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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, as
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 HRBT. 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 definition 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 Heterojunction Bipolar transistor (HBT') technology have been inten-
sified 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
as over 10-Gb/s optical communication systems, LAN, and wireless communication
system [1]. Advancement in silicon germanium (SiGe) technology, demonstrated by
producing various high performance devices, has proved that SiGe HBT has the po-
tential to be the future silicon-based bipolar technology, taking over from the currently
dominant silicon technology. Schuppen et al. [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 GH z for a 2-emitter finger HBT in
common emitter configuration. By employing Ultra High Vacuum/Chemical Vapour
Deposition (UHV/CVD) system, Oda et al. [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 et al. [4] have fabricated a SiGe MMIC
amplifier delivering gain up to 4 dB at 26 GH z. In fact, SiGe HBTs were successfully
implemented in a 16 Gb/s multiplexer IC [5] and also in ICs (including selector, mul-
tiplier, D flip-flop) 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 (8Va), a 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-
efits 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. Germanium 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 field 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 profile controls the flow 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 effect of germanium, the base bandgap is
also affected 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 casily 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 base inside
the transistor. This new method was verified 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 homojunction 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
defines 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-base junctions. These barriers
can have an adverse effect on the SiGe HBT performance. Slotboom et al. [20]
have shown that the barriers can severely degrade the collector current and cut-off
frequency of the device. One way to estimate these parasitic barrier heights has been
proposed by Le Tron et al. [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 et al. method is refined 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-off frequency of 130GHz [3],
fmaz of 107 GHz and ECL gate delay of 6.7 ps [28], and CML gate delay of 11ps
[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, from the silicon
surface. This increases the device terminal resistances and capacitances significantly.
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 pm.
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 um [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 heterojunction



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 heterojunction 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 Si,_,Ge,

Heterojunction bipolar transistors were first 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, different 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
first realised much later by Kasper et al. [36, 37] in early 1970s. They employed the
concept of astrained 5%, _,Ge, 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 A° and germanium has a lattice
constant of 5.66 A°, 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 SiGe has a larger bandgap than

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

Unstrained SiGe

+ — lislocated
. - ()
Subsirate Si
(a) od
P-ssuidomorphic
(b)

Figure 2.1: 2-Dimensional crystal structure represeitations [38] of (a) growing SiGe
alloy on silicon substrate forming (b) pseudomorphicgrowth with the lattice constant
difference accommodated by tetragonal strain or (c) structural dislocations or defects.

Molecular Beam Epitaxy (MBE) [17, 39] and Ultr: High Vacuum/Chemical Vapour
Deposition (UHV/CVD) [8, 24] techniques are used &0 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 strained 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 inteerface willincrease as well. The
critical thickness is the maximum thickness of the s&rained SiGe before relaxation.
Figure 2.2 shows a plot of the critical thickness versis germanium produced by Hull
et al. [40]. Here two types of critical thickness are pres-ented. Ome 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 liyer, which is the silicon emitter
layer in a SiGe HBT’s [2, 3, 8], is found to have abou t twice the critical thickness of
an uncapped SiGe.

The improvements brought about by SiGe heterojiuctions 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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Figure 2.3: Plot of bandgap reduction due to germanium for strained SiGe layer (after
[42]) and unstrained SiGe layer (after [43]) at temperature 90K.



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 90K, for strained

SiGe [42] and unstrained SiGe [43].

2.1.1 Bandgap 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 5x 10" ¢m™3
in silicon), the dopant atoms are sufficiently 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 sufficiently 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 defined, shown in Figure 2.4.

However, in heavily doped semiconductors (i.e. more than 5x 1017 em =3 in silicon),
dopant atoms are close enough to affect 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
effects 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’, AEJPP.  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 al. [45], and as
can be seen, strained SiGe has a high apparent bandgap narrowing compared 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]. E!" is the resultant bandgap due to heavy doping effect and EX* is
the bandgap without heavy doping effect. AEJPP is the apparent bandgap narrowing
due to heavy doping effect.

80 r

75 |
70 |
65 |

60 |
55 |
50 |
a5 |
40 |
35 |

Apparent bandgap narrowing (meV)

30 L ) L L L L L oo
1E+018 1E+019

Free hole concentration (cm ‘3)

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 UHV/CVD

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 first 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 107! 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 furnace wafers
l seals
transfer system . P
- Load lock AM
[ [ S — L sate
turbomolecular valve
Turboemolecular and pump ———  »

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 H,O/HF [49]. The resultant hydrogen terminated surface is

12



able to provide hydrogen termination stable in air for the 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 first 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 1073mbarr 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 profile control.

P-type doping of 5 x 10%'cm ™3 for boron [51] and n-type doping of 5 x 10*¥cm™3
for phosphorous [52] are reported. UHV/CVD has the advantages of good doping and
thickness uniformity, and precise control of doping and germanium profile. Harame
et al. [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, reliability and

good growth control.

2.2 Electrical Properties of Si/Si,_,Ge,/Si HBT’s

Figure 2.7 shows how the base bandgap changes are brought about by the incorpora-
tion of germanium into the base. 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, Er, 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 0 E, and J E,, respectively. Also,

the total discontinuity, 6 E, + 0F,, is equal to the base bandgap difference 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, AE;"”. The valence band discontinuity, d £, tends to

be a considerably larger than the conduction band discontinuity, dE..

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 from emit-
ter towards the collector. With the presence of germanium, the electron injection
barrier from emitter to base, W, 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 from 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, J. g;, 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. 0y 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]:

Wi Ny(z)dz |
Jesi = Ve /KT) =1 Dys(2)17,(x) N
s q(exp(qVie/kT) ) [ Of Dnb(x)n%e(x)} )
qDnony AL, [ (q%e) }
(D, B 2.2
Wy Ny P ( k) PP RT 1 -

where q is the charge on a electron, Vj,. is the forward biased base-emitter voltage,
k is the Boltzmann’s constant, T is temperature, 0y and W, are the base electrical
junction positions at the emitter and collector side of the neutral base, in forward
active mode, W, is the neutral base width, Ny(z) is the positional dependent base
doping concentration, D,;(x) and n(z) are the positional dependent base electron
diffusion coefficient and effective intrinsic carrier concentration, respectively, Dy, is
the base electron diffusion coefficient, n;, is the intrinsic carrier concentration in the
absence of heavy doping effects, IV, is the base doping, and AE}? is the base apparent
bandgap narrowing due to heavy doping effect.

In Equation 2.1, n,(z) 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 base, as depicted in Figure 2.8, can be accounted for [8],

AE®?  AE, sige(grade) x & .
wile) =1y exp (S 4 S O “Ehanll)
where,
Nch iGe
N = %—N—N);—SG- ~ 0.4 [20] and Wy =W; - 05 (2.4)
[+ v 7

The term Eg gice(grade) represents the bandgap difference across the neutral base,
as shown in Figure 2.8. The term E, g;6.(0f) represents the base bandgap at the
emitter side of the neutral base, N, and N, 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, J. sige, can be written as [8]:

Doy AEX  qVie
Jesice = AR foxp (225 4+ )

- Wy N, kT kT
AFE ,Si 6(0 )
% AEg,SiGe(grade) o exp (-._&%;*’_L) 25)
kT 1 — exp (— Lusielarads) -
where,
Dn iGe

(Dnb)si
where the symbol ‘~’ refers to a position-averaged quantity. The ratio of (Dy;)sice t0
(Dnp)si accounts for the strain enhancement of the minority carrier electron mobility
with increasing germanium content [54].
Taking the ratio of J.g,ge to J.si, the collector current enhancement due to
bandgap engineering can be estimated by,

exp (AEQ,SiGe(Of) )

Jesice .. AEg sige(grade) *T
} Ae =m - kj'(' x AE, sige(grade) (2.7)
¢,Si 1 —exp (———-‘h——-———kT )
where,
AEg sige(grade) AE. cir(0
y=04, 7>1, A rady > 1 and exp(M)>1
1 oxp (- SEang ) AT

Even though 4 is 0.4 [20], exp(AEy sice(0f)/kT) 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 off 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 base doping also reduces base resistance, which has the effect
of increasing the maximum oscillation frequency, fpne:. With base doping increasing
beyond a few x10¥cm =3, 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 f,,,, and 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 field across the base that
accelerates the electron minority carriers through the base. The graded electric field
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, 7, decreases. Theoretically, the base transit time

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

LG i) *

where @), is the total base stored charge, and I, is the collector current. Putting

Equation 2.3 into 2.8 and integrating, 7, s; [46, 55] and 73 g;ge [8] become:

2
- (2.9)
2Dnb

Ty,Si
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Taking the ratio of 7, gige/ T, 5i gives:
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For a finite germanium grading of more than 1% at room temperature, 7 sige/,si

Th,5iGe

X

will be less than 1 and therefore the SiGe HBT base transit time will be shorter than
the silicon bipolar. The cut-off frequency, fr, 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 QOwutput Conductance

Output conductance is a measure of collector current variations with regards to the
reverse biased collector-base bias voltage. From Figure 2.9, when the reverse biased
collector-base voltage increases, for a fixed 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, V4, such that

_Je (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,

AE s; < (grade)
Vasice AEg sice(grade) 1 —exp (_ i ) (2.13)
Vi 0P LT X ABy sige(grade) '
S kT
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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. n, is the electron concentration in

a p-type.

For finite germanium grading, such as more than 1% germanium across the base 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
BV 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
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and the continuity equations for electrons and holes. Poisson’s equation is given by,

0%y n _
or =—q(p—n+Np - Ny) — p; (2.14)
Continuity equation for electrons and holes are,
on 10J,
Lol - 2.1
o " gor (G- R) (2.15)
Op 10J,
&y _ 77 — 2.1
ot q Oz +(G - ) (2.16)

where € is the dielectric permitivity, ¥ is the electrostatic potential, z is the position,
g is the charge of an electron, p and n are the hole and electron concentrations,
N and Nj are the ionised donor and acceptor impurity concentrations, p; is the
surface charge density, ¢ is the time, J, and J, 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,

E4(90) — 4.0(E4(90) — 0.950)x; for z < 0.25
AE sice(r) =
0.950 — 0.66666(z — 0.25); for 0.25 < z < 0.40
where z is the germanium composition fraction and E,(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],

(0.945 — 1.08)
Eg,SiGe = 1084z x ———6—2—4—‘5—‘“‘“, for x < 0.245
(0.87 — 0.945)
= 0.94 —0.24 ; for 0.245 <z < 0.35
0945+ (z -0 5)x(0'35_0'245), or z <
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In Medici and Atlas, the bandgap narrowing model describing the effects of heavy

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

N N2
E®P(NY) = qVp |In — A
AEPP(N) = ¢Vp |In 0+\}(lnN0> +C

where AEJPP is the apparent bandgap narrowing due to heavy doping effects. Vy =

9 x 1073V, Ny = 1 x 107em ™ 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,

T2
E(T) = Ey0)~ 75

3002 77
300+8 T2

= E,(300) - a

where E,(300) is bandgap at 300K, which is 1.08¢V, a = 4.73.107% and 3 = 636 are
default parameters for Medici in this thesis. For Atlas, a and f, according to the

germanium composition fraction, are [34];

o = (4.73+ 1 x (4.77—4.73)) x 107*

B = 636.0+x 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]:

TAUNO
@ Y) = TN — (z,y)/NSRHN

T AU PO
(@Y =17 Nowat(2,y)/NSRHP

where 7,(z,y) and 7,(x,y) are the positional dependent lifetime of the electrons
and holes, and Nyyq(z,y) is the positional dependent total impurity concentra-

tion. TAUNO, TAUPO, NSRHN and NSRHP are 10~ 7sec, 10" "sec, 5 x 10*sec and
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5 x 10'8sec, respectively, and are default parameters for simulations presented in this

thesis.

