was assumed to be similar 
in the neutral baae bandgap difference extraction method and it is found that the 
error can be approximated by ^W/Wt,. 

127 



depletion region width, is the base doping, built-in voltage, voltage across 

the emitter-base junction. The built in voltage for abrupt and one-sided junction, 

with uniform doping and in room temperature, is [105]: 

= — ( C . 3 ) 

Prom [86] TVg = and TV;, = 5 x becomes 1.153 eV. Therefore, 

if the base-emitter junction is forward biased for 0.7 V , Cje(Of) becomes 0.919 x 

10"^F/cm^. As for zero reverse biased base-emitter junction, C^e(Or) becomes 0.605 x 

10"^F/c7n^. From Equation C.l: 

For uniformly doped device, heavy doped emitter where most of depletion width is 

in the base: 

= 0) = = J ( C . 5 ) 

% 17Mm (C.6) 

Therefore, Wje(Oy) = l l n m , and APF = M{,e(Or) — M(,e(0/) = 6Mm. From [86], Wi, is 

90 Mm, so 7%. 

C.2 General Error Analysis 

Neglecting the temperature variations of ratios of junction capacitances as well as 

mobility, density of states and the bias terms, Equation 4.12 becomes. 

In j _ 2 In j 

where AEg(^ro(fe) = ^g(Or) — 

AEg (^rocfe) = (In — In W — 2 In 7cr + 2 In 7c/) (C.8) 

Differentiate with temperature, 

6AEg(a!roc(e) _ A.E 'g(pra(fe) 

5AE^{grade) = AEg{grade)^ + kT — 2-^ + 2-^\{C.10) 
J \ 9or 9of ^cr ^cf / 

128 



Appendix D 

Kondo device and proposed lateral 

device input files and 2 -D cross 

sectional diagrams 
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go atlas 

# vertical SiGe BJT based on advanced low power device by Kondo 
# SiGe/Si base layer, 0-15% Ge 

mesh width=l.7 
x.m 1=0.0 spacing=0.25 
x.m 1=0.5 spacing=0.25 
x.m 1=1.2 spacing=0.05 
x.m 1=1.3 spacing=0.05 
x.m 1=1.4 spacing=0.05 
x.m 1=1.65 spacing=0.05 
x.m 1=1.83 spacing=0.05 
x.m 1=1.85 spacing=0.03 
x.m 1=1.87 spacing=0.03 
x.m 1=1.885 spacing=0.03 
x.m 1=1.89 spacing=0.03 
x.m 1=1.90 spacing=0.02 
x.m 1=1.905 spacing=0.02 
x.m 1=1.91 spacing=0.02 
x.m 1=1.92 spacing=0.02 
x.m 1=1.925 spacing=0.02 
x.m 1=1.935 spacing=0.03 
x.m 1=1.955 spacing=0.03 
x.m 1=1.96 spacing=0.03 
x.m 1=1.99 spacing=0.03 
x.m 1=2.00 spacing=0.03 
x.m 1=2.025 spacing=0.03 
x.m 1=2.055 spacing=0.03 
x.m 1=2.09 spacing=0.03 
x.m 1=2.11 spacing=0.03 
x.m 1=2.145 spacing=0.03 
x.m 1=2.175 spacing=0.03 
x.m 1=2.20 spacing=0.03 
x.m 1=2.21 spacing=0.03 
x.m 1=2.24 spacing=0.03 
x.m 1=2.245 spacing=0.03 
x.m 1=2.265 spacing=0.03 
x.m 1=2.275 spacing=0.03 
x.m 1=2.28 spacing=0.02 
x.m 1=2.29 spacing=0.02 
x.m 1=2.295 spacing=0.02 
x.m 1=2.30 spacing=0.02 
x.m 1=2.31 spacing=0.02 
x.m 1=2.315 spacing=0.03 
x.m 1=2.33 spacing=0.03 
x.m 1=2.35 spacing=0.03 
x.m 1=2.37 spacing=0.075 
x.m 1=2.47 spacing=0.075 
x.m 1=2.55 spacing=0.05 
x.m 1=2.80 spacing=0.05 
x.m 1=2.95 spacing=0.075 
x.m 1=3.40 spacing=0.075 
x.m 1=3.95 spacing=0.075 
x.m 1=4.15 spacing=0.1 
x.m 1=4.20 spacing=0.1 
x.m 1=4.30 spacing=0.1 
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y.m 
y .m 
y.m 
y.m 
y.m 
y.m 
y.m 
y.m 
y.m 
y.m 
y.m 
y.m 
y ^ n l 
y.m 1 
y w n l 
y.m 1 
y.m 
y.m 
y.m 
y.m 
y.m 

=0.00 spacing=0.03 
=0.05 spacing=0.03 
=0.10 spacing=0.03 
=0.13 spacing=0.03 
=0.17 spacing=0.03 
=0.20 spacing=0.03 
=0.23 spacing=0.03 
=0.25 spacing=0.03 
=0.37 spacing=0.03 
=0.40 spacing=0.03 
=0.425 spacing=0.005 
=0.44 spacing=0.005 
=0.45 spacing=0.005 
=0.455 spacing=0.005 
=0.47 spacing=0.005 
=0.49 spacing=0.005 
=0.50 spacing=0.025 
=0.98 spacing=0.025 
=0.99 spacing=0.025 
=1.29 spacing=0.025 
=1.54 spacing=0.1 

