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Abstract

This work implements Mextram 504 parameter extraction using python. A 50 GHz SiGe
HBT is used to demonstrate effectiveness of this developed extraction program. Comparisons
with results extracted using built-in mextram 504 parameter extraction package of IC-CAP

, excellent agreements are achieved between our python program and IC-CAP.
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Chapter 1

Introduction

1.1 SiGe HBT fundamentals

The Silicon-Germanium heterojunction bipolar transistor (SiGe HBT) has gained world-
wide attention, since it could get higher current gain, higher cut-off frequency and lower
base resistance compared with Si BJT. The heart of SiGe technology is a SiGe hetrojunction
bipolar transistor (HBT'), which is the first practical bandgap engineering device realized in

silicon,is easy to integrated with modern CMOS technology. Adding Ge to Si BJT intro-

_______ built-in
B electric field

.
EC
n* Si
emitter
EV
n- Si
collector

Figure 1.1: Energy band diagrams of a graded-base SiGe HBT and an Si BJT [3]

duced a number of exciting performance improvements. The base region of SiGe HBTs is
typically the region where SiGe alloy is used instead of Si. The basic operational principle
of SiGe HBT can be best understood by considering the band diagram shown in Figure

1.1. It illustrates the difference between SiGe HBT and Si BJT by showing the energy-band



diagrams for both SiGe HBT and Si BJT biased identically in forward-active mode. The
Ge profile linearly increases from zero near emitter-base (EB) junction to some maximum
value near collector-base (CB) junction, and then rapidly ramps down to zero [4]. Since the
energy bandgap of Ge is smaller than that of Si, adding germanium into the base region of
the transistor leads to an additional bandgap shrinkage, which is approximately 75 meV for
each 10 percent of Ge introduced|[2]. The reduction of bandgap decreases band transit time,
which gives a higher fr. Smaller base bandgap also increases electron injection, which leads
to a higher 8. At same collector current density, compared with normal BJT, SiGe HBT

allows us to have a higher base region doping concentration, which reduces base resistance.

1.2 Mextram basics

Mextram[1][11] model is a widely used vertical bipolar transistor model. It contains
many features that the widely-used Ebers-Moll[5] and Gummel-Poon model[6] lacks. Mex-
tram is the acronym of the "most exquisite transistor model”. The first Mextram release was
introduced as Level 501 in 1985[7] . Later Level 502[8], 503[9] and 504[10] were respectively
released in 1986 , 1994 and 2000. And development was never stopped following the re-
quirement of updated technology. The latest accessible version is Level 504.12[1] . Mextram

contains descriptions for the following effects:

e Bias-dependent Early effect

e Low-level non-ideal base currents

e High-injection effects

e Ohmic resistance of the epilayer

e Velocity saturation effects on the resistance of the epilayer
e Hard and quasi-saturation (including Kirk effect)

e Weak avalanche in the collector-base junction (optionally including snap-back behaviour)



e Zener-tunneling current in the emitter-base junction
e Charge storage effects
e Split base-collector and base-emitter depletion capacitance
e Substrate effects and parasitic PNP
e Explicit modelling of inactive regions
e Current crowding and conductivity modulation of the base resistance
e First order approximation of distributed high frequency effects in
the intrinsic base (high-frequency current crowding and excess phase-shift)
e Recombination in the base (meant for SiGe transistors)
e Early effect in the case of a graded bandgap (meant for SiGe transistors)
e Temperature scaling
e Self-heating

e Thermal noise, shot noise and 1/ f-noise

In Mextram model, there are five internal nodes and 79 parameters, including parame-

ters of model flag, parameters of noise and the reference temperature, parameters of temper-

ature scaling, parameters of individual transistor design and parameters to be determined

by the fitting the model to the transistor characteristics of a specific device and at a specific

temperature.

Some parts of the model are optional and can be switched on or off by setting flags.

These are the extended modeling of reverse behaviour, the distributed high-frequency effects,

and the increase of the avalanche current when the current density in the epilayer exceeds

the doping level.



Fig.1.2 shows the equivalent circuit of Mextram model as it is specified in its latest
release Level 504.12 [1]. The branches representing model currents and charges are schemat-
ically associated with different physical regions of a bipolar transistor separated by the
base-emitter, base-collector, and substrate-collector junctions.

OC cRFﬂ i B

:go

pbase  lqs, n*emitter
E,
T b
Q
§ i LE L
1q MainCurrent
RCc @
l L QEQ ? \
Q
I

™~
X tex Q. W Avalanche Current
L % XL, Lo |1 HI, == Qi /e
XQ [ [
nepilayer 'c-c%
/ r r \JC Epilayer Current
Reo n*buried layer Row é%ﬁf
-
S psubstrate T

Thermal Networ

Figure 1.2: The full Mextram equivalent circuit for the vertical NPN transistor|[1]



Chapter 2

Parameter extraction with Python

Python is a widely used general-purpose, high-level programming language[13]. Python
supports multiple programming paradigms, including object-oriented, imperative and func-
tional programming or procedural styles. It features a dynamic type system and automatic
memory management and has a large and comprehensive standard libraries.[14] In our work,
we use the Imfit package[17] which is a non-linear optimization interface based on Levenberg-

Marquardt algorithm to realize the optimization routine.

2.1 Extraction using Python

Generally, there are two ways to extract Mextram transistor parameters. The first
one is using build-in functions of extraction software. These functions has the simplified
Mextram formulas implemented in and parameters can be extracted on different conditions
of the transistor. However, the disadvantage of this method is that if we change the model of
Mextram, these functions will be useless. In our python programming extraction routine , we
also have simplified formulas of Mextram model implemented in the program I wrote. Unlike
the extraction software, the program is still useful after we make change to the Mextram
model as long as we update the formulas.

Another alternative way is using a circuit simulator[15] which has the full Mextram
model behaviour. However, using the simulator take a very long time. Also some of the
parameters, like the Early voltages and the avalanche parameters can be extracted without
correct modelling of the absolute value of the current. For these extractions dummy param-

eters are optimised together with the Mextram parameters. For instance the extraction of



the avalanche parameters needs the correct base current at zero Vop. This is more difficult

when using a simulator[12].

2.2 Data Input

Generally, the measurement procedure is done throw device modeling software 1C-
CAP[16]. The output measurement data is saved in MDM file. In the MDM file, data
within a file is organized into multiple groups of tabular data. Each group of tabular data
is arranged in columns representing the innermost sweep data and its associated dependent
data. In our program we writing a parser program to read the measurement MDM file and

capture data. The code is:

def mdm_reader (fname) :
f = open(fname, ’r’)
text = f.read()
ldata = []
for begin_match, end_match in =zip(re.finditer (’BEGIN_DB’, text), re.finditer

(’END_DB’, text)):

s = begin_match.end()

e end_match.start ()

body = text[s:el

data = read_block(body)
ldata.append(data)

# convert to numpy array

adata = np.array(ldata)

f.close()

return adata

def read_block(body) :



lines = body.strip().split(’\n’)
output = cStringI0.StringI0()
for line in lines:
tline= line.strip()
if tline.startswith(’ICCAP_VAR’) or tline.startswith(’#’):
new_line = ’Y’ + tline
else:

new_line = tline

# only write non blank lines
if (new_line):
output.write(new_line + ’\n’)
output.seek(0)
data = np.loadtxt(output, comments=’%’)

return data

2.3 Optimization with python

In parameter extraction routine, as the simulation data is calculated from the param-
eters we want to extract, changing the parameters and match the simulation data with
measurement data will give us the value of the parameters. In our work we use Imfit package
to realize the optimization function. Take the base-collector depletion capacitance extraction
as an example, we first calculate (. as function of xp and po then use the minimize function
which will change zp and pc to make calculated Cy. match the measurement Cy.. And this

is realized by code :

import mdmreader
from Imfit import minimize, Parameters, Parameter, report_fit,fit_report

from myplot import *



import os

def cbc_reader(fname):

data = mdmreader.mdm_reader (fname)

vcb_m = datal:,:,0] [0]

cbc_m = datal:,:,1][0]
X,y = vcb_m,cbc_m
return x, y
#calculate cbc as function of xp and pc
def cbc_caculation(pars,x,y):
X = X
vals = pars.valuesdict()
CJC = vals[’cjc’]
XP = vals[’xp’]
VDC = vals[’vdc’]
PC = vals[’pc’]
CBCO = vals[’cbco’]
AJC = vals[’ajc’]
TEMP = vals[’temp’]

KBdivQQ = vals[’kq’]

Tk = TEMP +273.15

vt = KBdivQQ * Tk

bjc = (AJC-XP)/(1-XP);

vic = VDC * (1-pow(bjc,-1.0/PC))

e = np.exp((x-vfc)/(0.1%VDC))



vjc
dvjc_dvbc

dvtc_dvbc

x - 0.1xVDC#np.log(l+e)

1.0/(1.0+e)

( pow(1-vjc/VDC,-PC)-bjc ) * dvjc_dvbc + bjc

model = CJCx( (1-XP)*dvtc_dvbc + XP) + CBCO

return model - y

#find the value of cjc

def findcj(voltage, cap):

def

for i in range(len(voltage)):

if voltagel[i] ==

return capli]

