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Abstract

Linearity of SiGe HBTs has been widely studied nowadays. The accuracy on model-
ing of the third order intercept point (IP3) always puts strict requirements on compact models
that can reproduce measured IP3 characteristics in advanced SiGe HBT technologies. In this
dissertation, two options of collector-base (CB) depletion capacitance model have been pre-
sented to correctly model IP3 peak and high injection base-collector capacitance (C'g¢) for
a common-emitter SiGe HBT. A new technique to implement Volterra series with complete
Mextram model is proposed. A new extended avalanche model with excellence in wide tem-
perature range and current dependence at high injection has been verified to have improved IP3
dependence for common-base SiGe HBT.

For common-emitter SiGe HBT, the measured and simulated magnitude, real and imagi-
nary part of third order output current (i3 3,4) are compared near the IP3 peak. The simulated
12,374 from Mextram 504.12 shows that its imaginary part dominates over the real part and is
much higher than measurement. This points to C'zc modeling as an issue for IP3 peak model-
ing. Two new options of CB depletion capacitance model are then presented to correctly model
the bias dependence of peak IP3. Also, the influence of each CB depletion capacitance model
on peak cut-off frequency (f7) and high injection C'z¢ are examined.

For common-base SiGe HBT, the avalanche model plays a critical role in accuracy of mod-
eling IP3 dependence on both Vo5 and Ix. An avalanche factor (M -1) model with improved
CB voltage V5 and collector current I~ dependence is first developed, which semi-empirically
models the decrease of M-1 with increasing current. This was implemented in the official re-
lease of Mextram 505.00. To further improve the description of current dependence of M-1,
another model is developed based on modeling the evolution of the peak electric field. This
allows a more physical description of the decrease of M -1 at relatively lower /-, and the rise of
M-1 at high I when the electrical CB junction interface shifts from the original metallurgical

junction to the epi-layer/buried layer interface. Parameters are also introduced to model the

il



transition region between the low /- and high /-~ cases. This new extended avalanche model
enables accurate fitting of the emitter current dependence of base current at high Vg up to a
high level of injection above peak fr roll-off, which was not possible with existing avalanche
models.

To understand the Vo3 and Vi dependences of 1P3, as well as to identify the physical
mechanisms of IP3 peak, a Volterra series analysis program is developed with a modified cir-
cuit topology that more closely resembles that of an ideal transistor equivalent circuit where
the base-emitter and base-collector voltages control all circuit elements. Symbolic analysis is
carried out to yield analytically the first order derivatives of all circuit elements on the two
control voltages. Higher order derivatives are evaluated using numerical differentiation, with
special attention paid to the handling of self heating. The validity of the Volterra series analysis
program is verified by comparison with harmonic balance simulations at a lower RF power
level.

A unique advantage of Volterra series is that nonlinearities from various circuit elements
can be turned on and off individually, in a fashion similar to linear circuit analysis. The re-
sponses add to each other, and IP3 peak occurs when the responses cancel each other. Among
25 nonlinearities, the main current nonlinearity (/) including epi-layer high injection effect
and the avalanche current nonlinearity (/4y ) are found to dominate. The cancellation be-
tween these two dominant nonlinearities leads to IP3 peaks for both V-5 dependence and Vg
dependence.

A detailed evaluation is made on the IP3 modeling capability of Mextram 504.12, 505.00,
and the newly developed extended avalanche model. The main difference lies in common-
base configuration at high Viop and /5. The new model overall allows much more accurate DC
modeling, much improved Vg dependence modeling, and much improved Vi /I dependence

modeling.
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Chapter 1

Introduction

Linearity of SiGe HBTs has been widely studied. The third order intercept point (IP3) is
important for RF design and requires accurate compact models that can reproduce measured
IP3 characteristics, particularly for optimization of transistor bias [5] [6] [7] [8]. While modern
compact models do a good job with IP3 modeling at relatively low injection level, accurate
high injection IP3 modeling is much more challenging [9] [10]. Part of the difficulty is that
there is no dedicated model parameter to tune IP3 separately from DC I-V and S-parameters,

and accurate higher order derivatives of I-V and C-V are required.

1.1 Measurement

In this dissertation, all the following data both in common-emitter and common-base SiGe
HBTs are measured by NXP Semiconductors: DC I-V curves on RF structure, S-parameters
and X-parameters.

For DC measurement, cable resistances are first measured and extracted. The typical
gummel curve, forced-/x and output curves on transistors are then obtained. Fig. 1.1(a) shows
a diagram of DUT with probes pads and interconnects parasitics. 2, Z and Z3 represent series
parasitics. Y7, Y, and Y3 represent parallel parasitics. For S-parameter measurement, OPEN,
SHORT and DUT are separately measured at frequency from 0.1 to 45 GHz and at each bias.
Then open-short de-embedding method [11] is applied to extract capacitances and fr without
influence of parasitics. Fig. 1.1(b) shows a diagram of X-parameter measurement. The real,

imaginary and magnitude parts of complex AC currents i, i and voltages vy, vy at fy, 2fo,



Zy Z,
Y, DUT Ys
I
> L |
l Tuner DUT Tuner
(a) (b)

Figure 1.1: A diagram of (a) DUT with parasitics and (b) X-parameter measurement.

3 fo are obtained. The fundamental frequency f, = 2 GHz. i; and 75 equal emitter and collector

current respectively. OIP3 can then be calculated by
1 .
Pour(fo) = §%(U2(fo) x i5(fo)), (1.1)

Pou(3fy) = %m(w(:s fo) X 53 o). (1.2)

where “J” stands for real part, “*” denotes conjugate. OIP3 in dBm is calculated as

P3
OIP3|gpm = 101logy, (M> + 30 dBm. (1.3)

Pout(BfO)

(1.3) assumes that the slopes of P,,; (dBm) versus available source power F,,s (dBm) are 1:1
and 3:1 at f, and 3fj, respectively. P,,s = A? /8R; [4] is set to -30 dBm to ensure these
assumptions are satisfied. Fig. 1.2 shows real, imaginary and magnitude parts of i5-Vpg at DC,
AC and harmonics for Vg = 3.75 V as the common-base OIP3 in Fig. 1.14. The magnitude of
19 decreases at higher orders, which makes the accuracy of measured ¢ difficult. It is clear to
see Vg dependence of 73 3,4 determines OIP3 trend, as 75 15 1s weakly dependent on Vgg. So
i2,3rq determines OIP3 trend for V-5 dependence.

It should be noted that the X-parameter measurement is very challenging, particularly for
common-base, as the linearity is very high, and nonlinearities of measuring instruments can

come into play.
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Figure 1.2: Initialization of real, imaginary and magnitude part of 5 at DC, AC and harmonics
for Vo =3.75 V on common-base SiGe HBT.

1.2 Problems with using MEXTRAM 504.12

The following figures will show the initial status of measured and MEXTRAM 504.12 simu-
lated DC, S-parameters and OIP3 on common-emitter and common-base SiGe HBTs before the
start of this PhD project. Initially parameter extraction was improved, in an effort to improve
IP3 modeling, this however, is far from sufficient, and it was clear that new model developments

are required.



1.2.1

VBE

Figure 1.3: A schematic of DC measurement for input Vzp and V.

Initial figures in common-emitter SiGe HBT

_j

CE

Fig. 1.3 shows DC measurement for input biases of Vg and Vog. The cable and probe

resistances are not shown.
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Figure 1.4: Output curves for measured and MEXTRAM 504.12 simulated (a) /o-Vog and (b)

IB'VCE at VBE from 0.78

to 0.96 V.

Fig. 1.4(a) shows output curves for measured and MEXTRAM 504.12 simulated /o-Vog

at Vg from 0.78 to 0.96 V. For an increasing Vg, the simulated /- becomes to deviate from

measurement at smaller Vg, which implies the parameters about temperature scaling are not



well extracted. Fig. 1.4(b) shows output curves for measured and MEXTRAM 504.12 simu-
lated I5-Vo g at Vg from 0.78 to 0.96 V. I5-V g cannot be fitted well at high Vi, which may

be related to parameters about temperature scaling and resistance.

On-chip
parasitics Cp3
Rcap2
Recap1 Cp4
IA\/I\I/\/_I P1 Ryy Ly | 777 | I
o | AN\ -
Cshunt1 oy Cp1 .......... .
VeE | i
1 R’plx
N - o =

Figure 1.5: A schematic of S-parameter measurement for sweeping Vpp at fixed Vop = 1.5 V.

Fig. 1.5 shows a schematic of S-parameter measurement for sweeping Vg at fixed Vo
= 1.5 V. Roapi, Roap2 and Rcaps are cable resistances. C;, Cpa, Cps and Cpy, are pad
capacitances. Ry, %2, Rp3, R,1, and R0, are series resistances. L1, Ly and L,z are series
inductances of interconnects. Clpunit, Conunt2 and Cypunes are added to calibrate simulated RF
loss compared to measurement. The frequency ranges from 0.1 to 45 GHz. All parasitics are
removed using standard open short de-embedding at each frequency.

Fig. 1.6(a) shows initial status of Cgc-Veg at Vogp = 1.5 V. Cpge is extracted from imag-
inary part of Y35, &(Y12), using Cpe = —S(Yi2)/w. w is angular frequency. A clear kink in
measured C'gc can be clear seen around Vzp = 0.82 V, which is not captured by simulation.
Fig. 1.6(b) shows initial status of fr-Vgg at Vog = 1.5 V. The peak fr at Vg = 0.8 V can be
fitted well at this bias. So the kink observed on Cz¢ in Fig. 1.6(a) is related to high injection

effect.
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Fig. 1.7 shows the circuit schematic used for IP3 simulation. Vg and Vg are DC base
and collector biases. The bias tees are used to couple RF and DC signals. Rcap1, Rcape and
R¢aps are cable resistances measured by probing an impedance standard substrate (ISS) short
structure. The on-chip pad and interconnect parasitics are modeled by C,1, Cpa, Cp3, 21, Ry,
Rys, Lyi, Lpa, Lyz, which are extracted from S-parameters of OPEN and SHORT structures.
Csnunt 18 placed in parallel with R 4p3 to shunt RF signal in simulation, and does not corre-
spond to a physical capacitance. In measurements, RF losses on cable are already accounted
for through calibration. L;.. blocks RF signal, and thus no shunt capacitance is needed for
Rcapi and Roape. The source voltage is vg(t) = Acos(2m fy) with A being amplitude, f,
being fundamental frequency. fy = 2 GHz. The source resistance R, = 48.82 ). Z is load
impedance and its value is measured at all frequencies. At fy, Z; = 300.14 + j0.37 2. Com-
plex AC currents iy, 75, and voltages vy, vy at fy , 2fp and 3 f, are obtained from measured
X-parameters. i, is approximately equal to collector current i from 2 to 6 GHz according to

simulation. First and third harmonic output powers are calculated as
1 »
Poulfo) = 5R(02(fo) X i3(fo)): (1.4)

Pauss(3f0) = 5 R(a(30) x i5(340). (1.5)

where “Jt” stands for real part, “*” denotes conjugate. OIP3 in dBm is calculated as

p3
OIP3|¢gm = 101logy, (M) + 30 dBm. (1.6)

Pout(?’fO)

(1.6) assumes that the slopes of P,,; (dBm) at f, and 3 f; versus available source power P,
(dBm) are 1:1 and 3:1, respectively. P,,, = A? /8R; [4] is set to -30 dBm to ensure these
assumptions are satisfied. Fig. 1.8 shows initial status of OIP3-Vgp at Vop = 1.5 V on a
common-emitter SiGe HBT using MEXTRAM 504.12. Compared to the measured OIP3, the
simulated OIP3 is overestimated in the linear part from 0.65 to 0.73 V and also clearly under-

estimated around its peak from 0.73 to 0.78V. For common-emitter OIP3 issues, we also know



21 OIP3:567 = I
File Options Optimizer Windows Help

3'3_||||§||||§||||§|||| PO
200 E

= L

-+ -

E]Q....

0 B

o

o C

Ol o

E+:

o L

o L

O |.10

_2{:,_||||E||||i||||i|||| %
G650 700 750 8O0 850

Vbe [E-3]

Figure 1.8: Initial status of OIP3-Vzp at Viop = 1.5 V on a common-emitter SiGe HBT.

from NXP that CB depletion capacitance model has impact, which will be further investigated

below.

1.2.2 Initial figures in common-base SiGe HBT

The DC, S-parameters and X-parameters schematics on common-base SiGe HBT are very sim-
ilar to the ones shown in common-emitter SiGe HBT. So the following will directly show the
initial status of simulations using MEXTRAM 504.12 compared to measurement.

Fig. 1.9 shows initial status of /o-Vpp and Ig-Vpg at Vg = 0 V. I is calculated from
measured /- and [z, which results in noisy /g at medium range. Although measured /- is well
fitted, the simulated /5 at high Vg larger than 0.8 V is much larger than measurement because

high injection effect and Ry are not well extracted.
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Fig. 1.10 shows initial status of 3-Vpg at Vg = 0 V for common-base SiGe HBT. j3 is
calculated from I and I5. 6= I /Ip. The noisy [ is due to noisy / obtained on RF structure.
Due to an overestimated /g seen in Fig. 1.9 at high Vg, an estimated (3 in simulation can be
clearly seen at Vpp larger than 0.8 V. From calculated j3, the peak /3 can reach above 2500
and [ can keep around 1000 even when high injection occurs around Vzg = 0.8 V. Such high
£ means that I5 can easily be negative when Vg increases, especially considering the bias

condition of OIP3 of interest in both Fig. 1.14 and Fig. 1.15.
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Figure 1.11: Initial status of Igz-V5 at I up to 40 mA for common-base SiGe HBT.
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Fig. 1.11 shows initial status of Ip-Vop at Ir up to 40 mA. Ip can be approximately

calculated from /3 and M-1 as

Iy MC.(%— (M — 1)), (1.7)

A large difference observed on Ip-Ig is due to poor fitting of Vg and Ir dependence of
avalanche current. The sharp dips denote the Vg where the sign of /g changes from positive

to negative because holes of avalanche effect flowing into base becomes larger than holes that

10



flowing into base. At higher /g, the Viop where the sign of measured [/ changes becomes
larger. It is because (3 in Fig. 1.10 decreases at Vg > 0.6 V, then avalanche should be larger at

high V-5 to make /g negative.
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Figure 1.12: Initial status of /g-Ig up to 150 mA at Vo5 from 1 to 3 V for common-base SiGe
HBT.

