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Abstract

This work implements Mextram 504 parameter extraction using ICCAP and ADS simu-
lator. A 50 GHz SiGe HBT is used. Results show a whole procedure of parameter extraction

with temperature scaling.
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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 [1]

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 [2]. 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[3]. 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 model is a widely used vertical bipolar transistor model. It contains many
features that the widely-used Ebers-Moll and Gummel-Poon model lacks. Mextram is the
acronym of the "most exquisite transistor model”. The first Mextram release was introduced
as Level 501 in 1985. Later Level 502, 503 and 504 were respectively released in 1986 ,
1994 and 2000. And development was never stopped following the requirement of updated
technology. The latest accessible version is Level 504.12[4] . 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 the latest Mextram model, there are five internal nodes and 93 parameters, including

parameters of model flag, parameters of noise and the reference temperature, and parameters

of temperature scaling.

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

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

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

the doping level.

Fig.1.2 shows the equivalent circuit of Mextram model as it is specified in its latest

release Level 504.12 [4]. 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.
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Figure 1.2: The full Mextram equivalent circuit for the vertical NPN transistor [4]



Chapter 2

Parameter extraction with circuit simulator

Since 2000, Mextram has become one of the most widely used bipolar transistor models.
It is suitable for analog and digital circuit design and has demonstrated accuracy in a wide
variety of applications. The accuracy of these circuit simulations not only depends on a
correct mathematical description of several physical phenomena like current gain, output
conductance, base push-out, cut-off frequency, noise behavior and temperature scaling, but
also on a reliable robust and unambiguous transistor parameter extraction method. The
use of a very sophisticated model with poorly determined parameters will result in a bad

prediction of circuit performance.

2.1 Parameter extraction with ADS

Parameter extraction is a process of minimizing the difference between measurement and
simulation data. And the accuracy of simulation data is crucial. The use of a very accurate
compact model with poorly extracted parameters will produce bad prediction of device and
circuit performance[9]. IC-CAP provides two ways of simulation: IC-CAP function package
and independent circuit simulator. Compared with IC-CAP function, using simulator is
much more general and user-friendly. It can work coherently and smoothly when model has
been upgraded. So instead of using the simplified formulas implemented in the IC-CAP
program of Agilent, in this thesis a circuit simulator called ADS (Advanced Design System)
is used. ADS is an electronic design automation software for RF, microwave, and high speed
digital applications. Complete, integrated set of fast, accurate and easy-to-use system, circuit

and EM simulators. ADS is one product of Agilent so the software connection is simple.



2.2 Parameter extraction strategy

The general strategy of parameter extraction is to put parameters in small groups and ex-
tract these parameters simultaneously out of measured data sensitive to these parameters[8].
In the latest Mextram model, 93 parameters are given. 61 are extracted under my research
work. Among these 71 parameters, 4 are Flag parameters; 38 are DC related parameters, 5
are AC related parameters, and 19 are temperature scaling related parameters. To extract
parameters accurately, a specific strategy is essential. We have to think about the iteration
and conflicts between parameters. To specify the order of extracted parameters in case the

inaccuracy would make a chain effect. The strategy is shown in Figure 2.1

Parameter .
Initialization fT Tscaling
l FocelB High T

. . Fwd Gummel Ic_Vce: ForcelB High
Cbe('vcsg PE, Fwd G”g‘me' IC: IB: Top: RCC VBE_VCE: Output Tscaing
BF,(IBF, VLF) Medium: IK, RE, RTH, IHC
= IHC, AB
* Optimize Both Rev G*mmel 1 ¢ T
Che: CIC, PC, XP, Fwd and Rev s: Plots Fit well ? Overall DC Gummel
(VDC) Early together: IS-S Output Paramt'eters
VER, VEF, DEG Tscaling
* = * AgT =
Rev Gummel :
CSC‘VCI;Z’ PS, Fwd Early: VEF Gain: Taub, taue, AQBO
BRI, (IBR, VLR) SCRCV, IHC,
* * * MTAU, Teei, axi *
RCC Active:
AVI\'/X\\//'T_VL’ Rev Early: VER RE FlgsaCk' RCC, RBC, Check Gummel CV Tscaling
(Temporary)

Figure 2.1: Parameter Extraction Strategy

Most of the parameters can be extracted directly from measured data, including deple-
tion capacitance C-V, dc Gummel plots, dc output characteristics, dc Early voltage mea-
surement, and ac S-parameter measurement. The electrical parameter extraction includes
low-current parameters extraction and high-current parameters extraction. Low-current pa-

rameters extraction is straightforward. However, high-current parameters extraction is much



Base-emitter depl. cap. Ciy, v, Vi)
Base-collector depl. cap. Cie, e, Xp
Substrate-emitter depl. cap. Cjg, ps, (Vag)
Forward-Early Wawts Vaul
Reverse-Early Ver
Forward-Early Ver
Forward-Gummel I
Forward-Gummel Bf, Ipg, mrys
Reverse-Gummel Rg
Ro~active Re.
Reverse-Gummel Iss, (Ixs)
Reverse-Gummel Bris Igr, Vir
Output-characteristic Ry, I
Forward-Gummel Rew, (V)
Cut-off frequency SCRcyy Ihes TE, Tepis (Th, ix;)

Table 2.1: A typical grouping of parameters in Mextram that can be used in the extraction
procedure. 8]

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 Mex-

tram parameters extraction is given in Table 2.1.