In Medici and Atlas, the effective density of states for conduction and valence

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

T 3/2
N,(T) = —
(1) = NC300 (300)
T 3/2
v T) = o
Ny (T) NV300(300>

where N .(T') and N, (T') are temperature dependent density of states of the conduction
and valence bands, NC300 and NV300 are 2.8 x 10°cm =2 and 1.04 x 10"%¢m 3, 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],

NC300 = 2.8x 10" +z x (1.04 x 10" — 2.8 x 10'9)

NV300 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 sufficient

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
defining device profile 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 profile 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 efficiency.
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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 at 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 fluctuations 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-base junction based on results of numerical simulation using
Medici. Three types of base 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 HBT 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 et al. [20] and Le Tron et al. [21].

2.5.1 Slotboom Method

____________________________

:r‘/ base doping

Doping

silicon
conduction band

1
I
AEg,SiGe :D AE,

SiGe
conduction band

Conduction band

energy

O; W,
Distance across neutral base

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

Slotboom et al. [20] assume a uniform box-like boron and germanium profile in
the base. The resulting conduction band profile is shown in Figure 2.11. AW, and
AF, 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,

T — qD,n2(SiGe) y exp(qVhe/kT) (2.17)
¢, SiGe — N,W, 1 — AWb/Wb + (AWb/Wb) exp(AEC/kT) .

25



where n;(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:

_ qDpn2(Si)

¢,S1 — e kT 2
Josi = T exp(qVae/RT) (2.18)

where n2,(S7) is the effective intrinsic carrier concentration of the silicon base. Since,

n2,(SiGe)

’I’Lzzb(S’&) = exp(AEg,SiGe/kT) (219)

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

in Figure 2.11, the ratio of J. sige/Je,si becomes,

Jc 1Ge
ZeSiGe _ g4 exp(A Ly sige/kT) X 1

2.20
Tos, AT W, + (AW, W) exp(AET) 220

where (N.N,)sige/(NeNy)si = 0.4 [17]. Here D, is assumed to be similar for the
silicon bipolar and the SiGe HBT. For a significantly large parasitic barrier (AE, >>

kT), the current ratio above becomes:

Jff“* = 0.4exp(AE, sige/kT) x (Wy/AW,) exp(—AE/kT)  (2.21)
¢,Si
= 0.4 x Wb/AWb X exp((AEg,Sz-Ge - AEC)//CT) (222)

Taking natural logarithm,

In J;Sz‘Ge — ln(0.4 X Wb/AWb> -+ (AEg,SiGe — AEC)/kT (2.23)
¢, S

Therefore, if Equation 2.23 is plotted for In(J; sige/Je,5:) versus 1/kT, the slope of
the graph will be (AE, sige — AE,), with a y-axis intercept of In(0.4 x W,/AW,). 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 AE, g;g. can be obtained.
This is because the In(J, sige/J;.s:) versus 1/kT plot of Equation 2.20 for the control
SiGe HBT will have slope equal to AE gige.

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. Method

Le Tron et al. [21] has proposed a way of measuring the total bandgap reduction due

to germanium and heavy doping effects, AE, g;q. + AEZ{’F , in a SiGe HBT.

Jesice(T) AEysice + AE"
ory T kT -
where,
2m\° 3/2 4
Jo(T) = Csicedq (g) (mnmmp)* *(KT)" pimesi) (T') tposiy (T) X
@Vee — B4(T)
Ru(r) exp e (2.25)
and
(Nch)SiGe(T) Hnb(SiGe) (T)
Crsicer = 2.26
(536e) (NeNy)si(T) sy (T) (220

where A is the Planck’s constant, m,, and m, are the effective mass for electrons and
holes modelled by [65], pnysi)(T7) and pps(siy(T') are the temperature dependent silicon
minority and majority carrier mobilities in a p-type base modelled by [60], Ry(T') is
the temperature dependent intrinsic base resistance, N, gice(T) and N, gige(T) are
the temperature dependent SiGe base density of states of the conduction and valence
bands, respectively, N, s;(T) and N, 5;(T') are the temperature dependent silicon base
density of states of the conduction and valence bands, respectively, pnssige)(T) is the
temperature dependent p-type SiGe base minority carrier mobility, and E,(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 R,(T) for different temperatures, Jo(7') 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
In(Je,sice(T)/Jo(T')) versus 1/kT is used to yield a slope of AEy sige + AE,".

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

Equation 2.20 from Slotboom et al. [20] the (J. sige(T)/Jo(T')) ratio from Equation
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2.24 for large barrier (AE. >> kT), becomes,

(2.27)

Jesie(with parasitic) Wy (AEg,sme + AEYP — AEC)
- kT

Jo AW,
The plot of In(J, sige(with parasitic)/Jy) versus 1/kT will yield a slope of (AE, sige+
AE;g’p — AE,), and intercept at the y-axis gives In(W;/AW,). 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 (AEy sige+
AEZ?) can be obtained. This is because In(J. sice/Jo) versus 1/kT plot of Equation
2.24 for the control SiGe HBT will have a slope equal to (AEg gige+AEf7). Assuming
a uniform and abrupt germanium doping concentration, AFE, can be determined when
(AEy sige + AE ") is known.
The disadvantage of the Le Tron et al. method is that 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 states 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 figure of merit. The first type is known as the cut off or transition
frequency, fr. The second type is known as the maximum oscillation frequency,
fmaz- It must be said that both figures 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 merit fr

The fr 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, Te. [63].
The total delay consists of the minority carrier stored charge delay and the junction

capacitance charging delay. It can be written as:

1
N 27T Tee

fr (2.28)

where 7. is comprised of:
Tec = Te + Tebd + To + Tebd + Tje + T (2.29)

where 7, and 7. 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 significant [69, 70].

The base transit time 7 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, 7,

can be written as [55]:

sz
= 2.30
™= oD (2.30)

where W, is the neutral base width, D,; is the minority carrier diffusion coefficient,
« depends on the base doping profile and which is equal to 2 for a uniformly doped
base. Therefore, to increase fr, the base width needs to be reduced.

The delay term 7.4 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)
2Vl

Tebd —

where W;, is the collector-base depletion layer width, v, is the carrier scattering
limited velocity which is approximately equal to 1 x 10'7 c¢m/s at room temperature
for silicon [72]. For high speed devices, the base width is consistently scaled down.
As 7, reduces, T.q becomes more and more significant.

The delay term 7j, is the total emitter depletion layer charging time and consists

of [63]:

kT
Tije R z]—]—;(Cje -+ Cjc) (232)

29



where Cj. and Cj. are the emitter-base and collector-base depletion capacitances.

The delay term 7, is the collector charging time [63]:
Tc, = RCC]'C (233)

which can be calculated from the collector-base depletion capacitance, Cj., and series
collector resistance, R,. With epitaxial collector, R, is quite small and therefore 7, is

usually not very significant.

Finally, the fr can be formulated as:

1 (kT W2 Wie -
— . ) —L 4 + + . 2.34
fT e 271' (ch (C] -+ C] ) -+ aDnb Te Tebd 2’0561 RCCJC ( )

Figure 2.12 shows the typical behaviour of fr with increasing operating /.. From
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Figure 2.12: Behaviour of cut-off frequency, fr, for increasing collector current, /.

Equation 2.32, 7j, is dominant at low collector current, and therefore fy increases with
I.. However, the influence of 7;, reduces drastically as the collector current continues
to increase. At peak fr, which is f7*%*, 7., 7, and 744 are usually dominant for an
optimal transistor design [46]. Therefore, to get higher f7%*, all three 7je, 7 and Tepa

need to be reduced.

2.6.2 Figure of merit f,.,

The cut-off frequency, fr, 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, fpna, is commonly used which characterises the power transfer in and
out of the bipolar device. f,q,; is defined 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]:

_ fr
fmas = | g C. R, (2.35)

where R, is the base resistance. To increase fnqq, the C;. R, product needs to be re-
duced. However, as base width decreases rapidly to achieve high fr, 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 Cj. 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]. Diffi-
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 has become a very strong candidate for
the highly versatile combined SiGe HBT/BiCMOS technology.

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

32



be evaluated. Then a new mode of lateral bipolar operation, known as the hybrid

mode is discussed [33].

3.1 Issues Facing High Frequency RF/Microwave
Lateral Bipolar Transistor Technology

Initially the issues regarding lateral base definition 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 defined 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 et al. [29]
have reported to have achieved base widths of 80 nm 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 define the lateral base [74, 75]. For example,
Sugii et al. [75] used silicon nitride (Si3/V,) as a spacer, as shown in Figure 3.2. An
oxide step was firstly formed using oxide deposition followed by a reactive ion etch,
as shown in Figure 3.2(a). After thin oxide growth, a Si3/N4 sidewall was fabricated
at the step by Si3/V; deposition followed by an anisotropic reactive ion etch (Figure
3.2(b)). Arsenic ions were then implanted without a mask to fabricate the emitter.

Si0y was thermally grown to isolate the emitter (Figure 3.2(c)). The Si3Ny 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 Si3/N, sidewall and emitter
implantation, (c) emitter oxide growth, (d) Si3/Ns 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 at the silicon surface. Lithog-
raphy was then used to define 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 n™ 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 defined windows for the contact to
the base region, and wet oxide etch was done to expose the top of base but not the
nt 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 50um? to 10 x 50um?.
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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.

emitter base  collector base emitter collector

n-type ! p :l n-type 1 p* l n** J
7

o byried layer—; n
p-typ , epitaxy) n-type
oxide ~ oxide

(a) (b)

Figure 3.5: The basic structures of (a) Lateral Bipolar Transistor and (b) Vertical
Bipolar Transistor.
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From the figure, lateral bipolar transistor with its emitter-base-collector aligned
parallel to the silicon surface can be easily 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 base 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 significant
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., 0.15um),
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 that, 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 basically
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, Wy,, for electron injection into the intrinsic base of the

hybrid mode device is
Ui = Vi — Ve (31)

where Vj; is the built-in potential of the emitter-intrinsic base junction and Vj. is a

small forward emitter-base bias externally applied, Figure 3.7.
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The hole injection barrier, Wy,, from intrinsic base to emitter is;
Uy, = (Vi — AEP?[q) — Vi, (3.2)

where AEJPP is the total apparent bandgap narrowing due to heavy doping between
the emitter and the intrinsic base. Hence in a conventional bipolar transistor, ¥y, is

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

narrowing.
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Figure 3.7: Energy band diagram for conventional lateral BJT (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 n™ 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 fixed oxide charge density, and the surface doping concentration.
Therefore the potential barrier of electrons injection into the depleted intrinsic base,

hybrid .
W, is

bn

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, 1h 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

ghurid _ (. AE [q) — Vi (3.4)

bp

which is larger than that seen by the electrons as long as q¢. > AEJPP. Other parts
of the base current consist of recombination current in the base (2h) and hole current
from the collector and substrate into the base through the reverse-biased junctions
(3h). Both 2h and 3h are rather small compared to 1h.

