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Abstract

Mextram is an advanced compact model for bipolar transistors. Mextram 504.12 does

not provide a good OIP3 simulation near peak OIP3. Mextram 505.00 improves peak OIP3

by modifying intrinsic base-collector depletion capacitance. As for the intrinsic CB depletion

capacitance, Mextram 505.00 modifies control voltage Vjunc and smooth transition width Vch

to help OIP3 simulation. At the same time, Mextram 505.00 provides several options for

Vjunc and Vch.

In Mextram 504.12, Vjunc is the main reason for distorted peak OIP3. Vjunc goes up

quickly once high injection occurs, as the zero injection epilayer resistance is used to calculate

Vjunc as VB2C1 +Vxio, with Vxio being xi = 0 resistance calculated epilayer voltage drop. This

Vjunc needs a very large Vch to smooth the control voltage so that the intrinsic CB depletion

capacitance increases gradually, but this Vch also distorts both the intrinsic CB depletion

capacitance and peak OIP3. Mextram 505.00 fixes Vjunc and Vch to provide a much better

OIP3 simulation.

To investigate how the intrinsic CB depletion capacitance affects OIP3. Contributions

to the third order output current are individually examined. The third order main current is

found to be dominant, and sensitive to Vjunc and Vch. The intrinsic CB depletion capacitance

affects the third order main current through circuit action. The extrinsic CB depletion

capacitance also has a big effect on OIP3 through the third order main current. Decreasing

the extrinsic CB depletion capacitance improves the peak OIP3.
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Chapter 1

Introduction

1.1 SiGe HBT Fundamentals

The Silicon-Germanium heterojunction bipolar transistor (SiGe HBT) has gained world-

wide attention, and it is a type of bipolar junction transistor (BJT) which uses differing

semiconductor materials for the emitter and base regions, creating a heterojunction. The

HBT improves the BJT in that it can get higher current gain, higher cut-off frequency and

lower base resistance compared with Si BJT. The heart of SiGe technology is band gap engi-

neering. Adding Ge to Si BJT introduced a number of exciting performance improvements.

Ge

p-Si

n -  Si

collector

n+  Si

emitter

p-SiGe

base
E

C

E
V

e -

h+

built-in

electric field

gy band diagram of a graded-base SiGe HBT compared to a Si BJT.

Si BJT. Figure 1.2 compares the Gummel characteristics for the SiGe HBT and the

Si BJT used in this work. The of the SiGe HBT is much higher than

of the Si BJT, while the of these two devices are similar. As a result, current gain

as /J , is higher in the SiGe HBT.

In most RF and microwave circuit applications, it is the transistor frequency response that

An important frequency response figure-of-merit is the unity-gain

y ( ), which is given by

πf
te tc (1.1)

vely, is the transcon-

te tc EB CB In conventional Si BJT’s,

Figure 1.1: Energy band diagrams of a graded-base SiGe HBT and a Si BJT. [1]

The base region of SiGe HBTs is typically the region where SiGe alloy is used instead of Si.

The basic operational principle of SiGe HBT is the band diagram shown in Figure 1.1. It

illustrates the different energy-band diagrams between SiGe HBT and Si BJT by showing

both biased identically in forward-active mode. The Ge profile linearly increases from zero
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near emitter-base (EB) junction to some maximum value near collector-base (CB) junction,

and then rapidly ramps down to zero [2]. Since the energy band gap of Ge is smaller than that

of Si, adding germanium into the base region of the transistor leads to an additional band

gap shrinkage, which is approximately 75 meV for each 10 percent of Ge introduced[3]. The

reduction of band gap decreases transit time, which gives a higher fT , and it also increases

electron injection, which leads to a higher β. At the same collector current density, compared

with normal BJT, SiGe HBT has a higher base doping, which reduces base resistance.

1.2 Mextram Basics

Mextram is an advanced compact model for bipolar transistors. Mextram has proven

excellent for Si and SiGe processes, including analog, mixed-signal, high speed RF as well

as high voltage high power technologies. It has an epi-layer model for high injection, and

also accounts for self heating, avalanche, low-frequency and high frequency noises in physical

manners. Mextram is formulated with minimal interactions between DC and AC character-

istics that simplifies parameter extraction [4]. Development of Mextram was never stopped

following the requirements of updated technologies. The latest version is Mextram 505.00.

In Mextram 505.00, there are 7 internal nodes and 121 parameters. Some parts of the

model are optional and can be switched on or off by setting model flag parameters including

the extended modeling of reverse behavior, the distributed high-frequency effects, and the

increase of the avalanche current, when the current density in the epilayer exceeds the doping

level.

Figure 1.2 shows the full equivalent circuit of Mextram model as it is specified in its

latest release 505.00 [4]. C, B, E and substrate S are extrinsic terminals. B2, C2, and

E1 are intrinsic NPN terminals. B1 is an internal node for base resistance related parasitic

effects. C1, C3 and C4 are internal nodes for collector resistance related parasitic effects, the

most significant of which is the epilayer related quasi-saturation effect. C3 and C4 are for

distributive buried layer resistance effects and turned off by default. IN , IB1 , IB2 , Iavl, QBE,

2



QBC , QtE, QtC , QE are placed between C2, B2 and E1 to model the intrinsic NPN transistor.

IN is the main electron transport current, IB1 and IB2 are forward ideal and non-ideal base

currents, Iavl is avalanche current. QtE and QtC are EB and CB junction depletion charges.

Reverse base currents are modeled by the parasitic PNP base currents Iex and IB3 , and PNP

emitter to collector transport current Isub [4].

C2

IB1B2

CBEO

IN

QE

QtE
QBE

IB2-IztEB

QtE
SQtE
S

QB1B2

RBc

QBC

QtC

Qepi

RE

EB

B1

IsubIsub

Qtex

Qex

Iex+IB3

IC1C2

C1

XIsubXIsub

XQex

XQtex

XIex

RCc

CBCOC

QtS

Isf

S

n+
buried layer

p base

n epilayer

p substrate

n+
emitter

E1

B2

CTHRTH

PdissPdiss

dT

CTHRTH

Pdiss

dT

RCblx
RCbli

Iavl+IztCB

C3 C4

IB1
sIB1
s IBrelIB2

sIB2
s+ +IB1

s IBrelIB2
s+ + IB1

Figure 1.2: The full Mextram equivalent circuit for the vertical NPN transistor. [4]

1.3 Distortion/Linearity

When the input signal is sufficiently weak, the operation of a transistor circuit is linear

and dynamic. For larger input signals, an active transistor circuit becomes a nonlinear

dynamic system. Many of the nonlinear concepts, however, can be illustrated using simple

power series.
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Under small-signal input, the output voltage y(t) of a circuit can be related to its input

voltage x(t) by a power series

y(t) = k1x(t) + k2x
2(t) + k3x

3(t), (1.1)

where for simplicity we have truncated the series at third-order. The linear concepts of

“harmonics”and “gain compression”are introduced below using Eq. (1.1)

1.3.1 Harmonics

If the input voltage is x(t) = A cosωt, the output voltage y(t) then becomes

y(t) = k1A cosωt+ k2A
2 cos2 ωt+ k3A

3 cos3 ωt

=
k2A

2

2
dc shift

+ (k1A+
3k3A

3

4
) cosωt fundamental

+
k2A

2

2
cos 2ωt second harmonic

+
k3A

3

4
cos 3ωt third harmonic

. (1.2)

Eq. (1.2) has a dc shift, a “fundamental output”at ω, a “second-order harmonic term”at

2ω, and a “third-order harmonic term”at 3ω. Thus, an “nth-order harmonic term ”is pro-

portional to An. In practice, the relative level of a given harmonic with respect to the

fundamental output is of great interest.

1.3.2 Gain Compression and Expansion

The small-signal gain is obtained by neglecting the harmonics. In Eq. (1.2), the small-

signal gain is k1 when the nonlinearity-induced term 3k3A
3/4 is neglected. However, as the

signal amplitude A grows, 3k3A
3/4 becomes comparable to or even larger than k1A. The gain

4



thus changes with the input. This variation of gain with input signal level is a fundamental

manifestation of nonlinearity [3].