Z

p

return p(0

)

np.polyfit(voltage, cap,3)

np.polyld(z)

cbc_optimization(data, mdmpath):

ofname = ’cap\\POR_Vbc_Cbc_300K.mdm’

fname = os.path.join(mdmpath, ofname)

X,y = cbc_reader (fname)

cbc_params = Parameters()

cbc_params.

cbc_params.

cbc_params.

cbc_params.

cbc_params.

cbc_params

add(’cjc’, value=findcj(x, y), min = 0, max =
add(’xp’, value=data.xp, min = 0, max = 1)
add(’vdc’, value = data.vdc, vary = False)
add(’pc’, value = data.pc, min = 0.01, max =

add(’cbco’, value = data.cbco,vary = False)

.add(’ajc’, value = data.ajc,vary = False)

1e-9)

1)



cbc_params.add(’temp’, value = data.temp,vary = False)

cbc_params.add(’kq’, value = data.kq,vary = False)

result = minimize(cbc_caculation, cbc_params,args=(x,y) )

final = y + result.residual

report_fit(cbc_params)

2.4 Parameter extraction strategy

A reliable, robust and unambiguous parameter extraction method is very important.
The use of a very accurate compact model with poorly extracted parameters will produce bad
prediction of device and circuit performance.[18|The general strategy of parameter extraction
is to put parameters in small groups and extract these parameters simultaneously out of
measured data sensitive to these parameters.[12]

In Mextram, most of the parameters can be extracted directly from measured data,
including depletion capacitance C-V, dc Gummel plots, dc output characteristics, dc Early
voltage measurement, and ac S-parameter measurement. Some special measurements are
taken to extract terminal resistance, such as Rg-flyback and R¢.-active methods.

The electrical parameter extraction includes low-current parameters extraction and
high-current parameters extraction. Low-current parameters extraction is straightforward.
However, high-current parameters extraction is much more difficult because in that regime
many physics effects play a role. In general, we first extract low-current parameters then
high-current parameters, a typical sequence of the Mextram parameters extraction is given

in Table 2.1. The frame of the extraction program is :
q = BJT()
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Table 2.1: A typical grouping of parameters in Mextram that can be used in the extraction

procedure.|[12]

cbe_optimization (
cbc_optimization (
csc_optimization (

(

avl_optimization

1 =0

Base-emitter depl. cap.

CjE7 PE; (VdE)

Base-collector depl. cap. Cie, e, Xp
Substrate-emitter depl. cap. Cjg, ps, (Vag)
Forward-Early Waot, Vau
Reverse-Early Ver
Forward-Early Ver
Forward-Gummel I
Forward-Gummel Bf, Ipy, mrys
Reverse-Gummel Rg
Ro-active Re.
Reverse-Gummel Iss, (Ixs)
Reverse-Gummel Bri, Ipr, Vir
Output-characteristic Ry, I
Forward-Gummel Rew, (V)

Cut-off frequency

SCRC’U; [h67 TE, Tepi, (TB,OCXZ,)

q, mdmpath)
q, mdmpath)
q, mdmpath)
q )

, mdmpath

fro index in range(2):

vear _optimization (q, mdmpath)

veaf_optimization (q, mdmpath)

is_optimization (q, mdmpath)

hfe_optimization (q, mdmpath)

re_optimization (q, mdmpath)

rcc_optimization (q, mdmpath)

iss_optimization (q, mdmpath)

hfc_optimization (q, mdmpath)

11




iks_optimization (q, mdmpath)
rth_optimization (q, mdmpath)
j =0
fro index in range(2):
ik _optimization (q, mdmpath)
icib_optimization (q, mdmpath)
ik _optimization (q, mdmpath)
ft _optimization (q, mdmpath)
reverse_optimization (q, mdmpath)
taue_optimization (q, mdmpath)
f = open(’par.txt’, 'w’)
f.write(str(q.Param_Defs))
f.close ()
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Chapter 3

Measurement and Parameter Initialization

The first step for extraction of parameters of a single transistor is get the measurement
data. In order to extract reliable parameters it is important that the measurements are done

over a large range of collector, base and emitter biasing conditions.

3.1 Measurements

3.1.1 Forward-Gummel measurement

SUB

VSuB

vQ O

Figure 3.1: Forward-Gummel measurement setup.

In the forward-Gummel measurement setup, as shown in Figure 3.1 base and collector
are grounded. FEmitter voltage is swept. The reverse junction bias is 0 V to avoid the
generation of avalanche current and self-heating effects. The measured I, I, Ig versus

Vpg is shown is Figure 3.2
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Vs
T ) rstare (V) [Stop V) [Step vy | 2 V) | Ve | Vaus (V)
393 0 -1.2 2 0 0 -1
300 | 03 1 5 0o o
223 -0.5 -1.3 2 0 0 -1

Table 3.1: Forward-Gummel measurement

1E-1
1E-2 &
1E-3 &
1E-4 =
1E-b e
1E-6
1E-7 &~
1E-8 -
1E-9
| 1E-10 =

[LOG]

ib.m ic.m ie.m

1E-11 5
1E-12 R
1
1E_14||5|||5|||5|||5|||
0.30 0.48 0.66 0.84 1.02 1.20
vb-ve [E+O0]

Figure 3.2: Forward-Gummel measurement I, Ig, Ig versus Vgg.

3.1.2 Reverse-Gummel measurement

In the reverse-Gummel measurement, as shown in Figure 3.3, base and emitter are

grounded. Collector voltage is swept. Figure 3.4 shows the measured I, Ig, Ig andlsyp

versus Vpc.
Ve (V)
T (K) Start (V) [ Stop (V) | Step (mV) Vi (V) | Ve(V) | Vsups (V)
393 0 -1.2 2 0 0 1.9
300 -0.3 -1.2 2 0 0 19
223 -0.5 -1.3 2 0 0 1.2

Table 3.2: Reverse-Gummel measurement
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SUB Vc

+
VsuB

Figure 3.3: Reverse-Gummel measurement setup.

Q
O
=
£
2
£
2
£ 1E—12§- f
L 1E—13E---
1E-14
E1E_15E|||5|||5|||5|||5|||
= 0.2 04 0.6 0.8 1.0 1.2

vb-vc [E+O0]

Figure 3.4: Reverse-Gummel measurement I, Ig, I andlgyp versus Vpe.
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Vo Ve (V) | Veus (V)

T (K) Is Start (V) | Stop (V) | Step (mV)
65.4n, 211.46n, 671.45n
393 2.05u, 15.18u,33.46u, 0 4.4 50 0 -1

91.24u, 174.04u, 275.97u
39.54n, 85.74n, 185.22n
300 | 480.67n, 2.44u,13.84u, 0 4.4 50 0 1
23.82u, 37.69u, 57.72u

50.38n, 140.17n, 383.65n
223 1.01u, 5.38u,17.60u, 0 4.4 50 0 1

30.36u, 47.75u, 74.86u
Table 3.3: Force-Ig output characteristic measurement

3.1.3 Output characteristic measurement

In the output characteristic measurement shown in Figure 3.5, Force-/g method is used.

Nine I currents are used in Force-Ig method. Figure 3.6 and 3.7 shows measured Io-Veog

and Vpg — Vg respectively.

C
I/
LR
E VSUB:

Figure 3.5: Force-Ig output characteristic measurement setup

3.1.4 Forward-Early measurement

In the forward-early measurement shown if Figure 3.8, the collector voltage Vi is in-

creased while keeping the base-emitter voltage constant. The maximum collector voltage

16



mdata(ic.m)

vc-ve [E+0]

Figure 3.6: Force-Ig output measurement Io-Vog.

Ve (V)

T (K) Start (V) \ Stop (V) \ Step (mV) Ve (V) | Ve (V) | Vsus (V)
393 0 VeBmazt 50 -0.60 V 0 -1
300 0 Ve B maz2 50 -0.68V 0 -1
223 0 Ve B maas 50 -0.8V 0 -1

Table 3.4: Forward-Early measurement

VeB,maz 18 Obtained from this measurement as the voltage where the base current becomes

negative. The measured Iz — Ve and I — Vg are shown in Figure 3.9 and 3.10 respectively.
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100 LI I | LI I | T T T T 1 | I |

0.88

vb.m [E+0]

-

0.80""3""3""3""5""
0.0 0.8 16 2.4 3.2 4.0

vc-ve [E+0]

0.84

Figure 3.7: Force-Ig output measurement Vg — Vog.

VcB

SUB

Figure 3.8: Forward-Early measurement setup
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2 0 T T T T T T T 1T T T T T T T T

vc-vb [E+O0]

Figure 3.9: Forward-Early measurement Iz — Vg curve.

5007|||\:||||:||||:\|||:|\||
0 1 2 3 4 5

vc-vb [E+O0]

Figure 3.10: Forward-Early measurement /o — Vo curve.
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Vi (V)

T ®) [Start ) [Stop V) [Srep @vy | @ V) | Ve (V) | Vaun (V)
393 0 VEB,maz1 50 050V ] 0 1
300 0 VEB maa? 50 065V ]| 0 1
223 0 VEBmax3 50 -0.76 V 0 1

Table 3.5: Reverse-Early measurement

3.1.5 Reverse-Early measurement

In the reverse-early measurement shown in Figure 3.11, the emitter voltage Vg is in-
creased while keeping the base-collector voltage constant. In the reverse-early measurement,
the measured base current should be constant at first, then it will eventually decrease due
to the generation of avalanche current in the reversed biased base-emitter junction. The
maximum reverse emitter voltage Vgp mqq i obtained from the measurement by looking to

the point where this effect occur. The measured I and Ig versus Vgg are shown in Figure

3.12 and 3.13.