2.3 Parameter Initialization

Parameter initialization is an essential step to start parameter extraction. Generally,
parameter extraction means to minimize the difference between the measurement data and
simulation data. This is done by using some algorithm that optimizes the value of the
parameter. Thus, the initial value of the parameter is very important. If the initial value
is good and physical, the optimizing process by IC-CAP will be accurate and efficient.
Furthermore, the chance of getting stuck in a local minimum with very nonphysical values
for the parameters is much smaller than stared with a random initial value.

The initial values of parameter have three types. One is given value as constant, includ-
ing FLAG parameters, TYPE parameters, Model common parameters and etc. One is given
based on measurements and physical general. One is needed to be calculated from layout

and process data.

2.3.1 Parameters that can be given an initial value

Table 2.2 shows the parameters and their initial values. Some of them are process

dependent. [8]

2.3.2 Parameters from measurements

Table 2.3 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 [8]. We can take C;r and Ig as
examples.

For C;g, based on equation

Cip

e 2.1
(1 _ M)PE ( )

CBE =

It is easy to find that at zero bias condition Cpr=Cjg. So now we can take a look at Figure

2.2.



Parameter value  remark

LEVEL 504

Thres TEMP The actual measurement temperature

DTA 0 T,y already describes the actual temperature
EXMOD 1 Flag for extended modelling of the reverse current gain
EXPHI 1 Flag for the distrubuted high-frequency effects in transient
EXAVL 0 Flag for extended modelling of avalanche currents
EXSUB 0 Flag for extended modelling of substrate currents
mrLr 2

X1 0

Vi 0.3

Xewt 0.5

Qi 0.3

Vie 0.9 Somewhat depending on process

PE 0.4

Caro 0.0

Cgeco 0.0

m; 1.0

B -1.0

TR -1.0

dpyg 0.085

Xoee 0.0

Aopo 0.3 Somewhat depending on process

Ag 0.0 Somewhat depending on process

Ap 1.0 Somewhat depending on process

Acx 0.5 Somewhat depending on process

Aepi 2.0 Somewhat depending on process

Ac 0.5 Somewhat depending on process

dVysy 0.05

AV, 0.05

VyB 1.18

Vyo 1.18

Vi 1.18

AVyre 0.0

Vis 0.6 Somewhat depending on process

Ps 0.3

Vs 1.18

Ag 2.0 Somewhat depending on process

Ry, 2.5k

Table 2.2: Parameter initial value [8]
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Figure 2.2: Base emitter capacitance measurement data.

From the measurement we can estimate the initialization of C;g as 12.16f. Cc and Cjs
use the similar approach to estimate the initialization value.

For the initialization of Ig we can use function 3.19.

e eVBE/VT
[o=235" " (2.2)
qr

At zero bias Vgp=0, then Io=Is. From Figure 2.3 we can estimate the initial value of Is as
5e-18.

The initialization estimate strategy is also listed in table2.3.

2.3.3 Parameters to be calculated

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

Boltzmann constant is :

k = 1.3806226 x 10723 JK!, (2.3)

10



Param
¢

¢

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)]

Table 2.3: Parameters that can be estimated from measurement [8].

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

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

Table 2.4: The layout and process quantities [8].

11




Plot MXT504npn_300k__ 1/dc_gummel/Forward_300k/icm

n,..na
vb-ve [E+0]

Figure 2.3: Collector current measurement data.

The elementary charge is :
g =1.6021918 x 107 C,

Dielectric constant is shown as:

e=1.036 x 107" C/Vm,

The saturated drift velocity is:
Vst = 8.0 - 10*m/s.

Process quanties are emitter width:

H.,, = 0.5um,

emitter stripe length:
Ley, = 2.5um,

12

1 ' | 1 1 ‘ 1 1 1
0.72 0.96 1.20

(2.4)

(2.5)

(2.6)

(2.8)



base doping:

Npase = 1 x 18cm ™3, (2.9)

epilayer doping:

Nepi = 3 x 17em™, (2.10)

From layout data we can calculate the emitter surface(A.,,) and periphery(P,,,)

A = H,p, - Lem, (2.11)

Pon = 2(Heps + Len). (2.12)

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

BE depletion capacitance X C;gand the fraction of the BC depletion capacitance X C¢

P,
XCig = o 2.13
I Pon + 6Agn/pm’ (2.13)
V- Cig
XCio = XCip——"T= 2.14
ic JEV;af'CjC ( )

Here Cjg is zero-bias emitter-base depletion capacitance; Cj¢ is zero-bias collector-base
capacitance; V;, is reverse early voltage; V. is forward early voltage.
The zero bias value of the variable base resistance Rp, and the constant part of the

base resistance Rp. can be estimated as

Hempp
= 2.1
RBU 3Nb2(zseLf3m ( 5)
30052
RBC = RCC = I, A (216)

13



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

Ig = : (2.17)
B

Iis = (5000A/ ppm?) x Ay, (2.18)

(2.19)

Tp is transit time of stored base charge.
The initial values of saturation current of the non-ideal reverse base current /g, and

saturation current of the non-ideal forward base current I

I, = 10013, (2.20)

I = 10015, (2.21)

The epilayer thickness (W.,;) used in weak-avalanche model W,,; and voltage determining

curvature of avalanche current V,,,; calculation:

Wavl = Wepi> (222)
Voot = ——— 2, 2.23
z 5 (2.23)

We also need some spreading parameters for the epilayer: «; is the spreading angle at
low current levels(/o < Ip.) 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).