If k3 < 0, then 3k3A
3/4 < 0. That is, the gain decreases with increasing input level (A),

and eventually diminishes to zero. This phenomenon is referred to as “gain compression”in

many RF circuits, and is often quantified by the “1dB compression point,”or P1dB. In real

circuits, three terms of the power series are not usually sufficient to describe the nonlinear

behavior at the 1dB compression point, because of large-signal operation. Once again, either

the input or the output value can be used for characterization purposes. The input value is

the input magnitude at which the gain drops by 1dB. Signal power as opposed to voltage is

often used in RF circuits. The transformation between voltage and power involves a reference

impedance, usually 50Ω. Typical RF front-end amplifiers require -20dBm to -25dBm input

power at the 1dB compression point [3].

1.3.3 IP3

A diagram that can tie both kinds of nonlinearity discussed above is shown in Figure

1.3. For small but increasing input signal with amplitude A, the fundamental output grows

linearly with it, whereas the 3rd order output term increases cubically. Plotted on a decibel

power scale, the fundamental grows with a 1:1 slope with input signal power, and the 3rd

order output grows with a 3:1 slope [5].

P1dB is the point where the fundamental output stops growing with a 1:1 relationship

between output and input, and gain compression sets in. The hypothetical extensions and

intersection of the fundamental output curve and the 3rd output curve gives us what is

called the 3rd order Intercept Point (IP3), and is the benchmark by which amplifier linearity

is quantified. The X-coordinate of IP3 is known as the Input Third-Order Intercept Point

(IIP3), and the Y-coordinate of IP3 is known as the Output Third-Order Intercept Point

(OIP3). IIP3 and OIP3 are very key figures of merit, and will be used extensively in later

chapter to quantify linearity [5].
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Figure 1.3: Fundamental 1st and 3rd order output power Pout versus input signal power Pin

[5].

1.4 OIP3 simulation using Mextram 504.12 and 505.00

Figure 1.4 (a) (b) show measured and simulated harmonic OIP3 in common emitter

configuration. In this OIP3 measurement and simulation process, the first order measure-

ment and simulation are at 2GHz and the third order measurement and simulation are at

6GHz. Figure 1.4 (a) shows that measured OIP3 in dBm versus VBE together with simulated

OIP3 using Mextram 504.12 when VCE = 1.5V is fixed. Figure 1.4 (b) shows measured and

simulated OIP3 in the same situation, but OIP3 is simulated using Mextram 505.00. In

these two figures the blue line is OIP3 simulation and the red symbol is OIP3 measurement.

OIP3 simulation using Mextram 504.12 has a big distortion near peak OIP3 compared to the

measurement. Parameters that are used in Mextram 504.12 OIP3 simulation are extracted

from DC and AC measurement and simulation depending on Parameter Extraction for Bipo-

lar Transistor Model Mextram. That is to say the OIP3 distortion is not from parameter

extraction and the distortion in OIP3 cannot be solved by parameter extraction. OIP3 sim-

ulated using Mextram 505.00 is really close to the measurement and it is much better than

OIP3 simulated using Mextram 504.12 near peak OIP3.
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Figure 1.4: (a) IP3 versus VBE simulated using Mextram 504.12 and measurement (b) IP3
versus VBE simulated using Mextram 505.00 and measurement.

Mextram 504.12 does not have an accurate OIP3 simulation near peak IP3, but Mextram

505.00 provides a much better OIP3 simulation by modifying the intrinsic CB depletion

capacitance. The differences of the intrinsic CB depletion capacitance between Mextram

504.12 and Mextram 505.00 are Vjunc and Vch. Vjunc is the junction control voltage of the

intrinsic CB depletion capacitance and Vch is the control voltage smooth transition width.

Vjunc and Vch in Mextram 504.12 will be introduced in chapter 2. Mextram 505.00 provides

several options for Vjunc and Vch, and in Figure 1.4 (b) OIP3 simulation uses the default

options of Vjunc and Vch. Vjunc and Vch in Mextram 505.00 will be introduced in chapter2.

It is important to know why changing the intrinsic CB depletion capacitance can solve the

distortion problem in OIP3. How the intrinsic CB depletion capacitance affects OIP3 will

be studied in detail in chapter 4.
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1.5 Summary

This chapter introduced the adventure of SiGe HBT, Mextram model, and some nonlin-

ear concepts. Comparing OIP3 simulations between Mextram 504.12 with Mextram 505.00,

Mextram 505.00 has a better OIP3 simulation by fixing the intrinsic CB depletion capaci-

tance, which will be studied in great detail in the following chapters.
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Chapter 2

Vjunc and Vch in Mextram 504.12 and 505.00

2.1 High Injection

Figure 2.1: Simplified HBT configuration for high injection.

Figure 2.1 shows a simplified transistor model for high injection, C1 is the external

collector node, C2 is the internal collector node, B2 is the internal base node, and emitter is

grounded. Epilayer is between nodes C1 and C2. xi is the injection region in the epilayer.

Seeing from Figure 2.1, when VB2C1 is zero, with current increasing, to much voltage

drops on the epilayer, so that the internal VB2C2 is under forward bias. High injection

happens and the epilayer has an injection region. At some point, to be more precise when

VB2C2 ' VdC , these carrier densities become comparable to the back ground doping. From

there on high-injection effects in the epilayer become important. This is the regime of

quasi-saturation. All these affect epilayer resistance. Quasi-saturation means that when the

voltage drop is due to an ohmic resistance, but also when it is due to a space-charge limited

resistance, in which case the effect is also known as Kirk effect [4].
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2.2 Intuitions of ohmic drift, SCR drift, ohmic QS and SCR QS

Consider fixing the reverse external CB junction bias VC1B2 > 0 and increasing VB2E1 to

increase collector current [4].

2.2.1 Low CB voltage

Assume VC1B2 is low, e.g. 1V, so CB junction field is low, and there is no velocity

saturation, at least at low current. The base side of the epilayer is depleted, by a width

dependent on internal bias VC2B2=VC1B2-IC1C2Repi, as shown in Figure 2.2 (a). At low current,

the rest of the epilayer simply behaves as an ohmic resistor, with a resistance dependent on

the width of the charge neutral ohmic drift region. We denote this mode of epilayer operation

ohmic drift [4].

At a sufficiently high current, the ohmic voltage drop is so large that VC2B2 becomes

sufficiently negative, corresponding to a forward internal junction bias VB2C2 equal to built-

in potential VdC . CB junction depletion layer disappears, and the whole epilayer becomes

charge neutral, with n = Nepi, as shown in Figure 2.2 (b). From ohm’s law, the current at

which ohmic quasi-saturation occurs can be estimated as Iqs,ohmic ≈ (VC1B2 +VdC)/RCv, with

RCv being the maximum resistance when the whole epilayer is ohmic [4].

With further increase of current, VB2C2 essentially stays at VdC . As VB2C1 is fixed,

epilayer voltage drop VC1C2 stays the same, a further increase of current is physically made

possible by a decrease of resistance, through shrink of the ohmic drift region width. An

region with significant injection of carriers forms, as shown in Figure 2.2 (c). The drift

region resistance is simply modified to RCv(1 − xi/Wepi). We denote this mode of epilayer

operation as ohmic quasi-saturation. The increase of xi decreases resistance, allowing further

current increase [4].

At some current, current density reaches qNepivsat, the maximum ohmic drift value

possible. Ohmic drift can no longer support further increase of current. Instead, electron

density becomes greater than Nepi to allow a further current increase. As n > Nepi, space

10



charge region (SCR) forms near the end of the epilayer. The threshold current for this is

denoted as Ihc in Mextram. This mode is denoted as SCR quasi-saturation, as shown in

Figure 2.2 (d). A numerical example of how xi increases with current at a low VC1B2 is

shown in Figure 2.3 [4].