( - >VBC

C
.BK
E

SUB

VE_

Figure 3.11: Reverse-Early measurement setup
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500

400 :
5
E | 300[-
2 B
250 |-
200 - ! ! ! [ L !
0.0 05 1.0 1.5
ve-vb [E+O0]
Figure 3.12: Reverse-Early Ip — Vgp.
T (K) | Vsug (V) Vi Vs (V) | Ve (V)
Start (V) | Stop (V) | Step (mV)
393 -1 -0.6 -1.4 5 0 -0.6
300 -1 -0.6 -1.4 5 0 -0.6
223 -1 -0.6 -14 5 0 -0.6

Table 3.6: Rcc-active measurement setup

3.1.6 Rcc-active measurement

In the Rce measurement shown in Figure 3.14, the base-collector is forward biased
and the base-collector is 0.6V. The base-emitter voltage is swept from 0.6V to 1.4V. In this
case the collector current remains positive and reasonably large. The voltage drop over the
collector resistance makes that internally the base-collector bias that drives the substrate
current is increased even further than the externally applied 0.6V. The substrate current can
be measured and we can use a simple model for this current to extract Rce. Figure 3.15

shows the measured I, Ig, Ig versus Vgg.

21



15

) B
w, °f
= L
210
_57 L [ [ S R [ B
0.0 05 1.0
ve-vb [E+O0]

Figure 3.13: Reverse-Early Ig — Vgp.

SUB

VsuB

ve® @) @VC

Figure 3.14: Rcc-active measurement setup
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is.m ib.m ic.m [LOG]

0.6 0;8 1..0 1_.2 1.4
vb-ve [E+O0]

Figure 3.15: Roc-active measurement I, Ig, Ig versus Vgg.
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3.2 Parameter Initialization

The first step in the determination of parameter is to generate an initial parameter
set. In general, the parameter extraction means to minimize the difference between the
measurement data and simulation data. This is done by using some algorithm that optimises
the value of the parameter. For the optimization, the initial value of the parameter is very
important. If the initial value is good, the optimising process will be precise and fast.
Furthermore, the chance of getting stuck in a local minimum with very unphysical values for

the parameters is much smaller than stared with a random initial value.
3.2.1 Parameters that can be given an initial value

Table 3.7 shows the parameters and their initial values. Some of them are process
dependent.

3.2.2 Parameters from measurements

Table 3.8 shows a list of parameters whose initial value can be obtained from measure-
ment data and it also shows the way to get the values. Note that the last three quantities
are help variables and not parameters of Mextram.

3.2.3 Parameter to be calculated

At last, we have same parameters whose initial value need to be calculated from laylout
and process data (shows in Table ). We also need following constant to get the initial values.

Boltzmann constant is :

k = 1.3806226 - 10~ JK !, (3.1)

24



Parameter

value remark

LEVEL
Tref
DTA
EXMOD
EXPHI
EXAVL
mrr
Xt

VL'I‘

Xea:t

Ay

Vde

PE
CsEo
Cco
msr

B

504
TEMP The actual measurement temperature
T,y already describes the actual temperature

N O~ ~ O

0

0.3

0.5

0.3

0.9 Somewhat depending on process
0.4

0.0

0.0

1.0

-1.0

-1.0

0.0

0.0

0.3 Somewhat depending on process
0.0 Somewhat depending on process
1.0 Somewhat depending on process
0.5 Somewhat depending on process
2.0 Somewhat depending on process
0.5 Somewhat depending on process
0.05

0.05

1.18

1.18

1.18

0.0

0.6 Somewhat depending on process
0.3

1.18

2.0 Somewhat depending on process
0.0

Table 3.7: Parameter initial value [12]
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Param
Cj

Cj

Cj

Rg

Way of extraction

Zero bias values of base-emitter capacitance

Zero bias values of base-collector capacitance

Zero bias values of substrate-collector capacitance

Numerical derivative in Rg-flyback measurement

Numerical derivative in reverse-Early measurement

Numerical derivative in forward-Early measurement

Maximum of forward current gain

Maximum of internal reverse current gain

From forward-gummel collector current without Early effect

From reverse-gummel substrate current without Early effect

1/[10 7 max(fr)]

Zero bias value of the base current in forward-Early measurement
Zero bias value of the collector current in forward-Early measurement
Zero bias value of the emitter current in reverse-Early measurement

Table 3.8: Parameters that can be extracted without optimising[12]

MULT Numbers of transistors in parallel

H.,, Emitter width(Dimension on silicon)
Lem Emitter strip length(dimension on silicon)
Pp Pinched sheet resistance of the base

Nyase Number of base stripes
Nepi Collector epilayer doping level
Wepi Collector epilayer thickness

Table 3.9: The layout and process quantities[12]
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The elementary charge can be described as :

¢ = 1.6021918 - 10712 C, (3.2)

Dielectric constant is shown as:
£ =1.03610"1°C/Vm, (3.3)

The saturated drift velocity is:
Vst = 8.010" m /5. (3.4)

From layout data we can calculate the emitter surface and periphery

A = Hep, - Lem, (3.5)

Pem - Q(Hem + Lem>~ (36)

From the layout data and direct extraction estimates we can calculate the fraction of the

BE depletion capacitance X Cjgand the fraction of the BC depletion capacitance X Cj¢

P,
XCip = < 3.7
7E Pem + 6Aem/ﬂm’ ( )
VYeT CYE
XCjoc = XCjp———>7=. 3.8
ic jE‘/ef‘CjC (3.8)

The zero bias value of the variable base resistance Rp,and the constant part of the base

resistance Rp. can be estimated as

Hempp
= —emPp 3.9
RB 3Nb2zzseL€m ( )
300¢2
Rpe. = Roe = I S (3.10)
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The initial values of the collector-emitter high injection knee current Ix and base-substrate

high injection knee current [g are

Ver(1 — XCje)Cle

Ix = : (3.11)
B

Iis = (5000A/ ppm?) * Aepy. (3.12)

(3.13)

The initial values of saturation current of the non-ideal reverse base current Ig, and satura-

tion current of the non-ideal forward base current Ip;

Iy, = 10015, (3.14)

I = 10015. (3.15)

The epilayer thickness used in weak-avalanche model W,,; and voltage determining curvature

of avalanche current V,,; can be estimated as

Wau = Wepiy (316)
N W2,
= —. q
‘/avl % (3 7)

We also need some spreading parameters for the epilayer: «; is the spreading angle at
low current levels(Io < Ij.) while «y is the spreading angle at high current levels. These

quantities are process and geometry dependent. We can use the following values if we are
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only interested in generating an initial parameters set:

tan g = 0.5,

tan ay, = 1.0,

1 1
S =1t We i )
n=taneWen( ot g )
2 1 1
SFh = g tan OéhWepi(H—em + Lem).

(3.18)
(3.19)

(3.20)

(3.21)

The latter quantity is the current spreading factor for high injection, and is a parameter

used in the high-current avalanche model. We can now calculate the epilayer parameters.

The collector-base diffusion voltage:
Vdc = VTln(ngz/n'LQ)a

Resistance of the un-modulated epilayer is :

Wepi 1

R v — )
¢ QﬂONepiAem (1 + SFI)2

Critical current for velocity saturation in the epilayer can be estimated as :

Ihc = q,uONepiAemvsat<1 + SFl)Qa

The initial value of space charge resistance of the epilayer is :

W2

epi 1
25UsaatAem (1 + SFl)2>

SCRe, =

29
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The constant part of Cj¢, collector-base grading coefficient, coefficient for the current mod-

ulation of the collector-base depletion capacitance are:

Xp= de/Weph (3-26)
pc =0.3/(1—-X,), (3.27)
me = (1—-X,)/2, (3.28)

The transit time of stored epilayer charge and transit time of reverse extrinsic stored base

charge are:
W2,
Tepi — o 329
P 4MOVT ( )

1- XC),

X0, ). (3.30)

TR = (TB + Tepi
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Chapter 4

Extraction of low current parameters
4.1 Base-emitter depletion capacitance

The bias dependence of the depletion capacitances is in Mextram generally considered

as :
Co

(1=

C; = (4.1)

Here Cj is the zero bias depletion capacitance, V; is the internal P-N junction bias, V}, is the
junction built-in voltage and p is the grading coefficient. This method will cause singularity
when applied voltage is equal to the built-in voltage. An effective junction bias Vs is

employed in Mextram model and the capacitance can be expressed as:

Co

G = —a (42)
(1=
The V,¢s is given by:
V-V
Verp =V = Valn(l+e ¥en ), (4.3)

The advantage of using V.s; is that when the applied voltage is larger than built-in
voltage the V,¢; is equal to applied voltage and when the applied voltage is larger than

built-in voltage the Vs is equal to a constant Vp and the value of the constant Vi is given:
1

Ve =Vi(l—a;"). (4.4)

Figure 4.1 and 4.2 shows the behavior of V,¢; and V}:
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Figure 4.1: Implementation of V,s; in Mex- Figure 4.2: Implementation of the Mextram
tram depletion capacitances.