(2.24)
(2.25)

(2.26)

(2.27)

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, =

15

(2.28)

(2.29)

(2.30)

(2.31)



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

ulation of the collector-base depletion capacitance are:

Xy = xdo/Wepi, (2.32)
pc=03/(1-X,), (2.33)
me = (1-X,)/2, (2.34)

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

charge are:
W2,
Tepi — o 235
P 4MOVT ( )

1- XC),

<o) (2.36)

TR = (TB + Tepi
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Chapter 3

Extraction of DC Parameters at 300K

Since almost all parameter have temperature scaling effect, we need to extract one set
of parameters in one temperature and set it as reference temperature. Generally we will set

it at room temperature 25 °C' or 26.85 °C' (which equals 300K).

3.1 Capacitance

Capacitance contains a few important basic parameters which are essential for later
parameter calculation so it is the first step of this extraction. Since capacitance values
can not be calculated by simulator then generally depletion capacitance parameters can be
extracted using simulators when Y-parameters and S-parameters measurement data is given.
However, for this set of measurement data, Y-parameters and S-parameters are not given
during depletion capacitance measurement, IC-CAP functions are used for all C-V parameter

extraction process.

3.1.1 Base-emitter depletion capacitance

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. As there is no currents flowing then no voltage drop over
resistors occur under this circumstance. So capacitance can be approximated by the almost

ideal formula:

Cip
Cpp= ————, (3.1)
-y
VBE - VFE
Vie =Vge — 0.1VigIn(1+e 01Vap ), (3.2)
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Vie = Vap(1 — aj_EPilE), (3.3)
C;,, is the zero-bias emitter base depletion capacitance, V3, is diffusion voltage and pg
describes emitter-base grading coefficient. a;p is a constant 3 here. However, Cppo which
describes the overlap capacitance between base and emitter should be considered as a part
of Cy.. But due to lack of information we can not set the value of Cggo. Se we set the Cgro
Zero.
Using IC-CAP function MXT _cbe, we could get calculation data cbe_s. From plot
Cpr — VpE by fitting measurement data cbe.m and calculation data cbe_s, C;, , pg and V,

can be extracted. The extraction result is shown in Figure 3.1.

Plot MXT504npn_300k _ 1/cap/cbe 300k/cbe vbe PO

M6 vbe=300.0 mV, cbe.m=13.23f 7
15.0 A

14.5

14.0

[E-15]

13.5

13.0

che.m cbe s
og ——

ny
e
(4]

T 8 o) Y] N, 0 1520 W Y N [0 [ S [ I N O [ I, ] |
0 100 200 300 400 500 GO0

vbe [E-3] Y

Figure 3.1: Measured(markers) and calculated(line) base emitter depletion capacitance
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3.1.2 collector depletion capacitance

The extraction of the base-collector depletion capacitance is close to the base- emitter

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

Sc(1—X,)Cic (1= Se)(1 - X,)Cle
_ XpC,; 4
Cpe (1= Vio/Vao)re + (0= Vo /Vac)ro + XpCjc, (3.4)

Vo — Vie
Vic = Vao +0.1Ve In(1/(1+e  0-1Vac ), (3.5)
a;c—Xp,_ L

= Vao(1 — (= P :

Vic = Vac(l —( e ) 7o), (3.6)
1
S = 3.7
“ Vo — Vie (3.7)
1+e 01Vic

We have a;c = 2 here. Parameter Xp is introduced to describe the finite thickness
of collector epilayer.The constant capacitance C'gco which describes base-collector overlap
capacitance is set to zero. Cjc describes zero bias collector-base depletion capacitance, pc
is collector-base grading coefficient, Vo is collector-base built-in voltage. The extraction
strategy is also very simple. Using IC-CAP function MXT _cj0 to get Cjc which gives ex-
traction a better initial value. And with IC-CAP function MXT _cbc and given numbers of
TEMP and CJC, we can extract Cjc, pc, and Xp by fitting the Cpc — Ve curve as shown
in Figure 3.2.