Therefore the electron current is mainly determined by the electrons injected from
the emitter into the depleted region of the intrinsic base(1le), 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 (1h). Figure 3.7 shows the energy diagram of the hybrid mode operation.
If the hybrid-mode lateral BJT is correctly designed (i.e. Wy, > U, or gp. > AEFP),
it behaves as a heterojunction BJT. The emitter injection efficiency 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, hpp = 120, peak
breakdown voltage, BVego = 10V, and peak cut-off frequency, fr = 4.5GHz. Both
the emitter injection efficiency and current gain are predicted to improve at reduced
temperatures due to their exponential dependence on g¢. — AEPP. 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, g,,, 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 definition 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 was 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 BJT 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 profiles. With such capabilities of bandgap engineering, is-
sues regarding the most suitable bandgap profile for certain types of applications of
device has become significantly important. Roulston et al. [69, 80] have examined
issues concerning the optimum base germanium profile 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. Whereas for minimum base delay and/or
high output resistance purposes, bandgap grading across the base will be most ben-
efiting (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 base

in a SiGe HBT. The theoretical basis of this method will firstly be presented where
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the physical justification 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.
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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 base is equivalent to E,(a) — E,(b).

The single most important process parameter to control in silicon-germanium het-
erojunction bipolar transistor (SiGe HBT) process is the quantity and profile of the
germanium in the electrical neutral base region. The total quantity of germanium
in the neutral base region controls the current gain through bandgap reduction and
the resulting increase in emitter injection efficiency [13, 53]. The difference in ger-
manium concentration between the electrical edges of the neutral base region (i.e. at
the emitter-base and collector-base 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 efficiency. 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 differences 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 profiles
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 time 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 profiles 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 base 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

From Appendix B, Equation B.6, the low frequency a.c. output conductance for
a SiGe HBT operating in forward active mode, gy, as illustrated in Figure 4.2(a),

becomes [81];

~1C4 ( Wi Ny(z) )
op = ¢ ———dx 4.1)
Gof chDnb(Wf)n?e(Wf) 0y Dnb(x)n?e (.27) (

where the “f” subscripted and superscripted symbols refer to the transistor operating
in the forward active region. ¢ is the electronic charge, I is the forward d.c. collector
current, as illustrated in Figure 4.2(a), C’ch is the junction capacitance of the reverse
biased collector-base junction, A, is the collector-base junction area, Oy is the neutral
edge of the base region at the emitter side, Wy is the neutral edge of the base region

at the collector side, D, (Wy) and n;.(W;) 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 flow 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 difference 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 0y 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, N(z) is the positional dependent base impurity profile, D,;(z) is the positional
dependent base diffusivity of electrons and n;.(z) is the positional dependent effective

intrinsic carrier concentration.

Similarly, the low frequency a.c. output conductance in reverse active operation,

as illustrated in Figure 4.2(b), g,r, can be written as;

~I,CL, 0, (z -1
Jor = 4 A Do (0,)nZ(0;) (/ g Dnb](\-;)(nzz)e(m) dm) (42)

where the “r” subscripted and superscripted symbols refer to the transistor operating

in the reverse active region. I.. is the reverse d.c. collector current, which is the
current that flows into the emitter when the transistor is operating in the reverse
active region, as illustrated in Figure 4.2(b). C7j, is the junction capacitance of the
reverse biased emitter-base junction, A. is the emitter 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,;(0,) and n;(0,) are the base electron diffusivity and effective
intrinsic carrier concentrations, respectively, at the emitter side of the neutral base.

As different bias 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, W; and 0y in Equation 4.1 are not necessary the same as W, and 0, in Equation

4.2. Also I ¢, obtained from Equation B.2 of Appendix B, and I, can be expressed

by,

I, = qAcexp (%) (/O ﬁ—ﬁ%@—)dx)_l (4.4)

These expressions show that I,y will be different from I, because they are influenced
by the neutral base boundaries. Therefore, to account for the effect 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 that g,; and gor become,
_ICQf ijc

- (4.5)
g2 AcAe Dy (Wi )nZ, (W) exp(Vie/ V)
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where V/ is the forward bias voltage across the emitter-base junction in the forward
active region of operation, V) is the forward bias voltage across the collector-base
junction in the reverse active region of operation, and Vi is the thermal voltage.

Taking the ratio of Equation 4.6 to Equation 4.5 one obtains;

- () (3) ) () )

The effective intrinsic carrier concentration can be expressed in terms of density

of states and the bandgap energy such that,

WV = NN (7 exp () (18)
W2(0,) = N0)N,(0,) exp (1%@) (19)
therefore,

2V, NWONGWY)  (E,0,) = By(Wy)

nge(of) - NC(OJ;)NU(OT)f eXp( kT ) (4.10)

where N, (W;) and N, (W) 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 N.(0,) and N,(0,) 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.
E4(0,) is the bandgap energy at the emitter side of the neutral base in reverse active
region mode, E,(Wy) is the bandgap energy at the collector side of the neutral base in
forward active region mode, T is the absolute temperature and & 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,

2 ) () (58) = (45°) (SRie)
(B BVA)  (ay

exp
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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 effective 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 effective 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 base 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,

(i)l () - (8) - (45)-
n (o) * (Pl e

which is linear with respect to inverse temperature provided that,

() (4) ()

is constant with respect to temperature. The capacitance term, In (C’;‘e / C'ch), in Equa-
tion 4.12 was 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. I.; and I, are
measurable quantities and therefore In (., /I.;) 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 Vbﬁ and Vj, are equal at each temperature, a plot of:

Gor Icr) (Cje> 1
In|==] -2In|— | ~In| =] versus — 4.14
(90f> <1cf Cj T (4.14)

will yield, to first order, a straight line which has a slope equal to (E,(0,)—E4(Wy))/k.
Since k£ is a constant, Ey(0,) — E,(W;), which is the difference of bandgap between

operation mode, can be extracted directly from the slope. 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 0y 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, E,(0,) is similar to
E4(0f) and E,(0,) — E,(W;) 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 efficiency 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 efficiency
to reduce base resistance since the base doping must be sufficiently low to avoid
unwanted tunnelling leakage currents across that emitter-base junction [86]. The
high speed switching properties and rf noise figures 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 difference for forward
active operation is approximately given by the ratio of the emitter-base space charge
layer width divided by the neutral base width in forward active operation, further
explained in Appendix C.1. Devices of this type have been reported to have base
impurity concentrations on the order of 5 x 10®c¢m ™3 and metallurgical base widths
of 90nm [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.1. 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 difference 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 1/7". 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,

No(WoNo(Wp)\ _ [me(Wp)ma(Wy) ]
( NC(Oi)Nv(OT)f ) B { me(Oi)mh(Or)f J (415>

where m, and my, 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 exponential. 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 N, and N, at either
edges of the neutral base region will simply introduce an apparent contribution to
the overall bandgap variation E,(0,) — E,(W;) across the neutral base if the strength
of the density of states exponential dependence varies across the neutral base 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. Tt 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 was placed on a metal plate inside
the heat insulated chamber, where air was pumped out to 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 V;/ has to the lowered for
increasing temperature in order to maintain low operating current.

It is not uncommon to find 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 significant, 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,

slope = g
nkT
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q
T = i 4.1
nk x slope (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 difference 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, I. is obtained for in-
creasing V., in steps of 0.05 V, at fixed V}, bias voltage, shown in Figure 4.7. Noise
was found in the collector current and therefore a five data points moving average
function, built-in to the HP4155A, was performed on the collector current to filter
out the noise. The output conductance was extracted from the I, vs V.. plot by dif-
ferentiating I. with regarding to V. between two data points that were adjacent to a
certain V,.; this is also a built in function of the HP4155A parameter analyzer. This
was performed for the whole range of V., at fixed Vj, bias voltage, shown in Figure
4.8, and was repeated for different temperatures. Note that because the collector and
base current increase with temperature, shown in Figure 4.5, the Vj,. 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 vs collector current graph.
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Figure 4.8: Figure showing the output conductance for increasing V.., at 250K, 300K
and 350K, extracted using HP4155A parameter analyzer.
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paths. Note that according to Equation 4.12, as long as V., is always equal to V},ﬁ, the
plot of Equation 4.14 will not be affected by the difference of Vb]; used for different
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-diffusion 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
different undoped spacer layer thicknesses on the base impurity profiles 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 base layers were grown
at 610°C, and the emitters were grown at 700°C. The nominal peak base impurity
dopings were 2 x 10! ¢m™3 and polysilicon emitter contacts were used. Base layer
widths, not including spacer layers, were nominally 25nm.

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 significant 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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Figure 4.11: Base conduction and valence band energy diagram illustrating possible
physical bandgap energy in Device B which was used in experimental measurement.
It is shown that the neutral base edge at the collector side resides in the silicon region
(parasitic barrier region) whereas the neutral base edge at the emitter side resides in
the SiGe region. The bandgap difference across the neutral base is therefore equivalent

to E,(a) — E,(b).
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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 base 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 k 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 eV increasing for Device A and 0.104 eV’
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-diffusion

has caused a bandgap difference between the silicon and SiGe regions in the neutral
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base of 0.104 eV. 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'® ¢m ™ [83] in the SiGe portion of the neutral base compared to
the lower doped silicon side of the neutral base. Note that a negative slope indicates
a retarding electric field and a positive slope indicates an accelerating electric field 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 influences 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,

gOT IC’I' AEg (g,ra’de)
Jor } A A A 4.17
In ( ) 21n (Lf) WT ( )

where AE,(grade) = E4(0,) — E,(W;). Using simple error propagation analysis, the
absolute uncertainty in measuring the bandgap difference across the neutral base re-
gion 6AE,(grade) can be expressed in terms of the relative uncertainties in measuring

Gors Gofs Ier and Iy such that, also elaborated in Appendix C.2,

sty < 1[5 () 2 (8) o2 (2]
Gor Jof 1., [cf

(é{) AE,(grade) (4.18)

T

For the case where AE,(grade) = 0.1eV, assuming that the relative accuracy of
mMeasuring gor, gof, ler and Ios are each 5% (i.e 0gor/gor = 8ler/Ier = 6lep/Icy = 6T /T

= 0.05), the absolute uncertainty in measuring AE,(grade) becomes at 300 degrees

K,
SAE,(grade) = 0.3kT + 0.05AE,(grade) = 0.013eV (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 different idealised SiGe HBT
structures in order to demonstrate the potential uses of the 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 profile 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 4x10¥¢em ™2 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 influence of
terminal series resistance loss. Simulation results are shown for temperatures between
340 K and 220 K. 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 base region is 0.023 eV 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 confirmed
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 V.

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 k. The positive slope indicates that the bandgap is smaller by 0.023 eV at
the collector side of the neutral base region than at the emitter side in agreement
with the internally defined device in the 2-D numerical simulation.
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Figure 4.15: Plot showing the bandgap variation across the base metallurgical junc-
tion, where germanium concentration increases from 0 to 10% linearly towards the
collector, for device structures shown in Figure 4.13. With the approximated base
electrical junctions positions using the electric field across the base for zero bias
collector-base and emitter-base junctions, the bandgap difference across the neutral
base is found to be 0.022 eV
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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 difference across the
neutral base divided by Boltzmann’s constant k& for each case.

slope increases as expected for increasing amounts of germanium grading and bandgap
differences across the neutral base of 0.023 eV, 0.051 eV and 0.080 eV 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 significant where
impurity doping increased above 10!7cm™3. Because of its increased emitter injection
efficiency, SiGe HB'T’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 effects 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 fr [80], a
highly doped base with peak doping 3 x 10'°cm ™2 to minimise base resistance, and a

metallurgical base width of 800A4°.
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Figure 4.17: Net impurity profile 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 profile due to diffu-
sion effects [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 influence
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 eV across the neutral base, from the emitter to the collector.
This is confirmed by Figure 4.19 showing the simulated bandgap, E,, 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 significantly 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 gof, Gor, lefs ler

and T would have to be better than 5 % to be able to detect this degree of bandgap

difference.
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Figure 4.18: Numerical simulations of Equation 4.14 for the 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 difference across the
neutral base divided by Boltzmann’s constant k. The negative slope of curve #5
indicates that the bandgap is larger by 0.014 eV 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 effects 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
figure 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 influence of impurity-induced bandgap grading for optimum

transistor performance.
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base is found to be 0.015 eV.
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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
difference across the neutral base divided by Boltzmann’s constant & for each case.
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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 SiGe HBT has been
presented. This method can be used to measure the effective bandgap grading due to
the presence of germanium, including the effects of heavy doping. Detailed numerical
simulations were used to demonstrate the usefulness of the 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 profile 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, firstly, verified 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-diffusion, 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, parasitic 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 et al. [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 et al. [18, 21] have shown that 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

75



Figure 5.1. This has the effect, however, of increasing the overall thickness of the
SiGe layer and hence imposes a tighter constraint on the amount of germanium that

can be introduced [42].