The measurement C'gg is consisted by three parts: depletion capacitance, overlap capac-
itance and diffusion capacitance.The depletion capacitance and overlap capacitance dominate
as long as Vg bias is not too high. The base-emitter depletion capacitance can be expressed

by the formula:

C.
m + CBEO: (4-5)
" Vb o

OBE,dep =

The constant capacitance C'ggo describes any overlap capacitance between base and emitter.
Cj, is the zero-bias emitter base depletion capacitance, Vg, is diffusion voltage and pg

describes emitter-base grading coefficient. Vpg is defined using the model constant a;g.
Viw = Vi, (1 . a;El/pE) , (4.6)
The effective junction bias is :
E-VFE

\4
V}E = VBE — 01VdEln(1 +e Eé'lVdE ) (47)

Actually, the sum of Cjr and Cpgo give the overall zero bias capacitance and cannot be

separated clearly.
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Figure 4.3: Measured(markers) and simulated(line) base emitter depletion capacitance by
Python
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Figure 4.4: Measured(markers) and build-in function simulated(line) base emitter depletion
capacitance by IC-CAP

Cj, , pe and Vg, can be extracted directly by applying Equation 4.5 to fit Cpg — VaE.

The extraction result is shown in Figure 4.3 — figure 4.4.
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4.2 Base-collector depletion capacitance

The extraction of the base-collector depletion capacitance is almost the same with the
base- emitter depletion capacitance. Parameter X, is introduced to describe the finite thick-
ness of collector epilayer. The base-collector depletion capacitance can be written as:

(1 - Xp)Cj
1 - ‘/}C/‘/dc)pc

C(BC,dep = ( + chjc + OBCO7 (48)

The constant capacitance Cgco describes base-collector overlap capacitance. C}, describes
zero bias collector-base depletion capacitance, pe is collector-base grading coefficient, V. is
collector-base built-in voltage.

Ve is defined using the model constant a,.

Vie = Vi, (1 - o =S ) , (4.9)
p

The effective junction bias is :
Vie = Vae + 0.1V, In(1 + eVec=Vre)/0-WVac)), (4.10)

The parameter can be extracted here is Cj,, pc and Xp by fitting the Cpc — Ve curve
as shown in Figure4.5 - 4.6. Help parameter V;, will be re-extracted with other high current
parameter later, because it has strong impact on the current gain roll-off, cut-off frequency

roll-off and output characteristics quasi-saturation region.
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Figure 4.5: Measured(markers) and simulated(line) base collector depletion capacitance by
Python
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Figure 4.6: Measured(markers) and build-in function simulated(line) base collector depletion
capacitance by IC-CAP
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4.3 Collector-substrate depletion capacitance

The extraction of collector-substrate capacitance is also similar to the base-emitter

capacitance. The collector-substrate depletion capacitance can be written as :

Cj
(1 = Vjs/Vas)Ps

Csc = + Cpes, (4.11)

C describes zero bias collector-substrate depletion capacitance and Py is collector-substrate
grading coefficient , Vg, is collector-substrate built-in voltage. C), ¢ is not a part of Mextram
model, it is included here for convenience in the case of de-embedding problems.

Vrg is defined using the model constant ;..

Vis = Vi, (1 - a;;/p5> , (4.12)
The effective junction bias is :

Vis = Voo + 0.1V, In(1 4 e(Vso=Vrs)/0:Vas ), (4.13)

Cjs and pg can be extracted directly through Equation 4.11. Figure 4.7 - 4.8 show the

extracted C'sc — Vo result.

36



-le—14
— Csc_S
1.4/ |m = Csc.M

=2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5
Vsc(V)

Figure 4.7: Measured(markers) and simulated(line) collector substrate depletion capacitance
by Python
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Figure 4.8: Measured(markers) and build-in function simulated(line) collector substrate de-
pletion capacitance by IC-CAP
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4.4 Avlanche

In modern transistor because we have low breakdown voltage we can not neglect avalanche
effect. The avalanche current is a result of impact ionisation in the epilayer due to the high
electric fields. This generation of avalanche currents strongly depends on the maximum
electric field. The low current avalanche parameters are extracted from base current under

forward-early measurement shown in Figure 4.9. Because of avalanche current the base volt-

1, avl

-0.6V

Figure 4.9: Forward-Early measurement simplified circuit

age will drop down as the increase of Vop. So that the avalanche current can be written

as:

Lowt = Ipo — I. (4.14)

Here Ip( is a help variable that shows the base current at Vg = 0 .The avalanche current

can also be describe as:

Iavl = IC GEM; (415)
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G gy is the generation coefficient. From the measurement data we can calculate the mea-

surement G gy as:

Igo — 1
Ic
The simulation Ggy is :
An _Bn Bn Wavl
_np 20 _ egp[—2(1 41

A, and B, are material constants, which are avalanche coefficient and critical electric field
respectively.Ap is the extrapolated depletion thickness where the electric field is zero, effective
width of the epilayer for avalanche current W4y, and voltage describing the curvature of the
avalanche current V), are parameters we need to extract here.

W2

A\p = —2LE 4.18
D 2‘/;111 M ( )

FEys is the maximum electric field in the depletion region and it can be obtained from:

(4.19)

[ Vae + Vo +2 Vo Vae + Ve
M Wavl ‘/dc + VCB + Vavl '

Wavr and V4 can be extracted from the comparison of the simulated and measured
Ggy. The extraction result is shown in Figure 4.12- 4.13. As the collector-base bias gets

larger, the base current drops below zero because of the avalanche effect.

4.5 Reverse Early effect

In Mextram model the forward and reverse Early effects are bias-dependent. The pa-
rameters V,, and V., are the values of these bias-dependent Early voltage when both the
base-emitter and base-collector bias are zero. The reverse-early voltage V., is extracted from

the reverse-Early measurement as shown in Figure 4.14. The emitter current is :
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Figure 4.10: Measured(markers) and simulated(line) Ggpt in forward-Early measurement

by Python
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Figure 4.11: Measured(markers) and simulated(line) Ggys by IC-CAP

200

150}

-

o

=)
T

u
=)
T

— GEM_S

« GEM.M

-50
0

200.0000

158.3333

116.6667

75.0000

33.3333

-8.3333

o
-50.0000
0

Vcb(Vv)

1

2
vc [E+0]

40

3

4

5



20 T T T T

— bs

200

-40}

Ib[E-9] (A)

-60|

-80}

-120 1 . . L
Veb(V)

Figure 4.12: Measured(markers) and simulated(line) base current in forward-Early measure-
ment by Python
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Figure 4.13: Measured(markers) and simulated(line) base current in forward-Early measure-
ment by IC-CAP

41



0.65V 9 C
RCc

1, +g; P
1
N
L
-1v. 8
@ —
—
Isub ICICZ
1
B G
R
Be B I,
AV ., T

RE El IN
E

Figure 4.14: Reverse-Early measurement simplified circuit

©

|||——o =

Vig
L+

Vi, | Vie
L+ 92 +v5

I = Irg (4.20)

Here Iy is a help variable which is the emitter current at Vg = 0, V;,, and V,,, are variables
related to base-emitter depletion charges and base-collector depletions charges. The forward
early voltage parameter V. also has a key effect on emitter current which means if we want to
extract Ve,, we must have a good estimate value of V. Therefore, we will do the extraction
twice, first we extract V,, and the first time extraction result is shown in Figure 4.15 and
4.16, then V., then redo this procedure again. For the calculation of the normalised charges

Vi, and V;, we neglect the voltage drop over the resistance.
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Vi

Vie = 7 D (1= (1= Vip/Va,) "] + aje(Vee — Vi), (4.21a)
— VE
V. _
Vie = (1= 3) (125 [1= (1= Ve Vi) ] 4 b (Ve = Vi) ) + Xy, (4210)
The early voltage is given by:
v, I <61E )_1 (4.22a)
reverse—early — L2
v\ 0Vies
Vi Vip | Vie \2

1+5< Ve (1+Wff+fi>
= Lo ——— L SN (4.22D)

L7545 oo (1472 s

CipVer Vie Vi
=2 T 1+ E4+ <. 4.22

Crr (*vefvef (4.220)
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Figure 4.15: Measured(markers) and simu-
lated(line) emitter current of first time ex-
traction in reverse-Early measurement by
Python
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Figure 4.16: First time extraction of actual
reverse Early voltage by numerical differen-
tiation of the measured(dash line) and sim-
ulated(solid line) collector current of in the
reverse-Early measurement by Python
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Figure 4.17: Measured(markers) and simu- Figure 4.18: Measured(markers) and build-
lated(line) emitter current in reverse-Early in function simulated(line) emitter current in
measurement by Python reverse-Early measurement by IC-CAP
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Figure 4.19: Actual reverse Early volt- Figure 4.20: Actual reverse Early volt-
age by numerical differentiation of the mea- age by numerical differentiation of the mea-
sured(dash line) and simulated(solid line) col- sured(dash line) and build-in function sim-
lector current in the reverse-Early measure- ulated(solid line) collector current in the
ment by Python reverse-Early measurement by IC-CAP

C;p is the zero-bias emitter base depletion capacitance, Cpg is emitter base depletion
capacitance. Note that the measurement point of reverse-early voltage is not actual mea-
surement data, it is calculated from measurement emitter current and measurement emitter

voltage. As the result shown in Figure 4.17 to 4.20, we match the measurement and simulated

emitter current and reverse early voltage together to extract V..
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4.6 Forward Early effect

The forward-early voltage parameter v.; is extracted in forward-early measurement
shown in Figure 4.9. The approximation for the collector current in forward-early measure-

ment can be written as:

Io = ICOTV‘”. (4.23)

Ico is a help variable which stand for collector current at zero base collector bias.