11



B
2

C
2

E(x)

n(x)

E(x)

n(x)

E(x)

n(x)

E(x)

n(x)

C
1

B
2

C
2

n+
C

1

Neutral, n=N
c

Deple�on width, W
C,dep

n=N
c

(a). Ohmic dri�,  

n+
Neutral, ohmic dri�

V
C1B2 

= V
C2B2 

- I
epi

R
cv 

= -V
dC

R
epi 

= R
cv

n=N
c

(b). Onset of ohmic QS,  

B
2

C
2

C
1

n+
B

2

C
2

C
1

n+
injec�on ohmic dri�

n=N
epi

, neutral

x
i

x
i

W
epi

N
c

(c). Ohmic QS,  

injec�on

Neutral Space-charge region

n>N
c

(d). SCR QS,  

I
epi 

< I
qs,ohmic

I
epi 

= I
qs,ohmic

I
qs,ohmic

<I
epi 

< I
hc

I
epi 

> I
hc 

> I
qs,ohmic

Figure 2.2: Epilayer state evolution with increasing current at a low VCB [4].

12



10
−4

10
−3

−0.2

0

0.2

0.4

0.6

0.8

I
c1c2

(A)

X
i 
/ 
W

e
p

i

 

 

Ohmic QS

Ohmic Drift SCR QS

I
hc

I
qs

Vcb=1V
I
hc

=1mA

R
cv

=15kΩ
SCR

cv
=1250Ω

Figure 2.3: A numerical example of xi/Wepi as a function of IC1C2 at a low VCB for a device
with high RCv [4]

13



2.2.2 High CB voltage

The evolution of epilayer operation mode with increasing current described above occurs

at relatively low external CB junction voltage, in devices with relatively high RCv, such as

power devices, where the required Iqs is small compared to Ihc. This can also be easily seen

from Iqs,ohmic ≈ (VC1B2 + VdC)/RCv [4].

At higher external CB junction voltage, or in devices with low RCv, ohmic quasi-

saturation current is higher than Ihc, so that ohmic quasi-saturation never occurs. Instead,

once current exceeds Ihc, electron density in the CB junction depletion layer exceeds back-

ground doping density Nepi, net charge density reverses polarity, causing a reversal of the

electric field gradient. The whole epilayer has space charge, and electrons drift across the

whole space charge layer at saturation velocity, with a resistance corresponding to that for

space charge limited drift, SCRCv. We denote this epilayer operation mode SCR drift [4].

With further current increase, net charge density and hence field gradient increases.

The field at the base end of the epilayer decreases, while the field at the buried layer end

increases, to maintain the same total voltage drop. At some point, the field at base/epilayer

junction decreases to a low enough value, 0 in classic treatment, the critical field required for

velocity saturation in Mextram, injection of holes and electrons occur again, often referred to

as “base push-out.” A quasi neutral injection region forms near the base/epilayer junction,

followed by a space charge region. We denote this as SCR quasi-saturation, which is better

known as Kirk effect outside the Mextram world. An illustration of the operation mode

evolution described above is given in Figure 2.4. A numerical example of how xi increases

with current at a high VC1B2 is shown in Figure 2.5 [4].
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2.3 Epi-layer Model in Mextram

Figure 2.6: Simplified intrinsic circuit of HBT in Mextram.

Figure 2.6 shows a simplified intrinsic equivalent circuit of Mextram. Epilayer current

IC1C2 is from C1 to C2. Main current In is from C2 to E1, and intrinsic BC depletion

capacitance is between B2 and C2.

In Mextram, the epilayer model is not used directly in epilayer to obtain the epilayer

current IC1C2 , since the epilayer model has formulation VB2C2 = f(IC1C2 , VB2C1), which cannot

be used in circuit simulators to obtain IC1C2 . Mextram uses Kull model in epilayer for IC1C2

and gives a internal base collector voltage VB2C2 by the circuit simulator. Epilayer model

is used to show all high injection effects of the epilayer current which is obtained by Kull

model by giving another internal base collector voltage V ∗
B2C2

. Then V ∗
B2C2

is used in mian

current. The two internal base collector voltage has big differences. VB2C2 is a bias that is

given by the circuit simulator. This bias is used to calculate the current IC1C2 through the

epilayer, using the previously mentioned Kull model. It is therefore only a first step in the

calculation and acts as a help variable. No physical meaning should be attached to it in

forward mode. V ∗
B2C2

is the bias that is in some sense the most physical one, since the effect

17



of quasi-saturation is taken into account. It is calculated using the external base collector

bias VB2C1 and the current IC1C2 [6]. For the same intrinsic base collector junction, Mextram

has two junction biases. A interesting question is how to choose internal BC junction voltage

for the BC depletion capacitance.

2.4 Vjunc and Vch in Mextram 504.12

The junction voltage to be used for the intrinsic CB depletion capacitance must include

the voltage drop over the epilayer. So instead of taking VB2C1 as the voltage for calculating

the depletion layer thickness, we use Vjunc, which equals VB2C1 + IC1C2RCv for low currents

[6].

In Mextram 504.12, we already mentioned that for small currents Vjunc must equal

VB2C1 + IC1C2RCv. Furthermore, the point where for the capacitance a vanishing depletion

width results (Vjunc −→ VdC ), is physically equal to the onset of quasi-saturation. It is very

important to make sure that the same happens in this Vjunc model. Hence the model needs

Vjunc = VdC , when IC1C2 = Iqs. Iqs is the quasi-saturation current. A logical choice would be

to take Vjunc = V ∗
B2C2

. There is however a catch to this [6].

Considering the total transit time, one of the contributions is due to the RC-time of

the base-collector depletion capacitance and the (differential) resistance of the epilayer. The

capacitance is fairly constant as function of current. The resistance, however, becomes very

small once the transistor goes into quasi-saturation. This means that the contribution of

this RC-time vanishes when the transistor is in quasi-saturation [6].

Let us consider the corresponding transit time in some more detail. We consider the

Kirk effect,just before quasi-saturation. The depletion width is then equal to the epilayer

width and the capacitance is given by C = εAem/Wepi. The partial resistance of the epilayer

equals SCRCv. The contribution to the transit time is then

C × SCRCv =
Wepi

2vsat
, (2.1)
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a well-known expression. The time needed to cross the epilayer is the width divided by

the velocity. The extra factor of 2 is a result from the electric field distribution which is

triangular instead of flat. The corresponding charge will be given by:

Q ' IC1C2Wepi

2vsat
. (2.2)

When injection starts, this charge will be modied. The effective space charge resistance will

get an extra factor (1− xi

Wepi
)2. This means that the charge now becomes

Q ' IC1C2Wepi

2vsat
(1− xi

Wepi

)2. (2.3)

In practice this means that the charge becomes nearly constant. The corresponding transit

time, which is the derivative of the charge w.r.t. the current, then vanishes [6].

One way to prevent this in the model is to make sure that the effective epilayer resistance,

in as far as it is used in this capacitance model, does not vanish once the transistor goes into

quasi-saturation. Therefore Vjunc should be an expression that is allowed to keep steadily

increasing with current, even when Vjunc > VdC . The effective voltage drop over the epilayer

should be calculated [6]:

IC1C2 =
Vepi

SCRCv

Vepi + IhcSCRCv

Vepi + IhcRCv

. (2.4)

Here SCRCv is a parameter for epilayer space charge resistance and Vepi is the real voltage

that drops over the epilayer. From this equation Vepi is a function of IC1C2 . Since it is used

when xi > 0, even though the equation only holds for xi = 0, we call it Vxi=0. The solution

is given by [6]:

B1 =
1

2
SCRCv(IC1C2 − Ihc), (2.5)

B2 = SCRCvRCvIhcIC1C2 , (2.6)

Vxi=0 = B1 +
√
B2

1 +B2. (2.7)
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The junction voltage is now the external voltage plus the voltage which drops over the

epilayer [6]:

Vjunc = VB2C1 + Vxi=0. (2.8)

In Mextram, intrinsic CB depletion capacitance is given by:

CtC =
dQtC

dVjunc
= XCjcCjc((1−Xp)

fI
(1− Vjunc/VdC )Pc

+Xp), (2.9)

fI = (1− IC1C2

IC1C2 + Ihc
)mC , (2.10)

where CtC is the intrinsic CB depletion capacitance, QtC is the charge of the CB intrinsic

capacitance, Vjunc is the CB junction voltage, XCjc is a parameter of the ratio between the

extrinsic and the intrinsic CB capacitance, Cjc is a parameter of the CB capacitance at zero

bias, VdC is a parameter of the CB diffusion voltage, XP is a parameter of fraction of the

CB depletion capacitance at large reverse bias, Pc is a parameter of the grading coefficient

and fI describes current effect on the CB depletion capacitance.