# eliminate x-nodes 

eliminate x.direction x.min=0.00 x.max=l.l 
eliminate x.direction x.min=0.00 x.max=l.l 
eliminate x.direction x.min=0.00 x.max=1.5 y.min=0.40 y.max=0.487 

y.min=0.42 y.max=0.487 
y.min=0.40 y.max=0.487 

eliminate x.direction x.min=2.4 x.max=4.3 y.min=0.42 y.max=0.487 
eliminate x.direction x.min=2.4 x.max=4.3 y.min=0.40 y.max=0.487 

eliminate x.direction x.min=0.00 x.max=1.8 y.min=0.6 y.max=1.35 
eliminate x.direction x.min=0.00 x.max=1.8 y.min=0.6 y.max=1.35 
eliminate x.direction x.min=0.00 x.max=1.2 y.min=0.51 y.max=1.35 

eliminate x.direction x.min=0.00 x.max=1.2 y.min=0.25 y.max=0.4 

eliminate x.direction x.min=2.40 x.max=3.3 y.min=0.6 y.max=0.95 
eliminate x.direction x.min=2.40 x.max=3.3 y.min=0.6 y.max=0.95 

eliminate x.direction x.min=4.00 x.max=4.3 y.min=0.6 y.max=1.35 
eliminate x.direction x.min=4.00 x.max=4.3 y.min=0.6 y.max=1.35 

eliminate x.direction x.min=3.45 x.max=3.9 y.min=0.0 y.max=0.487 
eliminate x.direction x.min=3.45 x.max=3.9 y.min=0.0 y.max=0.487 
eliminate x.direction x.min=3.45 x.max=3.9 y.min=0.0 y.max=0.487 

eliminate x.direction x.min=2.0 x.max=2.2 y.min=0.Q y.max=0.23 
eliminate x.direction x.min=2.0 x.max=2.2 y.min=0.0 y.max=0.23 

# eliminate y-nodes 

eliminate y.direction x.min=1.875 x.max=2.03 y.min=0.55 y.max=1.54 
eliminate y.direction x.min=2.20 x.max=2.325 y.min=0.55 y.max=1.54 
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# silicon substrate 

region num=l silicon \ 
P1.X=1.20 P1.Y=0.49 \ 
P2.X=4.50 P2.Y=0.49 \ 
P3.X=4.50 P3.Y=1.54 \ 
P4.X=1.20 P4.Y=1.54 

region num=10 silicon \ 
x.min=1.85 x.max=2.35 y.min=0.49 y.max=0.99 

region num=ll silicon \ 
x.min=1.30 x.max=4.20 y.min=0.99 y.max=1.54 

# Si emitter layer 

region num=8 
P1.X=1 
P2.X=2 
P3.X=2 
P4.X=1 

silicon \ 
.935 P1.Y=0.425 \ 
.265 P2.Y=0.425 \ 
.28 P3.Y=0.44 \ 
.92 P4.Y=0.44 

region num=9 silicon \ 
x.min=2.00 x.max=2.20 y.min=0.425 y.max=0.440 

# right hand side oxide 

region num=2 oxide 
P1.X=2.31 
P2.X=4.50 
P3.X=4.50 
P4.X=2.35 

\ 

P1.Y=0.45 
P2.Y=0.45 
P3.Y=0.49 
P4.Y=0.49 

region num=2 oxide \ 
P1.X=2.275 P1.Y=0.05 \ 
P2.X=2.30 P2.Y=0.05 \ 
P3.X=2.30 P3.Y=0.20 \ 
P4.X=2.275 P4.Y=0.20 

region num=2 oxide \ 
P1.X=2.24 P1.Y=0.20 \ 
P2.X=2.3 P2.Y=0.20 \ 
P3.X=2.3 P3.Y=0.23 \ 
P4.X=2.24 P4.Y=0.23 

region num=2 oxide \ 
P1.X=2.24 P1.Y=0.23 \ 
P2.X=2.265 P2.Y=0.23 \ 
P3.X=2.265 P3.Y=0.40 \ 
P4.X=2.24 P4.Y=0.40 

region num=2 oxide \ 
P1.X=2.20 
P2.X=2.265 
P3.X=2.265 
P4.X=2.20 

P1.Y=0.40 \ 
P2.Y=0.40 \ 
P3.Y=0.425 \ 

P4.Y=0.425 

# left hand side oxide 
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region num=2 oxide \ 
P1.X=0.00 P1.Y=0.45 \ 
P2.X=1.89 P2.Y=0.45 \ 
P3.X=1.85 P3.Y=0.49 \ 
P4.X=0.00 P4.Y=0.49 

region num=2 oxide \ 
P1.X=1.9 P1.Y=0.05 \ 
P2.X=1.925 P2.Y=0.05 \ 
P3.X=1.925 P3.Y=0.20 \ 
P4.X=1.9 P4.Y=0.20 

region num=2 oxide \ 
P1.X=1.90 P1.Y=0.20 \ 
P2.X=1.96 P2.Y=0.20 \ 
P3.X=1.96 P3.Y=0.23 \ 
P4.X=1.90 P4.Y=0.23 

region num=2 oxide \ 
P1.X=1.935 P1.Y=0.23 \ 
P2.X=1.96 P2.Y=0.23 \ 
P3.X=1.96 P3.Y=0.40 \ 
P4.X=1.935 P4.Y=0.40 

region num=2 oxide \ 
P1.X=1.935 P1.Y=0.40 \ 
P2.X=2.00 P2.Y=0.40 \ 
P3.X=2.00 P3.Y=0.425 \ 
P4.X=1.935 P4.Y=0.425 