Help parameter V;o will be re-extracted when we need to fit the high injection region
of forward current gain, because it has strong impact on the current gain roll-off, cut-off fre-
quency roll-off and output characteristics quasi-saturation region. This iteration will happen
repeatedly during extraction process because many parameters are used in several equations.
We need to make sure the whole set parameter can fit most of simulations instead of getting

one good mathematical result that only fits one specific plot.
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Plot MXTS04npn_ 300k 1/cap/cbc 300k/cbc vch PO
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Figure 3.2: Measured(markers) and calculated(line) base collector depletion capacitance

3.1.3 Collector-substrate depletion capacitance

The extraction of collector-substrate capacitance is also very similar. The collector-

substrate depletion capacitance can be written as :

Cis
Csc = ——, (3.8)
(1= o)
Vso — Vis
Vis = Voo —0.1VygIn(1 + e 0-1Vas ), (3.9)
VFS = ‘/dE(l — a;STS)/ (310)

Cjs describes zero bias collector-substrate depletion capacitance which we can use ICCAP
function MXT _cj0 to extract. pg is collector-substrate grading coefficient. Vg is collector-
substrate diffusion voltage. It is difficult to extract directly. However, it is not used in any

other part of the model so the combination extraction will not be a big problem.
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Plot MXT504npn_300k__ 1/cap/csc_300k/Csc_Vsc

15.00 I e L A R B S B e B |
:
1208
= L
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= 950 ]
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[ — o
8 [ o o °a o 0O 0o g o
2o
6o -
675 Lo
400 I ! [ [ B! ! X
-2.50 -1.75 -1.00 -0.25 0.50
vsc [E+0]

Figure 3.3: Measured(markers) and calculated(line) substrate collector depletion capacitance

With IC-CAP function MXT _csc , the calculated data csc_s is plotted. By fitting csc.m
with csc_s plots, Cjg and pg can be extracted. Figure 3.3 show the extracted Csc — Vsc

result.
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3.2 Avalanche

In modern transistor because we have low breakdown voltage we cannot neglect avalanche
effect. The avalanche current is a result of impact ionization 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 3.4.

1, avl

-0.6V

Figure 3.4: Forward-Early measurement simplified circuit [5]

Because of avalanche current the base current will drop down as the increase of Vgp.

So that the avalanche current can be written as:

Icwl = IBO - IB- (311)

Here I is the current that shows the base current at Vg = 0 .The avalanche current can

also be described as:

I = Ic, noavl Gy, (3.12)
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G gy is the generation factor:

An _Bn Bn ”avl
= —FEuyA — = ———(1 1
Gem B, pfexp| EM] exp| EM( + e g (3.13)
2
A\n = —wl g 14
D 2‘/;11)1 M (3 )

Wawi Vie + Ve + Vaur
A, and B, are material constants, which are avalanche coefficient. Ap is the extrapolated
depletion thickness where the electric field is zero, effective width of the epilayer for avalanche
current Wy and voltage describing the curvature of the avalanche current V4 are pa-
rameters we need to extract here. From these equations we can see that the G, factor is a
coefficient that is related to Vog, Wayr and V. So now we need to find this coefficient,
then fitting the simulation data to measurement data can help extract the parameters we
need.

However, when taking a look at this measurement circuit, it is obvious that the mea-
surement I contains avalanche current part. So this means that measurement I and Ip
data are not the same as the simulation came from ADS simulator through Mextram model
verilogA code. The difference is shown from Figure 3.5 to Figure 3.6.

Thus we need to use a program to calculated the measurement data to give the plot we
actually need. Since we use ADS to generate the simulation data, I write a program and put

it through this circuit simulator. And here is program code:

Gem:

IbOm=ib.m[0]

IbOs=ib.s[0]

'print "IbOm="; IbOm ; "IbOs=" ; IbOs
ibdelta=ib
i=0
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Plot MXT504npn_300k__ 1/dc_early_avl/Fwd_early_300k/ic_vcb (pgo

25 T T T T T T T T T T T T T T T T T T T T
E
o
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K=
=
R
X

vc [E+0]

Figure 3.5: Measured(markers) and simulated(line) Measured and Simulated Collector Cur-
rent Comparasion without Program calculated

Plot MXT504npn_300k__ 1/dc_early_avl/Fwd_early_300k/ib_vcb |po
1E-4

1E-5 L

1B b

(LOG]

1E-7T o

1E-8 -

ib.m ib.s
oo

1E-9

1E-10

vc [E+0]

Figure 3.6: Measured(markers) and simulated(line) Measured and Simulated Base Current
Comparasion without Program calculated
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while i<size(vc)

ibdelta.m[1]=IbOm-ib.m[i]
ibdelta.s[i]=Ib0s-ib.s[i]

i=i+1

end while

mydata=ic

q=0

while g<size(vc)
mydata.m[q]=ibdelta.m[q]//(ic.m[q]l-ibdelta.m[q])
mydata.s[q]l=ibdelta.s[ql//(ic.s[q]l-ibdelta.s[ql)
q=q+1

end while

return mydata + le-6

After this program, we optimize the measurement and simulation result. As the collector-
base bias gets larger, the base current drops below zero because of the avalanche effect. The

extraction result is shown in Figure 3.7 - Figure 3.8 .