Eq. (2.9) gives a problem when Vjunc ≥ VdC . Hence a continuous formulation for

capacitance is needed. It is not so important to have a physical description of depletion

capacitance for Vjunc ≥ VdC in forward bias. The diffusion charge in that region is much

more important.

To avoid the problems, in Mextram the idea is to have an effective control voltage Vjc

to replace Vjunc. The effective voltage Vjc is a function:

Vjc =


Vjunc, Vjunc ≤ VFC

VFC , Vjunc > VFC

, (2.11)

for Vjunc ≤ VFC , Vjc = Vjunc and for Vjunc > VFC , Vjc = VFC . VFC is calculated such that

the constant capacitance equals a factor a times the zero bias capacitance. VFC is less than

VdC . This Vjc makes capacitance as a junction capacitance when Vjunc ≤ VFC and a constant
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when Vjunc > VFC in high forward bias. Mextram uses a minlogexp function as the control

voltage smooth limiting function:

Vjc = Vjunc − Vch ln(1 + exp[(Vjunc − VFC)/Vch]), (2.12)

here, Vch is the voltage smooth transition width.
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Figure 2.7: Vjc with different Vch versus Vjunc.

Figure 2.7 shows Vjc-Vjunc with different Vch. 0.1Vch is the best choice for Vch, and large

Vch distorts Vjc.

Mextram 504.12 does not use Vch = 0.1VdC , which is used in Mextram 505.00 in forward

mode, because this will give a much too steep increase from the zero-bias value to the

constant value when due to quasi-saturation Vjunc goes from negative values to values larger

than the diffusion voltage VdC . To reduce this increase around quasi-saturation, Mextram

504.12 increases Vch as quasi-saturation occurs:

Vch = Vdcctc(0.1 +
2IC1C2

IC1C2 + Iqs
). (2.13)

Note that the current Iqs is used to determine when quasi-saturation starts.
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Figure 2.8: (a) Simulated CBC-VBE with Mextram 504.12 Vjunc and Mextram 505.00 Vch
and simulated CBC-VBE with Mextram 504.12 Vjunc and Mextram 504.12 Vch. (b) Measured
OIP3-VBE, simulated OIP3-VBE with Mextram 504.12 Vjunc and Mextram 505.00 Vch and
simulated OIP3-VBE with Mextram 504.12 Vjunc and Mextram 504.12 Vch.

Figure 2.8 (a) shows simulated CBC-VBE with Mextram 504.12 Vjunc and Mextram

505.00 Vch in blue and simulated CBC-VBE with Mextram 504.12 Vjunc and Mextram 504.12

Vch in black when VCE = 1.5V is fixed. Figure 2.8 (b) shows measured OIP3-VBE in sym-

bols, simulated OIP3-VBE with Mextram 504.12 Vjunc and Mextram 505.00 Vch in blue and

simulated OIP3-VBE with Mextram 504.12 Vjunc and Mextram 504.12 Vch in black when

VCE = 1.5V is fixed. It is clear that using Mextram 504.12 Vjunc and Mextram 504.12 Vch

gives a smooth CB capacitance but a bad OIP3 near peak OIP3. Using Mextram 504.12

Vjunc and Mextram 505.00 Vch gives an abrupt BC capacitance but a good OIP3. It seems

that the capacitance smooth and the peak OIP3 are determined by Vch, but the main reason

is Vjunc, since how to choose Vch depends on Vjunc. In Mextram 504.12, Vjunc goes up quickly

once high injection happens, which needs an increasing Vch to smooth junction voltage and

the CB depletion capacitance. At high injection this Vch equals to 2VdC which distorted Vjc
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and the CB depletion capacitance. That means large Vch will distort the CB capacitance

and the peak OIP3 by Vjc.
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2.5 Internal Voltages of HBT

When current increases into quasi-saturation, we want to see how the internal voltages

varies in low injection and in high injection. xi/Wepi should be shown to distinguish low

injection and high injection. In low injection, xi/Wepi is equal to zero, in high injection

xi/Wepi starts to grow up from 0 to 1.

Figure 2.9 shows IC-VBE and IB-VBE when VBC is fixed to zero. Corresponding internal

voltages are shown in Figure 2.10. Figure 2.10 shows V ∗
B2C2-VBE, VB2C2-VBE, VB2C1-VBE and

Mextram 504.12 Vjunc-VBE, and xi/Wepi-VBE when VBC is fixed to zero. When the current

increases into quasi-saturation, Vjunc of Mextram 504.12 increases fast once quasi-saturation

occurs. V ∗
B2C2 has no meaning at low injection, so V ∗

B2C2 cannot be used as Vjunc. In low

injection VB2C2 is close to Mextram 504.12 Vjunc and in high injection VB2C2 is close to V ∗
B2C2,

so VB2C2 can be an option for Vjunc. If voltage drop over epilayer is neglected, VB2C1 can be

used as Vjunc. These two voltages will be Vjunc options in Mextram 505.00.

Figure 2.9: IC and IB versus Vbe.
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Figure 2.10: Internal voltages versus Vbe.
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2.6 Vjunc and Vch in Mextram 505.00

Mextram 505.00 provides several Vjunc options for the intrinsic CB depletion capacitance.

The CB depletion capacitance is important in low injection and in high injection diffusion

capacitance is dominate. Neglecting the high injection and the voltage which drops over

the epilayer, Mextram 505.00 gives another two Vjunc options besides Vjunc used in Mextram

504.12. Vjunc options in Mextram 505.00 are given by:

swvjunc = 0 :Vjunc = VB2C2 . (2.14)

swvjunc = 1 :Vjunc = VB2C1 . (2.15)

swvjunc = 2 :Vjunc = VB2C1 + Vxi0 reduce to 504.12. (2.16)

Here swvjunc is a switch parameter for BC junction control voltage Vjunc. Mextram 505.00

also gives two Vch options that are

swvchc = 0 :Vch = 0.1Vdcctc. (2.17)

swvchc = 1 :Vch = Vdcctc(0.1 +
2IC1C2

IC1C2 + Iqs
) reduce to 504.12. (2.18)

Here swvchc is a switch parameter for the voltage transition width Vch, and Vdcctc is diffusion

voltage for CB depletion capacitance in Mextram 505.00, like VdC in Mextram 504.12. Vjunc =

VB2C2 and Vch = 0.1Vvdcctc are default junction voltage and default voltage transition width

used in Mextram 505.00. Mextram 505.00 keeps Vjunc and Vch in Mextram 504.12 in its

options. For the CB depletion capacitance effect on the RC-time, it can be fixed by other

parameters in Mextram 505.00.

Figure 2.11 (a) shows simulated CBC-VBE with swvjunc = 0 swvchc = 0 in black,

simulated CBC-VBE with swvjunc = 1 swvchc = 0 in blue and simulated CBC-VBE with

swvjunc = 2 swvchc = 0 in pink using Mextram 505.00 when VCE = 1.5V is fixed. Figure

2.11 (b) shows measured OIP3-VBE, simulated OIP3-VBE with swvjunc = 0 swvchc = 0 in

26



black, simulated OIP3-VBE with swvjunc = 1 swvchc = 0 in blue and simulated OIP3-VBE

with swvjunc = 2 swvchc = 0 in pink using Mextram 505.00 when VCE = 1.5V is fixed.