# Silicon Nitride left 

region num=3 Si3N4 \ 
P1.X=1.925 P1.Y=0.05 \ 
P2.X=1.955 P2.Y=0.05 \ 
P3.X=1.955 P3.Y=0.17 \ 
P4.X=1.925 P4.Y=0.17 

region num=3 Si3N4 
P1.X=1.925 
P2.X=1.99 
P3.X=1.99 
P4.X=1.925 

\ 
P1.Y=0.17 

P2.Y=0.17 \ 
P3.Y=0.20 \ 
P4.Y=0.20 

\ 

region num=3 Si3N4 \ 
P1.X=1.96 P1.Y=0.20 \ 
P2.X=1.99 P2.Y=0.20 \ 
P3.X=1.99 P3.Y=0.37 \ 
P4.X=1.96 P4.Y=0.37 

region num=3 Si3N4 
P1.X=1.96 
P2.X=2.025 
P3.X=2.025 
P4.X=1.96 

\ 
P1.Y=0.37 \ 
P2.Y=0.37 \ 
P3.Y=0.40 \ 

P4.Y=0.40 

# Silicon Nitride right 

region nuin=3 Si3N4 \ 
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P1.X=2.245 
P2.X=2.275 
P3.X=2.275 
P4.X=2.245 

P1.Y=0.05 \ 
P2.Y=0.05 \ 
P3.Y=0.17 \ 
P4.Y=0.17 

region num=3 Si3N4 \ 
P1.X=2.21 P1.Y=0.17 \ 
P2.X=2.275 P2.Y=0.17 \ 
P3.X=2.275 P3.Y=0.20 \ 
P4.X=2.21 P4.Y=0.20 

region nuin=3 Si3N4 \ 
P1.X=2.21 P1.Y=0.20 \ 
P2.X=2.24 P2.Y=0.20 \ 
P3.X=2.24 P3.Y=0.37 \ 
P4.X=2.21 P4.Y=0.37 

region num=3 Si3N4 \ 
P1.X=2.175 P1.Y=0.37 \ 
P2.X=2.24 P2.Y=0.37 \ 
P3.X=2.24 P3.Y=0.40 \ 
P4.X=2.175 P4.Y=0.40 

# base poly-Si and poly-SiGe left 

region num=7 POLYSILICON \ 
P1.X=1.90 P1.Y=0.23 
P2.X=1.935 P2.Y=0.23 
P3.X=1.935 P3.Y=0.25 
P4.X=1.90 P4.Y=0.25 

region num=7 POLYSILICON \ 
P1.X=1.91 P1.Y=0.25 \ 
P2.X=1.935 P2.Y=0.25 \ 
P3.X=1.935 P3.Y=0.425 \ 
P4.X=1.91 P4.Y=0.45 

region num=7 POLYSILICON \ 
P1.X=1.89 P1.Y=0.45 \ 
P2.X=1.91 P2.Y=0.45 \ 
P3.X=1.905 P3.Y=0.455 \ 
P4.X=1.885 P4.Y=0.455 

region num=5 POLYSILICON \ 
P1.X=1.65 P1.Y=0.25 \ 
P2.X=1.91 P2.Y=0.25 \ 
P3.X=1.91 P3.Y=0.45 \ 
P4.X=1.65 P4.Y=0.45 

region num=5 POLYSILICON \ 
P1.X=0.00 P1.Y=0.00 
P2.X=1.40 P2.Y=0.00 
P3.X=1.40 P3.Y=0.20 
P4.X=0.00 P4.Y=0.20 

region num=5 POLYSILICON \ 
P1.X=1.40 P1.Y=0.00 \ 
P2.X=1.65 P2.Y=0.25 \ 
P3.X=1.65 P3.Y=0.45 \ 
P4.X=1.40 P4.Y=0.20 
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# base poly-Si and poly-SiGe right 

region num=7 POLYSILICON \ 
P1.X=2.265 P1.Y=0.23 \ 
P2.X=2.3 P2.Y=0.23 \ 
P3.X=2.3 P3.Y=0.25 \ 
P4.X=2.265 P4.Y=0.25 

region num=7 POLYSILICON \ 
P1.X=2.265 P1.Y=0.25 \ 
P2.X=2.29 P2.Y=0.25 \ 
P3.X=2.29 P3.Y=0.45 \ 
P4.X=2.265 P4.Y=0.425 

region num=7 POLYSILICON \ 
P1.X=2.29 P1.Y=0.45 \ 
P2.X=2.31 P2.Y=0.45 \ 
P3.X=2.315 P3.Y=0.455 \ 
P4.X=2.295 P4.Y=0.455 

region num=5 POLYSILICON \ 
P1.X=2.29 P1.Y=0.25 \ 
P2.X=2.55 P2.Y=0.25 \ 
P3.X=2.55 P3.Y=0.45 \ 
P4.X=2.29 P4.Y=0.45 

region num=5 POLYSILICON \ 
P1.X=2.55 P1.Y=0.25 \ 
P2.X=2.80 P2.Y=0.00 \ 
P3.X=2.80 P3.Y=0.20 \ 
P4.X=2.55 P4.Y=0.45 

region num=5 POLYSILICON \ 
P1.X=2.80 P1.Y=0.00 \ 
P2.X=2.95 P2.Y=0.00 \ 
P3.X=2.95 P3.Y=0.20 \ 
P4.X=2.80 P4.Y=0.20 