Fig. 1.12 shows initial status of /-1 up to 150 mA at Vo5 from 1 to 3 V. As [ increases
from 1 to 50 mA, both 5 and (M-1) become lower, which makes /g slowly decrease with
increasing I . At I between 50 to 100 mA, Iz becomes almost constant because 1/ becomes
compared to M-1. At I larger than 100 mA, [y clearly decreases because M -1 increases with
increasing [ as Kirk effect occurs.

Fig. 1.13 shows initial status of fr-Ig at Vo from 1 to 3 V. The front part and peak of
fr are not fitted well due to bias dependence of depletion and diffusion base-emitter and base-
collector capacitances. The bad fitting of f at high I is due to self-heating and high injection

effect that may not be well considered.
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Fig. 1.14 shows initial status of OIP3-Vz at multiple V-5 on a common-base SiGe HBT.
Compared to the measured OIP3, the simulated OIP3 at Vzr > 0.76 V is way off and peaks
at each Vg are not well captured. On prior studies, an accurate modeling of I-V and C-V
characteristics is important for distortion analysis. The avalanche model and CB depletion

capacitance are two dominant nonlinearities to determine IP3 modeling [12] [13] [14].
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Figure 1.15: Initial status of OIP3-V 5 at multiple /5 on a common-base SiGe HBT.

Fig. 1.15 shows initial status of OIP3-V 5 at multiple /r on a common-base SiGe HBT.
Compared to the measurement, the simulated OIP3-V 5 shows a clear difference at each /5.

Also, the measured peak OIP3 at [ higher than 20 mA cannot be obtained in simulation.
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1.3 Achievements

Clear improvements on both Vzp and Vo5 dependence of common-emitter and common-base
OIP3 as well as their DC, AC characteristics have been achieved in this dissertation. The
following figures will show them separately.
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Figure 1.16: Improved output curves of (a) Io-Vog and (b) Ip-Vep at Vg from 0.78 to 0.96
V on common-emitter SiGe HBT.

For common-emitter SiGe HBT, Fig. 1.16(a) shows improved output curves of Io-Vopg.
A clear improvement is achieved at high current by improving temperature dependence of
Vpe. Fig. 1.16(b) shows improved output curves of /5-Vep. An overall good fitting is due to

reasonable extraction of Ry and its temperature coefficient Ag.
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Figure 1.17: Improved Vg dependence of OIP3, Cz- and fr at Vo = 1.5 V on common-
emitter SiGe HBT.

Fig. 1.17(a) shows improved Vzg dependence of OIP3, Cgc- and fr at Vg = 1.5 V. The
linear part of OIP3 at low Vg and peak OIP3 can be well modeled. At high Vg, peak fr and
a kink of C'g¢ can be well captured and fitted. Fig. 1.17(b) shows improved Vzx dependence
of real, imaginary and magnitude parts of ¢3 3,4. Both real and imaginary parts of ¢3 3,4 can be

well modeled, which result in a good fitting of i3 3,4 and finally improved OIP3 modeling.
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For common-base SiGe HBT, Fig. 1.18 shows improved /3-Vop at I from 1 to 40 mA.
With Vo5 and Ix dependence of M-1 well fitted, a good fitting of -V at each Ix can be
obtained.

Fig. 1.19 shows improved Iz-Ig up to 150 mA at Vo from 1 to 3 V. When self-heating
and Kirk effect are better considered by incorporating the new extended avalanche model to
accurately fit extracted actual M-1 at high current, /g-Ir from low to high current range can
be well fitted.

Fig. 1.20 shows improved fr-Ip at Vop from 1 to 3 V. The clear improvement is due to
bias dependence of base-emitter and base-collector capacitances, self-heating effect, epi-layer

model parameters and knee current.
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Figure 1.19: Improved /-1 up to 150 mA at Vo from 1 to 3 V on common-base SiGe HBT.
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Figure 1.20: Improved f7-Ig at Vg from 1 to 3 V on common-base SiGe HBT.
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Figure 1.21: Improved OIP3-Vz5 on common-base SiGe HBT.

Fig. 1.21 shows improved OIP3-Vz5. As current dependence of avalanche current has
been well modeled, OIP3-Vz5 is well modeled at low Vg up to 0.76 V. Compared to initial
status in Fig. 1.14, OIP3-Vzg can be well fitted up to Vg = 0.8 V for Vo = 3.75 V and
up to Vg =0.79 V for Vg = 3.5V, which is due to improved avalanche model at medium
current. For Vo = 2.75, 3 and 3.25 V, OIP3 peaks can be clearly seen but still deviate with
measurement. Further improvements on above can be possibly achieved by accurate extrac-
tion of source resistance, epi-layer model parameter about high injection effect, which has not
verified yet.

Fig. 1.22 shows improved OIP3-Vp5. At Ip = 20, 30, 35 and 40 mA, the new extended
avalanche model does a good job in capturing the location of the OIP3 peak. The actual values
of the IP3 peak are difficult to determine accurately in both simulation and measurements, and
of less practical interest than the location of IP3 peak. Compared to the initial status shown in

Fig. 1.15, the higher V- portion of all curves, e.g. Vop > 3V, are much better fitted.
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Figure 1.22: Improved OIP3-V 5 on common-base SiGe HBT.

1.4 Dissertation Contributions

The following chapters aim to well model IP3 dependence on V5 and I for common-emitter
and common-base SiGe HBTs. To achieve this goal, various analysis including CB depletion
capacitance model, improved avalanche model, Volterra series implementation are provided in
each chapter.

Chapter 1 introduces DC, S-parameter and X-parameter measurement used in this disser-
tation. The simulation setups for each measurement are described. The initial status using
MEXTRAM 504.12 for critical characteristics in each measurement are shown for common-
emitter and common-base SiGe HBT, respectively. The achievements on each characteristics
are presented.

Chapter 2 reviews complete circuit in Mextram 505.00 and new features which are achieved
in this dissertation from Mextram 504.12 to Mextram 505.00. The epi-layer model is based on
Kull model in reverse mode, but taking Kirk effect and smoothing transition around onset of

high injection into consideration in forward mode, which adds complexity in main current
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Iy and charges calculated by [y and leads to inclusion of an effective intrinsic CB junction
bias V3, ,. The main current is calculated from V3, -, and also considers a linearly graded
band gap change for HBT. The CB depletion capacitance in MEXTRAM is controlled by a
smoothly limiting junction voltage in order to avoid discontinuity around CB built-in poten-
tial. The avalanche model in MEXTRAM 505.00 has improved Vg and I dependence when
compared to the one in MEXTRAM 504 at low current. However, the empirical current de-
pendence in MEXTRAM 505.00 has poor performance at medium current and is impossible to
model high injection effect at high current.

Chapter 3 compares the measured and simulated magnitude, real and imaginary part of
third order output current (i3 3,4) near the IP3 peak for common-emitter SiGe HBT, CB de-
pletion capacitance C; modeling is identified to be significant for IP3 peak modeling. Two
new options of CB depletion capacitance model are then presented to correctly model the bias
dependence of peak IP3. Implications of each C;¢ modeling options on IP3, fr, Cgc are
presented.

Chapter 4 shows clear limitations of avalanche model in MEXTRAM 504.12 and MEX-
TRAM 505 for high current fitting. Based on current dependence of CB depletion capacitance,
a new avalanche model is derived at low current. With Kirk effect at high current and a smooth-
ing transition at medium current, a new extended avalanche model is derived. A new M-1 ex-
traction method is also proposed at high current. The performance of new extended avalanche
model at high current is verified by a good fitting of V-5 and /- dependence of M-1 up to high
injection range in two different sizes of SiGe HBT on DC structures.

Chapter 5 describes the implementation of Volterra series with Mextram to analyse Vg
and /- dependence of IP3 for common-base SiGe HBT. AC and harmonic balance simulations
are used as reference to examine the accuracy of implementation results from first to third order
output current /5 3.4. The contributions from main current and avalanche current are examined

to be dominant in /5 3,4, thus IP3.
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Chapter 6 presents the performance of Mextram 504.12, Mextram 505.00 and the newly
developed extended avalanche model in modeling of IP3 dependence on Vg and Vg, re-
spectively. The new extended avalanche model shows an overall good IP3 modeling of Vi
dependence at each Iz from 1 to 60 mA.

Chapter 7 draws conclusions.

21



Chapter 2

Mextram Compact Model

Mextram is an industrial standard compact model for bipolar transistor, which has proven ex-
cellent for Si and SiGe processes, including analog, mixed-signal, high speed RF as well as
high voltage high power technologies. It accounts for high injection effects with a dedicated
epi-layer model, self heating, avalanche, low and high frequency noises in physical manners,
and is formulated with minimal interactions between DC and AC characteristics that simplifies
parameter extraction [15].

In 2017, Mextram was updated to version 505.00. The following improved models and
new parameters as contributions of this dissertation have been included in Mextram 505.00 [1]

and will be detailed in following chapters:

e Avalanche current [ 4y, 1s calculated from main current /y as initiating current, and [ 4y,

limitation without M-1<1 are also updated accordingly.

e A new avalanche model is added with Ay, Bavr, Cavie, Vooave, Teavi as model

parameters and used as default.
® [10ay 18 added as a model parameter to empirically model current dependence of M-1.

e SWVIJUNC, a switch for calculation of the CB junction voltage for controlling depletion
charge, Vi, is added. If SWVJUNC = 0 (default), then Vjyp. = Vp,c,. If SWVJUNC
=1, then Vjyne = Vi,co,. If SWVIUNC = 2, then Vjypne = VB,o, + Viio, Where Vi is
epi-layer voltage drop assuming that epi-layer resistance is at its injection width x; = 0

value when quasi-saturation starts [1].
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e SWVCHC, a switch for transition voltage width V;, is added. If SWVCHC = 0 (default),
then V., = 0.1V o, where Vo is CB built-in potential with temperature scaling. If

SWVCHC = 1, then V,;, = Ve (0.1 + 2101—02), where I, ¢, is epi-layer current and

IC’ICQ +]qs
I, 1s quasi-saturation onset current [1].
iC ||CBc0 B | Cero [E
I |
p base  |Q§ n" emitter
SR,
NS E,
B +[B 1
B Cz Brel :9E7%BZ-IMB__IBI
QBIBZ :6 QtE yA— L\
§ R B }—l BE B In
Re AW\ 2 {
IBle :E
\_ Qsc Livtlacs
O o ?
X Qe “T
il Vxr, Xl | Toub |1 Hlpae 1Qui G
XQo Y/ \ l V| |Q . °dT
] n epilayer IC1C2/%
AN [ ] AN o |C1 Pdiss
C; Rebix Cs; n" buried layer Repi éf“ | o Ru CTHI
[
S p substrate |

Figure 2.1: The complete equivalent circuit for Mextram 505.00 [1].

Fig. 2.1 shows the complete equivalent circuit for Mextram 505.00 [1]. C, C, Cs, Cs,
Cy, B, By, By, E, Ey, S are circuit nodes. The components between C5, By and F; model
the intrinsic NPN transistor. The side-wall components are placed between B; and F;. The
parasitic PNP transistor is formed by the extrinsic p-base of the NPN, which acts as emitter of
the PNP, n-collector of the NPN, which acts as base of the PNP, and the p-substrate, which acts
as the collector of the PNP. The parasitic PNP can be optionally further partitioned to account
for distributive effect by EXMOD = 1 and 2. The intrinsic NPN components shown in Fig. 2.1

contain

e [, the main current.
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I 4v 1, the avalanche current.

I and Ips, the ideal and non-ideal base currents.

I.;cp and I,,5, the collector-base and emitter-base tunneling currents.

charge and epi-layer diffusion charge, respectively.

Qic» Qe and Q¢pi, the intrinsic base-collector depletion charge, base-collector diffusion

e g, Qpr and Qg, the intrinsic base-emitter depletion charge, base-emitter diffusion

charge and emitter diffusion charge, respectively.

The extrinsic NPN components contain

e /¢, ¢, the epi-layer current.

e Ip p,, the variable base resistance for current crowding effect.

e ()p,B,, the charge for current crowding effect.
The side-wall components contain

e I3, and I3,, the side-wall ideal and non-ideal base currents.

® [p,.1, the base reliability current.

e ()%, the side-wall base-emitter depletion charge.

® Rewzs Rowi, the intrinsic and extrinsic resistances in collector buried layer.
The PNP parasitic components contain

e .., the extrinsic reverse base current between B; and C}.

e [ps, the non-ideal reverse base current.

® (i, and ()., the extrinsic base-collector depletion and diffusion charges between B

and (4.

o [..;, the substrate current between B; and S.
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X1,,, the extrinsic reverse base current between B and (5.

X Qe and X Q.,, the extrinsic base-collector depletion and diffusion charges between

B and Cs.

X I, the substrate current between B and S.

(Q:s, the substrate-collector depletion charge.

Isy, the substrate failure current when substrate-collector is in forward bias.

The parasitic resistance and capacitance contain
e Roc, Rpe, Ri, the constant collector, base and emitter resistances, respectively.
e Cgco, Cro, the base-collector and base-emitter overlay capacitances.

It should be noted that /¢, ¢, is calculated from Vg, ¢, and V3, ¢, using the Kull model [16]. Iy,
unlike in Gummel-Poon model [17] or VBIC [18] where it is calculated from Vg, g, and Vg, c,,
is calculated from V3 ., and Vg, g, V3, ¢, 1s an effective intrinsic CB junction bias calculated
from I, ¢, and Vi, ¢,, and used for /. The control voltage for @);¢ is not simply Vg, ¢, due to
epi-layer complexity, although Q);¢ is placed between B and Cj.

In circuit simulators, the node voltages are given to calculate the currents and charges, so
current and charge as a function of voltages are written in compact model, like the epi-layer
current /¢, ¢, as a function of Vp,¢, and Vg, 5, given by the Kull model [16]. However, it is not
always the case that an explicit function can be expressed from voltages to calculate currents,
as Kull model has no flexibility in ohmic quasi-saturation and fails to take velocity saturation in
space charge region into consideration [19]. In MEXTRAM improved epi-layer model, /¢, ¢,
cannot be expressed as a function of Vp,, and Vg, ¢,. Instead, the epi-layer current /¢, as a
current sensor is calculated from Vg,¢, and Vp,c,. An internal voltage Vg, ., is then calculated
from I¢,c, and Vp,c, with high injection effect in epi-layer well considered. The Vg, -, and

VB, r, are finally used to calculate other quantities, like [ and base charge.
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2.1 The Epi-layer Model

As stated above, I¢, ¢, should be first calculated from Vg, ¢, and Vp,c, as a current sensor for

V3,c, calculation using Kull model [16]. The current through the epi-layer I¢, ¢, is given by

KO — \/1 + 4 e(VBzcgfde)/VT’ (2.1)

where V=kT'/q is thermal voltage, k is Boltzmann constant, 7" is absolute temperature and ¢

is elementary charge.