Then we can calculate the Early voltage:

oI \
Vorwa’r —early — I 4.24
forward—early 0(3V03> (4.24)
Vig | Vie )2

— 1+“/;ij ‘/€f<1+ﬁ+fi> (425)

— o Vi Vi Vi \ dvi :

T (i ) 8

=22 2 (14+ L4+ <), 4.26
Coe 'V Vi (4:26)

(. describes zero bias collector-base depletion capacitance and Cge is collector-base de-
pletion capacitance. Changing V,; can match the simulation collector current and forward
early voltage to measurement data, so that V.; can be extracted here. Result is shown in

Figure 4.23 - 4.26.
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lated(line) collector current of first time ex-
traction in forward-Early measurement by

Python
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lector current in the forward-Early measure- lector current in the forward-Early measure-
ment by Python ment by IC-CAP

47



4.7 Collector saturation current

Since we have a good description of Early effect, we can extract the collector saturation

current using forward-Gummel measurement(shown in Figure 4.27) at low base-emitter bias.

C
Icl RCc
1+ G
N
L1
-1V ¢
@ \ :
_> <
L 2{161C2
B R3. B, I3, B, c
AN T 2
Iy, Ip lIN
RS B
_/

Figure 4.27: Forward-Gummel measurement simplified circuit

The collector current I is proportional to the increase of base-emitter bias at low bias.
At high bias the resistance effect can not be neglected and the actual Vp,p; will be much
less than Vzg we used , which is the reason that measurement data and simulation data is
split in high bias. So we will only focus on the low bias behavior and optimize data at low

bias area. The collector current can be describe as:

I eVBe/Vr
Ic = TV Vi (4.27)
1+ Voo + V.,
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Figure 4.28: Measured(markers) and simulated(line) collector current in forward-Gummel
measurement by Python
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Figure 4.29: Measured(markers) and simulated(solid line) collector current in forward-
Gummel measurement by IC-CAP

Vi, and Vi have been defined in (4.21). Here Vr is the thermal voltage, which needs to be
determined accurately from the actual absolute temperature. Changing collector saturation
current g can make the simulation collector current match the measurement collector current

thus Is can be extracted and the result is shown in Figure 4.28 - 4.29.

4.8 Forward base current

The parameters of forward base current are extracted from base current in forward-

Gummel measurements (shown in Figure 4.27) by comparing the measurement forward base
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current and simulated forward base current. The forward current only depends on the
internal base-emitter voltage Vp,r, and neglect the voltage drops on base resistance.

We use the Equation (4.27) to calculate internal base-emitter bias from measured I¢:

I Vi, V,
Vi,p, = Vrln [I—Z (1 + % + V%)] : (4.28)

As we take the internal bias equal to the external bias Vg, we must make sure that
resistance effects are not important so we need to fit the curve at low base-emitter bias.

Vip and Vi, are given in (4.21).The ideal and non-ideal base current can be calculated:

I

I = _SeszEl/VT, (4.29&)
f

Ipy = IBf (eVBQEl/mLfVT — 1) , (4.29b)

Here ideal forward current gain 3, saturation current of the non ideal forward base current

IB(A)

100 1
101 b
10-12 |
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10 b

107

-16 n n n n
10 0.2 0.4 0.6 0.8 1.0 1.2

Vbe(V)

Figure 4.30: Measured forward base current(marker) and simulated forward base current Iz
- Vg in Forward-gummel measurement

Ip¢ and none-ideality factor of the non-ideal forward base current my s are used.
B¢, Ips and mps are extracted here from the comparison of simulated forward base

current and the measurement forward base current shown in Figure 4.30. Again we only

20



extract data from the low bias area at high bias the voltage drop at R¢. can not be ignored

which is the reasons that measured and simulated base current can not match together at

high bias.

4.9 Substrate saturation current

C
R,
1, ex+I B3 C
1
N
L1

-2V §

<_> _Is:b /%’IC 1c2

RBc B;

Figure 4.31: Reverse-Gummel measurement simplified circuit

The substrate saturation current is extracted in reverse-Gummel measurement as shown
in Figure 4.31 by fitting the substrate current . We will neglect the voltage drop and the

substrate current can be calculate by:

Isub = ISS eXP(_), (430)
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Iss can be extracted directly from the substrate current. The extraction result is given in
Figure 4.32. At high bias, because of the voltage drop over R¢. measured and simulated

substrate current can not be fit at high base-collector bias.

|| — I_sub_S
+ I_sub.M

I_sub[A]
-
o
&

1020 ¢

-11
10 M, s

1012

. . .
0.4 0.6 0.8 1.0 1.2
Vbc(V)

Figure 4.32: Measured (mark) and simulated (line) substrate current in reverse-Gummel
measurement

4.10 Reverse current

The reverse current parameters are extracted from reverse-Gummel measurement. In
the reverse-Gummel measurement (shown in Figure 4.27) the base-collector is forward biased
which means the external base current contains internal base current and substrate current.

The internal base-collector bias Vg, ¢, is calculated :

Ig 74 Vi
V — Vel 1 E < 4.31
B1Ch Tn[fs<+Ver+Vef)}’ (4.31)
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Note here we use measurement emitter current.From Vg, ¢, we can calculate extrinsic

reverse base current I, and non-ideal reverse base current Ig3. They can be described as:

Iy = ﬁeVBlcl/VT, (4.32)
Ve /Vr

Ip (4.33)

=7 .
3 Br eVB101/2Vr L oVir/2Vr

The reverse current gain f3,;, Saturation current of the non-ideal reverse base current g,
and Cross-over voltage of the non-ideal reverse base current Vi, are variable of I, and Ips,
so that they can be extracted by fitting the curve. The measured reverse base current and
simulated reverse base current plot is given in Figure 4.33. Again we need only concentrate
on the low base-collector bias. At high base-collector bias the votage drop at Rg can not
be neglect and the internal base-emitter will be forward biased, and current will low from
base to emitter. This is the reason measured reverse base current is bigger than simulated

reverse base current.

| — lex + 1b3
+ IB.m - Isub.m

IB(A)

1020 1
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10'13 |
10-14 |

-15 . . . .
10 0.2 0.4 0.6 0.8 1.0 12

Vbc(V)

Figure 4.33: The measured I - I, and simulated I., + g3 in reverse-Gummel measurement
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4.11 Emitter series resistances

One of the simplest way to extract the emitter resistance is from the Giacoletto method
[19] [20]. The collector current is kept zero and the Vgg is increased . The collector-emitter
saturation voltage can be estimated as Vogs &~ IgRg. Then the emitter resistance can be

obtained by taking the derivative of Vogg with regard to Ig:

Vers
Rp = i
B ol

(4.34)

However, here we use another method[21] , here the emitter series resistances is extracted in
forward-Gummel measurement(shown in Figure 4.27). The external base-emitter bias can

be described as a sum of then internal junction bias and voltage drop over series resistance:

VeE = VB2E1 + VB132 + I Rp. + (]B + ]C) Rp + VOff’Rm (435)

The internal junction bias Vp,g, can be solved iteratively using the measurement base
current and Equation4.29.

The voltage drop over the pinched resistance gives only small contribution but we do
want to include the variation of the resistance due to charge modulation and current crowd-

ing. The charge modulation can is:

Rmod = RBU’ (436)
4B
o= b=t Leap(Vae Vi) (4.37)
qB 4B

This is only true under the assumption that quasi-saturation is not important which means
that I, can be neglect. We also assume that non-ideal base current is negligible, the voltage
drop is:

I Rinoa = Ic Rpy/ By, (4.38)
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Figure 4.34: Measured(markers) and simulated(line) base-emitter bias as function of the
base current in the forward-Gummel measurement by Python
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Figure 4.35: Measured(markers) and build-in function simulated(line) base-emitter bias as
function of the base current in the forward-Gummel measurement by IC-CAP

To include some current crowding effect and the fact that a part of the base current might

go through the side-wall we can get:

(4.39)

Rp, Ic (1 — X1
VBlBQZVTln(l—F B C( Bl)>.

B Vr
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The emitter series resistance Ry is the only variable in Equation 4.35 thus it can be
extracted by fitting the curve. There are also some other methods to extract emitter series

mentioned in [22] [23].