# emitter poly-Si centre 

region num=4 POLYSILICON \ 
P1.X=2.00 P1.Y=0.40 \ 
P2.X=2.20 P2.Y=0.40 \ 
P3.X=2.20 P3.Y=0.425 \ 
P4.X=2.00 P4.Y=0.425 

region num=4 POLYSILICON \ 
P1.X=2.025 P1.Y=0.37 \ 
P2.X=2.175 P2.Y=0.37 \ 
P3.X=2.175 P3.Y=0.40 \ 
P4.X=2.025 P4.Y=0.40 

region num=4 POLYSILICON \ 
P1.X=1.99 
P2.X=2.21 
P3.X=2.21 
P4.X=1.99 

P1.Y=0.25 \ 
P2.Y=0.25 \ 
P3.Y=0.37 \ 
P4.Y=0.37 
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# SiGe layers 

region num=6 
P1.X=1 
P2.X=1 
P3.X=2 
P4.X=2 

material=SiGe \ 
49 
47 

87 P1.Y=0. 
89 P2.Y=0. 
31 P3.Y=0.47 
33 P4.Y=0.49 

X.compose=0.15 \ 
GRAD.12=0.00 GRAD.23=0.03 
GRAD.34=0.00 GRAD.41=0.00 

region num=6 
P1.X=1 
P2.X=1 
P3.X=1 
P4.X=1 

material=SiGe \ 
85 P1.Y=0.49 
885 P2.Y=0.455 
905 P3.Y=0.455 
87 P4.Y=0.49 

X.compose=0.15 \ 
GRAD.12=0.00 GRAD.23=0.00 
GRAD.34=0.00 GRAD.41=0.00 

region num=6 inaterial=SiGe \ 
P1.X=2.33 P1.Y=0.49 
P2.X=2.295 P2.Y=0.455 
P3.X=2.315 P3.Y=0.455 
P4.X=2.35 P4.Y=0.49 
x.compose=0.15 \ 
GRAD.12=0.00 GRAD.23=0.00 
GRAD.34=0.00 GRAD.41=0.00 

# left-side trench and other oxide layers 

region num=2 oxide \ 
P1.X=0.00 
P2.X=1.30 
P3.X=1.30 
P4.X=0.00 

Pl.Y=0.49 
P2.Y=0.49 
P3.Y=1.54 
P4.Y=1.54 

region num=2 oxide \ 
P1.X=0.00 P1.Y=0.20 \ 
P2.X=1.40 P2.Y=0.20 \ 
P3.X=1.65 P3.Y=0.45 \ 
P4.X=0.00 P4.Y=0.45 

region num=2 oxide \ 
P1.X=1.45 P1.Y=0.05 \ 
P2.X=1.90 P2.Y=0.05 \ 
P3.X=1.90 P3.Y=0.25 \ 
P4.X=1.65 P4.Y=0.25 

region num=2 oxide \ 
P1.X=1.40 P1.Y=0.00 \ 
P2.X=1.955 P2.Y=0.00 \ 
P3.X=1.955 P3.Y=0.05 \ 
P4.X=1.45 P4.Y=0.05 

# right-side trench and other oxide layers 

region num=2 oxide \ 
P1.X=4.20 P1.Y=0.49 \ 
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P2.X=4.30 P2.Y=0.49 \ 
P3.X=4.30 P3.Y=1.54 \ 
P4.X=4.20 P4.Y=1.54 

region num=2 oxide \ 
P1.X=2.245 P1.Y=0.05 \ 
P2.X=2.245 P2.Y=0.00 \ 
P3.X=2.80 P3.Y=0.00 \ 
P4.X=2.75 P4.Y=0.05 

region num=2 oxide \ 
P1.X=2.30 P1.Y=0.05 \ 
P2.X=2.75 P2.Y=0.05 \ 
P3.X=2.55 P3.Y=0.25 \ 
P4.X=2.30 P4.Y=0.25 

region num=2 oxide \ 
P1.X=2.95 P1.Y=0.00 \ 
P2.X=3.4 P2.Y=0.00 \ 
P3.X=3.4 P3.Y=0.15 \ 
P4.X=2.95 P4.Y=0.15 

region num=2 oxide \ 
P1.X=2.95 P1.Y=0.15 \ 
P2.X=3.4 P2.Y=0.15 \ 
P3.X=3.4 P3.Y=0.20 \ 
P4.X=2.95 P4.Y=0.20 

region num=2 oxide \ 
P1.X=2.8 P1.Y=0.20 \ 
P2.X=3.4 P2.Y=0.20 \ 
P3.X=3.4 P3.Y=0.45 \ 
P4.X=2.55 P4.Y=0.45 