3.3 Early Effect

The Early effect, named after its discoverer James M. Early, is the variation in the
width of the base in a BJT due to a variation in the applied base-to-collector voltage. A
greater reverse bias across the collector base junction, for example, increases the collector
base depletion width, decreasing the width of the charge carrier portion of the base. Under
increased collector base reverse bias, a widening of the depletion region in the base and the
associated narrowing of the neutral base region will happen. The collector depletion region
also increases under reverse bias, more than does that of the base, because the collector
is less heavily doped. The principle governing these two widths is charge neutrality. The
narrowing of the collector does not have a significant effect as the collector is much longer
than the base. The emitter base junction is unchanged because the emitter base voltage is

the same.
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Plot MXT504npn_300k _ 1/dc_early avl/iFwd_early 300k/Gem_vc
M:23 ve=1.150 V¥, Gem.m=156_3u
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150 oo o

3]

100 Feeeeee

Gem.m Gem.s
oo
I

50 peeeee

ve [E+0]

Figure 3.7: Measured(markers) and simulated(line) Gem

Plot MXT504npn_300k__ 1/dc_early avl/iFwd_early 300k/Gem_vc
M:23 vo=1.1560 V. Gem.m=156.3u
=TT T 7 T T T T F T T T T T T |1

[LOG]

Gem.m Gem.s
oo
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vc [E+0]

Figure 3.8: Measured(markers) and simulated(line) Gem Logscale
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In Mextram we have two parameters V,, and Vs to describe Early effect. Mextram is
a SiGe transistors. Since the Ge concentration has a non-zero slope, Mextram redefine a

coefficient ¢{ to describe Early effect for the currents.

cap([y2 + 1 PEET) — eap|(he BEET)

DEGT) 1 )

q01 =
exp( T

(3.16)

DEG is the difference of the bandgap over the neutral base. In Mextram DEG is also
an important parameter for Early Effect. Since V., V., and DEG are all used in both
Reverse Early Voltage and Forward Early Voltage calculation, I used programs to calculate
two factors, FreVearly and Fearly, in Reverse Environment and Forward Early Environment.

Then use plot optimizer to fit both programs together by optimizing DEG, V,,, and Vs

together.
Ig
FreVearly = —, (3.17)
Igo
Ie — (Igg— I
Fearly = =< (Zo B), (3.18)
Ieo

Here I stands for the emitter current at Vgp=0 during reverse bias; I¢o stands for the
collector at Viop=0 at forward bias. When the optimization is running, the number could
be varied since it is a mathematical process. The optimized parameter values could help the
plots fitting well but they are not reasonable. So the range setting is very important. We
need to make sure is parameter is extracted around a reasonable and physical number. In
this case we need to set DEG range between 35m to 85m to make sure it is realistic and

physically reasonable. V¢, V., DEG extraction result is shown in Figure 3.9 - 3.10.
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Plot MXT504npn_300k__1/dc_early_avi/Rev_early 300k/FreVearly vbe .
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Figure 3.9: Measured(markers) and simulated(line) Reverse Early Voltage coefficent Fre-
Vearly

Plot MXT504npn_300k__1/dc_early_avl/Fwd_early 300k/Fearly vcb .
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Figure 3.10: Measured(markers) and simulated(line) Forward Early Voltage coefficent Fearly

28



3.4 DC Gummel

3.4.1 Collector saturation current

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

current in forward-Gummel measurement(shown in Figure 3.11) at low base-emitter bias.

C
le l Ree
Iex+IB3 Cl
B
-1V ¢
————o0
@
I.vub /%’ICICZ
B Rg. B, Iyi; B, c
2
Iy, Ig;+p, lIV
Al
RE% E
AR
N

Figure 3.11: Forward-Gummel measurement simplified circuit [5]

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 Vg, g1 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.
IgeVee/Vr

Ip=-"2>——, 3.19
o= (3.19)

Here V7 is the thermal voltage, which needs to be determined accurately from the actual

absolute temperature. g is a factor that is related to V.., Vey, DEG, PE, VDE, VDC,
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PC, and X P. From former extraction process we already have good trustworthy values of
these parameters. Then by fitting I we can extract a good value of parameter 1S. The
extraction result is shown in Figure 3.12.

The optimization range between 0.58V to 0.9V is needed. When the vbc is too low, the
measurement is not accurate; when voltage is higher than 0.9V, the ¢; factor will not be the
only part in Ic calculation. More high injection effect parameters need to be put in thought.
So try to make sure the extraction accurate, we need to set the optimization range in this

reasonable range.

Plot MXT504npn_300k__ 1/dc_gummel/Forward 300k/ic_vbe
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Figure 3.12: Measured(markers) and simulated (line) collector current in forward-Gummel
measurement

[LOG]

ic.m ic.s

IC
oo

3.4.2 Forward base current

From last section, collector current is already fitted in reasonable range. Thus for
forward base current parameter can be extracted from fitting just base current in forward-
Gummel measurements (shown in Figure 3.11) by comparing the measurement forward base

current and simulated forward base current.
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Plot MXTS504npn_300k__1/dc_gummel/Forward_300k/ib_vbe E
$:372 ve=-1.044 W, X=1.044, ¥(1)=1.468m

) o]

abs(ib.m) abs(ib.s

0.4 06 0.8 10 12
vb-ve [E+0]

Figure 3.13: Measured(markers) and simulated(line) base current in forward-Gummel mea-
surement, [5]

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

The ideal and non-ideal base current can be described as below:

I
Ip = = eVpam/Vr, (3.20a)
By
Ipy = Ipy (eVB2E1/mLfVT — 1) + Gin(Vee + Vae), (3.20b)
Ip = Ip1 + Ip, (3.20c)

Here ideal forward current gain §, saturation current of the non ideal forward base current
Ips and none-ideality factor of the non-ideal forward base current my ¢ are used.
Bf, Ipy and mpy are extracted here from the comparison of simulated forward base

current and the measurement forward base current shown in Figure 3.13.
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Figure 3.14: Reverse-Gummel measurement simplified circuit [5]

3.4.3 Substrate saturation current

The substrate saturation current is extracted in reverse-Gummel measurement as shown
in Figure 3.14 by fitting the substrate current I, . We will neglect the voltage drop and

the substrate current can be calculated by equation:

Vi
Isub - ISS eXp(VL;j)? (321)

Iss can be extracted directly from the substrate current. The extraction result is given in
Figure 3.15. At high bias, because of the voltage drop over R¢., Vp,¢o, will be less than Ve,
so that measured and simulated substrate current can not be fit yet at high base-collector

bias.
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Plot MXTS504npn_ 300k 1/dc_gummel/Reverse 300k/is .
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Figure 3.15: Measured(markers) and simulated(line) substrate current in reverse Gummel

3.4.4 Reverse current gain

The reverse current gain parameters are extracted from reverse-Gummel measurement.
In the reverse-Gummel measurement (shown in Figure 3.11) the base-collector is forward
biased which means the external base current contains internal base current and substrate

current.

I
hfc=———"—7— 3.22
fc IB - Isub’ ( )
Vbicl
Is Vbic1 GW
IB_IS: e vr +IBRﬁ+szn(VBE+VBC)7 (323)
BRI e VT + e2vT

Based on these equations, we can write a program of bsub=1g-I4,. And then return:

Ic

hfc=—C
fc IB _Isub7

(3.24)
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The reverse current gain (3,;, saturation current of the non-ideal reverse base current Igg
and cross-over voltage of the non-ideal reverse base current Vy, are variable of Ig-I ;. So
that they can be extracted by fitting the curve. Again we need only concentrate on the low
base-collector bias. Because before high injection we could approximiately see input voltage
as Vpie1 then we can use this function to extract f3,;, Igr, and V. As the same problem in
forward current gain extraction, we can extract (,; accurately in the ideal region, which is

the box in Figure 3.17.
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Plot MXT504npn_300k__1/dc_gummel/Reverse_300k/ib_isub .
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Figure 3.16: Measured(markers) and simulated(line) Ip-I, plot
Plot MXTS504npn_300k__ 1/dc_gummel/Reverse 300kireverse_current_gain .
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Figure 3.17: Measured(markers) and simulated(line) reverse current gain
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3.5 Resistor Initial Estimation

3.5.1 Rpg Flyback

One of the simplest way to extract the emitter resistance is from the Giacoletto method
[?] [?]. The collector current is kept zero and the Vpp is increased . The collector-emitter
saturation voltage can be estimated as Vops ~ [gRg. Then the emitter resistance can be

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

Vers
Rp = )
B0,

(3.25)

So a very simple way is to plot out the Vog-Ig and to fit the slope of two curves by
optimizing the value of Rg. The result is shown in Figure 3.18.

Plot MXT504npn_300k__1/dc_paras/Re_flyback/vce ie .
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Figure 3.18: Measured(markers) and simulated(line) R flyback measurement.

However, this value is not an accurate parameter value of Rg. To extract the final
Rg we need to use DC Output curves with self-heating and high injection effects. But this
optimization could still give us a good estimation and help to set a better range during Rg

optimization later compared with default data.
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3.5.2 R¢. active

C
)
I,
§ R Ce
I ex+I B3
_— C;
N
L1
-1v ¢
€Y, —o
—_—
L. /%(Iacz
B Ry Igip; B
¢ B 1 2 C
o—e . 5 2
SFIEH Isrtlp: @l Iy
E,

Figure 3.19: Rc¢.-active measurement simplified circuit [5].

The collector series resistance R, can be extracted from the substrate current in the

dedicated R¢. — active measurement. The intrinsic base-collector bias can be shown as:
Veio, = Ve + Recle — Rpels, (3.26)

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

2[SseVBlC1/VT

1+ \/1 + LxeVsic/ Ve

Loy = (3.27)
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Substrate current fitting consists of many parts. The value of R¢., Rp., and I KS would
be important. Since Rp. will be used for optimizing in DC Output curves so here we only
focus on Re. and IKS. Re. will affect the range between 0.8v to 1.2v and I K.S will decide
the knee point. At high bias, because of the voltage drop over Ryq;,Vp,c, Will be smaller
than Vg, ¢,, so the measurement substrate current is smaller than simulated one at high bias.