Figure 2.11 (c) shows simulated Vjunc-VBE with swvjunc = 0 in black, simulated Vjunc-VBE

with swvjunc = 1 in blue and simulated Vjunc-VBE with swvjunc = 2 in pink using Mextram

505.00 when VCE = 1.5V is fixed. It can be seen that when using Mextram 504.12 Vjunc,

the CB capacitance is not smooth and peak OIP3 is distorted, when using Vjunc equals to

VB2C2 and VB2C1 , both CB capacitance are smooth and both OIP3 are much better near peak

OIP3. Mextram 505.00 chooses Vjunc = VB2C2 and Vch = 0.1Vdcctc as its default values.
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Figure 2.11: (a) Simulated CBC-VBE with swvjunc = 0, 1, 2 for swvchc = 0 using Mextram
505.00. (b) Simulated OIP3-VBE with swvjunc = 0, 1, 2 for swvchc = 0 using Mextram
505.00. (C) Simulated Vjunc-VBE with swvjunc = 0, 1, 2 using Mextram 505.00.
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2.7 Summary

This chapter introduced high injection in HBT, Vjunc and Vch in Mextram 504.12 and

Mextram 505.00. In Mextram 504.12, Vjunc is modeled by considering the epilayer voltage

drop and the RC time constant of the intrinsic CB junction depletion capacitance, Vch

depends on Vjunc for the voltage and the capacitance smooth. Mextram 505.00 provides two

more Vjunc and Vch options. The effect on RC time constant from the capacitance can be

fixed by some other parameters in Mextram 505.00. It is important that from Mextram

504.12 to Mextram 505.00 changing Vjunc and Vch can give a better OIP3 simulation. The

main reason is that the Vjunc in Mextram 504.12 goes up so quickly once high injection

happens which distorted the peak OIP3. Changing CB depletion capacitance can improve

OIP3 simulation, but it is important to know how the intrinsic CB depletion capacitance

affects OIP3. That will be discussed in detail in the chapter 4.
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Chapter 3

Mextram Intrinsic Base-Collector Depletion Capacitance

3.1 Intrinsic BC Depletion Capacitance in Mextram

In Mextram, intrinsic BC depletion capacitance is modeled by:

CtC =
dQtC

dVjunc
= XCjcCjc((1−Xp)

fI
(1− Vjc/VdC )Pc

+Xp), (3.1)

fI = (1− IC1C2

IC1C2 + Ihc
)mC , (3.2)

where CtC is the intrinsic CB depletion capacitance, QtC is the charge of the CB intrinsic

capacitance, Vjunc is the CB junction voltage, XCjc is a parameter of the ratio between the

extrinsic and the intrinsic CB capacitance, Cjc is a parameter of the CB capacitance at zero

bias, VdC is a parameter of the BC diffusion voltage, XP is a parameter of fraction of the CB

depletion capacitance at large reverse bias, Pc is a parameter of the grading coefficient that

has a theoretical value of 1/2 for an abrupt junction and 1/3 for a graded junction, and fI

describes current effect on the CB depletion capacitance.

Figure 3.1 shows CCB-V, CCB is the intrinsic CB depletion capacitance normalized to

the zero bias value. At high forward bias, the capacitance is a constant. At middle bias,

the capacitance grows up as V increasing. At large reverse bias, the capacitance looks like

a constant, because considering the finite thickness of the epilayer, the capacitance cannot

decrease too much.
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Figure 3.1: CB depletion capacitance versus Vjunc
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3.2 Fully Depleted Epi-layer Effect

The parameter Xp is used to describe the fully depleted epilayer effect. Considering

a CB depletion capacitance in a bipolar transistor, the transistor actual structure should

be taken into account. For collector base depletion capacitance, the finite thickness of the

epilayer should be taken into account. For zero junction bias the capacitance equals in

principle Cj0 = εsi/xd0. Here xd0 is the width of the depletion region in the epilayer at

zero bias. When the junction becomes strongly reverse biased the depletion layer will be

wider than the epilayer. Since the buried layer has a much higher doping, the width of the

depletion layer will not increase much beyond the width of the epilayer Wepi (reach-through).

From there on, the capacitance will be approximately constant, with a value of in principle

εsi/Wepi. This behavior will be approximated by taking the total capacitance as a sum of

a constant part in large reverse bias and a junction part in middle and high forward bias.

The parameter is given by Xp = xd0/Wepi [6]. The difference between capacitances with

reach-through and without reach-through is shown in Figure 3.2.
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Figure 3.2: CCB-V with or without fully depleted epi-layer effect.
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Figure 3.2 shows CCB-V with epilayer fully depleted effect for parameters Cjc = 1,

Pc = 0.4, VdC = 0.7V ,Xp = 0.4. The different curves are for the capacitance without reach-

through (dotted), and the capacitance with reach-through (solid). At large reverse bias, the

parameter Xp makes the capacitance as a constant and drop less.

3.3 Current Dependence

Next the current dependence in BC depletion capacitance will be discussed. This effect

is modeled by the factor fI in equation (3.2). In equation (3.2), IC1C2 is the epilayer current,

Ihc is a parameter of current for velocity saturation in the epilayer, mC is a parameter of

coefficient for current modulation of CB depletion capacitance. The depletion thickness

changes due to the charge of electrons moving. Since the base layer has a much higher

doping than epilayer, the base depletion width can be negligible, and the depletion thickness

in epilayer should be taken into account. In general, without current effect the depletion

width is xd =
√

2εsi(Vdc − Vf )/(qNepi). Here Vf is applied bias, and Nepi is epilayer doping

that is also depletion charge concentration.

Considering the current effect and assuming the electrons moving through depletion

region at the saturated velocity vsat, the effective charge in the depletion thickness is Qeff =

Nepi − IC1C2/qvsat. Hence the depletion width is

xd =

√√√√ 2εsi(VdC − Vf )

q(Nepi −
IC1C2

qvsat
)
, (3.3)

then

xd =

√
2ε(VdC − Vf )

qNepi(1−
IC1C2

Ihc
)
, (3.4)

here we define Ihc = qvsatNepi.
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Current dependence mainly describes that the variation of CB depletion width depends

on epilayer current, since the current changes the effective charge in the depletion region.

The epilayer current also gives a voltage drop over epilayer, which impacts on Vjumc.

3.4 Summary

This chapter introduced intrinsic CB depletion capacitance in Mextram. Current de-

pendence and fully depleted epilayer effect of the intrinsic CB capacitance are discussed.
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Chapter 4

OIP3 in Common Emitter Configuration

The linearity characteristics of a SiGe HBT operating in a common-emitter (CE) con-

figuration are addressed. Mextram 505.00 provides several options for modeling Vjunc and

Vch, and gives a much better OIP3 simulation than Mextram 504.12. This chapter will figure

out how different Vjunc and Vch affect OIP3 in Mextram 504.12 and Mextram 505.00. In this

chapter all measurements and all simulations are in common emitter configuration when

VCE = 1.5V .

4.1 OIP3 simulation using Mextram 504.12 and Mextram 505.00

Figure 4.1: Measured OIP3 and simulated OIP3 using Mextram 504.12 and 505.00 across
VBE.

Figure 4.1 shows measured OIP3 together with simulated OIP3 using Mextram 504.12

and 505.00 versus VBE. The blue line is OIP3 simulation using Mextram 505.00, the black
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line is OIP3 simulation using Mextram 504.12 and the red symbol is OIP3 measurement.

Mextram 505.00 provides a much better OIP3 simultion than Mextram 504.12 near peak

OIP3. The difference between Mextram 504.12 and Mextram 505.00 is intrinsic CB depletion

capacitances Ctci, and Ctci has a big impact on OIP3. It is important to know how Ctci affects

OIP3.