Ky = \/1 + 4 e(VBz0,=Vac)/Vr 2.2)

2 e(VByo1 =Vac)/Vr

1+ Ky

pw = , (2.3)

where pyy is the normalized hole charge density to the doping level at the interface with buried

layer.
Ko+1
E.=Vy |Ky— Ky —1 , 2.4
T { 0 w H(KW+1>] (2.4)
E.
Ieve, = % 2.5)
oV

where Vi, ¢, = V,c,- Vi, - In reverse mode the node voltage difference V3, ¢, is the quantity
that we use in further calculations. In forward mode, Kull model has an abrupt onset of injec-
tion and Kirk effect that carrier travels with velocity saturation in space charge region is not
considered in Kull model. So we will instead calculate V3, -, that is to be used in subsequent
calculations. It has smoother properties than Vg, ¢, itself. For the rest of the quantities in the
epi-layer model a distinction must be made between forward and reverse mode [1].

In forward mode that /¢, o, > 0, the voltage drop over epi-layer and epi-layer current at

which quasi-saturation or Kirk effect starts are given by

Ic,c,Rev

th — 2Vl
Vs =Vac +2Vrin oV

+ 1) - VBQCI? (26)
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where V”’ is the voltage drop over epi-layer at onset of injection, which is calculated to keep

xi/Wepi — 1 and pjj > 1 when going into hard saturation at high currents [1].

Ve =5 (Vi + (V02 + 4 (01 Vic)2) @.7)

l\DI»—

Vs is limitation on V7" to be positive.

V;]s V;]s + ]thCRC’v

I, =
I SCRC’U ‘/qs + IthCV

; (2.8)

where SC Ry is space charge resistance. [, is hot carrier current. From this we calculate o,

the ratio of I¢, ¢, over I, [1]

_ 14+ ay, In{1 +exp[(Ieyo,/Igs — 1)/ az,]}
1+ a;, In{1 +exp[—1/as,]} .

(2.9)

Kull model has an abrupt transition into quasi-saturation. Instead, « is brought in to create a

smooth and adjustable transition determined by smoothing parameter a,,. We need to solve [1]

‘/qs Vvq£ + SCRCv[hc Y;

1, = 2.10
@ SCRC’U %2 V;]s + RCV[hc ( )
which leads to
Vis
= 2.11
’ IthORC’v’ ( )
1 1+4 1
o +/1+4av( —l—v)7 2.12)
2a(l1+wv)
The injection thickness x;/ Wepi 1s given by [15]
Z; Yi
=1- 7 (2.13)
Wepi I+ bwli

When I.,; — 0 and hence y; — 1, then x; /W,,; — pw /(pw+1) is obtained to keep a continuous

resistance in forward and reverse bias [1].
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The hole density pj normalized by doping level /V,,; at the base-collector junction is given

by [1]
_ Io,o,Rev o

2.14
Wy W (2.14)
g—1 g—1 2
Py = T+ (T) + 29 +pwpw + g+ 1). (2.15)
For numerical reasons: when p} < ¢ we take pj; — 0 [1].
e B20a/VT — pr(pr 4 1) Vac/Vr, (2.16)

In reverse mode, /¢, ¢, < 0, the hole density at the base-collector junction is given by [1]

2 e(VBy0y=Vac)/Vr

0= 2.17
p() 1+K0 ) ( )

eVBy0y VT _ JVBacy/Vr (2.18)
The injection thickness is [1]

X o Ec
Wepi Ec + VBQC2 - V3201 .

(2.19)

Numerical problems might arise for I, ¢, ~ 0. When |Vg,¢,| < 107 Vyor |E.| < e Vi (Ko+

Ky ) we approximate [1]

Pay = D0 PW J;p v (2.20)
Z; Pav
= . 2.21
Wepi DPav + 1 ( )

We illustrate below the key characteristics of MEXTRAM'’s epi-layer model using the
parameters extracted for common-emitter SiGe HBT used in this work. Vg is fixed at 0 V, and
VpE is swept from O to 1.2 V. The following DC and AC simulation results show that V3 -,

directly determines ()¢ and ()., at high current.
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Figure 2.2: Simulated (a) I¢, I and (b) x;/Wepi, Va,ey, V3,0, VBac, Versus Vpp at Vop = 0V.

Fig. 2.2(a) shows I and Ig versus Vgp. A kink observed on [o-Vgg at Vg = 0.8 V
implies when high injection occurs. Fig. 2.2(b) shows z;/We,, V,c, V3,c, and Vp, o, versus
Vee. Atlow Vg, Vi,0, = Ve =0 V. With increasing Vg, a voltage drop over R compared
to Rpy and Rpc makes Vg, ¢, increase up to Vpp = 1 V and then decrease with higher Vip.
At high Vg > 0.7 V, an increasing Vp,0,-VpE and a large voltage drop over epi-layer for the
difference of Vp,¢, and Vp,c, can be seen. At Vg = 0.8V, z;/W,,; starts to increase much

with increasing Vg due to high injection effect, which also leads to an increase of V3 ., .
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Figure 2.3: Measured and simulated 7 versus Vg at Vg = 1.5 V. Individual contributions are

simulated using MEXTRAM 504.12.

Fig. 2.3 shows measured and simulated 71 versus Vg at Vop = 1.5 V. Individual contribu-
tions are simulated using MEXTRAM 504.12. For each charge (), fr is simulated by turning
on only that charge, the corresponding transit time is denoted as 7. 77 drops with increasing
Vg first, mainly due to Q);p. Peak fr is observed at Vzp = 0.8 V where minimum 7 is ob-
served. Q;¢c determines 77 around peak fr at Vg = 0.8 V. 77 increases at Vgr > 0.8 V is due

to largely increasing ().,; when high injection occurs.

2.2  Main Current

Iy is based on the generalized Moll-Ross relation [20] [21], also known as the integral charge

control relation (ICCR):

I, — 1,
Iy=-"12 (2.22)
4B
where I is forward current
VB, By )
Ir=Iexp| —— ), (2.23)
! P (NFF Vr
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Figure 2.4: Definition of depletion and diffusion charges used in Mextram [1].

where I is saturation current, Npp is empirical forward non-ideality factor, Vo = kT/q is

thermal voltage, Vi, g, 1s intrinsic base-emitter voltage. I, is reverse current

o] e o 20 (2.24)
]SeVBQCQ/NFRVT Ieve, <0

where Npg is empirical reverse non-ideality factor.

V,c, only equals the node voltage Vi, ¢, in reverse mode. ¢f; is normalized neutral base
hole charge taking into account SiGe grading effect. Fig. 2.4 shows that neutral base charges
() Bo changes due to depletion charges ();r and ;¢ and diffusion charges ()pr and ()¢ for a
Si transistor. ¢k is a product of two terms, a ¢; term representing neutral base width change,

and another term representing minority carrier injection.

1 1
q]IB = q{ <1 + §n0(V32E1) + §nB(VBQC§)> , (2.25)

where ny and np are normalized electron densities to base doping at the emitter and collector
edge of neutral base. According to pn product junction laws at the neutral base edges, n is a
function of Vp,p, and np is a function of V3 . ql is limiting function on ¢ to avoid dividing

by zero
1 4% ++/(g))*+0.01
Q1 - 2 .

(2.26)
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qé models the effect of neutral base width modulation on the effective Gummel number [22]

[23], and was derived assuming a linearly graded band gap change and constant base doping

[24]
Vig dbg | _ “Vig , dBy
e[ 1) 4] - (32 )
do = dE, : .
exp | 327 ) — 1

where V;, and V;_, represent base width changes, calculated from changes of base-emitter and
base-collector depletion charges. V., and V. are reverse and forward Early voltages. dF, is the
band gap difference across the neutral base at Vg =0V and Vo =0V, i.e. in thermal dynamic
equilibrium. V¢ relates to Q;¢, so there is the question of what the control voltage should be,
given the previous discussions of multiple internal V¢ voltages, which will be discussed in the
next section.

An accurate modeling of I-V and C-V characteristics are important for distortion analysis
for SiGe HBT. The avalanche model and CB depletion capacitance are two dominant nonlin-
earities to determine IP3 modeling [12] [13] [14]. CB depletion capacitance and avalanche

model will be described.

2.3 Collector-base Depletion Capacitance Model

In Mextram 504.12 [15] and 505.00 [1], the intrinsic collector-base (CB) depletion capacitance

Cyc is given by

dQic
dv}unc

fI<]CICQ)
(1= Vie/Vac)te

Cie = — XCJC-Cje |(1=X,) +X,|, (2.28)

where X C'JC'is fraction of intrinsic CB depletion capacitance. Cj¢ is the zero bias Cic, Ve
is CB built-in potential, P is CB junction grading coefficient. X, is a parameter for describing
full depletion of epi-layer at high V. The current modulation factor f;(I¢,¢,) has its own

grading coefficient M and uses the parameter [, from the epi-layer model [1]

floe) =(1- loe, )" (2.29)
C1Cy) — 10102_'_]’16 ) .
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where I}, is hot-carrier current [15] and M¢ is a parameter controlling /- dependence. V¢ is
the effective CB junction voltage for depletion capacitance model. V¢ is a smoothly limited
version of V., the CB junction voltage for controlling depletion charge ();c. The smoothing
function used is

V}C = V}unc — VenIn |:1 + exp (M)} s (2.30)
ch

where V,;, controls the abruptness of the smooth limiting, Vrc = Vo (1 — a;(f @), with model
constant a;c =2 for CB depletion capacitance. Three options of V. are specified by SWVJUNC

in MEXTRAM 505.00

VBQCQ for SWVJUNC =0

Viune = § Vi, e, for SWVJUNC =1 > (2.31)

V3201 + va'() for SWVJUNC =2
\

where V;, is epi-layer voltage drop assuming that epi-layer resistance is at its injection width

x; = 0 value when quasi-saturation starts, calculated by [1]
1
B, = §SCRCV(I(;102 — Ipe), (2.32)

By = SCRcv - Rev - Ine - Ioycys (2.33)

V.n 1s made to increase with I, ¢, to avoid a steep increase of the overall C'z with Vg at high

injection [1]. Two options of V., are given by SWVCHC in MEXTRAM 505.00

0.1Vye for SWVCHC =0
Ven = ; (2.35)

Vic (0.1+2 Io,c, ) for SWVCHC = 1

IC102+IqS

where [, is quasi-saturation onset current [1].
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Figure 2.5: (a) Simulated C}c-Vpp in (2.3) compared to junction voltage without smoothing
limitation using the parameters extracted for the common-emitter SiGe HBT. (b) Vg depen-

dence of ‘/m‘O’ VBQCl’ Véng and V}'unc = VB201 + V:m‘(). VCB =15V

Fig. 2.5(a) shows simulated C;o-Vpg in (2.3) using the parameters extracted for the common-
emitter SiGe HBT. Vo5 = 1.5 V. The simulated C;-Vzg calculated by junction voltage without
smoothing limitation with the same parameters is also shown. The ideal formulation without
smoothing limitation gives problems when Vj,,. > Vyc around Vgg = 0.8 V, although it is
not so important in MEXTRAM 504.12 to have a physical description of depletion charge for
Viune > Vac when the diffusion charge dominates [15]. With V¢, a smoothly limiting version
of Vjune, Vjc will be always smaller than V¢ and Cyc turns to ajc - Cjc when Ve > Ve, Vi,
is used to adjust the abruptness of transition. However, an underestimated C would directly
result in OIP3 issue as will be shown in Chapter 3. Fig. 2.5(b) shows Vzg dependence of Vg,
VBocis VB, ad Viune = Ve, + Viio. Vop = 1.5 V. Vi becomes rapidly increases when
high injection occurs around Vgzg = 0.8 V, which results in a rapid increase of V},,. at high
current. It can be clearly seen that V3 ., is much larger than Vp,c, even at low Vpg and gives
unphysical value for (), purpose if used as Vj,,. at low current, because it is mainly a result
of mathematical smoothing of epi-layer injection width z; before onset of quasi-saturation. So

V5,c, 18 not used as Vi, although Q:c, the CB depletion charge corresponding to Cyc, is

placed between B; and (5.
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2.4  Avalanche Model

In reverse mode (/¢ ¢, < 0) or hard saturation Vg,o, > Vycor, both the avalanche current /4y 1,

and the multiplication factor M -1 are zero. So M-1 and its each order derivatives, at least the

O(M-1) |
OVeyoy 1Veyo=vyor

M -1 are specified by SWAVL in Mextram 505.00. For SWAVL=0, avalanche current and M -1

first order derivative should be O as

= 0. In forward mode, three options of

will be zero.

Tavp, =0,M —1=0. (2.36)

For SWAVL=1, the avalanche model [25] first introduced in Mextram 505.00 is used for im-

proved voltage dependence and improved temperature dependence.

A(I’U
M-1=— L # exp(— Bawrd ™), (2.37)
avlT

and temperature dependence of M -1 relies on variable B,;7.
Bour = Bavl(Tref) : (1 + TBaut - (T - TT@f))v (2.38)
where B,,; and T’g,,,; are model parameters. 7' is ambient temperature and 7,..; is reference

temperature. ¢ is CB junction potential drop

I
¢ = (Vacaw — Voo, ) exp(——2—), (2.39)

TOavl

where A, Bavis Cavts Vicaws TBaw are model parameters. A,,; and B,,,; are directly related
to model constant A,, and B,, in Mextram 504.12 but with extra degree of freedom in fitting.
L7041 18 an extra parameter to empirically model current dependence of M -1, making ¢ at high

Iy decrease and thus M-1 decrease. M-1 =0 when ¢ < 0, so the continuity should be kept at
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first order derivative of M -1 around ¢ = 0 as

oM —1) AM~—1) ¢

Ve, 99 Vo
Ago I ’
= - eXp(_BavlT : ¢Cavl> ’ (1 - BavlTCavlgbcavl) ’ [_ eXp<_I . )]
avlT TOavl
(2.40)
where
lim ¢ =0, (2.41)
¢p—0t
Ii — B - ¢%t) = 0, 2.42
Jim, exp(—Bayr - ) (2.42)
oM —1
so lim oM -1) = 0. M-1and O(M — 1)/0Vp,¢, are continuous at all V.