SiGe spacer layers

Emitter Base " Collector
(Si) (SiGe) (Si)
4
Base doping

before diffusion

Base doping
after diffusion

Base doping

—

Depth

Base width after diffusion

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),
gor cr nb(Wf)) (‘/b]; - V;JTC)
exp | ———
(c)( )( Du(0,) ) Vr
( ( )) (Eg(or)—Eg(Wf)>
exp (5.1)
( Ne(0 ) »(0r) kT
where the “f” and “r” subscript or superscript denote parameters for forward and

reverse active operation, respectively. g, is the a.c output conductance, I is the d.c.
collector current, Cj. is the emitter-base depletion capacitance, Cj. is the collector-
base depletion capacitance, D, is the base diffusivity of electrons, Vj. is the emitter-
base bias voltage, V. is the collector-base bias voltage, V7 is the thermal voltage,
N, and N, are the effective density of states in the conduction and valence band,
respectively, T is temperature and k is the Boltzmann’s constant. E,(0,) — E,(Wy) is
the bandgap difference between the collector-base junction edge of the neutral base

in forward operation (W;) and the emitter-base junction edge of the neutral base
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Figure 5.2: Figure illustrates, with the aid of numerical simulations [56], the effect
of doping profile 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 E,(V) and E,(V};) used in Equation
(5.2) are also indicated.
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in reverse operation (0,). Since Wy and 0, are dependent on the forward active
collector-base reverse bias voltage, V., and reverse active emitter-base reverse bias

voltage, V), respectively, Equation 5.1 can be written as:

(N]é%fixgm)) exp (Eg(%’a)k; Eg(vc’2>> 5.2

Eq,(V3) — Eg(VC,f)), shown in Figure 5.2, can be measured directly by plotting

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, E (V) — Eg(Vci), can
be extracted.

collector/base electrical junctions for
different collector-base reverse biases, V be

|
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Q
—
23
2
m I~
-
< T\
3+
m valence band

| - Lo boed ]

0.35 0.36 0.37 0.38 0.39 0.4
<
SiGe Silicon

Distance Across Device (um)

Figure 5.3: Figure illustrates, with the aid of numerical simulations [56], the depen-
dence of the collector-base parasitic barrier’s shape on VC’; It shows the movement of
the electrical junction with regards to VC{;, and also how the parasitic energy barrier
can be lowered by increasing V). AE, and AE, 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 difference 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 profiled
by holding the reverse active operation reverse bias voltage VJ, constant, so that the
emitter-base junction bandgap E, (V) can be used as a reference, and then increasing
the forward active operation reverse bias voltage V.J which will cause the collector-
base space charge layer edge to sweep through the parasitic energy barrier. The low
frequency method to extract E,(V3) — Ey(V,)) was used at every increment of vy
to monitor the bandgap changes. Vc’; 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 chb and
the bandgap difference across the neutral base was free from the effects of the parasitic
energy barrier. The total bandgap change at the collector side of the neutral base
edge, AE,, over the change in applied VCJZ can be extracted from plotting Equation
5.3 with regarding to chb

AE, is equivalent to the summation of the changes at the conduction band, AE,,

and the changes at the valence band AE,, as shown in Figure 5.3.
AE, = AE, + AE, (5.4)
AE, 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 V} and the total valence band changes, AE,,
is equivalent to E,(a) — E,(b).

on the base conduction band, manifested as a parasitic energy barrier. AF, is due to
the effect of p-type dopant variation with position at the base. The majority carrier
(hole) Fermi level in the base 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 E, between V;J =0V and “pushed-through” V., shown
in Figure 5.4. Since AE, = AE, — AE,, the knowledge of the base impurity profile
is therefore required to determine AFE, 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 VC’; and at “pushed-through” VC’; , is generally significantly different. Note that
if the device doping is uniform across the base, as assumed in [20], AE, will be equal
to AE,, 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 bias, Vc{: > 0, when

the transistor is operated in the forward active region. Note that Vc’; can only be
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increased up to the collector-base junction breakdown voltage. Reverse operation
data is extracted for fixed values of the reverse emitter-base bias, V. Values of bias
applied to the forward biased junctions in forward and reverse active operation V}f;
and V., respectively, are simply chosen to be equal and so that the collector currents
are low enough to neglect series resistance losses. The total 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,, between the silicon collector and SiGe base region at the
collector side of the neutral base edge. AE, can be calculated by using the equation

that models the difference of doping level,
N(.Tl)
N(SCQ)

where N is the p-type base doping concentration, z; and z, are the positions of the

AE, =kTIn (5.5)

electrical junction when the reverse collector-base bias used is at zero volts and the
“pushed-through” voltage, respectively. AFE,, the parasitic energy barrier height, can
then be calculated from Equation 5.4 since AE; 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, V}, and keeping the reverse
collector-base bias, VC{,, constant in a similar procedure as above. z; and x5 are now
the positions of the electrical junction when the reverse emitter-base bias used is at

zero volts and “pushed-through” voltage, respectively.
p g g Y Y

5.3 Numerical Simulation Results

The method is first evaluated by means of full numerical simulation using the MEDICI
[66] 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 10*cm =2 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. E, (V) —

Eg(\/'c{,)) with regarding to the increasing chb for the parasitic barrier at the collector-
base junction of the simulated device.
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As the reverse collector-base bias, V], is increased, the bandgap difference between
the edges of the neutral base, E,(V}) — Eg(Vc’;), 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,
Vc’;, the slope no longer changes significantly indicating that the electrical junction has
moved into the SiGe area when the parasitic barrier is completely “pushed-through”.
The final bandgap variation, AE,, of the collector-base junction for zero collector-
base bias is the total change in slope of In(ger/gof) —21n(Ler /I.5) — In(Cje/Cjc) versus
1/kT over the reverse collector-base bias, V,J, variation. Similarly, the whole process
was repeated to extract the emitter-base parasitic barrier height except that Vc’; was
fixed at a reference voltage and V, was increased from zero to “push-through” volt-
age. Equation 5.3 for increasing V), for the emitter-base parasitic potential barrier
extraction is shown in Figure 5.6.
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Figure 5.7: Plots of the slope of In(gor/gof) — 2In(I¢r/Is) — In(Cje/Cjec) vs V3 (or V,
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 at 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, AE, of 0.086 eV and
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0.097 eV were “measured” across the emitter and collector parasitic potential barrier
regions, respectively. From the internal simulation data, shown in Figure 5.8 and
5.9, AE, was found to be 0.092 eV and 0.093 eV 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. z1, z3,
N(z1) and N(zq), were extracted directly from internal simulation data and AE, 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 eV and 0.042 eV, respectively.
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Figure 5.8: Band energy diagram of the collector-base junction for Vc’; = 0V plotted
from internal simulation data. AE, and AE, are found to be 0.093 eV and 0.055 eV,

respectively.

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 profile, obtained from secondary-ion mass spectrometry (SIMS), is shown in
Figure 5.10. This device had a nominal peak base doping of 2 x 10"%¢m ™3 | nominally

10% uniform germanium concentrations, and 5nm undoped spacer layers to partially
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Figure 5.9: Band energy diagram of the emitter-base junction for V = 0V plotted
from internal simulation data. AE, and AE, are found to be 0.092 eV and 0.064 €V,

respectively.

suppress the effects of boron out-diffusion. Base layer widths, not including spacer
layers, were nominally 25nm 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 significant emitter parasitic barrier existed since the emitter
doping was significantly higher than the collector doping (10 versus 10'® c¢m™3),
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
breakdown 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 profile from SIMS of the fabricated n-p-n SiGe HBT device
measured for experimental verification of the new proposed method.
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bandgap variation, AE,, is present in the measured device as the slope changes

considerably with collector-base reverse bias VC .

values of reverse collector-base bias, V5. 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, ch . The bandgap difference across the neutral base
begins to change rather rapidly as Vb 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
V;’; = 17 V in Figure 5.13. From Figure 5.13, the collector-base junction bandgap
variation across the parasitic barrier, AE,, can be obtained by extracting the bandgap
changes between Vcb =0V and V] =17 V, and is found to be 0.110 eV. This value
of AE, 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 profile of the measured n-p-n SiGe HBT device, shown in Figure 5.10. The
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results and simulation results, respectively.
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Figure 5.14: The modelling of the measured n-p-n SiGe HBT device doping profile
using semiconductor device simulator Medici. Note that the highlighted part of the
boron profile, where the collector-base parasitic barrier exists, is modelled very closely
in order to reproduce the measurement results in the simulation.
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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 profile 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 108¢m™3 and 10'%cm™3. The simulation result is shown in Figure 5.13 and AE,
of 0.100eV was extracted using the extraction method. The difference 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 Vc’; 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
confidence that the proposed measurement method is indeed measuring the bandgap
difference across the parasitic barrier of the n-p-n SiGe HBT device and this mea-
surement method is not significantly affected by other effects that are not taken into

account in the simulations, such as 3-D effect, collector-base avalanche breakdown,

etc..
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Figure 5.15: Simulated band energy diagram of the collector-base junction for

VS = 0V plotted from internal simulation data of experimentally measured device.
Modelled AE,; and AE, are 0.130 eV and 0.095 eV, respectively.

AF, was found to be 0.095eV for the measured device, shown in Figure 5.15.

90



This was estimated using Equation 5.5 where N(z1) and N (z,) 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, AE,, is found to be 0.110—0.095 =
0.015eV for this device. Note that in Figure 5.15, the bandgap difference across the
parasitic barrier from solving Poisson’s equation, AE, was found to be 0.130eV as
compared to 0.110eV 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” V. were estimated from the shape of
the parasitic barrier and could not be determined absolutely. Perhaps, the weakness
in this proposed parasitic potential barrier extraction method is to rely on solving
Poisson’s equation to determine AFE,. 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 profile where
AE, did not exist, in which, from Equation 5.4, AE, = AE,. Since practical SiGe
HBT does not have uniform base, AE, was shown above to be significant to the
calculation of the parasitic potential barrier height and have to be accounted for in
the parasitic potential barrier height extraction method.

It is interesting to approximate the effect of AFE, = 0.015e¢V 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:

grar qD,n% (SiGe) y exp(qVie/kT) (5.6)
e.5iGe N, W, 1 — AW,/ W, + (AW, /W) exp(AE,/kT)
where J?'G, . is the collector current of a SiGe HBT with parasitic barrier, AW} is the

parasitic potential barrier width, and the other parameters have their usual meaning.