4.12 Collector series resistances
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Figure 4.36: R¢.-active measurement simplified circuit

The collector series resistance Rg. can be extracted from the substrate current in the

dedicated R¢. — active measurement. The intrinsic base-collector bias can be shown as:

Ve.cn = Ve + Reele — Rpels, (4.40)

o6



We will neglect the voltage drop so the substrate current can be described as:

2 LgeeVimer/Vr

1+ \/1 + IlieVBlCl/VT.
ks

Lo = (4.41)

Again we will only extract parameters using the low bias data. At high bias, because of the
voltage drop over Ry.;,Vp, ¢, Will be smaller than Vg, ¢, so the measurement substrate current
is smaller than simulated one at high bias. The collector series resistance and constant part of
the base resistance Rp. can be extracted from the comparison of the simulated and measured

substrate current.
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Figure 4.37: Measured(markers) and simulated(line) substrate current in the Recc-active
measurement by Python
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Figure 4.38: Measured(markers) and build-in function simulated(line) substrate current in
the Rcc-active measurement by IC-CAP
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5.1 Self-heating

Chapter 5

Extraction of high current parameters

° )
C /
;RCL‘
¢
. -1V
L. %(Iacz
Iav
B R g | e, om EI
E
SF Ip; # I+, @l Iy
R Ei

Figure 5.1: Force-IB output characteristic measurement simplified circuit

For the high current parameters we will need include temperature scaling rules, see in
next chapter. Thermal resistance Ry, is extracted from the base emitter voltage at high
Ver using the output-characteristic measurements shown in Figure 5.1. Since the junction
temperature is determined by the thermal resistance for a given power dissipation, accurate

modeling of the thermal resistance Ry, is critical for the modeling of junction temperature,
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and therefore the temperature characteristics of device Due to the self-heating the temper-

ature of the transistor will rise with an amount of:

AT = R ([BVBE -+ ICVCE) . (51)

The collector part is the most important to self-heating and the values of Ry, are about
100-500 °C/W. The temperature will increase with the increase of Vop, and Vgg can be

express by:

1
VBE ~ VTln ( BﬁfT) (52)
IsT

Note that from here on we will using parameters that after temperature scaling rule. As
the base current is constant and [y will decrease with the temperature growing and the I
increases with the increases of temperature. The base-emitter voltage will decrease. The
thermal resistance can be extracted from drop of the base-emitter voltage in the output-
characteristic measurement for which the base current is constant.

The base-emitter is:
Ve = VBzEl + V3132 -+ [BRBCT -+ (IC + [B)RET; (53)

The voltage drop Vg, g, can be estimated as:

Rp,rig(l — Xip,
V3132 = VTlog (1 —+ Bul B( ZBZ)) .

5.4
Vrqs (5.4)

The only unknown part of this equation is the normalized base charge ¢g, and it can be

calculated:

Vi Vi
=1 = < 5.5
n - verT - VefT7 ( )
g =q (1 +0.5n0+0.5np). (5.6)
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where ny and np are the electron densities in the base at the emitter edge and at the collector
edge, the voltages Vg and V,¢ describe the curvature of the depletion charges as function of
junction biases. In order to get gg we need to know ng , ng, Vig and Vic.

The electron densities in the base at the emitter edge ny can be calculated from Vg, g,

as :

A1,
fr =8 eVmm/Vr (5.7a)

Lyt
fi

T (5.7b)

Ng =

The voltage V;,, also can be calculated from the voltage:

VFE = VdET (1 — aj;l/pE) s (58)

Vie = Vi, — 0.1V In{1 + exp[(Vp,g, — VrE)/0.1Va,1]}, (5.9)
Vv

Vig = — = [1— (1 = Vig/Vagr)' =] + aj, (Vaor, — Vig). (5.10)

The electron densities in the base at the collector edge np and the voltage Vi¢ is much more

complicated, for the ng:

41 «
fa= _IkTT eVBz%/VT’ (5.11a)

_ fo
7’LB—1+ —1+f2

We need to calculate V}; ., for calculation of np, The voltage and current at which quasi-

(5.11b)

saturation or Kirk effect start are given by:

Ic,c, Revr

h _
V:;s = VdcT + 2 VT In ( 2VT

+ 1) — Ve, (5.12)
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(vth VI + 401 Voer)? ) (5.13)

. ‘/qs ‘/qs + Ihc SCRCV
@ SCRCV V;]s + Ihc RCVT ’

l\DI»—

~

(5.14)

Here R¢, is ohmic resistance of the total epilayer, SC R, is space-charge resistance of the

epilayer, Ij. is critical current for hot carrier behaviour. Vp,c, can be obtained by:

VBQCI = VBQEI + IcReer + ([B + [C)RET — VCE, (515)

From this we calculate:

o 1+ Ax; ln{l + exp[(IC1C2/IqS — 1)/a’Xi]}

5.16
1+ ay, In{l+exp[—1/ay]} ’ (5.16)
Here a,; is smoothing parameter for the onset of quasi-saturation. We need to solve:
VS Vs SCR v I C i
ol = L 2 + Cv the ¥ (5.17)
SCRCV yl ‘/;15 + RCVT IhC
which leads to:
Vis
= 9 5.18
"~ 1 SCRey” (5.18)
1 1+4 1
yi = +V1+4av(l+0) (5.19)
20 (1+v)
The injection thickness is given by:
L Yi
=1-— 5.20
Wepi 1+ PwYi ( )
Here py is normalized hole density in the collector epilayer at the buried layer edge.
I ,
_ ClczRC’UT Ty, (521)

2‘/T Wepz' ’
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The hole density pj; at the base-collector junction is given by

—1 —1\?
Py = =4 \/(QT) +29+pwpw +9+1), (5.22)

e P20V = pi(pi 1) eVact/VT, (5.23)

V&,c, 18 proportional to Vp,g, and I¢,c,, so that np can be calculated from Vp,g, and I¢,c,.

Now we need to calculate the voltage V; . is shown as :
1
Bl — QSCRCV(IClC}z - Ihc)a (524)

By = SCReyv Revr Ine Loy o, (5.25)

Vim0 = B1 + \/B? + B, (5.26)

The junction voltage is now the external voltage plus the voltage drop over the epilayer:

Viune = Vbocr + Vai—o, (5.27)
Vi = Var (0.1 folac ) , (5.28)
‘ Iclcg + Iqs
;- — X T
bjo = =~ 5.29
! 1—Xpp (5-29)
Vie = Vaor (1 . bj‘cl/PC) , (5.30)
VJ'C = Vjunc — Ve ln{l + eXp[(‘/}unc - VFC)/Vch]}, (531)
Ie Ic,c
Lop = ———, 5.32
p Ihc + :[0102 ( )
[Ca e
fr= (1 - —p) : (5.33)
Ihc
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Here f; is collector current modulation coefficient. m¢ is collector current modulation coef-

ficient.

VCV _ VdcT

o 1— pe [1 - fI (1 - V}C/VdCT)l_pC] + fI bjc(v}unc - V}C)u (534)

Vie = (1 = Xyr) Vo + XprVa,e, - (5.35)

Vi 1s also proportional to Vg, g, and I¢,¢,. This means that in principle all quantities can be

written as function of Vi, g, and I¢,¢,. The following two equation can be solved iteratively:
Igm =155V, Ioye,), (5.36a)

IN<<VBQE17 ]C1C'2) - ]C1C'2- (536b)

Here Ig,, is the measured base current, Ig is the sum of all forward base currents. The

ideal base current then is:

I
Ip, = (1= Xig;) = (¢"%20/'7 — 1), (5-37)

If, = Xip 22 (eVP2ma/Vr — 1) (5.38)
The Non-ideal forward base current is :
Ip, = Iggp (e"P2m2/merV) 4 G (Vi,my + Viyey), (5.39)
The main current can be shown as :

eV B2E1/Vr _ ev§202/VT

Iy =1, , 5.40
N T * 4B ( )
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The sum of all forward base current is :

Ip=1Ip, + I3 + Ip,. (5.41)

VB,p, and I¢ ¢, can be solved iteratively together. Then simulated Vpg can be solved
through Equation 5.3. As temperature scaling is included, changing thermal resistance Ry,
will change A7 and thus all temperature scaling parameters will be influenced. Thus, Ry,
can be extracted from the comparison of the simulated and measured Vzg as shown in Figure
5.2 - 5.3. The base-emitter voltage increase sharply at beginning and drop down to keep the
base-current constant. At high base-emitter bias the avalanche effect will happen which lead

to the increase of base-emitter bias.
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Figure 5.2: Measured(markers) and simulated(line) base-emitter voltage in the output char-
acteristic measurement by Python
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Figure 5.3: Measured(markers) and simulated(line) base-emitter voltage in the output char-
acteristic measurement by IC-CAP
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5.2 Knee current

The knee current is extracted from the collector current at high Vg using the output-
characteristic measurements shown in Figure 5.1. The extraction of knee current use the
same way that extract Ry, that we solve I, ¢, and Vp,p, iteratively together. The collector

current is:
eVBaE /VT _ €V§202/VT

qB

ICng = g7 * (542)

The knee current Ix can change I, ¢, by changing electron density in the base at emitter
edge ng in Equation 5.7. The internal base-collector bias V3 ., can be calculate from current
Ic, ¢, and the internal base collector bias Vp,c, as shown in Equation 5.15 — Equation 5.23.
The base charge gp can also be calculated from I¢,¢,, and Vp,g,. The knee current can be
extracted by matching the simulation collector current to the measurement collector current
as shown in Figure 5.4 - 5.5.

The collector current increase sharply as the collector-emitter bias increase from 0V.
Then collector current curve become flat but increase slowly as the saturation current in-
crease with increasing power dissipation. At high collector-emitter bias, the collector current

increase because the avalanche effect.