¢—07t 8V3201
For SWAVL=2, avalanche model in earlier Mextram 504.12 is used. M -1 is derived based

on Chynoweth’s empirical law [26] for the 1onisation coefficient

WavL B
M~—-1= / A, exp (——n> dzx, (2.43)
0 |E(z)]
o An Bn Bn WAVL
= Bn/\DEM {exp {—EM} — exp {—EM (1 + . )} } , (2.44)

where Fj; is maximum electric field, \p is zero field extrapolation length, Wayy, is effective
epi-layer width. A, and B, are model constants. At given Vop, E)y and Ap are calculated
using standard abrupt junction electrostatics theory, with a doping concentration determined
from Wayy, and Vayy, the only two dedicated M -1 model parameters.

Fig. 2.6(a) shows the electrical field distribution assumed in MEXTRAM 504.12 at low
current, when the maximum electrical field located between base and epi-layer. Wp is the
width of the depletion region. EXAVL is a switch for extended avalanche model to model an
increasing E; with Iy at high current due to Kirk effect. When EXAVL = 0, the slope of ||
is negative in this case. Fig. 2.6(b) shows the electrical field distribution in MEXTRAM 504.12
at high current when quasi-saturation occurs. The maximum electrical field is located between

epi-layer and buried layer when EXAVL = 1.
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Figure 2.6: The MEXTRAM 504.12 considerations on electrical field distribution for (a) max-
imum electrical field located between base and epi-layer when EXAVL = 0. (b) maximum
electrical field located between epi-layer and buried layer when EXAVL = 1.

The gradient of the electric field for zero bias is first calculated [15]:

2 Vavl
w2 -

avl

dEdl’o =

(2.45)

The depletion layer thickness is then calculated [15]:

2 idC iBQC1
=4/ 2.46
D dEdl’Q 1— Icap/IhC ’ ( )

and [, is limiting version of I, ¢, that is always smaller than ;. as [15]

Inel
Ly = —2GC2 (2.47)

B Ihc + 10102 .
When EXAVL=0, then the effective thickness of the epi-layer is [15]

Weff - Wavl~ (248)

When EXAVL=1, [15],

2
Wer = Wau (1 - i ) . (249)
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For either value of EXAVL the thickness over which the electric field is important is [15]

Wy = o Weir (2.50)

The average electric field and the field at the base-collector junction are [15]

‘/dO - VBQCl
E,=——" 2.51

W (2.51)

1 Teap
Ey=FE,, + -WpdEdxy |1 — — |, (2.52)

2 Ihc

When EXAVL=0, then the maximum of the electric field is

Ey = Ey. (2.53)

When EXAVL=1, the current crowding effect is also considered through spreading parameter

S¢m to model a modified maximum electrical field as [15]

Sty =1+25¢n (1+2 - ) (2.54)
Wepi
1+ SfH
- 2.55
28 (2.55)
Ew = E, — lVV dEdx Eq; — [ClcQ (2 56)
W= B = WodBdro (B = 7 iy, ) -

1 ; ;

B = 2 Ew + Eo + \/(EW — £0)* + 0.1 B, Teap/Ine | - (2.57)

The injection thickness x; /., is given in main current calculation. For either value of EXAVL

the intersection point Ap is [15]

Ey Wh
Ap= ——————. 2.58
D= S Ea T (2.58)

Temperature dependence is accounted for through Ve and B,,.
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Compared to avalanche model in MEXTRAM 504, our previous work in [25] shows that
the proposed avalanche model in MEXTRAM 505.00 has an improved V- dependence over a
wide temperature range from 93 K to 393 K in an IBM 5AM SiGe BiCMOS technology [27].

- 3 '
10 g Triangles: measured data
’ ,' Dash lines: Mextram model
Q¥

1 2 3 4 5

Figure 2.7: Measured and simulated (a) M-1-Vop using Mextram 504.12 and (b) M-1-Vep
using Mextram 505.00 from 93 K to 393 K in an IBM 5AM SiGe BiCMOS technology. A low
I around 7 pA is used.

Fig. 2.7(a) shows measured and simulated M-1 versus Vg using Mextram 504.12 from
93 K to 393 K for the IBM 5AM SiGe HBTs. Only two dedicated parameters WAVL and
VAVL cannot provide enough accuracy for Vp dependence even at low current and room
temperature. Also, an empirically fixed temperature dependent 53,, show a large difference on
M-1 at low temperatures compared to measurement. Fig. 2.7(b) shows measured and simulated
M-1 versus Vg using Mextram 505.00 from 93 K to 393 K shown in logarithmic scale. A clear
improvement in temperature dependence modeling can be observed. The V-5 dependence of
M-1 at each temperature is also better modeled.

Fig. 2.8(a) shows measured and simulated /5-Vp using MEXTRAM 504.12 at [ from
10 pA to 40 mA for common-base HV SiGe HBT from NXP QUBiC4Xi technology. At Ig
= 10 pA, Ig-Vep cannot be fitted well, which implies the V- dependence of M-1 needs to
be improved even at low current. With increasing /g, a clear difference can be also observed

on I3-Vep at lower Vi, which implies that the M-1 model has limited accuracy for current
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Figure 2.8: Measured and simulated (a) /g-Vp using MEXTRAM 504.12 (b) I5-Vep using
MEXTRAM 505.00 at /g from 10 A to 40 mA. The common-base HV SiGe HBT from NXP
technology is used.

dependence. Fig. 2.8(b) shows measured and simulated /3-Vp using MEXTRAM 505.00 at
I from 10 pA to 40 mA. At each Iz up to 40 mA, a good fitting of /5-Vp implies that both
I and Vo dependence of M-1 are accurately fitted in MEXTRAM 505.00.
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Figure 2.9: Measured and simulated (a) Vpg-Vop using MEXTRAM 504.12 (a) Vge-Vep
using MEXTRAM 505.00 at [z from 10pA to 40 mA.

Fig. 2.9(a) shows measured and simulated (a) Vzg-Vop using MEXTRAM 504.12 at Iy
from 10pA to 40 mA. A good fitting for Vge-Vep at low Iy < 10 mA is due to an accurate
Rp extraction. The difference of Vzr can be observed Vo > 3 V at I > 20 mA because
I is not fitted well. So underestimated /g at both high Vop and /g in Fig. 2.8(a) leads to
smaller voltage drop over base resistance and overestimated Vzp in Fig. 2.9(a). Fig. 2.9(b)
shows measured and simulated (a) Vi p-Veop using MEXTRAM 505.00 at /5 from 10uA to 40
mA. An improved [5-Vep 1n Fig. 2.8(b) directly results in a good fitting of Vpg-Vep at both
high Vo5 and [g.
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Figure 2.10: (a) Measured and MEXTRAM 505.00 simulated /-1 up to [ = 150 mA. (b)
Simulated M -1 versus [y and the extracted M-1 from [2] is also shown as reference. Vg =3
V. The common-base HV SiGe HBT from NXP technology is used.

Fig. 2.10(a) shows measured and MEXTRAM 505.00 simulated /-1 up to Iy = 150 mA.
Vg =3 V. The common-base HV SiGe HBT from NXP technology is used. A clear difference
can be seen for /-1 at [y > 50 mA, although a good fitting can be obtained at low current.
Fig. 2.10(b) shows simulated and extracted M -1 versus /g. The M-1 extraction method in [2]
is used. A clear limitation on current dependence of avalanche model of MEXTRAM 505.00
can be seen at medium /p > 50 mA. At [ > 100 mA, an increasing extracted M-1 can be
seen due to high injection effect when the maximum of electrical field is located in the interface

between epi-layer and buried layer.
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Chapter 3

Common-Emitter IP3 modeling

The main purpose of this chapter is to solve the critical problems of accurately simulating
the third order distortion current, real part, imaginary part as well as magnitude, and the re-
sulting IP3 for common-emitter configuration within the framework of the industry standard
Mextram model. Parameter extraction interdependence for simultaneous fitting of transistor S-
parameters and distortion are addressed. The solution also has implications on the modeling of
high injection C'gc beyond fr roll-off. We will present a solution that allows much improved
modeling of both third order distortion and C'g¢ at high injection.

The device used is a 0.5x20.7 um? high breakdown SiGe HBT with performance similar
to HBTs of QUBiC4Xi technology [28]. Peak fr = 84 GHz. f,,.. = 162 GHz. BVgpo = 12
V. DC I-V, S-parameters and X-parameters are measured on-wafer. An Agilent X-parameter
nonlinear network analyzer is used for measuring X-parameters [29]. Both the real and imag-
inary parts of voltage and current are measured. To our best knowledge, this is the first time
measured real and imaginary parts of harmonic current is compared with compact modeling
for bipolar transistors. Model parameters are extracted by fitting DC I-V, S-parameters and
harmonic currents, particularly f7 and OIP3. Note that there are no dedicated parameters for
fitting harmonic currents or OIP3. However, a major issue is that near the measured OIP3 peak,
the model cannot fit measurement well, no matter how model parameters are adjusted, even if
we sacrifice fitting of fr.

Fig. 3.1(a) shows measured OIP3 versus base-emitter voltage (Vpg) on the left y-axis,
together with normalized cut-off frequency (f7) and base-collector capacitance (C'gc) on the

right y-axis for a common-emitter SiGe HBT at a Vg of 1.5 V. Also shown are simulations
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Figure 3.1: (a) OIP3, on the left y-axis, and f7/100GHz, C'z/50fF on the right y-aixs versus
VpE. (b) Magnitude, real and imaginary part of third order output current 75 3,4 versus Vpp.
Ver = 1.5 V. The simulations are made using Mextram 504.12.

using MEXTRAM 504.12, an industry standard compact model of bipolar transistors [15].
Cpc is extracted from imaginary part of Y9, $(Yi2), using Cge = —(Y12)/w. w is angular
frequency. The measured OIP3 increases with Vzg and peaks around 0.77 'V, and then rolls
off. Observe that the OIP3 peak occurs before the f; peak, which was the case in another SiGe
technology as well [10]. OIP3 is well modeled for Vg up to 0.75 V. However, the model is
not able to reproduce the position or the value of OIP3 peak, which presents a problem for
biasing optimization to maximize linearity. No matter how parameters are tuned, even at the
expense of worse fr fitting, it is not possible to fit measured OIP3 around its peak. A small dip

is produced by the model, which is misleading for bias optimization in RF design.
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Fig. 3.1(b) compares measured and simulated magnitude, real and imaginary parts of third
order output current %5 3,4. The sharp dips of the real and imaginary parts indicate a change of
sign. In the Vg range near measured OIP3 peak, the imaginary part of i 3,4 dominates over
the real part in simulation (lines) and its value is much higher than measurement (symbols).
This points to C'zc modeling as a potential problem, as was also indicated in prior studies for
SiGe HBTs from other technologies [12] [13] [14]. The simulated C'z¢ in Fig. 3.1(a) cannot
capture a kink observed in measurement at Vgg > 0.82 V. This C'g¢ issue is related to high

injection as peak fr occurs at around 0.8 V.

3.1 Collector-Base Depletion Capacitance Model

We discussed earlier that a likely source for the OIP3 peak problem is the CB depletion capac-
itance since the imaginary part of 75 3.4 1S overestimated, as can be seen from Fig. 3.1(b). To
confirm this, we first review the CB depletion capacitance model in MEXTRAM and analyse
its behavior near the OIP3 peak. Fig. 3.2 shows a simplified equivalent circuit of MEXTRAM
C

Rcc

G

= QextQex llacz(VBzcuVBzcz)

C

thC"'QBC"'eri l Lav

Igis2
R
B BC g B, @l IN(VBZEl,VEzcz)
B, {

—‘VQtE+QBE+QE | Y I'Y3

E,
Rg

E

Figure 3.2: A simplified equivalent circuit of MEXTRAM.

504.12 [15]. The parasitic PNP, side-wall components and overlap capacitances are not shown.

45



In simulation, the complete Mextram circuit of Fig. 2.1 is used. C, C, Cs, B, By, Bs, E, E}
are circuit nodes. 4y, 1s avalanche current. /z; and [z, are ideal and non-ideal base currents.
Qi Qe and Q. are intrinsic base-collector depletion charge, base-collector diffusion charge
and epi-layer diffusion charge, respectively. ();z, () pr and (g are intrinsic base-emitter deple-
tion charge, base-emitter diffusion charge. and emitter diffusion charge, respectively. ()., and
()., are extrinsic base-collector depletion and diffusion charges. Rqo¢, Rpc, RE are respec-
tively constant collector, base and emitter resistances. g, g, describes variable base resistance
modulated by the base width variation. [y is main current. I, ¢,, the epi-layer current, is
calculated from Vp,¢, and Vp,c, using the Kull model [16], according to Eqn. (2.1)-(2.5) in
Chapter 2 . An effective intrinsic CB junction bias Vg, -, is calculated from /¢, ¢, and Vp,¢,,
and used for I [30], as described in Chapter 2 by Eqn. (2.22]) to (2.24]). The Vp,¢, value
given by circuit simulator thus does not have a physical meaning [30] [15], because no voltage
drop over epi-layer is considered in Vg, ¢, .

Recall that in Fig. 3.1(b), simulated (i3 3.4) is much higher than the measurement near
the measured OIP3 peak. This suggests CB capacitance modeling could be at issue, which was
previously found to be important for IP3 in other SiGe HBT technologies [12] [13] [14] [2].
As OIP3 is very sensitive to CB depletion capacitance modeling, which we will show below,
Cyc and its derivatives with respect to /¢, ¢, and Vg, can have a large impact on distortion.
Even though Cpc around OIP3 peak from 0.75 to 0.79V is reasonably modeled, its internal
derivatives with respect to /¢, ¢, and Vp,c, may not. Below we first describe the essence of
MEXTRAM'’s CB junction depletion capacitance model.