For a SiGe HBT without parasitic potential barrier, AW, and AE, become zero and

the collector current becomes:

qD,n? (SiGe)

o A\ T 5.7
Jc,SzGe NbWb eXp(qV;)e/kT) ( )
Therefore, the ratio (J. sige/ 5 gice) becomes:
Jc iGe
J,;ff =1— AW,/W, + (AW,/W,) exp(AE,/kT) (5.8)
¢,SiGe
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From Figure 5.15, W, is 0.036 um and AW, is 0.016 um, therefore J.sige/ Fogice iS
equal to 1.35.

The measured device (with 5 nm SiGe undoped spacer) has extrapolated zero
base-emitter bias collector current, I,,, of 2.28 x 107 A. From the G7 batch of SiGe
HBTs [87], another SiGe HBT was fabricated with 15 mm 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 I, of 5.91 x 107'°4. Therefore,
(Je,siGe(15mm) [ J. sige(5nm)) 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 eV 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 influence 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 time 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 HBT with
Existing Advanced Vertical SiGe
HBT 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 HBT transistor published by
Kondo et al. [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 et
al. 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 efficiency; (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 difficulty here
will be in realising a strained SiGe base. Also, the difficulties faced in defining 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
first 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/CVD) [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 LPCVD are being

considered here.

95



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 CVD 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 profiles 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 lateral

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

definition 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 pm thick, 8.0 ywm wide and
500 pm 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 wm (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 H50 : H F) 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 #b5.
By adjusting the epitaxy gas compositions, the epitaxy layer composition and doping
profile can be adjusted according to requirement. Note that at this stage, the emitter

side is yet to be formed and this region remains void during the first LPCVD epitaxy

step.
growth
direction
n seed Collector
- hole n-Si

SiGe spacers

(a) (b)

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 7) 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 p™ 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.

etal

etal

extrinsic
base
n-Si (collector) <E~‘.......e n-Si (emitter) n-Si (collector)| 4 n-Si (emitter)

\ /

p*-SiGe(intrinsic base) 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
field 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 significant silicon (or SiGe) extrinsic region with enough ohmic resistance between
base metal contact and 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 field between the base metal contact and the intrinsic base
region. The first way is to use a higher p™* doping in the ‘top’ extrinsic base contact
layer, shown in Figure 6.4(b), than is in the intrinsic base region. This difference of
dopant will create a retarding electric field 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 sufficiently high current

gain combined with low base contact resistance.

6.2 Vertical SiGe HBT used for Comparison to the
Proposed Lateral SiGe HBT Structure

For the purpose of comparison, a state of the art high performance vertical SiGe

HBT device developed by Kondo et. al. [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 um wide. The € 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/um [10]. A
wedge-shaped CVD Si0, isolation structure was also developed to reduce the base-
collector capacitance component below the p™ 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 p™ polysilicon base electrode inside the window, as shown in Figure 6.6.
Therefore, the width of the base-collector junction is only 0.5 um, which is the width

of the window.

selective epitaxy
SiGe

polysilicon/SiGe D sio,

n- Si epitaxy { nSi J

n* Si

0.5 pm

Figure 6.6: The simultaneous formation of SiGe base on the n~ collector with the
self-aligned polysilicon/SiGe base contact on the p* polysilicon sidewall.
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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 mm 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 Caughey-Thomas mobility model was used to model the
field-dependent mobility of electrons and holes in high-field effect [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 102%m=3, peak base doping is p-type 5 x 10®¥cm~3 and peak collector doping is
n-type 5 x 10*cm =3, It closely fits the SIMS profile from the Kondo device [10]. The
device length in Atlas was 1.7 ym and its dimensions as 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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Figure 6.10: Figure shows the dimension of the Kondo structure used in Atlas.
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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 affect the fr and
fmaz figure of merits which reflect the frequency performance of the device.

fmaz and fr 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

Yij =G+ jwCyy = (6.1)

kﬁ:z[ o

the frequency dependent admittance matrix can be calculated. The y-parameters are

obtained by the formula below;

Kl - Gbase,base + jwcbase,base (62)
Y12 = Gbase,collector + jwcbase,collector (63)
Y'21 - Gcollector,base + jwccollector,base (64)
}/22 = Gcollector,collector + jwccollector,collector (65)

where Gigse pase a1d Goptector pase are the conductances obtained at the base and col-
lector terminals respectively when a small ac signal is applied at the base terminal.
Ghase,coliector 31d G eoliector coltector are the conductances obtained at the base and collec-
tor terminals respectively when a small ac signal is applied at the collector terminal.
Chase,pase a0d Cooliector pase are the capacitances obtained at the base and collector ter-
minals respectively when a small ac signal is applied at the base terminal. Cyse cotiector
and Coojiector,collector ar€ 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]:

Ya

- (6.6)

Bac, a.c. gain = 20log
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Re(Yn ~ Yio)? + Im(¥oy — Yo)* ) (6.7)

. in = 10/
a.c. power gain og (4[R€(Y11)R5(Y22) —_ Re(Ylg)Re(Yzﬂ]

The fq and fr figures of merit are obtained at unity a.c. power gain and zero a.c.
gain respectively. Note that a negative sign was required for 3,. formula due to the
current flow sign convention in Atlas.

Figure 6.12 shows the simulated and the published f.4. and fr 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 fnu.
of about 70 GH z and peak fr of about 40 GH z at around 200 pA. 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, fpq.z, and fr versus I, 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
HBT and the Vertical SiGe HBT of Kondo et.
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 was fabricated using a 0.2um design
rule process [10], the lateral device was also structured according to a 0.2 wm 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 pm in the unsimulated 3rd
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dimension. The proposed lateral device input file is shown in Appendix D.

0.375 um 0.05um 0.25 pm

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 1.7um?) than the
vertical device (0.2 x 1.7um?), has a smaller collector current than the vertical device
for a given Vj.. 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
fr and fi. peaked at much lower collector current (i.e. 40 wA) than the vertical
device (i.e. 200 pA). This shows that lateral devices have an advantage over vertical
devices for low power high speed operation. Peak fr of the lateral device, 33 GHz,
is slightly lower than peak fr of the vertical device, 40 GH z, 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 theo
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Figure 6.14: The gummel plots from the Atlas modelling of the lateral and vertical
device.
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emitter region than in the vertical device emitter as the lateral device emitter is wide
(more than 0.25 pm, as shown in Figure 6.13) and not optimised for this simulation.
However, the lateral device peak fpa,, 160 GHz, is much higher than the vertical
device peak frap of 75 GHz. To first order approximation, f., is related to fr as

in equation 6.8 below [68],

_ Jr
Jmae = | g Colir (6.8)

where Cj, is the collector-base depletion capacitance and R, is the base resistance.
Equation 6.8, shows that both C}, and R, need to be low in order to enhance fraz.
Using the extraction technique in [102], C}. and R, can be extracted using small

signal z-parameters as below,

Rb = RG(ZH - Zlg) (69)

1
_ 6.10
wfm(Z22 - Z21) ( )

Cje =

where Z11, Z19, Z31 and Z,y 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 float. However,
it was decided that the substrate does not significantly affect the fr 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 f4z-

Using equations 6.9 and 6.10, the base resistance and collector-base capacitance
are found to be 319 Q and 0.861 fF, respectively, for the vertical Kondo device at
peak frae. Using Equation 6.8 as a first order approximation, f.. is calculated as
76 GHz which is very close to the simulation and published [10] value of 70 GHz.
This shows that Equation 6.8, 6.9 and 6.10 give very good prediction of the device

fmaz-
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Figure 6.16: The extrapolated f,,.. of the lateral device is found to be approximately
220 GHz. This is consistence with the first order approximation of fy,., using Equa-
tion 6.8.

Similarly for the lateral device, at peak fq., using Equation 6.9 and 6.10, the
base resistance and collector /base capacitance are found to be 172 Q and 0.139 fF,
respectively. Again using Equation 6.8, f,,.; is calculated as 234 G H z which is much
larger than the simulation value of 160 GHz. This can be explained by looking at
the unilateral power gain versus frequency plot, at peak frqz, 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. fy,.; 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 dB/decade. This pole is not taken into account by Equation 6.8 and therefore, the
simulation fp,., is smaller than the calculation f,.,. By extrapolating the unilateral
power gain according to 20 dB/decade, as shown in Figure 6.16, the f,,,; without the
extra pole at 100 GHz is found to be approximately 220 G H z, 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 GHz, the f,q. of the lateral device will be as high
as 220 GHz.

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 has much smaller collector-base junction area which
reduces the junction capacitance. Therefore, from equation 6.8, it is no surprise to
find the lateral device has much more superior f,,., than the vertical device.

As the comparison indicates, if the proposed lateral HBT 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 R, and Cj. than
the vertical HBT. Also, the lateral HBT uses SOI substrate in order to minimise
Cjs, 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 fr and f., must be high. The lateral HBT has fr
comparable to the vertical HBT but superior f,q.. Also, from Equation 6.8, high
fmaez implies that R, and Cj, are low. However, R, and R, could be high for the
lateral HBT due to the very thin epi-layer used in order to reduce Cj. and Cj.. But
if the I, of the lateral HBT is low, the I.R, and I.R, 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 fi0z. 1tS finee was found to be 160 GH z and could potentially be
improved up to 220 GHz. With its fr 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 finally 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 bandgap grading
across the neutral base can have a significant effect on the electrical properties of

SiGe HBT’s, including the output conductance and the base transit time. A new low

116



frequency electrical method was developed to measure the bandgap difference across
the neutral base 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 the 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 as 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-diffusion. 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 at emitter-base and collector-
base junctions of SiGe HBT’s was presented. This method was developed by adapting
the neutral base bandgap difference 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 mobility, 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-base 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 et al.. Numerical
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modelling of the measured SiGe HBT device further supported this result.

Finally, an investigation was 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 was assessed by means of comparison to
industrial vertical bipolar structures which are a widely used. It was found that a lat-
eral structure has 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 et al., 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 fr but that the lateral
device out-performed the vertical device in f,,.,. The lateral device’s f,.. was found
to be 160 GH z, more than twice that of the vertical device, and could potentially be
improved up to 220 GHz. The tremendous f,,.; 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 fr and f,.; to peak at a low 40 pA, as compared to 200 pA 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 et al. [20] has a model that is able to predict the fr and
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 confined 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 Unified 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:

/fw;l = /’l‘l_a%t,n + NJ—JLAJFP (A1)
where
T ~TETN
praen = MMXN (555) (A.2)
p Nscn (NRFN) ALEN N n+p (A3)
Draxp Mo Nsceffn \ Nscn Hen Nscefin '

where MM 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, NRF'N
is the reference impurity concentration, 9.68 x 10'® default, ALPN is 0.68 default, n
is the electron concentration, p is the hole concentration, 7" is the temperature. iy,

tens Nscn and Nsceffn are given by

MMXN2 T 3(ALPN)—1.5 A 4
HNa = TIMXN = MMNN (300) (A4)
_ MMXN x MMNN (3_0_9)0-5 (A5)

Hen = WMXN — MMNN \'T '
Ns¢n = Np+Nij+p (A.6)
Nscesin = Nb+NiG(B) + Ip—(%ﬁ (A.7)
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where MM NN is a parameter to determine electron mobility at high dopant and/or
carrier levels, 52.2 default. The effective impurity levels N} and N} take ultra-high

doping effects into account and are defined by

1
CRFD + (AN,?,Z*D)QJ

1
Ny o= N1+ (A.9)
CRFA+ (——Nﬁf*‘)z}

where Np is the donar concentration, N4 is the acceptor concentration, CRF'D is
a factor determining the ultra-high doping effects for donors, 0.21 default, CRF A is
a factor determining the ultra-high doping effects for acceptors, 0.5 default, NRF D
is a reference impurity concentration for donors to model ultra-high doping effects,
4x10% default, NRF A is the reference impurity concentration for acceptors to model
ultra-high doping effects, 7.2 x 102,