4.2 First and Third Order Output Currents Effect on OIP3

OIP3 is determined by the currents magnitude ratio |Iout,3rd/Iout,1st| of the third order

output current Iout,3rd to the first order output current Iout,1st:

Pout,3rd = I2out,3rdRout, (4.1)

Pout,1st = I2out,1stRout, (4.2)

IM3 =

√
Pout,3rd

Pout,1st

=
|Iout,3rd|
|Iout,1st|

, (4.3)

OIP3 = Pout,1st −
1

2
IM3|dB. (4.4)

In Figure 4.2 (a1) (a2) (b1) (b2), the blue lines are simulations and the red symbols are

measurement. Figure 4.2 (a1) shows measured |Iout,3rd/Iout,1st| and simulated |Iout,3rd/Iout,1st|

using Mextram 505.00 versus VBE, and Figure 4.2 (a2) shows measured OIP3 and simulated

OIP3 using Mextram 505.00 versus VBE. Figure 4.2 (b1) shows measured |Iout,3rd/Iout,1st|

and simulated |Iout,3rd/Iout,1st| using Mextram 504.12 versus VBE, and Figure 4.2 (b2) shows

measured OIP3 and simulated OIP3 using Mextram 504.12 versus VBE. Comparing Figure

4.2 (a1) (b1) with Figure 4.2 (a2) (b2), for both measurement and simulation peak OIP3

occurs where |Iout,3rd/Iout,1st| is minimized as expected. This implies |Iout,3rd/Iout,1st| differ-

ence depends on Ctci difference and then causes different peak OIP3 in Mextram 505.00 and
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Mextram 504.12. It is important to know how Ctci affects |Iout,3rd/Iout,1st|. So |Iout,1st| and

|Iout,3rd| of the two cases should be compared.

In Figure 4.3 (a) (b) (c) (d), the blue lines are simulations using Mextram 505.00, the

black lines are simulations using Mextram 504.12 and the red symbols are measurement.

Figure 4.3 (a) shows measured OIP3-VBE together with simulated OIP3-VBE using Mextram

504.12 and 505.00. Figure 4.3 (b) shows measured |Iout,1st|-VBE together with simulated

|Iout,1st|-VBE using Mextram 504.12 and 505.00. Figure 4.3 (c) shows measured |Iout,3rd|-VBE

and simulated |Iout,3rd|-VBE using Mextram 504.12 and 505.00. Figure 4.3 (d) shows measured

|Iout,3rd/Iout,1st|-VBE and simulated |Iout,3rd/Iout,1st|-VBE using Mextram 504.12 and 505.00.

The |Iout,3rd/Iout,1st| difference near peak OIP3 mainly depends on |Iout,3rd|, since |Iout,1st|

are almost the same near peak OIP3. This implies peak OIP3 is mainly determined by the

minimized third order output current. It should be discussed that how the real part and the

imaginary part of Iout,3rd impact peak OIP3.

In Figure 4.4 (a1) (a2) (b1) (b2), lines show simulations and symbols show measure-

ments. Figure 4.4 (a1) shows simulated real(Iout,3rd)-VBE in red, simulated imag(Iout,3rd)-

VBE in blue, and simulated |I3rd|-VBE in purple using Mextram 505.00. Figure 4.4 (a2)

shows measured OIP3-VBE and simulated OIP3-VBE using Mextram 505.00. Figure 4.4 (b1)

shows simulated real(Iout,3rd)-VBE in red, simulated imag(Iout,3rd)-VBE in blue, and simulated

|I3rd|-VBE in purple using Mextram 504.12. Figure 4.4 (b2) shows measured OIP3-VBE and

simulated OIP3-VBE using Mextram 504.12. Seeing Figure 4.4 (a1) and Figure 4.4 (b1), the

minimum magnitude of Iout,3rd depends on both real and imaginary part of Iout,3rd. Com-

paring Figure 4.4 (a1) with Figure 4.4 (a2) and comparing Figure 4.4 (b1) with Figure 4.4

(b2), the bias where peak OIP3 happens mainly depends on imaginary part of Iout,3rd. For

the two cases peak OIP3 is determined by both real and imaginary part of Iout,3rd, and peak

OIP3 bias mainly depends on the imaginary part of Iout,3rd.
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Iout,3rd is the third order output current, and in HBT device, the output current consists

of several internal component currents. It is necessary to see each component current to find

out which one affects peak OIP3.
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Figure 4.2: (a1) Measured |Iout,3rd/Iout,1st| and simulated |Iout,3rd/Iout,1st| using Mextram
505.00 versus VBE. (a2) Measured OIP3 and simulated OIP3 using Mextram 505.00 versus
VBE. (b1) Measured |Iout,3rd/Iout,1st| and simulated |Iout,3rd/Iout,1st| using Mextram 504.12
versus VBE. (b2) Measured OIP3 and simulated OIP3 using Mextram 504.12 versus VBE.
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Figure 4.3: (a) Measured OIP3 and simulated OIP3 using Mextram 504.12 and 505.00 versus
VBE. (b) Measured |Iout,1st| and simulated |Iout,1st| using Mextram 504.12 and 505.00 versus
VBE. (c) Measured |Iout,3rd| and simulated |Iout,3rd| using Mextram 504.12 and 505.00 versus
VBE. (d) Measured |Iout,3rd/Iout,1st| and simulated |Iout,3rd/Iout,1st| using Mextram 504.12 and
505.00 versus VBE.
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Figure 4.4: (a1) Simulated real(Iout,3rd), simulated imag(Iout,3rd) and simulated mag(Iout,3rd)
using Mextram 505.00 versus VBE. (a2) Measured OIP3 and simulated OIP3 using Mex-
tram 505.00 versus VBE. (b1) Simulated real(Iout,3rd), simulated imag(Iout,3rd) and simulated
mag(Iout,3rd) using Mextram 504.12 versus VBE. (b2) Measured OIP3 and simulated OIP3
using Mextram 504.12 versus VBE.
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4.3 Third Order Component Currents

Figure 4.5: Simplified equivalent circuit of an HBT.

Figure 4.5 shows a simplified equivalent circuit of an HBT without pads. Seeing Figure

4.5, the collector current ic

ic = in − iqtci − iincap − iexcap, (4.5)

relates to in, the main current, iqtci, the dynamic current of the intrinsic CB depletion ca-

pacitance, iincap, the dynamic current of the intrinsic CB diffusion capacitance, and iexcap,

the dynamic current of the extrinsic CB capacitance including depletion and diffusion ca-

pacitances. iout, the output current that is measured, differs from ic by a small amount, due

to pads. Blow we use ic to approximate iout.
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In Figure 4.6 (a1) (a2) (b1) (b2), lines show simulations and symbols show measure-

ments. Figure 4.6 (a1) shows real part measurement of iout,3rd-VBE and real part simu-

lations of iout,3rd-VBE in blue, ic,3rd-VBE in black, in,3rd-VBE in pink, iqtci,3rd-VBE in green,

iincap,3rd-VBE in yellow, iexcap,3rd-VBE in purple, using Mextram 505.00. Figure 4.6 (a2) shows

imaginary part measurement of iout,3rd-VBE and imaginary part simulations of iout,3rd-VBE

in blue, ic,3rd-VBE in black, in,3rd-VBE in pink, iqtci,3rd-VBE in green, iincap,3rd-VBE in yellow,

iexcap,3rd-VBE in purple, using Mextram 505.00. Figure 4.6 (b1) shows real part measurement

of iout,3rd-VBE and real part simulations of iout,3rd-VBE in blue, ic,3rd-VBE in black, in,3rd-VBE

in pink, iqtci,3rd-VBE in green, iincap,3rd-VBE in yellow, iexcap,3rd-VBE in purple, using Mextram

504.12. Figure 4.6 (b2) shows imaginary part measurement of iout,3rd-VBE and imaginary

part simulations of iout,3rd-VBE in blue, ic,3rd-VBE in black, in,3rd-VBE in pink, iqtci,3rd-VBE in

green, iincap,3rd-VBE in yellow, iexcap,3rd-VBE in purple, using Mextram 504.12. Comparing

simulated iout,3rd with simulated ic,3rd, for both real part and imaginary part ic,3rd is close

to iout,3rd, we use ic,3rd to approximate iout,3rd for Mextram 504.12 and 505.00. Comparing

ic,3rd with individual components in,3rd, iqtci,3rd, iexcap,3rd and iincap,3rd in Mextram 504.12 and

505.00, for iout,3rd, in,3rd dominates in both real and imaginary part near peak OIP3. This

implies in Mextram 504.12 and 505.00 different Ctci mainly affect component current in,3rd to

give different peak OIP3. It should be clear that how the intrinsic CB depletion capacitance

affects in,3rd.
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Figure 4.6: (a1) Real part of measured iout,3rd versus VBE and real part of simulated iout,3rd
and its component currents using Mextram 505.00 versus VBE. (a2) imaginary part of
measured iout,3rd versus VBE and imaginary part of simulated iout,3rd and its component
currents using Mextram 505.00 versus VBE. (b1) Real part of measured iout,3rd versus VBE

and real part of simulated iout,3rd and its component currents using Mextram 504.12 versus
VBE. (b2) imaginary part of measured iout,3rd versus VBE and imaginary part of simulated
iout,3rd and its component currents using Mextram 504.12 versus VBE.
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4.4 Intrinsic CB Depletion Capacitance Effect on Third Order In

The intrinsic CB depletion capacitance affects third order In in two aspects. One is that

the third order capacitance dynamic current possibly impacts on the third order In, and the

other is that in Mextram In is calculated from the charge (VtC ) of the intrinsic CB depletion

capacitance in DC, VtC is the intrinsic capacitance charge normalized to the zero bias values,

also the third order In may be affected by the intrinsic CB depletion capacitance.