For simplicity in discussion, below we set XP = 0 and XCJC = 1 in the complete C}-
model of Eqn. (2.3) in Chapter 2. In simulation, the extracted XP and XCJC are used. XP is
a parameter for describing full depletion of epi-layer at high V5 and XCJC is the fraction of

intrinsic C}¢ [15]. The intrinsic CB depletion capacitance C¢ is given by [15]

J1c,o,)
(1= Vjo/Vac)Fe’

Cic = Cjc 3.1)
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where Cj¢ is the zero bias Cyc, Ve is CB built-in potential, P is CB junction grading coeffi-

cient. f;(Ic,¢,) describes current modulation [15]

Icc Me
I =(1-—=_ 3.2
f( 0102) ( ICng i ]hc> ) ( )

where I}, is hot-carrier current [15] and M is a parameter controlling /- dependence. V¢ is
a smoothly limited version of V},,., the CB junction voltage for controlling depletion charge.
The smoothing function used is

V'unc - V
V}C = ‘/junc — Ve In |:1 + exp (]V—FC>:| s (3.3)
ch

where V,;, controls the abruptness of the smooth limiting, V¢ controls the transition voltage.

In MEXTREAM 504.12 [15] and earlier versions, V. is modeled as
V}'unc - V3201 + ‘/zm'O' (34)

where V;( 1s epi-layer voltage drop assuming that epi-layer resistance is at its injection width
x; = 0 value when quasi-saturation starts. V., is made to increase with /-, ¢, to avoid a steep

increase of the overall C'zc with Vg at high injection [15]

210, c
Vib=101+ —2— | Ve, 3.5
" ( [ClcQ + Iqs) “© ( )

where [, is quasi-saturation onset current [15]. Although ();c, the CB depletion charge corre-
sponding to Cy¢, is placed between By and Cy, Vg, is not used for Vj,,,. because Vp,¢, has
no physical meaning in forward mode [15]. V}3, -, gives an unphysical value for Q);c purpose at
low current [9], because it is mainly a result of mathematical smoothing of epi-layer injection
width x; before onset of quasi-saturation. So V3 ., is not used as Vjype.

In addition to V3, ., Vjc, Viune, VB0, and Vi, are also shown as a function of Vpg in
Fig. 3.3. At low Vgg and I when epi-layer voltage drop can be neglected, V- should be

close to V,c,. However, V33 ., is much higher than Vg,c, even at low Vpr < 0.7 V, making
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Figure 3.3: Vpg dependence of MEXTRAM 504.12 simulated Ve, Vjune, VB,cys V3,0, and
V.1, for the same parameters used in Fig. 3.1. Vop =1.5 V.

V3,c, unsuitable for use as Cyc control voltage. This high Vg -, at Vpg < 0.7 V is simply
due to the smoothing of injection width z; necessitated by compact modeling, which is largely
mathematical. At low current, V. = Vg,c, + Vi increases much faster with increasing
Vpg compared to Vp,¢,, and becomes unphysically high in quasi-saturation, because Vg is
calculated using epi-layer resistance at x; = 0, while the actual epi-layer resistance decreases
with increasing x;. Around OIP3 peak from 0.75 to 0.78 V, V,;, becomes much larger than
0.1V4¢ due to the current term in (3.5), which causes V¢ to be considerably less than V.
even when V.. is negative. This is clearly unphysical, particularly as this happens before any
appreciable base push-out occurs. The underestimation of V¢ from 0.7 to 0.8 V results in poor

modeling of third order output current and OIP3, as detailed below.

3.2 Improved OIP3 Modeling

To eliminate the large underestimation of V)¢ from V), in the range of Vzg from 0.7 to 0.8
V, one can either remove the current dependence of V., when using Vjn. = Vi, + Vo, Or

simply use Vp,c, as Vjun, 1.6. neglecting epi-layer voltage drop so that there is no need to
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increase V., with increasing current. The effect of epi-layer voltage drop at higher current can

be partially accounted for through the f; term in (3.1) as detailed below.
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Figure 3.4: Vg dependence of (a) OIP3, fr, Cpc and (b) |iz3ral, R(i2,30d), S(i2,30d) With Viype
= VBQCl’ ‘/ch = O.lVdC.

We consider below first neglecting the epi-layer voltage drop, i.e. Vjune = Vi, Ven =
0.1V,¢. Fig. 3.4(a) shows OIP3, f7 and C'g¢ obtained first using the same model parameters as
in Fig. 3.1(a), as shown by the dashed lines. This change of - model considerably improves
OIP3 near its measurement peak. The peak behavior is correctly modeled, with a peak OIP3
value slightly higher than measurement. fr and Cpc around the peak fr become worse, as
expected. As is shown in Fig. 3.5, without current dependence in V. and Vo, Vjc is less,
so Cyc is less, C'ge is then less compared to that in Fig. 3.1(a). Removal of epi-layer voltage

drop in Vj,,,. reduces the total effective resistance in series with Cc. The decrease in Cyc and
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the effective series resistance cause a significant reduction of C'¢ related transit time 7¢g;c, and
hence considerable f7 increase.

To further fit OIP3 peak value and fr, 75, 7 and the C;o current dependence parameter
M are adjusted. The results are shown in solid lines in Fig. 3.4(a). As we are using Vp,¢, as
C'c control voltage (Vjyn.), current dependence of Cy¢ is decreased compared to using Vg,c, +
Vzio @s Vjunc. The use of a smaller M compensates this by making current modulation factor
fr in Cy¢ stronger, as shown in Fig. 3.5(a), where C;- and the f; factor are calculated from

three modeling options

1) Viune = Vycy + Viios Ve = (0.1 + %—102> V¢ with parameters from Fig. 3.1, includ-

IC102+L15
ing Mo =0.99.
(1) Viune = VBycys Ven = 0.1V with parameters from Fig. 3.1, including Mc = 0.99. This

gives the dashed lines in Fig. 3.4(a).

(ii1)) Vjune = VBycys Ven = 0.1V with parameters retuned to further fit OIP3 peak, and refit

fr and Cpe, including M = 0.46. This gives the solid lines in Fig. 3.4(a).
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Figure 3.5: Vg dependence of simulated (a) C; on the left y-axis and f; factor on the right
y-axis and (b) V. with modeling options (i), (ii) and (ii1).

Fig. 3.5(b) shows V;c-VpE for option (i), (i1) and (iii). Although an increasing V;c-Vpg with

option (i) is shown in Fig. 3.5(a), C}¢ first mainly decreases with Vzg up to 0.8 V due to a
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reduction of the f; factor and then Cy¢ increases again because of largely increasing V;c when
high injection occurs around Vg = 0.8 V. Without current dependence in Vjy,. and V., V¢
slowly increases with Vg, so the decreasing f; factor makes C'y¢ in option (ii) monotonically
decrease with Vzg. A smaller M in option (iii) leads to less decreasing of f; and then less
reduction of C at high Vgg. Besides the M change, 75, 7 are increased to tune back fr
and OIP3 peak. With this new Vj,,. and V,;, combination and retuned parameters, (72 3.¢)
and |i2 3,4 are well modeled, as can be seen from Fig. 3.4(b), leading to the OIP3 peak im-
provement. At the same time, fr and Cp¢ are also well modeled. However, a clear difference
between measurement and simulation can still be observed on Cgc-Vig at Vg > 0.82 V.
The individual contribution of various charges are also shown in Fig. 3.6. For each charge
@, fr is simulated by turning on only that charge, the corresponding transit time is denoted as
7. The total transit time 7 = 1 /(27 fr) for the V},,,,. and V,;, options (i) and (ii) are compared in
Fig. 3.6, in blue solid and dashed lines, respectively. The individual contributions are simulated.

-10

10
—l/(2T[fT)
T
_ QBC
10 11 .
QtC
. _Teri
&L a2 —_—T
- 10 TQBE
QtE
—_—T
_ E
107} 2
= "OtEs
® Mea.
10 ¥ ' : '
0.65 0.7 0.75 0.8 0.85

VBE V)

Figure 3.6: Measured and simulated 7 versus V. Individual contribution are simulated using
modeling option (i) and (ii). in solid and dashed lines, respectively.

77 drops with increasing Vg first, primarily due to 7¢;z. In the minimum 71 (peak fr) region,
Totc dominates. The MEXTRAM 504.12 V. and V4, 1.e. option (1), give a T, that is much

more flat at high V5, due to the use of a current independent epi-layer resistance in calculating
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Viunc and a V¢, that increases with /. The Cy¢ value itself is less Vpr dependent as well, as
shown earlier in Fig. 3.5(a). With V.. = Vp,c,, Ver = 0.1V, i.e. option (ii), Tg.c continues
to decrease, as Cy continues to decrease, as can be seen in Fig. 3.5(a). A smaller M reduces
the variation of C¢ with increasing Vg, as shown for option (iii) in Fig. 3.5(a). This makes
Toic less Vg dependent at high injection, and helps to reduce fr back to its desired value.
This is confirmed by simulated 7 for option (iii), but not shown to save space. At Vgr > 0.8
V, a large increasing 7r is due to 7gep;.

The Cpe at high Vg, however, remains higher than measurement in Fig. 3.4(a) for option
(iii). To understand the reason, C'pc is simulated by turning on charges that contribute to
Cc individually. The charge symbols follow definitions in MEXTRAM documentation [15].

Fig. 3.7 shows Cpc and its contributions for option (iii), i.e. Vjune = Va,cy» Ver = 0.1V with

£ X 10 | | |
E— CBC C:BC(Qtex)
4y Cac(Qpc) —Cpc(XQ,,) '
- CBC(QtC) - CBC(XQtex)
Al ®
<L 3 _CBC(eri) — CpcQpeo) °
O
£ N _CBC(QeX) ® Mea. |
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Figure 3.7: Cg¢ and its contributions for option (iii).

retuned parameters. The increasing C'po-Vpg at Vg > 0.8 V is mainly due to an increasing
Cpc(Qepi), which is used to fit the increase of Cpe in the Vi range from 0.8 to 0.82 V. The

disadvantage is that C'pc(Q)ep;) continues to increase at Vg > 0.82 V. We emphasize that at
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high injection, the contribution of ();c to Cp¢ differs from C¢, due to important difference
between V¢ and external V. This is illustrated in Fig. 3.8 by comparing Cpc(Qrc) with Cyc,
as well as 0Q;c/0Vpe. Cpo(Quc) is from I(Yis), while 0Q;c/0Vpc is from DC simulation.
Cpe(Quc) agrees with 0Q,c/0Vpe.
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Figure 3.8: Simulated C'zc(Qqc), Cic and 0Qic/0Vpe versus Vg with modeling option (iii).

3.3 Simultaneous Modeling of IP3 and C'z¢

We discussed earlier in Section 3.2 that the rise of C'g¢ in the Vg range from 0.8 to 0.82 V in
Fig. 3.7 is fitted by a rising Cpc(Qepi). Problem, however, is Cpc(Qep;) continues to increase
at high Vg, leading to an overestimation of C'gc. To solve this problem, we need to decrease
Cpc(Qepi), and produce an increase of C'pc only in the range of Vpp from 0.8 to 0.82 V.
The increase, however, should stop at higher Vzg. This is possible through the Czc(Qyc)
contribution by considering the epi-layer voltage drop in Vjy,,., as was done in option (i), which
creates a fast rising V)¢, as can be seen from Fig. 3.5(b), but without increasing the transition
width V,;,, which has been shown to cause distortion problems near IP3 peak.

Fig. 3.9(a) shows C}¢ obtained using the following modeling options
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Figure 3.9: Vi dependence of simulated (a) C; on the left y-axis and f; factor on the right
y-axis and (b) V. with modeling options (i), (iv) and (v).

(V) Viune = VBocy + Vazios Ven = 0.1Vge with parameters from Fig. 3.1, including M¢ = 0.99.

V) Viune = VByoy + Vaios Ver = 0.1V with retuned parameters to refit the overall fr and

OIP3, including M- = 0.41.

The f; factor is also shown. The C}- and f; from option (i) are included as well for reference.
The V¢ behavior is shown in Fig. 3.9(b). Compared to option (i), V¢ rises faster and saturates
more abruptly due to V., being fixed at 0.1V}, as we intended. This largely stops the rise of
Cyc at high Vgg. Observe the rise of C; around Vg = 0.82 V followed by a slight decrease.
A small decrease is produced by decreasing the f; factor through the M parameter, which
offsets the increase of C'pc(Qepi) and Cpe(Qpc).

Fig. 3.10(a) shows OIP3, fr and C'g¢ obtained using option (iv), in dashed lines and option
(v), in solid lines. The epi-layer transit time 7., is reduced for option (v) than for option (iv).
The initial rise of C'z¢ for option (v) is now mainly due to Cpc(Q:c) as opposed Cpe(Qepi)

for option (iv). The C'g¢ at Vg > 0.82 V for option (v) shows a plateau followed by another

rise, which fits measurement much better. Fig. 3.10(b) shows |i2 5,4/, ®(i2,3rd), S (i2,3-4) versus
Vi using option (v). Besides a good fitting of (42 3,4) and thus |is 3,q4], S(i23:4) at Ve <

0.75 V is also better fitted.
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Figure 3.10: Vpp dependence of (a) OIP3, fr, Cpc and (b) |i23rd], R(i23r4), S(iz3ra) With
‘/junc = VBgcl + ‘/m'o, ‘/ch = O.IVdc.

55



-14

x 10

5 ; ; ;
_CBC CBC(Qtex)
ar CBC(QBC) _CBC(XQex)
- CBC(QtC) - CBC(XQtex)
@ 3 _CBC(eri) _CBC(QBCO) T
08 | —C,c@Q,,) ® Mea
1 A~
7]
(9.65 0.7 0.75 O; 0.85

Ver V)

Figure 3.11: Cp¢ and its contributions for modeling option (v) versus Vig.

Fig. 3.11 shows Cc and its contributions for option (v), i.e. Vjune = Vp,oy + Viio, Ven =
0.1Vyc with retuned parameters. As Vg increases from 0.8 to 0.82 V, Vo and V. increase
fast, as was shown in Fig. 3.9(b), causing Cpc(Q;c) to increase. Such an increase allows the
use of a smaller 7.,,;, which decreases Cpc(Qepi)- At Ver > 0.82 'V, Cpe(Qic) decreases, due

to a decreasing Cyc, as discussed in Fig. 3.9(a). Overall, this produces the plateau of the overall

Cge.
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Chapter 4

Avalanche modeling

Avalanche multiplication is important for modeling of safe operation area (SOA) [31], transis-
tor output characteristics, and linearity [13]. Many M -1 models of different complexity exist
[311, [32], [33], [34], [35], [36]. The model of [31] has temperature dependence and current
dependence, but was mainly developed for strong avalanche near breakdown with a simplicity

suitable for analytical SOA modeling.