The functions F(P,) and G(FP,) that take the finite mass of scattering holes and

the repulsive potential for acceptors into account, are given by

0.7643 26478 4 2.2999 + 6.5502 7=

Fifn) = P48 23670 — 0.85520= (A.10)
0.89233 0.005978
GP) = 1- — T i (A.11)
041372 + P, (2 5)* "] [ (me200)™™]

For values of P, < P, nin, G(Pmin) is used instead of G(P,), where P, jy 1S the
value at which G(P,) reaches it’s minimum. The P, parameter that takes screening
effects into account, is given by

-1
9 459 3.828 T\?
P N ( _> (A.12)
n -2 . 20 e
(3.97 X 1013NSC,/7? : 32:(—;0 mo ) 300

Similar expressions hold for holes. The effective electron and hole mass that are
used are m, = 1.0mg and my, = 1.258m, with my 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
Vaa Va
+ Ifl Collector + 1 l Emitter
Vo i Vo &
Base Base
¥ +
f
V..be Emitter Vj_bcr Collector
_‘I'-‘— —L—
(a) (b)

Figure B.1: Circuit diagram of an n-p-n transistor illustrating the bias 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,

dly
f

dVg avil=o

_ 4Ly W
dW vy

gof -

(B.1)

avif=o

where the “f” subscripts and superscripts refer to the transistor operating in the
forward active region. g,r is the a.c. output conductance, I ; is the collector current,
illustrated in Figure B.1, V] is the reverse biased collector-base voltage, Vb’; is the

forward biased base-emitter voltage and W is the width across the neutral base region.

---------- Electrical junction

0, = Oy assumed

\

Emitter Base

Collector

Net Impurity Concentration

Depth
Electrically neutral base region
for forward active operation

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 0, can be made very close to the
position of 0y 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],

;oo _gAad,  qVy
o T ol Pt

e () ([ 5 (250 )
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since,

Wi N
G{ = Gummel number = /0 ) ! D:b((xx)) exp — Algfbdx
AE
2 = n? 9b
m@) = n@esp (2)
oo T
q

where g is the electronic charge, A, is the emitter-base junction area, n;, is the intrinsic
carrier concentration, k£ is the Boltzmann constant, 7" is the absolute temperature,
Vr is the thermal voltage, Wy and 0 are the neutral edge of the base region at the
collector and emitter side respectively, shown in Figure B.2, Ny(z) is the positional
dependent base impurity profile, Dp(x) is the positional dependent base diffusivity
of electrons, AEy, is the total bandgap narrowing in the base, n;(z) and n;(z) are

the positional dependent effective intrinsic carrier concentration and intrinsic carrier

concentration, respectively.

= wnen () (" p®)
(o)., (1 i)

< 1o, (0 satirtr) e

The SiGe HBT base-collector depletion capacitance is written as,
dQy
vy
d fy,’ Ny(z)dz dw
dW avii

Wi dN, dw

dly
dw

f_
v =0

cl,

= qA.

124



aw

= gAN,(W;)— B.4
q b f)dvbjcc ( )
I
aw - _ cl, ®5)
A% qANy (W)

C’fc is the junction capacitance of the reverse biased collector-base junction, Q,{ and

Vbi are the base charge and voltage across the reverse biased collector-base depletion

region, A, 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.1, becomes [81];

gof

i

dley AW
AW dvy/

i [ (o).,
GAN(W) | \ D, /

1.;CY, (
chDnb(Wf)nzge(Wf)

Wy Nb(az) - -
Do) (@) ) }
Nb(ﬂi)

Oy

" (B.6)

0f
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Appendix C

Error analysis of the bandgap
difference across neutral base

extraction method

C.1 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 affect the bandgap linearly across the base, from Figure C.1,
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, Oy, and
zero reverse bias, 0,, will be equivalent to AW/W,,.

Using simple theory, the emitter-base depletion capacitance can be written as

[105]:

Cje = We/j (C.1)

For high emitter doping where almost all the depletion junction is in the base, a

one-sided abrupt junction Cje [105]:

[ geslN C.2
Cje B 2(‘/171 - V;)e) ( )

where ¢, is the permitivity of silicon, 1.05 x 107°C?/Nm, Wj, is the emitter-base
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Figure C.1: Figure showing difference between the emitter-base electrical junction
positions for forward bias, 0f, and zero reverse bias, 0,. It was assumed to be similar
in the neutral base bandgap difference extraction method and it is found that the
error can be approximated by AW/W,,.
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depletion region width, N, is the base doping, Vj; built-in voltage, Ve 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]:
T NN,
Vi = k——ln( 2 ”) (C.3)
q o
From [86] N, = 102'e¢m™ and N, = 5 x 10'%¢m™2. Vj; becomes 1.153 eV. Therefore,

if the base-emitter junction is forward biased for 0.7 V', C;.(0f) becomes 0.919 x
1075F/em?. As for zero reverse biased base-emitter junction, Cj,(0,) becomes 0.605 x

107%F/cm?. From Equation C.1:
Wie(0y) _ Cie(0r)
= ~ 0.65 (C.4)
Wie(0r) — Cje(05)

For uniformly doped device, heavy doped emitter where most of depletion width is

in the base:
2eVy;
Wie(Vpe = 0) = W, (0,) = : C.5
elVie = 0) = Wie(0) = /=52 (c35)
~ 1Tnm (C.6)

Therefore, W;e(0;) = 11nm, and AW = W;.(0,) — W,;.(05) = 6nm. From [86], W, is
90 nm, so AW/Wy, = 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,

Jor Loy AE,(grade) I
= T ) 7
" (gt)f). 2 (L;f) k1 (0

where AE,(grade) = E,(0,) — E,(W;).
AE,(grade) = kT (In gor — Ingoy — 2In 1, + 21InIcy) (C.8)
Differentiate with temperature,

0AE,(grade) AEg(gra,de)+

oT T
1 (590,« 1 5gof 1 5Icr 1 5Icf
FT | — 7 — — 7 — 2+ 2— C.9
(gor 6T  goy 0T "I, 6T oL, oT (C9)

or 5gor 5gof 5[07' 5lcf)
dAE,(grade) = AE,(grade)— + kT — -2 +2 (C.10)
g (g ) g (g ) T ( Gor Jof Icr Icf
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Appendix D

Kondo device and proposed lateral
device input files and 2-D cross

sectional diagrams
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Kondo device input file

go atlas

# vertical SiGe BJT based on advanced low power device by Kondo
# SiGe/Si base laver, 0-15% Ge

mesh width=1.7

1=0.0 spacing=0.25
1=0.5 spacing=0.25
1=1.2 spacing=0.05
1=1.3 spacing=0.05
1=1.4 spacing=0.05
1=1.65 spacing=0.05

I
[y

.83 spacing=0.05
.85 spacing=0.03

-
0
}_\

1=1.87 spacing=0.03
1=1.885 spacing=0.03
1=1.89 gspacing=0.03
1=1.90 spacing=0.02

1}
Y

.905 spacing=0.02
.91 spacing=0.02
.92 spacing=0.02
.925 spacing=0.02
.935 sgpacing=0.03
.955 spacing=0.03
.96 spacing=0.03
.99 spacing=0.03

o
e

I i
S

i
=P

=2.00 spacing=0.03
=2.025 sgpacing=0.03
=2.055 spacing=0.03
=2.09 spacing=0.03
=2.11 spacing=0.03
=2.145 sgpacing=0.03
=2.175 spacing=0.03
=2.20 spacing=0.03
=2.21 spacing=0.03
=2.24 spacing=0.03

.245 spacing=0.03
.265 spacing=0.03

Ul
NN

=2.275 spacing=0.03
=2.28 spacing=0.02
=2.29 spacing=0.02
=2.295 spacing=0.02
=2.30 spacing=0.02

.31 spacing=0.02
.315 spacing=0.03
.33 spacing=0.03
.35 spacing=0.03
.37 spacing=0.075
.47 spacing=0.075
.55 spacing=0.05

.80 spacing=0.05
.95 spacing=0.075
.40 spacing=0.075
.95 sgpacing=0.075
.15 spacing=0.1

.20 spacing=0.1

.30 spacing=0.1

L L

[ I TR |

PN RN H RN NN RN KK X KK XM XN KN X KK X KON R NN XN KX K KX XK X KM XK N XX
#B8E58888332385535383:3:3:389:388835388 38 8888808808888 RBHH
;bobsb(ﬂb)[\)[ﬂ)[\)l\)[\)[\)[\)[\)[\)

el e el e e e el e e e e e R R T e o T S e O S SRR
i
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yv.m 1=0.00
y.m 1=0.05
v.m 1=0.10
yv.m 1=0.13
yv.m 1=0.17
y.m 1=0.20
v.m 1=0.23
yv.m 1=0.25
v.m 1=0.37
yv.m 1=0.40
yv.m 1=0

y.m 1=0

yv.m 1=0

y.m 1=0

yv.m 1=0.47
yv.m 1=0.49
yv.m 1=0.50
yv.m 1=0.98
v.m 1=0.99
yv.m 1=1.29
yv.m 1=1.54

# eliminat

eliminate
eliminate
eliminate

eliminate
eliminate

eliminate
eliminate
eliminate

eliminate

eliminate
eliminate

eliminate
eliminate

eliminate
eliminate

eliminate

eliminate
eliminate

# eliminat

eliminate vy.
eliminate vy.

e

X.
X.

e

spacing=0.
spacing=0.
spacing=0.
spacing=0.
spacing=0.
spacing=0.
spacing=0.
spacing=0.
spacing=0.
gpacing=0.

spacing=0.
spacing=0.
spacing=0.
spacing=0.
spacing=0.
spacing=0.
spacing=0.

x-nodes

.direction
.direction
.direction

.direction
.direction

.direction
.direction
.direction

.direction

.direction
.direction

.direction
.direction

.direction
.direction

.direction

direction
direction

yv-nodes

direction
direction

03
03
03
03
03
03
03
03
03
03

005
005
025
025
025
025
1

.min=2
.min=2

.min=3
.min=3
.min=3

.425 spacing=0.005
.44 spacing=0.005
.45 spacing=0.005
.455 spacing=0.005

.min=0.
.min=0.
.min=0.

.min=2.
.min=2.

.min=0.
.min=0.

.min=0.

.min=0.

.min=4.
.min=4.

.min=2.
.min=2.

.min=1.
.min=2.

.40
.40

.45
.45
.45

00 x.max=1.8 y.min=0.42 y.max=0.487
00 x.max=1.8 y.min=0.40 y.max=0.487
00 x.max=1.5 y.min=0.40 y.max=0.487

4 x.max=4.3 y.min=0.42 vy.
4 x.max=4.3 y.min=0.40 vy.

00
00
00

X.
X.
X.

00

X

00
00

X

X.max=3

max=1.
max=1.
max=1.

.max=1.

.max=3.
.max=3.

.max=4.
.max=4.

.max=3.
.max=3.
.9

8
8
2

9
9

Y
Y.
Y

Y
Y.
Y

.min=0.
min=0.
.min=0.

.min=0

.min=0.
.min=0

.min=0.
.min=0.

.min=0.
min=0.
.min=0.