region num=2 oxide \ 
P1.X=3.95 P1.Y=0.00 \ 
P2.X=4.30 P2.Y=0.00 \ 
P3.X=4.30 P3.Y=0.15 \ 
P4.X=3.95 P4.Y=0.15 

region num=2 oxide \ 
P1.X=3.95 P1.Y=0.15 \ 
P2.X=4.30 P2.Y=0.15 \ 
P3.X=4.30 P3.Y=0.45 \ 
P4.X=3.95 P4.Y=0.45 

electrode num=l name=emitter \ 
x.min=1.955 x.max=2.245 y.min=0.00 y.max=0.17 

electrode num=l name=emitter \ 
x.min=1.99 x.max=2.21 y.min=0.17 y.max=0.25 

electrode num=2 name=collector \ 
x.min=3.40 x.max=3.95 y.min=0.00 y.max=0.49 

electrode num=3 name=base \ 
x.min=0.00 x.max=0.50 y.min=0.00 y.max=0.00 

# basic substrate doping 
doping uniform conc=l.0el2 p.type \ 
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x.min=1.20 x.max=4.30 y.inin=0.00 y.max=1.54 

# n+ collector buried layer 
doping uniform conc=5.0el9 n.type \ 

region=ll 
doping uniform conc=5.0el9 n.type \ 

x.min=3.40 x.max=3.95 y.min=0.49 y.max=0.99 
doping gauss conc=5.0el9 char=0.038 n.type \ 

x.min=1.30 x.max=4.20 y.min=0.99 y.max=1.54 

# n- collector layer 
doping gauss conc=6.0el6 char=0.088 n.type peak=0.72 \ 

region=10 

doping uniform conc=l.0el4 n.type \ 
x.min=1.30 x.max=4.20 y.min=0.49 y.max=0.99 

# emitter and collector poly-Si 
doping uniform conc=1.0e20 n.type \ 

region=4 

# emitter Silicon layer-
doping gauss conc=1.0e20 char=0.007 n.type \ 

peak=0.425 region=9 
doping uniform conc=1.0el4 n.type \ 

region=8 

# base SiGe 
doping gauss conc=5.0el8 char=0.0145 p.type \ 

peak=0.460 region=6 

# base poly-Si 
doping uniform conc=5.0el9 p.type \ 

region=5 

# base poly-SiGe 
doping uniform conc=5.0el9 p.type \ 

region=7 

models bipolar bgn print 

# material taunO=l.Oe-05 taupO=l.Oe-05 region=8 
# material taunO=l.Oe-05 taupO=l.Oe-05 region=9 

# material taunO=l.Oe-05 taupO=l.Oe-05 region=6 

method newton autonr trap 

symbolic newton carriers=2 

solve init 

save outf=vsige_kon_init_red_la.str 

method newton autonr trap 

symbolic newton carriers=2 

solve vemitter=0.0 vbase=0.0 \ 

vcollector=0.0 vstep=0.1 vfinal=0.9 name=collector 
log outf=vsige_kon_gum_red_la.log 
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solve vemitter=0.0 vcollector=l.0 \ 
vbase=0.0 vstep=0.02 vfinal=0.7 electrode=3 

save outf=tmp_red_la.str 
log outf=vsige_kon_gum_red_la.log append 
solve vemitter=0.0 vcollector=l.0 \ 

vbase=0.72 vstep=0.02 vfinal=0.78 electrode=3 
solve vemitter=0.0 vcollector=l.0 \ 

vbase=0.79 vstep=0.005 vfinal=0.83 electrode=3 
solve vemitter=0.0 vcollector=l.0 \ 

vbase=0.84 vstep=0.02 vfinal=1.00 electrode=3 

load master infile=tmp_red_la.str 
log outf=vsige_red_ac_b0p7_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.7 \ 

ac freg=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_b0p72_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.72 \ 

ac freg=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_b0p74_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.74 \ 

ac freg=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_b0p76_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.76 \ 

ac freg=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_bOp78_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.78 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf =vsige__red_ac_b0p79_la. log 
solve vemitter=0.0 vcollector=l.0 vbase=0.79 \ 

ac freg=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf =vsige__red_ac_b0p795_la. log 
solve vemitter=0.0 vcollector=l.0 vbase=0.795 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf =vsige_red__ac_b0p8_la. log 
solve vemitter=0.0 vcollector=l.0 vbase=0.8 \ 

ac freg=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red„ac_b0p805_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.805 \ 

ac freg=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_bOp81_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.81 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_b0p815_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.815 \ 

ac freg=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_b0p82_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.82 \ 

ac freg=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 
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log outf=vsige_red_ac_b0p825_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.825 \ 

ac freg=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf =vsige_red_ac__b0p83_la. log 
solve vemitter=0.0 vcollector=l.0 vbase=0.83 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_b0p84_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.84 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_b0p86_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.86 \ 

ac freg=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_b0p88_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.88 \ 

ac freg=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_b0p9_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.9 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_b0p92_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.92 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_b0p94_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.94 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_b0p96_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.96 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_b0p98_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=0.98 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=vsige_red_ac_blpO_la.log 
solve vemitter=0.0 vcollector=l.0 vbase=l.0 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

quit 
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ATLAS 
Data from kondo.str 
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go atlas 