4.1 Limitation of Previous Avalanche Models

The common-base SiGe HBT works at both high Vg and I even beyond beyond peak fr,
which put stringent requirement on accuracy of avalanche modeling. Avalanche multiplication
factor (M-1) model affects safe operation area (SOA) [37], transistor output characteristics and
linearity [38] [39]. However, previously many M -1 models [40] [41] [42] [43] generally cannot
be applied at such high current where high injection effect occurs, which leads an increasing
M -1 with increasing /.

Fig. 4.1 shows measured and simulated /g-Iz up to 150 mA at Vop =1, 2 and 3 V. The
simulated /z are made by using avalanche models from MEXTRAM 504.12 [15], MEXTRAM
505.00 [1] and [3], respectively. The device details will be given in Secion 4.2. A clear de-
creasing Iz at [ larger than 100 mA is due to Kirk effect, which makes M-1 increase with
increasing /. However, none of the models can get a good fitting of /-1, although Kirk
effect has been considered in MEXTRAM 504 and [3]. A comprehensive avalanche multipli-
cation compact model [44] including high current effect is in MEXTRAM 504 [15]. However,

with only two parameters Wy 1 and Vv provided, Ip-Ig at Vg = 2 'V are not fitted well
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Figure 4.1: Measured and simulated /3-/g up to 150 mA at Vo =1, 2 and 3 V. The simulated
Ip are results of using avalanche models from MEXTRAM 504.12, MEXTRAM 505.00 and

[3].

even at /p < 50 mA, in dashed lines of Fig. 4.1. Although an additional parameter SFH is
provided to consider crowding effect at high current when EXAVL = 1, as described by Eqn.
(2.49)-(2.58) in Chapter 2, the high injection parameters in avalanche model have a coupling
difficulty with main current, which largely limits /-1 fitting accuracy at high current. A semi-
empirical avalanche model [25] in Mextram 505 presents an improved fitting accuracy for M-1
dependence on both Vg and I at low current. However, the empirical current dependent term
with I7p4., at low current makes it hard to take high injection effect into consideration, as the
simulated /5 starts to deviate from measurement at medium current /5 > 50 mA, shown in
dotted lines of Fig. 4.1. Recently a closed-form analytical expression for M-1 including high
current effect is derived in [3]. However, the square root relation made in [3](12) will lead to
clear limitation of M -1 fitting at high current, as shown in solid lines of Fig. 4.1. Moreover, [3]
does not present a method to extract M -1 without the effect of self-heating at high current. In

the following, a new method to extract M -1 at high current will be presented and an extended
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formulation based on [25] to include high current effect will be derived. Both Vo5 and I de-
pendence of the extracted M-1 will be verified in an advanced SiGe HBT technology. Instead
of empirically considering current dependence, as was done in MEXTRAM 505.00, the new

extended avalanche model physically derives current dependence of M -1 including Kirk effect.

4.2 Measurement and Extraction of M-1

A 0.4x7.8x20 um? SiGe HBT from QUBiC4Xi technology is used [28]. The peak fr is 84
GHz. Peak f,,,. is 162 GHz, and a BV g0 is 12 V. I on this RF structure is calculated from
measured I and I, which has been shown in Fig. 4.1. Another device with 0.5x20.7 pm?

from the same technology on a DC structure is used.

Figure 4.2: A schematic for forced-/z with V-5 on a transistor of common-base configuration.

Fig. 4.2 shows a forced-/y setup with Vg on a transistor of common-base configuration.
With forced I at emitter and sweeping Vi, a forced-1 technique [45] is used to allow a safe
extraction of M-1 at higher Vo5 and [ than the conventional forced-Vr method [46].

Under forced-Ig, M-1 in [46] [47] [48] [49] is extracted as

Tave Ic

M—-1=

= = -1, 4.1)
Icnoav  Ig —I(IE)|vep=0
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where I¢,,4v is the collector current without avalanche effect. Iz (/) —o 1s the measured

|VCB
Ip at the same [ and Vg = 0 V. Although (4.1) can have a good evaluation of M-1 at suf-
ficiently low Ig, M-1 is overestimated at high Ir due to negligence of Early effect and self-

heating effect. Another M -1 extraction including Early effect was proposed in [45]

Ic
M-1=_—"C°__1 4.2)
-[E_-[Bl

where I, ~ Ig(Vr=VpE,Vop=0) and I, is found from /5-Vpg curve with Vop =0V, using
the Vzp value measured at each V3. However, as I goes up and self-heating effect becomes
significant, the accuracy will decrease. In order to extract M/-1 at high current when Kirk effect
occurs, self-heating effect should be accurately considered and excluded to extract actual M-1.
To accurately account for self-heating effect that affects I3, calculation, Iz-Vpp at Vep =0V
should be fitted first in some reasonably wide temperatures. Self heating resistance Ry, is also

extracted. We propose to extract M -1 from a compact model that is able to fit above

Ic
M-1=——1, 4.3)
]E - IBO.S

where I ; 1s the simulated base current under the same [/ and Vi after temperature scaling
of base current has been accurately extracted. Fig. 4.3 shows extracted M-1 versus [y from
different method at Vop = 3 V. The simulated M -1 using the model of [3] is also shown.
Due to negligence of both Early effect and self-heating, M -1 extracted using (4.1) is largely
overestimated at high I > 100 mA. Compared to (4.3), M-1 extracted using (4.2) can still
provide a good approximation even with large self-hating effect at high current due to high
enough current gain. Due to high injection effect, the /-1 extracted using (4.3) starts to rise up
at around 100 mA. When high injection occurs, the maximum of electrical field will relocate
to epi-layer/ buried layer interface and increase with rising [z, which directly cause M-1 to
increase at high current. However, M-1 at high currents cannot be well fitted by model of [3],

which directly results in deviation of /g-Ig at high current seen in Fig. 4.1. Instead of using
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Figure 4.3: Different extraction of M-1 versus I at Vop = 3 V. The simulated M-1 using
model [3] is also shown.

empirical current relation, a new extended avalanche model based on [25] will be derived in

the following section, to fit data at both low and high currents.

4.3 New Current Dependence M -1 Formulation

A basic form of M-1 can be derived by integration of ionization coefficient from Chynoweth’s
empirical law over CB depletion width [50]

b
M-—1= %xdEM exp (—E—M) . (4.4)

where a and b are material dependent constants of impact ionization coefficients dependent on
electric field. z,; is CB depletion width. £, is maximum electric field of CB junction. Related

to CB depletion capacitance Cj¢ [40], the product of z4 - E); can be approximated by

VDC - VBQCl

4.5
o (4.5)

LL’d'EM:
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where Vpe 1s built-in potential. Vp,¢, is intrinsic voltage drop over CB depletion junction.
Pe is junction grading coefficient. In order to derive current dependence of M-1, the current

dependence of CB depletion junction should be considered from low to high current below.

431 M-1 at low current

Base

S

Figure 4.4: A diagram of current change on electrical field distribution at low current, before
onset of quasi-saturation.

Fig. 4.4 shows the effect of current on electrical field distribution at low current. [,
denotes the current when quasi-saturation occurs. With an increase of current, the slope of

electrical field in epi-layer is modulated. From Poisson’s equation,

dE  qN,y n
& 1 4.6
dx €5 ( Nepi) ’ (4.6)

where ¢ is electron charge, £g; is permittivity of Si, /N, is epi-layer doping density, n is
electron density in the epi-layer. Assuming velocity saturation, as electrical field is high enough

for impact ionization, (4.6) can by expressed by

dFE qupz' IN
— = 1- 2 4.7
dx €9 ( Ihc) ’ ( )
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where [ is main current. ;. = ¢N,pVsqt Ap is hot-carrier current. Under low current condition

when epi-layer is not fully depleted, we also find

dtl. FE
— == (4.8)
dz Tq
So Fy; can be solved by (4.5), (4.7) and (4.8)
qupi IN
Ey=y————Vpc =V, 4 /1= —=. 49

By bringing (4.5) and (4.9) into (4.4), then current dependence of M -1 can be formulated as

a cgi(1 — P,
M—1=———(Vpe — Vi,c,) exp {_ esill — Po)
b(1 — Pr) qNepi 4.10)
B IN -1/2
-b(Vpe — V) R [ .
(Vb = Vi,cy) ( fhc)

The following parametrizations are taken after an inspection of (4.10)

® ¢ =Vpoai— Va,c,- Vboay 18 CB built-in potential dedicated for avalanche modeling, to

distinguish from Vp used in CB depletion capacitance or epi-layer modeling.

® [hcavt = Ine as model parameter of hot-carrier current for avalanche, distinguished with

I} used in epi-layer model.

esi(1—Pc)

N b. By 1s calculated from material constant b varying with tempera-
epi

L4 Bavl =

ture. So B,,; dominates temperature dependence of M-1, as proposed in [25].

o A, = m - a. Agy 1s calculated from material constant a, which will provide

extra degree of freedom in fitting as treated as model parameter.

e The exponents -1/2 in the two exponential terms will be treated as model parameters C,,,;
and C,, separately. Because the approximations made in (4.5) and (4.7) are uniform

doping and carrier velocity, which will not be always the case in reality.
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With these considerations, a new current dependence of M-1 at low current is obtained

[N Cavl2
— B - ¢! (1 — ) : 4.11)

I hcavl

Aavl
Bavl

M—-1= ¢ - exp

and

® = Vpca — VBycy s (4.12)

where Ay, Bavis Vbcavl, Cavr and Cyypo are model parameters.

4.3.2 M-1 at high current

Figure 4.5: A diagram of current change on electrical field distribution at high current.

Fig. 4.5 shows the effect of current on electrical field distribution at high current when [
> I,s. When Kirk effect occurs, electron density becomes larger than the epi-layer doping, the
slope of electrical field will be negative as in (4.6) and the maximum electrical field occurs at
the boundary between epi-layer and buried layer. An further increase of current will decrease
the slope of electrical field. However, the maximum electrical field will increase. We find (4.8)

can be still approximately applied at such high current but only with negative sign of dE/dx

dE  Ey
de g’

(4.13)
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Bringing (4.5), (4.7) and (4.13) into 4.4, a current dependence of M-1 at high current can be

derived

a Esi 1— P
M_lz—‘a/DC_ngCl)eXp[_ u
b(l — Pc) qupi (4 14)
—1/2 '
b(Vpe — VB201)—1/2 . ([_N _ 1) ]
]hcavl

Following the same parametrization strategy as in low current, we obtain for I > Ijcqu

Aaq_) i I Ca'ul3
M—1=2"16"exp —Bavz-cbca“( al —1) ]

Ba'ul [hcowl
- , (4.15)
Aaq_)l c ]N Ca'ul3
~ ¢ - €eXp _Bavl : ¢ avt ( )
Bcwl i hcavl

where C,,,;3 is new model parameter for high current dependence of M-1.

4.3.3 M-1 at all currents

(4.11) can only applied for low current when Iy < 5. and CB junction are not fully depleted.
(4.15) can only applied for high current when I > I, and electrical neural base has pushed

out. To combine (4.11) and (4.15) together, we propose

ACL'U
M—lzB l '¢'€Xp |:_Bavl'¢cavl
avl
[ Ca'ulQ [ CavlS ’ (4‘ 16)
. ]_ _ cap ) . ( cc ) :|
( [hcavl Ihcavl
where I.,, 1s a limiting current to be always lower than Ij,.q,,; at all Iy [15]
[Nlhcavl
cap = : 4.17
g [N + Ihcavl ( )

I.., approaches to Iy when Iy < Ijq and approaches to Ip,cq, When Iy > Ipeqp. So (1 —
Teap/ Incavt)©e2 term is used for low current fitting. The exponential term (I../ Ijequr) e is

used for medium and high current fitting. So (/../Ijcqar) should be close to 1 at low current to
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keep low current fitting not affected. 1./ ;.. is @ smoothly limiting function of Iy

I 1 I
e :1+e-1n{1+exp {—( N —1)]}, (4.18)
[hcavl € Lpcavl
and
Iy = Iy — Al (4.19)

where € is smoothing parameter. [} is [y with an offset parameter A/ to allow setting width

of medium current range between low and high current.

Ic N\

Ihcavl

>
Iheavi Incau + Al Iy

Figure 4.6: A diagram of I.../I},cqn-In from low to high current.

Fig. 4.6 shows a diagram of I../Ij.m-Iy from low to high current. For Iy < Ipequs
e/ Incaw approaches to 1 and (1ee/Ijeqn)** becomes 1, (4.16) becomes (4.11). For Iy >
Theavts L equals Iy — AT and (I../Ijeaw)**** dominates in the exponential term, (4.16) ap-
proximately becomes (4.15) and the difference between -1 and —AT7 /1.y can be neglected
due to Iy > Ipeqn- € and AT are used to adjust transition between low and high current range.
So a complete current dependence of avalanche modeling is expressed by (4.12), (4.16), (4.17),
(4.18) and (4.19). Due to the reversal of the slope of electrical field, the maximum of electrical
field moves to the interface of epi-layer and buried layer, the compact model becomes complex
and may numerically be unstable. So a flag parameter EXAVL is included in compact model.
When EXAVL = 1, the complete extended avalanche model will be used. When EXAVL = 0,

then no high injection effect will be modeled.
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For parameter extraction strategy, Aquui, Bavi, Cavis Vbcaw should be extracted for Vg
dependence of M-1 at extremely low current. [, and C,,o are then extracted for current
dependence of M-1 up to medium current. A/, € are extracted for transition from medium to
high current. Cl,,,3 is extracted for M -1 at high current when M -1 rises with increasing current.

-3

12x 10
®m Extracted M-1 using Eqn.(3)
101 - = =New M-1 model(EXAVL = 1)
8 — New M-1 model(EXAVL = 0)
T
= 6
4+
2 L
0 0.05 0.1 0.15
I (A)
(a)
o 0™ i
_1 L
<
_m
3l | ® Mea.
— New M-1 model (EXAVL=1)

= ==New M-1 model (EXAVL=0)

0 0.05 0.1 0.15
I (A)

(b)

Figure 4.7: (a) Extracted and new avalanche model simulated M -1 versus /g at Vg =3 V. (b)
Measured and simulated /- at Vop = 3 V. The dashed lines are simulations without high
injection effect.