In Mextram, In and Qtci, charge of the intrinsic CB depletion capacitance, are given by:

In =
Ise

VB2E1
VT − Ise

V ∗
B2C2
VT

qI1(1 + 0.5(n0 + nB))
, (4.6)

qI1 = 1 +
VtE
Ver

+
VtC
Vef

, (4.7)

VtC = (1−Xp)VCV
+XpVB2C1 , (4.8)

VCV
=

VdCctc

1− Pc
[1− fI(1− VjC/VdCctc)

1−Pc] + fIbjC (Vjunc − VjC), (4.9)

VjC = Vjunc − Vch ln(1 + exp[(Vjunc − VFC)/Vch]), (4.10)

Qtci = XCjcCjcVtc, (4.11)

where Is is a parameter of saturation current of main current, n0 and nB are electron densities

at the edges of the neutral base region, VtE and VtC are charges of EB depletion capacitance

and intrinsic CB depletion capacitance normalized to zero bias values, Ver and Vef are pa-

rameters of reverse and forward early voltage. XCjc and Cjc are parameters of the fraction

of CB depletion capacitance under the emitter and the zero-bias CB depletion capacitance.

From Eq. (4.8) (4.9) (4.10), giving different Vjunc and Vch options, the intrinsic CB

depletion capacitance will be changed, qI1 and Qtci will also be changed from Eq. (4.7) (4.11).

If q1I is changed, from the Mextram In equation, the third order In might be changed. The

third order In can be affected by the intrinsic CB depletion capacitance through Early effect
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by qI1 . If Qtci is changed, the dynamic charging current will be changed, and from the

Mextram equivalent circuit Figure 4.5, the third order In can be impacted by this dynamic

charging current. That means the third order In can be impacted by the intrinsic CB

depletion capacitance through the dynamic charging current by Qtci. It is essential to figure

out if the intrinsic CB depletion capacitance affects the third order In through qI1 or Qtci.

The different intrinsic CB depletion capacitance in Mextram 505 and Mextram 504 give

different qI1 and different Qtci, we can modify Verilog-a code to have 4 combinations (2x2)

OIP3, OIP3 with 505 qI1 and 505 Qtci, OIP3 with 504 qI1 and 504 Qtci, OIP3 with 505 qI1

and 504 Qtci, OIP3 with 504 qI1 and 505 Qtci. If using the same qI1 but different Qtci can

give different OIP3 and different In,3rd, the conclusion is that the intrinsic CB depletion

capacitance affects OIP3 and In,3rd through third order dynamic charging current. If using

the same Qtci but different qI1 gives different OIP3 and different In,3rd, the conclusion is that

the intrinsic CB depletion capacitance affects OIP3 and In,3rd through Early effect, and the

parameter Vef is very important to OIP3.

Figure 4.7 (a) shows measured OIP3-VBE by symbols, simulated OIP3-VBE with 505

qI1 and 505 Qtci in blue and simulated OIP3-VBE with 504 qI1 and 505 Qtci in black. Figure

4.7 (b) shows simulated mag(In,3rd)-VBE with 505 qI1 and 505 Qtci in blue and simulated

mag(In,3rd)-VBE with 504 qI1 and 505 Qtci in black. Figure 4.7 (a) (b) compare OIP3-VBE

and mag(In,3rd)-VBE simulated using the same Qtci, but with different qI1 . Neither OIP3

nor mag(In,3rd) are affected when we intentionally used the different qI1 corresponding to the

same Qtci. This implies the intrinsic CB depletion capacitance can not impact on IP3 and

In,3rd by qI1 . Furthermore, changing the parameter Vef in OIP3 simulations in Mextram 504

and in Mextram 505, both OIP3 simulations are not changed, hence those simulations are

not shown. This also proves that qI1 has no effect on OIP3.

Figure 4.8 (a) shows measured OIP3-VBE by symbols, simulated OIP3-VBE with 504

qI1 and 505 Qtci in blue and simulated OIP3-VBE with 504 qI1 and 504 Qtci in black. Figure

4.7 (b) shows simulated mag(In,3rd)-VBE with 504 qI1 and 505 Qtci in blue and simulated
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mag(In,3rd)-VBE with 504 qI1 and 504 Qtci in black. Figure 4.8 (a) (b) compare OIP3-VBE and

mag(In,3rd)-VBE simulated using the same qI1 , but with different Qtci. OIP3 and mag(In,3rd)

are affected when we intentionally used the different Qtci corresponding to the same qI1 .

This implies that the dynamic current change is the main mechanism by which intrinsic CB

depletion capacitance affect IP3.

Now it is clear that the intrinsic CB depletion capacitance does not impact the In,3rd and

OIP3 through Early effect, but it affects the In,3rd and OIP3 through capacitance dynamic

current and circuit action.
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Figure 4.7: (a) Measured OIP3 and simulated OIP3 with different qI1 but the same Qtci

versus VBE. (b) Simulated mag(in,3rd) with different qI1 but the same Qtci versus VBE.
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Figure 4.8: (a) Measured OIP3 and simulated OIP3 with different Qtci but the same qI1
versus VBE. (b) Simulated mag(in,3rd) with different Qtci but the same qI1 versus VBE.
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Parameter XCjc, Cjc Capacitance Qtci, Qtcx

Cjc 6= 0, XCjc = 0.7 Qtci, Qtcx

Cjc 6= 0, XCjc = 1 Qtci, Qtcx = 0
Cjc 6= 0, XCjc = 0 Qtci = 0, Qtcx

Cjc = 0 Qtci = 0, Qtcx = 0

Table 4.1: Capacitances and their related parameters.

4.5 Intrinsic and Extrinsic CB Depletion Capacitance Effect on OIP3

In Mextram, CB depletion capacitance has intrinsic part and extrinsic part. The intrin-

sic CB depletion capacitance has a big effect on OIP3, the extrinsic CB depletion capacitance

also should be taken into account. Qtcx and Qtci are charges of the intrinsic and the extrinsic

CB depletion capacitance.

To know how dose Qtci and Qtcx affect IP3, we can change the CB capacitance param-

eters XCjc and Cjc. The intrinsic CB capacitance charge Qtci can be disabled by setting

the parameter XCjc = 0, so that all capacitance is the extrinsic capacitance. The extrinsic

CB capacitance charge Qtcx can be disabled by setting the parameter XCjc = 1, so that all

capacitance is the intrinsic capacitance. Both the intrinsic and the extrinsic capacitance can

be disabled by setting the parameter Cjc = 0.

Table 4.1 shows capacitance parameters with different values and their related capaci-

tances, XCjc = 0.7 is the value extracted from measurement. These parameter values are

used in OIP3 simulations in figure 4.9 (a) (b) and figure 4.10 (a) (b) (c).