# proposed lateral bjt, doping profile after Kondo device 
# SiGe/Si base layer, 15% graded Ge 

mesh width=1.7 
x.m 1=0.0 spacing=0.05 
x.m 1=0.2 spacing=0.01 
x.m 1=0.625 spacing=0.01 
x.m 1=0.675 spacing=0.005 
x.m 1=0.725 spacing=0.005 
x.m 1=0.775 spacing=0.01 
x.m 1=0.825 spacing=0.01 
x.m 1=0.975 spacing=0.01 
x.m 1=1.175 spacing=0.05 

y.m 1=0.0 spacing=0.005 
y.m 1=0.025 spacing=0.005 
y.m 1=0.05 spacing=0.005 
y.m 1=0.075 spacing=0.005 
y.m 1=0.1 spacing=0.01 
y.m 1=0.2 spacing=0.01 
y.m 1=1.2 spacing=0.4 
y.m 1=2.2 spacing=0.6 

# eliminate y-nodes 

eliminate y.direction x.min=0.0 x.max=1.175 y.min=0.4 y.max=2.1 
eliminate y.direction x.min=0.0 x.max=1.175 y.min=0.4 y.max=2.1 

eliminate y.direction x.min=0.21 x.max=0.665 y.min=0.01 y.max=0.09 
eliminate y.direction x.min=0.21 x.max=0.665 y.min=0.01 y.max=0.09 
eliminate y.direction x.min=0.21 x.max=0.665 y.min=0.01 y.max=0.09 
eliminate y.direction x.min=0.735 x.max=0.955 y.min=0.01 y.max=0.09 
eliminate y.direction x.min=0.735 x.max=0.955 y.min=0.01 y.max=0.09 

# substrate region 
region num=l silicon \ 

x.min=0.0 x.max=1.175 y.min=1.2 y.max=2.2 

# collector region, region=4 
region num=4 silicon \ 

x.min=0.0 x.max=0.675 y.min=0.1 y.max=0.2 

# emitter region, region=5 
region num=5 silicon \ 

x.min=0.725 x.max=1.175 y.min=0.1 y.max=0.2 

region num=2 oxide \ 
x.min=0.2 x.max=0.675 y.min=0.0 y.max=0.1 

region num=2 oxide \ 
x.min=0.725 x.max=0.975 y.min=0.0 y.max=0.1 

region num=2 oxide \ 
x.min=0.0 x.max=1.175 y.min=0.2 y.max=1.2 

region num=3 material=SiGe \ 
P1.X=0.675 P1.Y=0.2 \ 
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P2.X=0.675 P2.Y=0.075 \ 
P3.X=0.695 P3.Y=0.075 \ 
P4.X=0.695 P4.Y=0.2 \ 
X.compose=0.15 \ 
GRAD.12=0.00 GRAD.23=0.00 \ 
GRAD.34=0.03 GRAD.41=0.00 

region num=3 material=SiGe \ 
P1.X=0.675 P1.Y=0.075 \ 
P2.X=0.675 P2.Y=0.000 \ 
P3.X=0.725 P3.Y=0.000 \ 
P4.X=0.725 P4.Y=0.075 \ 
X.compose=0.15 \ 
GRAD.12=0.00 GRAD.23=0.00 \ 
GRAD.34=0.00 GRAD.41=0.00 

electrode num=l name=emitter \ 
x.min=0.975 x.max=1.175 y.min=0.0 y.max=0.1 

electrode num=2 name=collector \ 
x.min=0.0 x.max=0.2 y.min=0.0 y.max=0.1 

electrode num=3 name=base \ 
x.min=0.575 x.max=0.775 y.min=0.0 y.max=0.0 

electrode num=4 name=substrate \ 
x.min=0.0 x.max=1.175 y.min=2.2 y.max=2.2 

# substrate 
doping uniform conc=1.0el5 p.type \ 

x.min=0.0 x.max=1.175 y.min=1.2 y.max=2.2 

# base contact 
doping gauss conc=5el9 char=0.008 p.type \ 

x.min=0.675 x.max=0.725 y.min=0.00 y.max=0.075 

# active SiGe base 
doping gauss conc=5.OelB char=0.0145 lat.char=0.0145 p.type \ 

x.inin=0.705 x.max=0.705 y.min=0.1 y.max=0.2 region=3 

# n+ collector 
doping gauss conc=5.0el9 char=0.038 lat.char=0.038 n.type \ 

x.min=0.0 x.max=0.2 y.min=0.1 y.max=0.2 

# n- collector 
doping gauss conc=6.0el6 char=0.088 lat.char=0.088 n.type \ 

x.min=0.470 x.max=0.470 y.min=0.1 y.max=0.2 region=4 

# n- emitter 
doping gauss conc=1.0e20 char=0.007 lat.char=0.007 n.type \ 

x.min=0.740 x.max=1.175 y.min=0.1 y.max=0.2 region=5 

models bipolar bgn print 

method newton autonr trap 

symbolic newton carriers=2 

solve init 

save outf=kon_lat_init_5a.str 
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method newton autonr trap 