The optimization result is shown in Figure 3.20

Pilot MXTS504npn_ 300k 1/dc_paras/Rc_active/Rc_active .
S:117 ve=-1.185 W, X=1.185, is.8=-290.5n
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Figure 3.20: Measured(markers) and simulation(line) substrate current

Again with this optimization we could get better initial values of R¢c. and Rp.. However,
the final value should be decided during DC output curve optimization and iteration back

to DC Gummel plots.
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3.6 Low Bias DC Output Curves

With low forced base current and low forced Vg environment there are not too much
self-heating and high injection effect happening. So under these two setups we can take
a look at dc output curves first to verify whether our former parameter extractions are
correct and reasonable or not. If we have good values of the extracted parameter we could
have good fitting result of dc output curve(I¢ versus Vo at constant /5 without any extra

optimization. The result is shown below from Figure 3.21 to Figure 3.24.
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Plot MXT504npn_300k__1/dc_output/lcVee_ForcelB_low_300K/ic_Vce
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Figure 3.21: Measured(markers) and simulated(line) forced low Iz Io-Veog plot
Plot MXT504npn_300k__ 1/dc_output/lcVce_ForcelB_low_300K/vbe vce .
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Figure 3.22: Measured(markers) and simulated(line) forced low Ip Vpp-Veog plot
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Plot MXT504npn_300k__ 1/dc_output/lcVce ForceVBE_low/ic_Vce
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Figure 3.23: Measured(markers) and simulated(line) forced low Vgg Io-Veog plot
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Figure 3.24: Measured(markers) and simulated(line) forced low Vg Ip-Vog plot
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3.7 High Bias DC Output Curves

3.7.1 knee current and Ohmic resistance

), °

— > -1V
L %(Iacz

Iav
B Rs. B, Ty B, <—l

Vi
SF I iz Is+: @l Iy

Ry Ey

Figure 3.25: Forced Ip output characteristic measurement simplified circuit [5]

At high collector currents and voltages, output curves can present a few physics effects,
like quasi saturation, self heating, and high injection effect. Due to self heating effect the
device temperature will increase fast which leads to the distortion of the measurement. The
collector current at high Vip measurement circuit is shown in Figure 3.25. The collector
current is:

eVBaE /VT _ €V§2 o,/ Vr

Ioyoo = Lor - i , (3.28)
B

The collector current increases sharply as the collector-emitter bias increases from 0V. At

this hard saturation region we can extract Rc.. Then quasi saturation effect happens when
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Vep increases. Re, can be extracted at this part. As Vg keep increasing collector current
curve becomes flat but increases slowly as the saturation current increase with increasing
power dissipation. We can extract knee current at this region. Because of the high Vg
the self heating effect happens. It increases AT and makes the temperature scaling effect
significantly. Thus Ry, and temperature coefficient parameter AB which is related to Iy
and Iyr can be optimized to help plots fitting. At high collector-emitter bias, the collector
current increase because the avalanche effect. In this thesis the avalanche model has bad
current dependency at high current range. So even though we have a good G, parameters
extraction at low current range earlier, the avalanche effect part in output curves under
high bias forced Ig setup may not fit very well. Ry, also needs to be The strategy is shown
in Figure 3.26. In my optimization experience tuning AB can cause big change in Io-Vog
curves. It will also be used in Ry, extraction and 7 temperature scaling optimization. So
we need to extract AB here and do a iteration optimization when we do Ry, and cutoff
frequency temperature scaling. The sensitivity of AB to Is is shown from Figure 3.27 to

Figure 3.28.

Plot MXT504npn_300k QUAasi puvicvee Forceis tAvalanche region

Hard eE..,,ggt\l;ratlon;.,,.;,,l?,. r

Saturation -
Region: RCC e WAL
7} |
u:] 3 FL —;j:
‘n- : 2 Y P I e L '_'__.:‘—f?’—:;
9 : ---------- == L---_‘:-_‘,;LF——‘"
E | \ -
9: ___,_»"__f-"
0 \‘1{
1 , IK, Rth, AB
vc-ve [E+0]

Figure 3.26: Measured(markers) and simulated(line) DC output Ic-Veg
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Plot MXT504npn_300k__ 1/dc_output/icVce_ForcelB_high_300K/lc_Vce
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Figure 3.27: Measured(markers) and simulated(line) Io-Vogr when AB is extracted

Plot MXT504npn_300k__ 1/dc_output/icVce_ForcelB_high_300K/lc_Vce
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Figure 3.28: Measured(markers) and simulated(line) /o-Veogp when AB increases
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3.7.2 Self Heating Parameters Extraction

For the high current parameters we will need to include temperature scaling rules. The
equations are shown in Chapter 5. Thermal resistance Ry, is extracted from the base emitter
voltage at high Vop using the output-characteristic measurements shown in Figure 3.25.
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. Due to the self-heating the temperature of the transistor rises with

an amount of:

AT = Ry, (IBVBE + ICVCE) , (329)

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 Vggp can be

express by:

I
Wm:VHn(imT

ST

)+Qﬂﬂ, (3.30)