Fig. 4.7(a) shows extracted M-1 using (4.3) and simulated M-1 using new extended
avalanche model versus Ix at Vop = 3 V. With EXAVL = 0, M-1 monotonically decreases

with increasing current. A good fitting of M -1 versus /g up to 150 mA can be obtained only
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when high injection effect considered (EXAVL = 1). The difference between EXAVL = 0 and
1 implies that high injection occurs at /x around 60 mA, before M -1 shows a clear increase.
Fig. 4.7(b) shows measured and simulated /5 versus /g using new extended avalanche model
at Vop =3 V. Ig-Ig can be well fitted as extracted M -1 matches well with simulated M-1 in

Fig. 4.7(a). So (4.3) provides an accurate extraction of M-1 even at high current.
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4.4  Verification and Discussion of New Extended Avalanche Model

The new proposed avalanche model can be directly implemented in compact model. The fol-
lowing simulated results are made by new avalanche model incorporated into an experimental

version of MEXTRAM 505.

-2

10

10 pA

100 pA
1 mA

10 mA
20 mA
35 mA
® 40 mA

1v
2V
3V
4V
5V

0.03 0.04

0 0.01

0.02
e A)
(b)

Figure 4.8: Measured (symbols) and new avalanche model simulated (lines) (a) /3-Vep at Iy
from 10 pA to 40 mA and (b) Ig-Ig at Vo from 1 to 5 V.

Fig. 4.8(a) shows measured and new avalanche model simulated /z-Vp at I from 10 pA

to 40 mA. Fig. 4.8(b) shows measured and new avalanche model simulated /-1 at V5 from
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1 to 5 V. So the new avalanche model provide a good fitting of both V- and I dependence of

I up to 40 mA of .

42X 107" | |
° VCB:]' \Y

| ° VCB:2 \Y
° VCB:3 \Y

0 0.05 0.1 0.15
I (A)

Figure 4.9: Measured (symbols) and new avalanche model simulated (lines) /5-/g up to 150
mA at Vop from 1 to 3 V.

Fig. 4.9 shows measured and new avalanche model simulated /z-Iz up to 150 mA at Vg
from 1 to 3 V. Based on an accurate extraction of M -1 in Fig. 4.7, a good fitting of /5-/5 can
be obtained from low to high current at each Vi .

In order to testify the accuracy of new M -1 extraction method and new extended avalanche
model, I3-Vzp under forced I; from low to high current are measured on a 0.5x20.7x 1 pm?
in a DC test structure from the same technology.

Fig. 4.10 shows measured and simulated /3-Vpg at Vo =0V are well fitted at multiple
temperatures. So temperature scaling of base current is well simulated, which can be used as a

good evaluation of base current under different bias without avalanche effect.
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Figure 4.10: Measured(symbols) and simulated(lines) I3-Vgg at Vo = 0 V are well fitted at
multiple temperatures.
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Figure 4.11: A comparison of different M -1 extraction at Vo =3 V and at /g from 2 to 30mA.
The solid line is simulated M -1 using new extended avalanche model.
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Fig. 4.11 shows a comparison of different M -1 extraction at Vop =3 V and at /i from 2
to 30mA. The lines are simulated M -1 using new extended avalanche model. At low I < 10
mA, all three methods give the same extracted M-1. Without considering Early effect, the M-
1 from (4.1) becomes much higher with increasing I, especially for remarkable self-heating
of base current at high current. (4.2) gives much more accurate approximation of M -1 until
self-heating takes much effect at high 7z > 10 mA. As self-heating is well considered, a clear
increase of M-1 from (4.3) at high [ is due to high injection effect, which is also well fitted

by new avalanche model in solid line.
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Figure 4.12: Measured (symbols) and new avalanche model simulated (lines) Igz-Vop at Ig
from 2 to 30 mA. The same M -1 as solid line of Fig. 4.11 is used.

Fig. 4.12 shows measured and new avalanche model simulated /z-Vp at I from 2 to
30 mA using the simulated M-1 in solid line of Fig. 4.11. The new avalanche model can
accurately model high injection effect at high current with a good fitting of (M-1) versus /g

from new extraction method.
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Chapter 5

Volterra series Implementation of Mextram

Volterra series describes nonlinear system in a way that is similar to the approximation of an
analytical function with a Taylor series: small excursions around an operating point can be
described with very few terms of a Volterra series [4]. A nonlinear system which is excited
by a signal with small amplitude can be described by a Volterra series which can be broken
down after the first few terms. The higher the input amplitude, the more terms of that series
need to be taken into account in order to describe the system behavior properly. For very high
amplitudes, the series diverges, just as Taylor series. This is often due to occurrence of a strong
nonlinearity at high amplitude levels. Hence, Volterra series is only suitable for the analysis of

weakly nonlinear circuits.

5.1 Volterra Series in Time and Frequency Domain

Fig. 5.1 shows operators in the block-diagram representation. H;, H», ..., H,, represents an
operator of order 1, 2, ..., n respectively. Each operator is described either in the time domain
or in the frequency domain with a kind of transfer function, called a Volterra kernel. The

relationship between the output y(¢) and the input x(¢) can be expressed by [4]

y(t) = Hq[x(t)] + Halz(t)] + ... + Hu[z(t)] + ... (5.1
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x(t)

y(t)

Figure 5.1: Schematic representation of a system characterized by a Volterra series [4].

in which

+oo +o0
H,[z(t)] = / / ho(T1, 7oy ooy o)z (t — m)x(t — 1) -+ - 2(t — 7,)dmdrs . . . dTy,

(5.2)

where h,, (71, T2, . . ., 7,,) is an nth-order Volterra kernel. The relationship between the input z(t)

and the output y(t) of a nonlinear, time invariant system can, be expressed with the following

series

y(t) :/_ h hy(m)x(t — 1)dm

o0

+oo +o00
+ / / hQ(Tl, TQ)ZIZ'(t — Tl)ZC(t — Tg)dTldTQ

+oo +oo
+/ / hn(T1, 7oy ooy T)x(t — m)x(t — 1) - - x(t — 7,)dndr .. .dr, + . ..

in which for n=1,2,. . .,

ho(T1, T2y oo, T) =0 for any 7, < 0, ji=12,...
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Apart from a time-domain description, Volterra kernels can also be represented in the

frequency domain. Assume that a second-order system is excited by a sinusoidal input

x(t) = A, cosw,t.

The response of the first-order operator to this input is given by [4]

y1(t) =H[A, cos w,t]

=A,Re(H; (ij)ejw“)

The response of the second-order operator to this input is given by [4]

yo(t) =Ha[A, cos w,t]

2

A : )
—ZERe(Hajir, juor)e™)

The response of the third-order operator to this input is given by[4]

y3(t) =H3[A, cos w,t]

3

A . )
:fRe(Hg (Jwe, JWa, ij)ej?"”zt)

5.2 Nonlinear Current Source Method

For a current source that is dependent on two voltages as

=guu + Ky, u? + KgguU3+

guU + Kzgv’Uz + Kggvv?’—i—

2 2
Kqu&guuv + K329u&g'uu v + KS uv +

gu&2gy

(5.5

(5.6)

5.7

(5.8)

(5.9)

where u, v are the controlling voltages, respectively. where g, g,, K2, , Ko, , K2g,&g,» K3,,

K

g
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defined by [4]

Gu = %, (5.10)

go = %, (5.11)

ngw = %%, (5.12)

ngy = %%, (5.13)

oo sy = 3_1' @ i il amg:f_j)v. (5.14)

Then the second-order virtual current source consists of two virtual current sources for each

controlling voltages, as well as a cross-term [4]

inL2g(U, V) =inpog(u) + inpag (V) 5.15)

1
+ §K2gu&gv [H1v(51)H1o(52) + H1y(s1) H1u(52)],

where Hy,(s) and Hy,(s) is the first-order transfer function of the first controlling voltage u

and v evaluated at frequency s, respectively.
iNng(U) = KquHlu(Sl)Hlu<S2>7 (5.16)

iNng(U) = Kgglev(Sl)Hh,(Sz). (517)

K,,, and K, are the second-order nonlinearity coefficient that determines the second-order

gu
response of ¢ to v and 7 to v, respectively.
The third-order virtual current source consists of two virtual current sources for each con-

trolling voltages, as well as a cross-term [4]

iNL3g(u, v) =inrs, (u) +inps, (V) (5.18)

incso1, (U, v) + inzace, (U, v) +inpses, (U, v).

76



where

iNL3g (U) =K3gu Hlu(Sl)Hlu(S2)H1u(83)

2
+ Ko

31825, [H1u(51)H2u(52,23) + Hiw(s2) Hau(s1, 53] (5.19)

+ H14(s3)Hay (51, 52)],

iNLsg (U) =K39U Hlv(sl)Hlv (32)H1u(53)

2
+ §K2gv [Hlv(sl)H2v(827 23) + H1v(=5’2)H2v(817 33)]7 (5.20)

+ H1y(53)H2y (51, 52)],
) 1
insct, (U, v) = 3 29,000 [ 1u(52) Hay(51, 53) + H1u(s1) Hzy (2, 53)
+ H1y(s3)Hay (51, 52) + Hiyp(52) Hay(s1,83) > (.21)

+ H1y(51)Hau (52, 53) + Hiy(53) Hay (51, 52)],

. 1
INL3C2, (Uﬂ)) = §K3ggu&gv'[H1u<51)H1u(82)H1v(53) + Hlu<51>H1u(33)Hlv(s2)
, (5.22)

+ Hyy(52) Hyy(53) Hyo(51)],

'[Hlu(Sl)Hlv(52)H1v(S3) + Hlu<51>H1v(33)H1v(52)
, (5.23)

. 1
INL3C3, (u,v) = §K3gu&2gv

+ Hyu(52) Hiy(53) Hiy(51)],
where K3, and K3, are the third-order nonlinearity coefficient that determines the third-order
response of ¢ to the controlling voltage u and v, respectively. The completed formulations for
first-, second and third-order derivatives of capacitive source that is dependent on two voltages

can be found in [4].

5.3 Realization of Nonlinear Source Derivatives Calculation

Iy in Mextram is a function of Vp,g, and V3, .,. Ic,c, is calculated by Vg,c, and Vp,c,.
A Volterra series analysis program is developed below with a modified circuit topology that

more closely resembles that of an ideal transistor equivalent circuit where the base-emitter and
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base-collector voltages control all circuit elements. So /) is only dependent on two controlling

voltages, Vp,c, and Vg, g, .
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Figure 5.2: (a) Locations of Iy and /¢, ¢, in Mextram. (b) Iy equals I¢,¢,. (c) Combine Iy
and /¢, ¢, together into ).

Fig. 5.2(a) shows I between (5 and F; and I¢, ¢, between C) and C5 in Mextram. [y
and /¢, ¢, are calculated by

]N = IN(VBQE17 VEQCQ)a (524)
ICIC2 = [Clc2 (VB2E17 VBQCQ)' (5.25)

Fig. 5.2(b) shows I is in series with /¢, ¢, after node change and then

]N(VB2E17 VEQCQ) = 10102 (VB2E17 VB2C2)' (526)

Fig. 5.2(c) shows an equivalent main current [}, which is calculated by

];\7 - IJ/V<V32E17 VB201)7 (5.27)

The DC, Y-parameter and IP3 at the bias of interest have been checked without much influence

before and after node change approximation is applied.
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The following will take i’y dependent on Vg,¢, and Vg, g, as an example to derive the first-
and higher order derivative of I, on Vg,¢, and Vp, g, , respectively. The self-heating treatment

will be also described below.

- ® - [ ]
\%
In(u,v) + gmutgov
o B, () o B; ()
+ +
u u
E1 ® - E; ¢
(a) (b)
- C1 - .Cl
\Y \%
° 2 0
+ Y T N
u  |INL2 u  |INL3
- L JE - L—J E;
() (d)

Figure 5.3: (a) i’y dependence on u and v. (b) Network for first-order transfer function. (c)
Network for second-order transfer function. (d) Network for third-order transfer function.

Fig. 5.3(a) shows ¢y dependence on u and v, where u denotes Vg, 5, and v denotes Vg, ¢, .

ZiN(”? U) = Z-IN(VvBQEM V3201>' (528)

Fig. 5.3(b) shows the first order partial derivative of I, on Vg, g, and Vp,¢,, denoted as g,,, and

Jo, respectively.

oI’
O = =2 (5.29)
Wit vy o
oI’
go = =2 (5.30)
Wit Ly, .
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However, holding Vp,c, constant while changing Vg, 5, also changes Vg,¢,, so the “ddx()”

cannot be directly used to calculate g,, or gy. Instead, the following formulas are derived

'
o Ol
—
8V32E1 VByoy
Ol Oln Va,o,
= . ,
8V32E1 VBycy,VBycy avB?C? VByEq:VByoy avB?El VByoy

where each partial derivative term can be then symbolically obtained by ddx() as

1
Oln = —ddz(Iy, V(Ey)),
aVBQEl VB,y01,VBy 0y
Ol
= _dd'r(jl ’V(C ))7
oVi,c, Va5,V 0, N ’
Va,o, _ —ddz(Ie,c,, V(EL)) + ddx(Iy, V(EL))
Wit vy, —dda(lec,, V() + dda(Ty, V(Ca))'

Also a similar derivation can be applied to g as

o — ol
WViah v,
_ a]N n aIN 'aVBzcz
aVBQCl VByE1,VByCp aVBQC2 VByE1,VByoy aVBQCl VB2E1,

where each partial derivative term can be then symbolically obtained by ddx() as

0N
— —dda(T'. V(CY)).
Va0 Vi, Vi e VD)
Oly
— —dda(Iy, V(Cy)),
oVa,c, Va5,V 0, (U, V(C2))
oVg,c, _ —ddz(Ie,c,, V(Ch)) + ddz (I, V(CY))
Va0, Vi, 5, —ddl‘(ICICQ, V(Cg)) + dda;([f\,, V(CQ)) .

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)

(5.36)

(5.37)

(5.38)

Fig. 5.3(c) and (d) show the networks for second- and third-order transfer function, respec-

tively. 22 an i3 are the second- and third-order virtual current sources, whose formulations

are listed in the last section. So the following second- and third-order partial derivatives of I
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on Vp,c,, VB, r, and cross terms need to be numerically calculated

1 oI
K, =——*2N_ =23... 5.39
“ n' 0"VBQE1 " ( )

1 oI
K, =——2>X_ =2 3. 5.40
s n! 8"V3201 " ( )

—— s
Maum=iv G (m — ) 0V, g, 0D V0,

m,7 =2,3...and j < m. (5.41)

To evaluate the values of higher order derivatives, the following numerical calculation

is used. Fig. 5.4 shows small perturbations of 107° V are added to generate AVyp,, and

| Vepr = =V,
Vep1 = —Vpap1 o o ¢l pact
Vg2 = AVepsm Vegs = AViegem
(1e-6) o o (1e-6)

Figure 5.4: The calculation of second- and third-order partial derivative of current and charges
in intrinsic circuit.