5.3 Ohmic resistance

The ohmic resistance R, is extracted from the decrease of the current gain in the
forward-Gummel measurement shown in Figure 4.27 . Here we also use the same way as
before to solve I, ¢, and Vg, g, iteratively together. The current gain is:

_eo,

hfe (543)

B [B.m ‘
Note here we use measurement base current. The ohmic resistance R¢,, can change I¢, ¢, by
changing Vs in Equation 5.12. Then R, can be extracted from comparison of measurement

current gain and simulation current gain and the result is shown in Figure 5.6 - 5.7. The
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Figure 5.4: Measured(markers) and simulated(line) collector current in the output-
characteristic measurement by Python
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Figure 5.6: Measured(markers) and simulated(line) forward current gain as function of the
measurement base current in forward-Gummel measurement by Python
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Figure 5.7: Measured(markers) and simulated(line) forward current gain as function of the
measurement base current in forward-Gummel measurement by IC-CAP

decrease of current gain is due to the quasi-saturation. The voltage drop over R¢. will result
in the internal base-collector bias Vg, ¢, forward biased and cause collector current decrease.
However, the diffusion voltage V. of the collector also cause current gain to decrease. In

practice we fix the diffusion voltageV,. based on the doping level of the epilayer.

5.4 Cut-off frequency

The cur-off frequency fr is defined as the frequency where the current gain hre becomes

unity. The cut-off frequency is determined by:
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1 dQ

27 fr _TT_E

|uces (5.44)

The 77 is the total emitter-collector transit time. It is related to the differential charge
d@) and current dI- under a constant collector-emitter bias.

The first step is to solve Vp,p, iteratively using Equation 5.3 - 5.41 as we do before.
And here we use the measurement collector current as I¢,¢,.

Then we will determine the small signal variations

OVCE aVCE aVCE
dVogp = ———dV, ———dV ——dI, =0 5.45
CE — 8VB2E1 BgEl 8V3201 B201 5[01 ) C1C2 ) ( a)
Oly ol n Oly
dIy = ———dV, —dV} —dl, =dl 5.45b
N — aVB2E1 BQEl aVB201 BQCl 8101 c, C1Cy — C1Coy ( )

We can calculate dVg,p, /dIC,Cy and dVp,¢, /dIC1Cy under a constant Vog by solving
these equations. The differential charge can be calculated similar to differential voltage and

current above:

Q)
8‘/32 E;

9Q
Vi,

9Q

dQ = dle,c,

dVB2E1 dVBgcl dIC1CQ’ (546)

Then the transit time can be calculated as:

0Q dVp,g, . 0Q dVs,c, n 0Q
8‘/32];1 d]chQ 6‘/3201 d]chQ 8[@102 ’

T = (547)

In this way the cut-off frequency can be calculated as function of collector current and
collector-emitter bias.

The parameters that can be extracted here are critical current for velocity saturation
in the epilayer Ij., space charge resistance of the epilayer SCR,, , transit time of stored
epilayer charge 7., and minimum transit time of stored emitter charge 75. The extraction

result is given in Figure 5.8 and 5.9.
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Figure 5.8: Measured(markers) and simulated(line) cut-off frequency in the S-parameter
measurement by Python
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Figure 5.9: Measured(markers) and simulated(line) cut-off frequency in the S-parameter
measurement by IC-CAP
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5.5 Reverse current at high injection

The partitioning factor of the extrinsic regions X.,; is extracted at reverse-Gummel
measurement from the absolute values of the reverse currents Ig, I and I,,;. The main
current is :

eVBacy /Vr

In=1gp—— (5.48)
qB

Mextram uses the Kull model in reverse and following the Kull model[24] we introduce::

ko = /1 +4 exp[(Va,eo — Vao)/ V] (5.49a)
kw = /144 exp[(Va,e, — Vac)/Val (5.49b)
ko +1
E. = 2k —2kw —1 4
c VT [ ko k‘W n(kw+1>} (5 90)

- (EC + VB202 — VBQCI)

I epi — RC

(5.494)

The junction voltage Vg,c, = Vp,c, can be solve iteratively using Iy = I.y. The

non-ideal reverse base current is :

eVeio,/Vr _ 1

I, = lpit eVB1C1 /2VT | oVLe/2Vr (5.50)
The substrate current includes high injection:
2ger (eVBro/Vr — 1
Loy = —2 ( ) (5.51)
1+ \/1 4 4 15T V00 /Vr
IxsT
The extrinsic base current is given by:
41
g1 = 2T eVBlcl/VT (5.52&)

IkT

414 eVBren/Vr —
NBex = 5.52b
b Lt 1+V14+ g ( )
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Iy

[ex = (1 - Xe:pt)w—_T N Bex

The ideal base current then is:

I
IBl = (1 — XIBl) ﬁT (eVB202/VT)

fr

The junction voltage which we need for the calculation of X 1., and X I, is :

Vee, = Veioy + (Lex + Lsup + IBy) Rper

Extrinsic reverse base current is given:

4 IsT

eVBoy/Vr
Ler

Xgl =

41, eVBe,/Vr _ 1

IkT 1—}—\/1—|—Xg1

IkT
Xlex = Xex — Xn ex
! 2 5riT K

XnBeX =

Substrate current is described as :

et (eVBlcl/VT _ 1)

g \/1 44 LT (Vo /v
IksT

X[sub = Xe

Then we can calculate the external base-collector bias:

Ve = Viey, + (Lex + X 1oy + In) Rper

(5.52¢)

(5.53)

(5.54)

(5.55a)

(5.55D)

(5.55¢)

(5.56)

(5.57)

Note that Vp,c, need to be solve iteratively using equations above. Then we can get the

following current:

Ip =1In
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Figure 5.10: Measured(markers) and simu- Figure 5.11: Measured(red line) and simu-
lated(line) emitter currents in the reverse- lated(blue line for build in function purple

Gummel measurement by Python

line for simulator) emitter currents in the
reverse-Gummel measurement by IC-CAP
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Figure 5.12: Measured(markers) and simu- Figure 5.13: Measured(red line) and simu-
lated(line) substrate currents in the reverse- lated(blue line for build in function purple

Gummel measurement by Python

line for simulator) substrate currents in the
reverse-Gummel measurement by IC-CAP
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Chapter 6

Temperature scalling

6.1 T-scaling rules

To be able to extract the high-current parameters correctly, it is important to take
temperature scaling into account. In Table 6.1 the cross reference between the temperature
parameters and the electrical parameters is listed.

The actual simulation temperature is denoted by TEMP (in °C). The temperature at

which the parameters are determined is T,er (also in °C).

Conversion to Kelvin

Ty = TEMP + DTA + 273.15 + Vr, (6.1a)
Tomb = TEMP + DTA + 273.15, (6.1b)
Tric = Tret + 273.15, (6.2)

Tk
ty = —, 6.3
Y Tk 03

Depletion capacitances The junction diffusion voltages Vq,, Vg, and V4, with respect

to temperature are

UdET: —SVT lntN—f—VdE tN+(1—tN) VgB, (64)

VdET = UdET + Vr 111{1 —+ exp[(Vd,low — UdET)/VT]}, (65)
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L | Ago | Ver, Vers Ls, By Rpu, TB, TR, Iis, dE
2 | Ag Rg, By

3 | Ap Rpy,Br 15,1k T, TR, TE, Iks
4 Aepi Rcva Tepiy TR

5 Aex RBC

6 | A | Re,

7 | As Isg, Ixs

8 | dVygr | Bri

9 ‘/gB Isy Cj};) VdEa ‘/em Iks

10 VQC Cjcv Vdc’ Xp’ Ipr, Vef

11 V;}j Ip,

12 d‘/g'rE TE

13 Vgs ]Ssv Iy, st7 Vds

14 | dVisy | By

Table 6.1: Summery of the occurrence of the temperature parameters in the temperature

scaling rules of the electrical parameters.
Uior = —3Vr Inty + Vg, txn + (1 — tx) Vg,
Vaer = Uger + Vo In{1l + exp[(Vaiow — Uae7)/V1l},
Uggr = —3Vr Inty + Vag tx + (1 — tn) Vs,

VdST = UdST + VT 111{1 + exp[(delow — UdST>/VT]}‘

The zero-bias capacitances scale with temperature as

vd PE
Cipr = Ci, (Vd ET) :
E

Vd Ps
Cisr = Cjq (Vd ST> :
S

7

(6.7)

(6.8)

(6.10)

(6.11)



The collector depletion capacitance is divided in a variable and a constant part. The constant

part is temperature independent.

Cip=C. |(1-X Va \™ X 6.12
jicT jc ( p) Vd T + p| > ( . )
C
Vd pc -1
Xpr = X, l(l ~X,) (Vd CT) + Xp] . (6.13)
C

Resistances The various parameters A describe the mobility of the corresponding regions:

JTRCS tij. The temperature dependence of the zero-bias base charge goes as Qpor/Qpo =

ac)
Rer = Rg taF, (6.14)
Rpvr = Rav tﬁBiAQBO, (6.15)
Rper = Rpe %, (6.16)
Ae i
Rovr = Rev 8™, (6.17)
Reer = Ree th°. (6.18)
Current gains
Ap—Ap—A
Ber =Bty - % expl—dVgee/Varl, (6.19)
Beir = B exp[—dVgs:/Varl, (6.20)

Currents and voltages
Top = Ity 2Rt oo bl VoV ar), (6.21)

Tr = Tty P, (6.22)
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Igrr = Iy tl(\?_mu) exp[—Vyg;/mrs Varl,

Igir = Ip: t12\1 exp[—Vg./2Var],

pcC -1
Verr = Vg £ {(1 —X,) (Jdc ) + Xp] ,
daT

A Vd —PE
VerT = Ver tNQB0 <—E> )
Vagt

The temperature dependence of Igs andlys is given by Ag and V.