6
6
5

6
.6

6
6

0
0
0

V.
V.

Y.
Y

KK

Y
V.
Y

max=0.
max=0.

max=1.
max=1.

max=0.

.max=0.

.max=1.
.max=1

.max=0.

max=0.

.max=0.

487
487

35
35

1 yv.max=1.35

.25 y.max=0.4

95
95

35

.35

487
487
487

0 x.max=2.2 y.min=0.0 y.max=0.23
0 x.max=2.2 y.min=0.0 y.max=0.23

875 x.max=2.03 y.min=0.55 y.max=1.54
20 x.max=2.325 y.min=0.55 y.max=1.54
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# Silicon substrate

region num=1 silicon \
P1.X=1.20 P1.¥=0.49 \
P2.X=4.50 P2.Y=0.49 |\
P3.X=4.50 P3.v=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=11 silicon \
x.min=1.30 x.max=4.20 y.min=0.99 y.max=1.54

# Si emitter layer

region num=8 silicon \
P1.X=1.935 P1.Y=0.425 \

P2.X=2.265 P2.Y=0.425 \
P3.X=2.28 P3.Y=0.44 \
P4.X=1.92 P4.v¥=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 P1.Y=0.45 \

P2.X=4.50 P2.¥Y=0.45 \
P3.X=4.50 P3.Y=0.49 \
P4 .X=2.35 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 P1L.Y=0.20 \

P2.X=2.3 P2.Y=0.20 \
P3.X=2.3 P3.Y=0.23 \
P4.X=2.24 pP4.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 P1.Y=0.40 \
P2.X=2.265 P2.Y=0.40 \
P3.X=2.265 P3.Y=0.425 \
P4.X=2.20 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 PL.Y=0.05 \
P2.X=1.925 P2.Y=0.05 \
P3.X=1.925 P3.v=0.20 \
P4.X=1.9 P4.Y=0.20

region num=2 oxide \

P1.X=1.90 P1.¥=0.20 \
P2.X=1.96 P2.¥=0.20 \
P3.X=1.96 P3.Y=0.23 \
P4.X=1.90 P4.¥=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.vY=0.17

region num=3 Si3N4 \
P1.X=1.925 P1.Y=0.17 \

P2.X=1.99 P2.¥=0.17 \
P3.X=1.99 P3.Y=0.20 \
P4.X=1.925 P4.vY=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 \

Pl1.X=1.96 P1L.Y=0.37 \

P2.X=2.025 P2.Y=0.37 \
P3.X=2.025 P3.Y=0.40 \
P4.X=1.96 P4.¥=0.40

# Silicon Nitride right

region num=3 Si3N4 \
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region num=3
P1l.X=2.
P2.X=2
P3.X=2
P4.X=2

region num=3
Pl1.X=2.
P2.X=2
P3.X=2
P4 .X=2

region num=3
P1.X=2.
P2.X=2
P3.X=2
P4 .X=2.

.245 P1.¥=0.05 \
.275 P2.Y=0.05 \
.275 P3.Y=0.17 \
.245 P4.Y=0.17
Si3N4 \

21 P1.Y=0.17 \
.275 P2.¥=0.17 \
.275 P3.¥=0.20 \
.21 P4.Y=0.20
Si3N4 A\

21 P1.Y=0.20 \
.24 P2.Y=0.20 \
.24 P3.Y=0.37 \
.21 P4.Y=0.37
Si3N4

175 P1.¥Y=0.37 \
.24 P2.Y=0.37 \
.24 P3.Y=0.40 \
175 P4.Y=0.40

# base poly-Si and poly-SiGe left

region num=7
Pl.X=1.
P2.X=1
P3.X=1.
P4 .X=1.

region num=7
P1.X=1.
P2.X=1.
P3.X=1.
P4 .X=1,

region num=7
Pl.X=1.
P2.X=1
P3.X=1.
P4 .X=1

region num=5
Pl1.X=1.
P2.X=1.
P3.X=1.
P4 .X=1.

region num=5
P1.X=0.
P2.X=1
P3.X=1
P4.X=0.

region num=5
Pl.X=1
P2.X=1.
P3.X=1.
P4.X=1.

POLYSILICON \

90 P1.Y=0.23 \
.935 P2.Y=0.23 \
935 P3.¥=0.25 \
90 P4.Y=0.25
POLYSILICON \

91 P1.Y=0.25 \
935 P2.¥=0.25 \
935 P3.Y=0.425 \
91 P4.Y=0.45
POLYSILICON \

89 P1.Y=0.45 \
.91 P2.¥Y=0.45 \
905 P3.Y=0.455 \
.885 P4.Y=0.455
POLYSILICON \

65 P1.¥=0.25 \
91 P2.Y=0.25 \
91 P3.Y=0.45 \
65 P4.Y=0.45
POLYSILICON \

00 P1.Y=0.00 \
.40 P2.Y=0.00 \
.40 P3.Y=0.20 \
00 P4.Y=0.20
POLYSILICON \

.40 P1.¥=0.00 \
65 P2.Y=0.25 \
65 P3.Y=0.45 \
40 P4.Y¥=0.20
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# base poly-Si and poly-SiGe right

region num=7
Pl.X=2

P2.X=2.
P3.X=2.

P4.X=2

region num=7
Pl.X=2

pP2.X=2.

P3.X=2

P4.X=2.

region num=7

Pl.X=2.
P2.X=2.
P3.X=2.

P4 .X=2

region num=5

Pl.X=2.
P2.X=2.
P3.X=2.

P4 .X=2

region num=5

Pl.X=2.

P2.X=2
P3.X=2

P4.X=2.

region num=>5

Pl1.X=2.
P2.X=2.
P3.X=2.
.80 P4.Y=0.20

P4 .X=2

POLYSILICON \

.265 P1.¥=0.23
3 P2.Y=0.23
3 P3.Y=0.25
.265 P4.Y=0.25

POLYSILICON \

.265 P1.Y=0.25
29 P2.Y=0.25
.29 P3.Y=0.45
265 P4.Y=0.425
POLYSILICON \

29 P1.Y=0.45
31 P2.Y=0.45
315 P3.Y=0.455
.295 P4.Y=0.455
POLYSILICON \

29 P1.Y=0.25
55 P2.Y=0.25
55 P3.Y=0.45
.29 P4.Y=0.45

POLYSILICON \

55 P1.Y=0.25
.80 P2.Y=0.00
.80 P3.Y=0.20
55 P4.Y=0.45

POLYSILICON \

80 P1.Y=0.00
95 P2.Y=0.00
95 P3.Y=0.20

# emitter poly-Si centre

region num=4

Pl.X=2.
P2 .X=2.
P3.X=2.
P4 .X=2.

region num=4

Pl.X=2.

P2.X=2

P3.X=2.
P4.X=2.

region num=4

Pl.X=1.

P2 .X=2
P3.X=2

P4 .X=1.

POLYSILICON \
00 P1.Y=0.40

20 P2.Y=0.40
20 P3.Y=0.425
00 P4.Y=0.425

POLYSILICON \

025 P1.Y=0.37
.175 P2.Y=0.37
175 P3.Y=0.40
025 P4.Y=0.40
POLYSILICON \

99 P1.Y=0.25

.21 P2.¥=0.25

.21 P3.Y=0.37

99 p4.Y=0.37

\
\

\
\

-

-

\
\
\

\
\

\
\
\

\

\

\

\
\
\
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# SiGe layers

region num=6 material=SiGe \

P1.X=1.87 P1.Y=0.49 \
P2.X=1.89 P2.Y=0.47 \
P3.X=2.31 P3.Y=0.47 \
P4 .X=2.33 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 material=SiGe \

P1.X=1.85 P1.Y=0.49 \
P2.X=1.885 P2.Y=0.455 \
P3.X=1.905 P3.Y=0.455 \
P4.X=1.87 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 material=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 P1.Y=0.49 \
P2.X=1.30 P2.v=0.49 \
P3.X=1.30 P3.¥=1.54 \
P4.X=0.00 P4.Y=1.54
region num=2 oxide \
P1.X=0.00 P1.vy=0.20 \
P2.X=1.40 P2.Y=0.20
P3.X=1.65 P3.v=0.45 \
P4.X=0.00 P4.Y=0.45
region num=2 oxide \
P1.X=1.45 PL.Y=0.05 \
P2.X=1.90 P2.v=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.vy=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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region num=2
P1l.X=2
P2.X=2

P3.X=2.
P4 .X=2.

region num=2

P1.X=2.

P2 .X=2
P3.X=2

P4 .X=2.

region num=2

Pl.X=2.

P2.X=3

P3.X=3.
P4 .X=2.

region num=2

Pl.X=2.

P2.X=3
P3.X=3
P4.X=2

region num=2

PlL.X=2.
P2.X=3.
P3.X=3.
P4 .X=2.

region num=2
Pl1.X=3
P2.X=4
P3.X=4

P4 .X=3.

region num=2
P1.X=3

P2.X=4.

P3.X=4

P4 .X=3.

.30 P2.Y=0.49
.30 P3.Y=1.54
.20 P4.vY=1.54

oxide \

.245 P1.Y=0.05
.245 P2.Y=0.00

80 P3.Y=0.00
75 P4.Y=0.05

oxide \

30 P1.Y=0.05
.75 P2.Y=0.05
.55 P3.Y=0.25

30 pP4.Y¥=0.25

oxide \

95 P1.¥=0.00
.4 P2.Y=0.00

4 P3.Y=0.15

95 P4.Y=0.15

oxide \

95 P1.Y=0.15
.4 P2.Y=0.15

.4 P3.Y=0.20

.95 P4.Y=0.20

oxide \

8 P1.Y=0.20
4 P2.Y=0.20
4 P3.Y=0.45
55 P4.Y=0.45

oxide \

.95 P1.Y=0.00
.30 P2.Y=0.00
.30 P3.Y=0.15
95 P4.Y=0.15
oxide \

.95 P1.Y=0.15
30 P2.Y=0.15
.30 P3.Y=0.45
95 P4.Y=0.45

\

—

\

-

-

-

electrode num=1 name=emitter \

x.min=1.955 x.max=2.245 y.min=0.00

electrode num=1 name=emitter \

x.min=1.99 x.max=2.21 y.min=0.17 vy.

electrode num=2 name=collector \
x.min=3.40 x.max=3.95 y.min=0.00 vy.

electrode num=3 name=base \

x.min=0.00 x.max=0.50 y.min=0.00 y.