AVepsm needed for the calculation of higher order derivatives using numerical differentiation
for each Vp,c, and Vp,p,. The Vi, and Vg, g, are simulated first and used to bias only the
intrinsic transistor. The nonlinear coefficients are then used to calculate the first, second and
third order Volterra kernels using the nonlinear current source method [2]. The Volterra kernels
are calculated in the increasing order by repeatedly solving the same linear network as in linear
small-signal analysis [4] [2]. The first order kernel is essentially a linear transfer function.
The second and third order kernels are solved by exciting the same linear network with virtual
nonlinear current sources 772 and iyy3 placed in parallel with the corresponding linearized
elements.

The self-heating effect at each bias should be also carefully considered. Tab. 5.1 shows
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Symbolic result | Numerical result | V(dT)
No self-heating -2.236395 -2.236395 0
With self-heating -2.363449 -3.520327 1.46
Using DTA=V(dT) and no self-heating -2.363449 -2.363449 0

Table 5.1: A treatment of self-heating effect in numerical calculation of partial derivative of I
on Vp,c, at Vp,g, =0.7 Vand Vp,c, =-1 V.

a treatment of self-heating effect in numerical calculation of partial derivative of I}, on Vg,
at Vp,p, = 0.7 Vand Vp,c, = -1 V. In order to testify the accuracy, the symbolic result from
ddx() is also provided as a standard. Even with a small V(dT), the numerical calculation largely
deviates from symbolic result. Only when setting DTA=V(dT) and manually turning off self-

heating in the calculations, then the numerical result agrees well with symbolic result.

5.4  Verification and Analysis of Volterra Series Result

To examine the accuracy of Volterra series implementation of Mextram, the real and imaginary
parts of the first, second and third order derivatives of output voltage calculated from Volterra
series are compared with those from harmonic balance analysis in ADS. The same parameters
used below, between ADS simulation and Volterra series analysis in Matlab calculation, are
based on a good DC and f; fitting by using Mextram 505.00 with the extended avalanche

model.
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Figure 5.5: A comparison between Vg dependence of harmonic balance simulated in ADS and
Volterra series calculated in Matlab for real and imaginary parts of (a) first order, (b) second

order and (c) third order of output voltage. Vop =3.75 V.
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Fig. 5.5 shows a comparison of Vz dependence of real and imaginary parts of first, second
and third order of output voltages between harmonic balance and Volterra series. So a high
accuracy has been achieved for Vzp dependence of each order calculation of output voltage

using Volterra series analysis at Vop =3.75 V.

50 - - 50
— ICCAP —ICCAP
20l |- --Matlab 40f |- --Matlab
E 30l T anl
o 30 Eao
= T
2 &
& 20 & 201
10 10f
Q : ' Q ' '
0.7 0.75 0.8 0.7 0.75 0.8
Vee V) Ve (V)
(a) (b)

Figure 5.6: For (a) P, = -10 dBm, (b) P;, = -30 dBm, the measured (symbols), simulated
(solid lines) and calculated (dash lines) OIP3 versus Vgg at Vog =3.75 V.

Fig. 5.6(a) shows the measured, harmonic balance simulated and Volterra series calculated
OIP3 versus Vgg at Vo =3.75 V for P, = -30 dBm. The calculated OIP3 matches well with
simulated OIP3 at Vzg from 0.7 to 0.825 V, as expected. Fig. 5.6(b) shows the measured,
harmonic balance simulated and Volterra series calculated OIP3 versus Vgg at Vo =3.75V
for P, = -10 dBm. The calculated OIP3 matches well with simulated OIP3 at Vg > 0.72 V.
The OIP3 difference seen in the Vg range from 0.7 to 0.72 V is due to P, = -10 dBm. The
measured OIP3 can be fitted well up to 0.76 V. However, a clear difference is observed at Vg

> 0.76 V, although a good fitting of DC and fr is shown.
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Figure 5.7: Combination of nonlinearity sources in complete MEXTRAM circuit into several
groups.

Fig. 5.7 shows several groups of nonlinearity sources in complete MEXTRAM circuit.
The following analysis will shows the relative importance of each group in OIP3 calculation
from different ways.

Fig. 5.8(a) shows the calculated OIP3-Vzr with only one nonlinearity source current
turned on in both second- and third-order output voltages calculation for Vg = 3.75 V. It
can be clearly seen that main current determines overall distortion at low Vzg up to 0.77 V.
Then contribution of avalanche current cancels with main current at high Vzg, which makes
overall OIP3 decrease with increasing Vpg. Fig. 5.8(b) shows the calculated OIP3-V 5 with
only one nonlinearity source current turned on in second- and third-order output voltages cal-
culation for /p =40 mA. Atlow Viop < 0.5V, the overall OIP3 is determined by main current,
intrinsic CB charges and ();s. A increasing distortion of avalanche current and main current
dominates the overall OIP3 at high Vop > 1 V. A peak OIP3 also appears around Vop =3 V

due to cancellation of avalanche and main current nonlinearities.
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Figure 5.8: (a) The calculated OIP3-V with only one nonlinearity source current turned on in
second- and third-order output voltages calculation for Vo5 = 3.75 V. (b) The calculated OIP3-
Veop with only one nonlinearity source current turned on in second- and third-order output
voltages calculation for Iy = 40 mA.
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of each component on ¢¢ 3,4 has been calculated separately. Vop =3.75 V.
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Fig. 5.9(a) shows the calculated real part of i¢ 3,4-Vr With only one nonlinearity source
current turned on in third-order output voltages calculation for Vo = 3.75 V. At high Vg >
0.74 V, avalanche current becomes negative and cancels with main current, which makes real
part of 75 3,4 decrease and then increase with increasing V. Fig. 5.9(b) shows the calculated
imaginary part of ic 3.4-Vop with only one nonlinearity source current in third-order output
voltages calculation for Vo =3.75 V. At high Vgr > 0.74 V, both avalanche and main current
keep positive and decrease, making overall imaginary part of 3 3,4 monotonically decrease with

increasing Vpp.
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Figure 5.10: The calculated (a)real and (b)imaginary parts of i¢ 3,4 versus Ve p. The contribu-
tion of each component on i¢ 3,4 has been calculated separately. [ = 40 mA.
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Fig. 5.10(a) shows the calculated real part of ic 3.4-Vcp with only one nonlinearity source
current in third-order output voltages calculation for Iz = 40 mA. At Vo > 3V, avalanche
current becomes negative and cancels out with main current, which eventually makes real part
of i3 3,q decrease with increasing Vop. Fig. 5.10(b) shows the calculated imaginary part of
tc3rd-Vop With only one nonlinearity source current in third-order output voltages calculation
for I = 40 mA. The avalanche current determines the trend of overall imaginary part of ¢ 3,4

over all V5, while other contributions almost keep constant.
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Chapter 6

Common-Base IP3 modeling

This chapter will show the performance in modeling Vzr and Viop dependence of OIP3 from

Mextram 504.12, Mextram 505.00 and newly developed extended avalanche model.

6.1
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Figure 6.1: Measured and Mextram 504.12 simulated /z-Vgg for Vo from 2.75 to 3.75 V.

With best DC fitting by using Mextram 504.12, Fig. 6.1 shows measured and simulated /-

Vpg for Vo from 2.75 to 3.75 V. As only two dedicated parameters W4y 1, and V41, provided,

the simulated I/ at Vgp < 0.78 V becomes smaller than measurement for high Vi, if keeping

Ig well fitted at Vg > 0.78 V.
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Figure 6.2: Measured and MEXTRAM 504.12 simulated (a) OIP3-Vpzp for Vg from 2.75 to
3.75 V and (b) OIP3-Vpg for I from 1 to 60 mA.

Fig. 6.2(a) shows measured and Mextram 504.12 simulated OIP3-Vzp at Vg from 2.75
to 3.75 V. A good fitting can be obtained for OIP3-Vzp up to 0.76 V. However, the simulated
OIP3 at higher Vg is way off compared to measurement where avalanche and main current
dominates. So the third order of /. is not accurately modeled, although I at Vg > 0.76 V
seems well fitted. Fig. 6.2(b) shows measured and Mextram 504.12 simulated OIP3-V g for I
from 1 to 60 mA. As peak OIP3 is mainly determined by cancellation of avalanche and main
current, a poor performance can be observed on OIP3-Vp at I > 20 mA, which may be due

to limited accuracy of avalanche model in MEXTRAM 504.12.
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6.2 Mextram 505.00 Performance
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Figure 6.3: Measured and Mextram 505.00 simulated /z-Vpg for Vop from 2.75 to 3.75 V.

Fig. 6.3 shows measured and Mextram 505.00 simulated /p-Vpg for Vop from 2.75 to
3.75 V. With improved V5 and I dependence, [z-Vig up to Ve = 0.8 V can be well fitted.
However, due to current dependence empirically considered through /7., only for low cur-
rent, the difference between simulated /5 and measurement is observed when Vi gets larger

than 0.8 Vat Vo > 3.5 V.
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Figure 6.4: Measured and MEXTRAM 505.00 simulated (a) OIP3-Vzg for Vg from 2.75 to
3.75 V and (b) OIP3-Vpg for Ig from 1 to 60 mA.
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Fig. 6.4(a) shows measured and Mextram 505.00 simulated OIP3-Vgg for Vg from 2.75
to 3.75 V. OIP3-Vz g can be well modeled up to 0.76 V, For larger Vg, clear peaks at each Vg
appear due to avalanche current is well fitted up to Vg < 0.8 V. However, the Vg location
where OIP3 peaks at each Vg still deviates from measurement. Fig. 6.4(b) shows measured
and Mextram 505.00 simulated OIP3-V g for I from 1 to 60 mA. Compared to Fig. 6.2(b),

an overall improvement can be clearly seen at /5 > 20 mA due to improved avalanche model.

6.3 Extended Avalanche Model Performance
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Figure 6.5: Measured and new extended avalanche model simulated /3-Vpg at Vg from 2.75
to 3.75 V.

Fig. 6.5 shows a good fitting of Iz-Vgg at Vg from 2.75 to 3.75 V with new extended
avalanche model. With Kirk effect at high current and a smoothing function between low to
high current are accurately considered, the new extended avalanche model can provide accurate
fitting on both V-5 and Ir dependence.

Fig. 6.6(a) shows measured and new extended avalanche model simulated OIP3-Vp for
Vep from 2.75 to 3.75 V. As current dependence of avalanche current has been well modeled,
OIP3-Vpg is well modeled at low Vg up to 0.76 V. Compared to initial status in Fig. 1.14,
OIP3-Vpg can be well fitted up to Vg = 0.8 V for Vg =3.75 Vand up to Vg =0.79 V
for Vo = 3.5V, which is due to improved avalanche model at medium current. For Vg =

2.75, 3 and 3.25 V, OIP3 peaks can be clearly seen but still deviate with measurement. Further
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Figure 6.6: Measured and new extended avalanche model simulated (a) OIP3-Vgg for Vg
from 2.75 to 3.75 V and (b) OIP3-Vp for Ig from 1 to 60 mA.

improvements on above can be possibly achieved by accurate extraction of source resistance,
epi-layer model parameter about high injection effect, which has not verified yet. Fig. 6.6(b)
shows measured and new extended avalanche model simulated OIP3-Vpg for I from 1 to
60 mA. At Ip = 20, 30, 35 and 40 mA, the new extended avalanche model does a good job
in capturing the location of the OIP3 peak. The actual values of the IP3 peak are difficult to
determine accurately in both simulation and measurements, and of less practical interest than
the location of IP3 peak. Compared to MEXTRAM 504.12 and MEXTRAM 505.00, an overall
good performance in both DC and OIP3 is achieved by newly developed extended avalanche

model.
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Chapter 7

Conclusions

The importance of CB depletion capacitance model on IP3 for common-emitter SiGe HBT is
detailed analysed. A new extended avalanche models is derived and verified at high current
for common-base SiGe HBT. The Volterra series implementation based on MEXTRAM is re-
alized on common-base SiGe HBT with high accuracy, which is helpful for both /x and Vo
dependence of OIP3.

In chapter 3, a detailed investigation of the bias dependence of distortion, as measured by
third order currents and IP3, is presented using MEXTRAM. The modeling of CB depletion
capacitance, particularly its biasing current dependence is found to be critical in capturing IP3
peak characteristics that is of great importance for circuit design. New modeling options for
CB depletion control voltage V. and smooth limiting transition width V;;, are proposed, to
simultaneously fit IP3, fr as well as a plateau of C'g versus Vg at high injection. Implications
of each option on IP3, fr, Cyc and Cp¢ are presented.

In chapter 4, the current dependence of M-1 at low current is derived with related to
CB depletion capacitance. The current dependence of M-1 at high current is derived with
Kirk effect considered. With a smoothing function combined both low and high currents, a
comprehensive current dependence of new extended avalanche model is then proposed. A new
M-1 extraction method is also proposed to accurately extract M -1 without self-heating effect
at high current. Both /5 and Vg dependence of new extended avalanche model are finally

verified on two HV SiGe HBTs at high current.
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In chapter 5, with symbolic calculation of first order derivative, numerical calculation
of second, third order derivative and self-heating treatment, Volterra series analysis is imple-
mented with Mextram. The high accuracy has been verified by first, second, third order of
output voltage and OIP3 in comparison with those from harmonic balance analysis in ADS.
In the I and Vo5 dependence of OIP3 of interest, contributions from avalanche and main
currents are two dominants to determine trend of 3 3,4 and thus peak IP3 modeling.

In chapter 6, we show that Mextram 504.12 has limited performance on DC fitting, which
directly leads to poor accuracy in IP3 modeling. Mextram 505.00 produces a good DC fitting
at low current so that bias dependence of 1P3 is better modeled. However, due to an empirical
inclusion of current dependence only for low current, the IP3 at medium and high currents is
not well modeled. A good DC fitting can be obtained with new extended avalanche model.
Then an overall acceptable performance on OIP3-Vp at I from 1 to 60 mA can be achieved.

A further improvement on OIP3-V 5 at several Vg still needs further investigation.
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