(6.23)

(6.24)

(6.25)

(6.26)

Ag equals Ac for a closed buried layer (BN) and Ag equals Agp,; for an open buried layer.

Iger = Ige t4N7AS exp[—VgS /Varl,

Lo Isg
Lisr = Iis tllxy_AS I—T ISS ;
s sT

When either I, = 0 or Iggr = 0 we take Iy = Iis tll\I_AS.

Transit times

TET — TE tl(\IABim eXp[—dVgTE/VAT],

AQBO+AB—1
T™BT — TB tN

Acpi—1
TepiT = Tepi bn )

TBT T TepiT

TRT — TR
TB + Tepi

6.2 Temperature parameters

There are many different methods to extract temperature parameters

(6.27)

(6.28)

(6.29)
(6.30)
(6.31)

(6.32)

. One method is

optimizing the temperature parameters of all data over temperatures. The disadvantage of
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this method is that we do not extract the individual parameters at each parameter. If there
are unexpected differences between the model simulation and hardware data, it is difficult
to know whether it is the weakness of the electrical model or temperature scaling model.
The second method is to extract the electrical parameters at all temperatures isothermally.
The main advantage is that one can check the correctness of existing temperature scaling
equations by comparing extracted and simulated electrical parameters.|[18]

For each temperature parameter, we choose one electrical parameter from which we will
extract the temperature parameter. This is easier than doing a fit over all the electrical

parameters and it gives more control.
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Figure 6.1: Extracted(markers) and simulated(line) values of the reverse Early voltage
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Figure 6.2: Extracted(markers) and simulated(line) values of the forward Early voltage
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Figure 6.3: Extracted(markers) and simulated(line) values of collector saturation current
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Figure 6.4: Extracted(markers) and simulated(line) values of substrate saturation current
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Figure 6.5: Extracted(markers) and simulated(line) values of forward current gain
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Figure 6.6: Extracted(markers) and simulated(line) values of reverse current gain
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Figure 6.7: Extracted(markers) and simulated(line) values of non-ideal forward base current
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Figure 6.8: Extracted(markers) and simulated(line) values of non-ideal reverse base current

84



6.3 Extraction result

Since we have extracted all the parameters in Mextram 504 model. It is necessary for
us to use a circuit simulator to compare measurement and simulation result. Here we use
ADS [31] simulator in IC-CAP. Figure 6.9 - 6.10 show the Iz and I versus Vg in forward
gummel measurement from 223-393K respectively. Figure 6.11 - 6.12 show the Iz and I¢
versus Vpp in reverse gummel measurement from 223-393K respectively. Figure 6.13 to 6.16
give Io-Vog and Vgg-Veog in force- Ig measurement from 223-393K. fr-Io at Vog = -0.5, 0,

1, and 2V is shown in Figure 6.17.
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Figure 6.9: Measured (symbol) and simulated (solid line) I5-Vpg from 223-393 K. (a) 223K.
(b) 300K. (c) 393K.
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Figure 6.15: Measured (symbol) and simulated (solid line) Vpp-Vop from 223-393 K at high
IB. (a) 223K. (b) 300K. (c) 393K.
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Figure 6.16: Measured (symbol) and simulated (solid line) Vzp-Veop from 223-393 K at low

IB. (a) 223K. (b) 300K. (c) 393K.
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Appendix A

Appendix A Full List of Mextram model Parameters

A.1 Compact model parameter list

Table A.1: Mextram 504.12 model parameters overview??

Symbol Description
1 | LEVEL | Model level, must be set to 504
2 | Trey Reference temperature. Default is 25°C
3 | DTA Difference between the local ambient and global ambient temperatures
4 | EXMOD | Flag for extended modelling of the reverse current gain
5 | EXPHI | * Flag for the distributed high-frequency effects in transient}
6 | EXAVL | Flag for extended modelling of avalanche currents
7 | EXSUB | Flag for extended modelling of substrate currents
8 | I Collector-emitter saturation current
9 | Ik Collector-emitter high injection knee current
10 | V,, Reverse Early voltage
11| Vg Forward Early voltage
12 | B¢ Ideal forward current gain
13 | Ipy Saturation current of the non-ideal forward base current
14 | mpy Non-ideality factor of the non-ideal forward base current
15 | X1p, Part of ideal base current that belongs to the sidewall
16 | L. Pre-factor of emitter-base Zener tunneling current
17 | N, Coefficient of emitter-base Zener tunneling current
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Table A.1 — continued from previous page

Symbol Description
18 | By Ideal reverse current gain
19 | Ig, Saturation current of the non-ideal reverse base current
20 | Vi, Cross-over voltage of the non-ideal reverse base current
21 | Xewt Part of lex, Qtex, Qex and Ig,p that depends on Vpe, instead of Vg, ¢,
22 | Wau Epilayer thickness used in weak-avalanche model
23 | Vou Voltage determining curvature of avalanche current
24 | Sy Current spreading factor of avalanche model (when EXAVL = 1)
25 | Rg Emitter resistance
26 | Rp. Constant part of the base resistance
27 | Rp, Zero-bias value of the variable part of the base resistance
28 | Rce Collector Contact resistance
29 | Repiz Resistance of the Collector Buried Layer: eXtrinsic part
30 | R Resistance of the Collector Buried Layer: Intrinsic part
31 | Rew Resistance of the un-modulated epilayer
32 | SCRe, | Space charge resistance of the epilayer
33 | Ine Critical current for velocity saturation in the epilayer
34 | ay, Smoothness parameter for the onset of quasi-saturation
35 | Cj, * Zero-bias emitter-base depletion capacitance
36 | Vi, Emitter-base diffusion voltage
37 | pE Emitter-base grading coefficient
38 | XCj, * Fraction of the emitter-base depletion capacitance that belongs to the sidewall
39 | Cgro * Emitter-base overlap capacitance
40 | C}, * Zero-bias collector-base depletion capacitance
41 | Vg, Collector-base diffusion voltage
42 | pe Collector-base grading coefficient
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Table A.1 — continued from previous page

Symbol Description
43 | X, Constant part of Cj,
44 | me Coefficient for the current modulation of the CB depletion capacitance
45 | XCj, * Fraction of the collector-base depletion capacitance under the emitter
46 | Cgeo * Collector-base overlap capacitance
47 | m, * Non-ideality factor of the emitter stored charge
48 | g * Minimum transit time of stored emitter charge
49 | 7 * Transit time of stored base charge
30 | Tepi * Transit time of stored epilayer charge
o5l | mr * Transit time of reverse extrinsic stored base charge
52 | dE, Bandgap difference over the base
53 | Xyec Pre-factor of the recombination part of Ip,
| Xog, Fraction of the total base charge supplied by the collector
55 | Agp, Temperature coefficient of the zero-bias base charge
56 | Ag Temperature coefficient of the resistivity of the emitter
57 | Ap Temperature coefficient of the resistivity of the base
58 | Aepi Temperature coefficient of the resistivity of the epilayer
59 | A, Temperature coefficient of the resistivity of the extrinsic base
60 | Ac Temperature coefficient of the resistivity of the collector contact
61 | A_cbl Temperature coefficient of the resistivity of the collector buried layer
62 | dAp, Parameter for fine tuning of temperature dependence of CE saturation current
63 | dVypy Band-gap voltage difference of forward current gain
64 | dVys, Band-gap voltage difference of reverse current gain
65 | Vg Band-gap voltage of the base
66 | Vg Band-gap voltage of the collector
67 | Vy, Band-gap voltage recombination emitter-base junction
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Table A.1 — continued from previous page

Symbol Description
68 | VyzeB Band-gap voltage at reference temperature relevant to the Zener effect in EB junction
69 | Avg. Temperature scaling coefficient of emitter-base Zener tunneling current
70 | Tgyg- Temperature scaling coefficient of emitter-base Zener tunneling current
71| dVy, * Band-gap voltage difference of emitter stored charge
2| Ay * Exponent of the Flicker-noise
73| Ky * Flicker-noise coefficient of the ideal base current
74 | Kyn * Flicker-noise coefficient of the non-ideal base current
75 | Kau * Switch for white noise contribution due to avalanche
76 | Ko * Switch for RF correlation noise model selection
77| Ig, Base-substrate saturation current
78 | Issf Collector-substrate ideal saturation current
79 | Ijs Base-substrate high injection knee current
80 | Cjg * Zero-bias collector-substrate depletion capacitance
81 | Vag * Collector-substrate diffusion voltage
82 | ps * Collector-substrate grading coefficient
83 | Vg Band-gap voltage of the substrate
84 | Ag For a closed buried layer: Ag = A¢, and for an open buried layer: Ag = Acp;
85 | Asup Temperature coefficient for mobility of minorities in the substrate
86 | Ry, Thermal resistance
7 | Cy, * Thermal capacitance
88 | Ay Temperature coefficient of the thermal resistance
89 | MULT Multiplication factor
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