Figure 4.9 (a) shows measurement of OIP3-VBE by symbols and simulations of OIP3-VBE

using Mextram 505.00, simulated OIP3-VBE with XCjc = 0.7 in blue, simulated OIP3-VBE

with XCjc = 0 in pink, simulated OIP3-VBE with XCjc = 1 in black, simulated OIP3-VBE

with Cjc = 0 in green. Figure 4.9 (b) shows measurement of OIP3-VBE by symbols and

simulations of OIP3-VBE using Mextram 504.12, simulated OIP3-VBE with XCjc = 0.7 in

blue, simulated OIP3-VBE with XCjc = 0 in pink, simulated OIP3-VBE with XCjc = 1

in black, simulated OIP3-VBE with Cjc = 0 in green. Figure 4.9 (a) (b) compare OIP3-

VBE respectively in Mextram 504.12 and in Mextram 505.00 with the parameters XCjc = 0,
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XCjc = 1, XCjc = 0.7 and Cjc = 0. The OIP3 is affected when the parameters have different

values. This indicates that both the intrinsic and the extrinsic capacitance can affect OIP3

and the ratio XCjc of intrinsic and extrinsic capacitance also impacts OIP3.

Figure 4.10 (a) shows measured OIP3-VBE by symbols and simulated OIP3-VBE using

Mextram 505.00 in blue and 504.12 in black for XCjc = 0.7. Figure 4.10 (b) shows measured

OIP3-VBE by symbols and simulated OIP3-VBE using Mextram 505.00 in blue and 504.12 in

black for XCjc = 0. Figure 4.10 (c) shows measured OIP3-VBE by symbols and simulated

OIP3-VBE using Mextram 505.00 in blue and 504.12 in black for Cjc = 0.

Comparing Figure 4.10 (a) with Figure 4.10 (b), OIP3 simulations in Mextram 504.12

and 505.00 become the same when the intrinsic CB depletion capacitance is disabled, since

Mextram 504.12 and 505.00 have different intrinsic CB depletion capacitances but the same

extrinsic CB depletion capacitances. This implies that Qtci difference makes OIP3 difference,

but qI1 difference does not cause OIP3 difference. By comparing Figure 4.10 (b) with Figure

4.10 (c), OIP3 are affected when the extrinsic CB depletion capacitance is disabled. Decreas-

ing the extrinsic capacitance improves the peak OIP3, which is significant. This suggests

the importance of minimizing extrinsic CB depletion capacitance for improved OIP3.
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Figure 4.9: (a) Measured OIP3 and simulated OIP3 using Mextram 505.00 with different
XCjc and different Cjc versus VBE. (b) Measured OIP3 and simulated OIP3 using Mextram
504.12 with different XCjc and different Cjc versus VBE.
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Figure 4.10: (a) Measured OIP3 and simulated OIP3 using Mextram 504.12 and 505.00 with
XCjc = 0.7 versus VBE. (b) Measured OIP3 and simulated OIP3 using Mextram 504.12 and
505.00 with XCjc = 0 versus VBE. (c) Measured OIP3 and simulated OIP3 using Mextram
504.12 and 505.00 with Cjc = 0 versus VBE.
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4.6 Intrinsic and Extrinsic CB Depletion Capacitance Effect on Third Order In

It is known that both the intrinsic and the extrinsic CB depletion capacitance affect

OIP3 and the intrinsic CB depletion capacitance affects the third order In through dynamic

charging current to change OIP3. Now it is necessary to see how does the intrinsic and the

extrinsic CB depletion capacitance impact on the third order In.

To know how does the two capacitances affect the third order In to change OIP3, we

can change the CB depletion capacitance parameters XCjc and Cjc, the same way used in

the last section. Setting parameters XCjc = 0.7, XCjc = 0 and Cjc = 0 respectively, three

groups of third order In simulations can be obtained, which are In,3rd simulated with both

Qtci and Qtcx, In,3rd simulated with only Qtcx, and In,3rd simulated with no CB depletion

capacitance.

Figure 4.11 (a1) (a2) (a3) show simulated real part, imaginary part and magnitude of

in,3rd using Mextram 504.12 and 505.00 with Qtci and Qtcx. Figure 4.11 (b1) (b2) (b3) show

simulated real part, imaginary part and magnitude of in,3rd using Mextram 504.12 and Mex-

tram 505.00 with only Qtcx. Figure 4.11 (c1) (c2) (c3) show simulated real part, imaginary

part and magnitude of in,3rd using Mextram 504.12 and 505.00 with no CB depletion capac-

itance. Comparing Figure 4.11 (a1) (a2) (a3) with Figure 4.11 (b1) (b2) (b3), the real part,

imaginary part and magnitude of in,3rd become the same when Qtci is disabled. This implies

the intrinsic CB depletion capacitance affect the third order In to change OIP3. Comparing

Figure 4.11 (b1) (b2) (b3) with Figure 4.11 (c1) (c2) (c3), the real part, imaginary part

and magnitude of in,3rd are affected when Qtcx is disabled. This implies the extrinsic CB

depletion capacitance also affects the third order In. That means both the intrinsic and the

extrinsic CB depletion capacitance impact on the third order In.

It is known OIP3 is mainly determined by the third order In not the first order In, but

CB depletion capacitance effect on the first order In should be take into account. To know

how does the CB depletion capacitance affect the first order In, the first order In is simulated

in the same way as the third order In.
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Figure 4.12 (a1) (a2) (a3) show simulated real part, imaginary part and magnitude

of in,1st using Mextram 504.12 and 505.00 with Qtci and Qtcx. Figure 4.12 (b1) (b2) (b3)

show simulated real part, imaginary part and magnitude of in,1st using Mextram 504.12 and

505.00 with only Qtcx. Figure 4.12 (c1) (c2) (c3) show simulated real part, imaginary part

and magnitude of in,1st using Mextram 504.12 and 505.00 with no CB depletion capacitance.

Figure 4.12 (a1) (a2) (a3) compare the real part, imaginary part and magnitude of in,1st

between Mextram 504.12 with 505.00. The real part, imaginary part and magnitude of the

in,1st have a little difference. This implies the intrinsic CB depletion capacitance has a mild

effect on the first order In. Comparing Figure 4.12 (b1) (b2) (b3) with Figure 4.12 (c1) (c2)

(c3), the real part, imaginary part and magnitude of in,1st have a little difference when Qtcx

is disabled. This implies the extrinsic CB depletion capacitance also has a slight effect on

the first order In. That means both the intrinsic and the extrinsic CB depletion capacitance

impact on the third order In lightly.

Both the intrinsic and the extrinsic CB depletion capacitance affect the third order main

current and the first order main current. The two capacitance mainly impact on the third

order main current to change OIP3, since they have a much bigger effect on the third order

main current compared to the first order main current.
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Figure 4.11: (a1) (a2) (a3) Simulated real part, imaginary part and magnitude of in,3rd using
Mextram 504.12 and 505.00 for XCjc = 0.7. (b1) (b2) (b3) Simulated real part, imaginary
part and magnitude of in,3rd using Mextram 504.12 and 505.00 for XCjc = 0. (c1) (c2)
(c3) Simulated real part, imaginary part and magnitude of in,3rd using Mextram 504.12 and
505.00 for Cjc = 0.
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Figure 4.12: (a1) (a2) (a3) Simulated real part, imaginary part and magnitude of in,1st using
Mextram 504.12 and 505.00 for XCjc = 0.7. (b1) (b2) (b3) Simulated real part, imaginary
part and magnitude of in,1st using Mextram 504.12 and 505.00 for XCjc = 0. (c1) (c2)
(c3) Simulated real part, imaginary part and magnitude of in,1st using Mextram 504.12 and
505.00 for Cjc = 0.
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4.7 Summary

In this chapter, the linearity characteristics of the CE configuration were dealt with

in detail. Mextram 505.00 provides a much better OIP3 modeling than Mextram 504.12

by modifying the intrinsic CB depletion capacitance. Comparing the first order output

current with the third order output current, OIP3 is mainly determined by the third order

output current. However, in the third order output current, the third order main current is

dominant, so the OIP3 mainly depends on the third order main current. Both the intrinsic

and the extrinsic CB depletion capacitance affect main currents to change OIP3. The two

capacitance mainly impact on the third order main current to affect OIP3, since they have a

slight effect on the first order main current. The intrinsic CB depletion capacitance impacts

on the third order main current through dynamic charging current to make OIP3 difference.

The extrinsic CB depletion capacitance has a big effect on OIP3, that decreasing the extrinsic

CB depletion capacitance can improve the peak OIP3.
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