symbolic newton carriers=2 

solve vemitter=0.0 vbase=0.0 v4=0.0 \ 
vcollector=0.0 vstep=0.1 vfinal=0.9 name=collector 

log outf=kon_lat_gum_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0.0 \ 

vbase=0.0 vstep=0.02 vfinal=0.7 name=base 
save outf=kon_lat_tmp_5a.str 
log outf=kon_lat_gum_5a.log append 
solve vemitter=0.0 vcollector=l.0 v4=0.0 \ 

vbase=0.72 vstep=0.02 vfinal=0.78 name=base 
log outf=kon_lat_gum_5a.log append 
solve vemitter=0.0 vcollector=l.0 v4=0.0 \ 

vbase=0.79 vstep=0.005 vfinal=0.83 name=base 
log outf=kon_lat_gum„5a.log append 
solve vemitter=0.0 vcollector=l.0 v4=0.0 \ 

vbase=0.84 vstep=0.02 vfinal=1.00 name=base 

load master infile=kon_lat_tmp_5a.str 
log outf=kon_lat_ac_b0p7_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0.0 vbase=0.7 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p72_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0.0 vbase=0.72 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=kon_lat_ac_bOp74_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0.0 vbase=0.74 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p76_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0.0 vbase=0.76 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p78__5a. log 
solve vemitter=0.0 vcollector=l.0 v4=0.0 vbase=0.78 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=kon_lat_ac_bOp79_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0.0 vbase=0.79 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p795_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0.0 vbase=0.795 \ 

ac freq=l.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p80_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0.0 vbase=0.80 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p805„5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0.0 vbase=0.805 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p81„5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0.0 vbase=0.81 \ 
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.0 vbase=0.815 \ 
mult.f nfstep=50 

.0 vbase=0.82 \ 
mult.f nfstep=5 0 

.0 vbase=0.83 \ 
mult.f nfstep=50 

\ 

\ 

\ 

\ 

\ 

ac freg=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p815_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0 

ac freg=1.0e07 fstep=l.258925412 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p82_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0 

ac freg=1.0e07 fstep=l.258925412 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p825_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0.0 vbase=0.825 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p83_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0 

ac freq=1.0e07 fstep=l.258925412 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p84_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0.0 vbase=0.84 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 
vss=0.01 term=32 

log outf=kon_lat_ac_bOp86_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0.0 vbase=0.86 \ 

ac freq=1.0e07 fstep=l.258925412 mult.f nfstep=50 \ 
vss=0.01 term=32 

log outf=kon_lat__ac_b0p88_5a. log 
solve vemitter=0.0 vcollector=l.0 v4=0 

ac freq=1.0e07 fstep=l.258925412 
vss=0.01 term=32 

log outf=kon__lat_ac_b0p9_5a. log 
solve vemitter=0.0 vcollector=l.0 v4=0 

ac freq=1.0e07 fstep=l.258925412 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p92_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0 

ac freq=1.0e07 fstep=l.258925412 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p94„5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0 

ac freg=1.0e07 fstep=l.258925412 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p96_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0 

ac freq=1.0e07 fstep=l.258925412 
vss=0.01 term=32 

log outf=kon_lat_ac_b0p98_5a.log 
solve vemitter=0.0 vcollector=l.0 v4=0 

ac freg=1.0e07 fstep=l.258925412 
vss=0.01 term=32 

log outf=kon_lat__ac_blp0_5a. log 
solve vemitter=0.0 vcollector=l.0 v4=0, 

ac freg=1.0e07 fstep=l.258925412 
vss=0.01 term=32 

quit 

.0 vbase=0.88 \ 
mult.f nfstep=50 

.0 vbase=0.9 \ 
mult.f nfstep=50 

.0 vbase=0.92 \ 
mult.f nfstep=50 

.0 vbase=0.94 \ 
mult.f nfstep=50 

.0 vbase=0.96 \ 
mult.f nfstep=50 

.0 vbase=0.98 \ 
mult.f nfstep=50 

.0 vbase=1.0 \ 
mult.f nfstep=50 

\ 

\ 

\ 

\ 

\ 

\ 

\ 
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Appendix E 

Base resistance and Collector/Base 

depletion capacitance extraction 

using Z parameters. 

The following are derivations of device z-parameters theory obtained from Lee 

of. [102]. The small signal hybrid-TT equivalent circuit bipolar transistor is shown in 

Figure E.l. 

B O-
'bb 

V, be 

T 
Sm̂ be 

- o c 

Figure E.l: Small signal hybrid-vr model representation of bipolar transistor. 

where is the elective impedence of parallel to ''Wi is the base resistance, 

Tec is the collector resistance, rge is the emitter resistance, is the base-collector 

junction capacitance, is the transconductance, Cca is the collector-substrate ca-

pacitance, is the sum of the emitter-base depletion capacitance and the emitter 
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diffusion capacitance, is the input resistance representing the hnearized emitter-

baae diode and is the voltage across Note t h a t Ccg is neglected from the 

extraction. 

Taking the Z-parameter of the hybrid-7r bipolar transistor [102], for Zu; 

14 
11 

h 
(E.l) 

as shown in Figure E.2. 

C. 