# basic substrate doping

doping uniform conc=1.0el2 p.type \

y.max=0.17

max=0.25

max=0.49

max=0.00



x.min=1.20 x.max=4.30 y.min=0.00 y.max=1.54

# n+ collector buried layer
doping uniform conc=5.0el9 n.type \
region=11
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=1.0eld 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=1.0el4d 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 taun0=1.0e-05 taup0=1.0e-05 region=8
# material taun0=1.0e-05 taupO=1.0e-05 region=9
# material taun0O=1.0e-05 taup0=1.0e-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
gsymbolic newton carrierg=2
solve vemitter=0.0 vbase=0.0 \

vecollector=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=1.0 \

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=1.0 \

vbase=0.72 vstep=0.02 vfinal=0.78 electrode=3
solve vemitter=0.0 vcollector=1.0 \

vbase=0.79 vstep=0.005 vfinal=0.83 electrode=3
solve vemitter=0.0 vcollector=1.0 \

vbase=0.84 vstep=0.02 vifinal=1.00 electrode=3

load master infile=tmp_red_la.str

log outf=vsige_red_ac_blp7_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.7 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_blp72_la.log

solve vemitter=0.0 vcollector=1.0 vbagse=0.72 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_blp74_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.74 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_b0p76_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.76 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_blp78_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.78 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
ves=0.01 term=32

log outf=vsige_red_ac_blp79_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.79 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_b0p795_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.795 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_blp8_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.8 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_b0p805_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.805 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_bl0p8l_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.81 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red _ac_b0p8l5_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.815 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_b0p82_1la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.82 \
ac freg=1.0e07 fstep=1.258925412 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=1.0 vbase=0.825 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_blp83_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.83 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_blp84_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.84 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
ves=0.01 term=32

log outf=vsige_red_ac_b0p86_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.86 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_bl0p88_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.88 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_blp9_1la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.9 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_bl0p92_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.92 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red ac_b0p94_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.94 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_blp96_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.96 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_blp98_la.log

solve vemitter=0.0 vcollector=1.0 vbase=0.98 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
vss=0.01 term=32

log outf=vsige_red_ac_blpl0_la.log

solve vemitter=0.0 vcollector=1.0 vbase=1.0 \
ac freg=1.0e07 fstep=1.258925412 mult.f nfstep=50
ves=0.01 term=32

quit
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Figure D.1: The Kondo device structure generated by input file.
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Lateral device input file

go atlas

# proposed lateral bjt,
# SiGe/Si base layer,

mesh width=1.7
spacing=0.05
spacing=0.01

0.0
.2

':><><><><><><N><.‘>¢
i

S B3B8 8388%55

.0

i

.1

1l

b S e e e s
]
NP OOOOOO

EEEEEEE

2
.2
2

<R

o

eliminate
eliminate

eliminate
eliminate
eliminate
eliminate
eliminate

.625
.675
.725
.775
.825
.975
.175

.025
.05 spacing=0.005
.075 spacing=0.005

v.
V.

Y
Y
Y.
Y
Y

spacing=0.
spacing=0.
spacing=0.
spacing=0.
spacing=0.
spacing=0.
spacing=0.

01
00
00
01
01
01
05

spacing=0.005
spacing=0.005

spacing=0.01
spacing=0.01

spacing=0.4
spacing=0.6

eliminate y-nodes

direction
direction

.direction
.direction
direction
.direction
.direction

# substrate region

region num=1 gilicon \
x.min=0.0 x.max=1.175 vy.

# collector region,
region num=4 silicon \
x.min=0.0 x.max=0.675 vy.

# emitter region,
region num=5 silicon \
x.min=0.725 x.max=1.175

region num=2 oxide \

x.min=0.2 x.max=0.675 vy.

region num=2 oxide \

x.min=0.725 x.max=0.975

region num=2 oxide \

x.min=0.0 x.max=1.175 vy.

XXX X X

doping profile after Kondo device
15% graded Ge

5
5

.min=0
.min=0

.min=0.
.min=0.
.min=0.
.min=0.
.min=0.

region=4

region=5

region num=3 material=SiGe \
P1.X=0.675

P1.Y=0.2

.0 x.max=1.175 y.min=0.4 y.max=2.1
.0 x.max=1.175 y.min=0.4 y.max=2.1

min=1.2

min=0.1

y.min=0.

min=0.0
y.min=0.

min=0.2
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Y

Y

Y

0

21 x.max=0.665 y.min=0.01 y.max=0.09
21 x.max=0.665 y.min=0.01 y.max=0.09
21 x.max=0.665 y.min=0.01 y.max=0.09
735 x.max=0.955 y.min=0.01 y.max=0.09
735 x.max=0.955 y.min=0.01 y.max=0.09

.max=2.2

.max=0.2

v.max=0.2

.max=0.1
yv.max=0.1

.max=1.2



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=1 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=5.0el8 char=0.0145 lat.char=0.0145 p.type \
x.min=0.705 x.max=0.705 y.min=0.1 y.max=0.2 region=3

# n+ collector

doping gauss conc=5.0el19 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_ba.str
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method newton autonr trap
symbolic newton carrierg=2

solve vemitter=0.0 vbase=0.0 v4=0.0 |\
veollector=0.0 vstep=0.1 vfinal=0

log outf=kon_lat_gum_ba.log

solve vemitter=0.0 vcollector=1.0 v4=0.

.9 name=collector

0 A

vbase=0.0 vstep=0.02 viinal=0.7 name=base

save outf=kon_lat_tmp_ba.str
log outf=kon_lat_gum_5a.log append
solve vemitter=0.0 vcollector=1.0 v4=0.
vbase=0.72 vstep=0.02 vfinal=0.78
log outf=kon_lat_gum 5a.log append
solve vemitter=0.0 vcollector=1.0 v4=0.
vbase=0.79 vstep=0.005 vfinal=0.8
log outf=kon_lat_gum_ba.log append
solve vemitter=0.0 vcollector=1.0 v4=0.
vbase=0.84 vstep=0.02 vfinal=1.00

load master infile=kon_lat_tmp_5a.str

log outf=kon_lat_ac_blp7_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_b0p72_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_blp74_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_blp76_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_b0p78_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_b0p79_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_b0p795_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_b0p80_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_b0p805_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_b0p8l_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
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0 A

name=base

0 \
3 name=base

0 A\

name=base

0 vbase=0.7 \
mult.f nfstep=50

0 vbase=0.72 \
mult.f nfstep=50

0 wvbase=0.74 \
mult.f nfstep=50

0 vbase=0.76 \
mult.f nfstep=50

0 vbase=0.78 \
mult.f nfstep=50

0 vbase=0.79 \
mult.f nfstep=50

0 vbase=0.795 \
mult.f nfstep=50

0 vbase=0.80 \
mult.f nfstep=50

0 vbasgse=0.805 \
mult.f nfstep=50

0 vbase=0.81 \



ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_bl0p8l15_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_b0p82_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freqg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_b0p825_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_b0p83_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_b0p84_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_blp86_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_blp88_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_blp9_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_blp92_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_blp94_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_b0p96_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_b0p98_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

log outf=kon_lat_ac_blp0_5a.log

solve vemitter=0.0 vcollector=1.0 v4=0.
ac freg=1.0e07 fstep=1.258925412
vss=0.01 term=32

quit
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.0

mult.f nfstep=50

0 vbase=0.815 \
mult.f nfstep=50

0 vbase=0.82 \
mult.f nfstep=50

0 vbase=0.825 \
mult.f nfstep=50

0 vbase=0.83 \
mult.f nfstep=50

0 vbase=0.84 \
mult.f nfstep=50

vbase=0.86 \
mult.f nfstep=50

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 7Z parameters.

The following are derivations of device z-parameters theory obtained from Lee et

al. [102]. The small signal hybrid-m equivalent circuit bipolar transistor is shown in

Figure E.1.
C'c
Ty HJ Tee
B O—1 | —F 10O C
1
+ |
Vbe Zﬂ gmvbe E
’ e
—N
1
Tee |
;
E

Figure E.1: Small signal hybrid-m model representation of bipolar transistor.

where Z, is the effective impedence of C, parallel to r,. 7y is the base resistance,
T¢c is the collector resistance, . is the emitter resistance, Cj. is the base-collector
junction capacitance, g,, is the transconductance, C,, is the collector-substrate ca-

pacitance, C is the sum of the emitter-base depletion capacitance and the emitter
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diffusion capacitance, r, is the input resistance representing the linearized emitter-
base diode and V,. is the voltage across 7,. Note that C,, is neglected from the
extraction.

Taking the Z-parameter of the hybrid-m bipolar transistor [102], for Z1;

Vi

i = — E.1
TG Io=0 (E-1)
as shown in Figure E.2.
C.
rbb | fc
B O— ] 4 h e C
-'I—>
b Ibll Z, 24V l,IbZ

Figure E.2: Bipolar transistor’s hybrid-7 equivalent model for zero collector current
(ie. I, =0V)

[b2 - ngZe
= gm(]blzﬂ')
I,
Therefore, Iy, = b2 (E.2)
ImZn

Iy = In+ Iy

= [bl + Iblngﬁ
Iy

Therefore, I, = —2b .3
erefor bl 7. 1 (E.3)

Vi = Dyrop + InnZn + IyTee

Z
= S — E4
I (Tbb+Tee+ng7r+1> (E.4)
Theref; Zy = + Tee + Zr (E.5)
erelore, 11 = Tvp Tee ngﬂ 1 .
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For extracting Za;;

Ve
Z21 _ (E6)

Ib I.=0

as shown in Figure E.2. From Equation E.2 and Equation E.3,

Iy = -[blngﬂ‘

ImZn
I - E.7
" 9mZx + 1 (=7)
Vo = Vi Iy + —22 (E:8)
c b — LpTbp C, .
Substituting Equation E.4 and E.7 into Equation E.8
VA 1 Im 2.
V. =1, IyTee + [———— — ], 2 )]
bTob T+ LpTee + bngW+1 bTob + (ij'jc> (ngW+1) b
Therefore Z91 = Tee + Zn 1 - Im (E.9)
’ 2 e ng’lT +1 jwojc .
For extracting Z;s;

Zig = Y (E.10)

-[C Ib:O

as shown in Figure E.3.
CjC
rCC
o
T
Icl Zn ngbe ‘LICZ

Figure E.3: Bipolar transistor’s hybrid-m equivalent model for zero base current (i.e.
I, = 0V)

[(:2 = gm%e
= gm([clzﬂ') (Ell)
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Using Equation E.11,

Ic = [cl + 102
- [cl =+ ngwIcl
Therefore, I, = —lch
1+gmZ,

Using Equation E.12,

% = Iclzw+1cree
1.z

7w
L — ]c
1+ gz,
Therefore Zia = T+ Zi
) 12 — ee 1 + ngW
For extracting Zqs;
Ve
Too = L
22 A
as shown in Figure E.3.
1
ch = Icrcc + ]cl <Z7T + —"—) + Icree
]LL}CJ'C

Using Equation E.12,

1 1
c::[ccc c T [cee
V, Tee + 1, <1+ng)(Z+ C’>+ T

Therefore, 293 = Tee + Tee ( ) (

1 1
Z - e ee + T 5 Zﬂ‘ .
2 Tee +7 (1 + ngﬂ> ( * ]wC’jc>
1+ ijjCZﬂ

jwcjc(l + ngw)

= TeetTee T

L
= Teot Tee + = +
o JwCic(l + gnZz) 1+ gmZx

Z7r (1 + ngw) - ng

¢ 1 + ngﬂ ]ijc(l + ngW)

T 1 ImZn

= Teet Tee+

Feo 4 Teo b o 1
frma T -
ce ee jw Cjc 1+ Im Zﬂ-

9m
jLUCjC
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+ - - =
L4+ gmZ,  jwCje  jwCic(l+ gmZx)

(E.12)

(E.13)

(E.14)

(E.15)

E.16)

—

(E.17)



Regrouping the z-parameters together from Equation E.5, E.9, E.13 and E.17;

s

A = L R ———

11 7'(;(,‘}‘7’ +ng7r+1

Zx Im

VA = — 1-—

2 Tee + (ng,r + 1) ( ijjc>

Z

Z = ee —

2 Tee T 1T ImZx

1 Zn Im
Z - C e + . + 1 I
22 Tee + Tee JwCje (l + ng,r) ( ]ijc)

where Z, = From the Z parameters, we can determine the base resistance

Tz
1+jwryCy *
and the collector-base capacitance directly as follows:

rw = Re(Zy — Zia) (E.18)
1

= E.19
C] w]m(Z22 — Z21) ( )
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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 Difference in
Bandgap across the Neutral Base 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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