B O-
b̂b 

b I, 4 

* c 

I 
T̂t Sm̂ beV i ' b2 

Figure E.2: Bipolar transistor's hybrid-7r equivalent model for zero collector current 
(i.e. 7, = Oy) 

Therefore, 

I, 62 

'61 

QmVbe 

9m i-^bl 

/62 (E.2) 

Therefore, 

h = hi + ̂ 62 

'61 

Ibl 

4 
dm^TV + 1 

(E.3) 

Therefore, 

^ — 6̂)̂ 66 + 6̂1 

— /ft 1 "t" Tge ~h 

^11 = i fbb + fee + 

3 m ^TT ~l~ 1, 

z . \ 

9 m 1, 

(E.4) 

(E.5) 
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For extracting Zgi; 

^21 = 
h lc=0 

as shown in Figure E.2. From Equation E.2 and Equation E.3, 

-̂ 62 = IbldrnZv 

9m ^TT 
h 

Qm̂T̂  ~l~ 1 

(E.6) 

(E.7) 

— T4 — 6̂̂ 66 + T-
I, 62 

jcoCjQ 

Substituting Equation E.4 and E.7 into Equation E.8 

, / I 
^ ^b^bb ~l~ ^b^ee ~t~ ^b 

Therefore, 

For extracting Z12; 

9m ^TT 1 
Ib'^bb 

( 9m ^TT 

^jujCjQJ -f- 1 ̂  

.̂ 21 — /"ee + 1 9m 

9'm^-K ~f~ 1 \ 3^^' jc. 

12 
% 
Ir 

(E.8) 

(E.9) 

(E.IO) 
4 = 0 

as shown in Figure E.3. 

C. 

B » 

'4 6m be V V 

T 

o c 

i ' c2 

i 
o 
E 

Figure E.3: Bipolar transistor's hybrid-vr equivalent model for zero base current (i.e. 
it = oy) 

^c2 — 9 m ^be 

" 9m i^cl ^Tt (E.ll) 
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Using Equation E.ll , 

Therefore, 

Using Equation E.12, 

Id + Ic2 

Id ~l~ d 

I 
L 

cl 
1 ~t~ dm^TT 

(E.12) 

Therefore, 

For extracting Z22; 

as shown in Figure E.3. 

% — + ĉ̂ ee 

1 ~l" dm^Ti 
+ ^c/'e 

Z12 — Tgg + 
1 ffm^TT 

^22 = 
4=0 

1 
%: — ĉ)"cc + ^cl j 

Using Equation B.12, 

V(. — Icfcc 4" Ic 
1 

, 1 ~l~ 9 m jwC, 
~l~ Ic^e 

JC/ 

Therefore, .̂ 22 = Tcc + ree 
1 

1 ~t~ Qm^n ;c. 

(E.13) 

(E.14) 

(E.15) 

(E.16) 

22 ĉc + )"ee + 

ĉc + fee + 

1 

ĉc + f ee + T 

ĉc ~l~ )̂ ee 

\1+Pm^%/ \ 
1 4- ju)C 

j^Cjc{l QmZ-K) 

1 

JC, 

j^Cjc{^ "h QmZn) 1 4" QmZ-, 

z.. IT ( 1 4 " dmZ-jrJ QmZ-K 
+ 

— Tcc + Tee 4" 

1 4~ QraZ-ji jujCj(^{\ + g^Z-^^ 
QmZix 

+ -
1 4~ ffrnZn j^Cjc jcoCjc(\ 4" QtuZTX) 

f cc 4- rgg + - + 9m 

juCjc 1 4" gmZ-jx jwC, JCj 

(E.17) 
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Regrouping the z-parameters together from Equation E.5, E.9, E.13 and E.17; 

'̂ 11 = 6̂6 + êe H —"TT 
Qm^TT ~l~ 1 

^21 = r „ + ( f ' . 1 i l 
,9m^Tr "I" 1 / V jc. 

'̂ 12 — êe + TT 
1 + 7r 

-2̂22 — ĉc + Tee -|- 1- ^ ̂  1 1̂ 
j^Cjc \ 1 4" Qm^TT J \ j^CjcJ 

where _ . Prom the Z parameters, we can determine the base resistance 
-L ~t~ J^ TT ̂  TT 

and the collector-base capacitance directly as follows: 

7-66 = Ae(Zn-Zi2) (E.18) 
1 

w7m(Z22 — Z21) 
Cjc = --TZTTi; ^ (E.19) 
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Appendix F 

List of publications 

(1) Y.T. Tang, J.S. Hamel, "An Electrical Method for Measuring Bandgap Grading in 

SiGe HBT's," 1997 Workshop on High Performance Electron Devices for Microwave 

and Optoelectronic Applications, EDMO, pp. 267-272, 1997. 

(2) Y. T. Tang, J.S. Hamel, "An Electrical Method for Measuring The DiSerence in 

Bandgap across the Neutral Baae in SiGe HBT's," accepted for publication by IEEE 

Transactions of Electron Device. 

(3) Y. T. Tang, J. S. Hamel, "An Experimental Method for Simultaneous Extraction 

of Parasitic Barrier Heights at Emitter-Base and Collector-Base Junctions of SiGe 

HBT's," Proc. European Solid-State Device Research Conference, pp. 96-99, 1998. 

(4) Y. T. Tang, J. S. Hamel, to be submitted to IEEE Transactions of Electron 

Devices. 
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