From I--Veo g plot we can see that when Vg is between 1V and 2.5V I is flat. According
to the initialization Ag is zero. So based on the equation at fixed Iz the drop of Vg is
dominated by /g and 3¢ temperature scaling. At flat I and fixed Ip the temperature scaling
of By is related to Ix7. Because Ik temperature scaling is decided by Ap, and Igy is also Ap
related. Because Ag is set to zero, Rp doesn’t have temperature scaling during simulation.
So we can extract Rg at left corner of Vgg-Viop plot when self heating hasn’t happen yet.
Then we can open Io-Veg plot and use plot optimizer to fit both plots. Then we can get
Ry, and Ap values. However, when we do the optimization of temperature scaling, it will
need Ry, and Ap again. So the final value will be extracted later. The optimization result

is shown from Figure 3.30 to Figure 3.33.
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Figure 3.29: Measured(markers) and simulation(line) DC output Vpe-Veg
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Plot MXT504npn_300k__ 1/dc_outpullicVes ForcelB_high_300K/e Vee .
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Figure 3.30: Measured(markers) and simulated(line) forced Ip high Io-Veog plot
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Figure 3.31: Measured(markers) and simulated(line) forced Ip high Vgg-Vor plot
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Plot MXT504npn_300k__ 1/dc_output/lcVce_ ForceVBE_high/ic_Vce
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Figure 3.32: Measured(markers) and simulated(line) forced Vzg high IC Ver plot
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Figure 3.33: Measured(markers) and simulated(line) forced Vgg high I5-Vog plot
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3.8 DC Plots Check

After dc output curves fitting, we can take a look back at all dc curves with new
extracted parameters. With most of the high injection effect and self heating parameters
extraction included in DC output curve fitting, the DC curves after simulations should be

ideal now. A few parameters may need to be optimized to fit all important curves. The final

dc parameter extraction strategy is shown in Table 3.1.

Base-emitter cap.
Base-collector cap.
Substrate-collector cap.
Avalanche

Early Effect
Forward-Gummel I
Forward-Gummel Ig
Reverse-Gummel I,
Reverse-Gummel hfc
DC Paras I,

Output Forced Vgg high
Output Forced Ip high
Forward-Gummel hfe
Reverse-Gummel hfc

CjEv PE, Vie
Cj07 Pc, Xp
Cjs, s, Vas
Wavla V;wl
Ver, Ver, DEG
I

By, Ipp, mpy
]Ss

ﬁriv IB7‘7 VLT’
Iks

Rth7 RE

IK7 RCcaRCv
‘/2107

RBC

Table 3.1: DC Parameters Extraction Strategy Final Check

There are still a few DC parameters, like Rp,, Icss,Rcwe, Rowi, are not extracted yet.
Rp, and R¢, can be extracted in Y-parameters fitting and cutoff frequency fitting. But in
this thesis Rope and Rpy; are not considered. Without Zener tunneling current considered,

NZEB and IZEB are not extracted. With EXAVL=0, SFH is not extracted. A few factor

parameters like XCJC', XCJE are not extracted as well.
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Plot MXT504npn_300k__ 1/dc_gummel/Forward_300k/ic_vbe
M:220 ve=-740.0 mY¥, X=740.0m, ic.m=4 BE6U
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Figure 3.34: Measured(markers) and simulated(line) /¢ in forward Gummel Measurement.
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Figure 3.35: Measured(markers) and simulated(line) /5 in forward Gummel Measurement.
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Plot MXT504npn_300k__ 1/dc_gummel/Reverse 300k/is -
i ae—r—r——F—¥"—7T—— """ 11T T
1E-4 [ ; ; ; ; A
1E-5
1E-6 5
1E-T
1E-8 -
1E-9
1E-10
1E-11
D 1E-12
1E-13
1E-14
1E-15

1 E"1 B | 1 1 H 1 1 1 H 1 1 1 H 1 1 1 H 1 1 1 x
0.2 0.4 06 0.8 1.0 1.2 -

vb-vc [E+0]

ILOG]

iS.m is.5

Figure 3.36: Measured(markers) and simulated(line) Iy, in reverse Gummel Measurement.

Plot MXTS504npn_300k__1/dc_gummel/Reverse_300k/reverse_current_gain .
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Figure 3.37: Measured(markers) and simulated(line) reverse current gain in reverse Gummel
Measurement.
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3.9 Parameter Extraction Conflicts

As shown is Figure 3.38, after dc parameter extraction is done, the DC Parameter
substrate current shows a very bad fitting result. However, most of other dc characteristic
plots fitting are great. It shows some part of the dc parameters have errors but the overall is
great. Try to keep most of important plots good, we have to make a compromise to sacrifice

this plot.

Plot MXT504npn_300k__1/dc_paras/Rc_active_300K/Rc_active .
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Figure 3.38: Measured(markers) and simulated(line) DC Parameter substrate current after
DC Output fitting
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Chapter 4

Extraction of AC Parameters

4.1 cutoff frequency

In Mextram model curoff frequency is defined as the frequency where the current gain
h e becomes unity. [8]

__f
fr= W (4.1)

At AC parameter extraction, based on simulation we need to calculate fr through Y-
parameters:

he, = hyy = — 4.2
fo=har = o= (4.2)

Since all the measurement data we have are S-parameters so we need a program here to

calculate fr :
Sdut_raw:

spar=Meas

return spar

Ydut:

Ydut_raw=TwoPort (Sdut_raw,"S","Y")
Yd=Ydut_raw

print"end Ydut"

return Yd
£fT:
return freg*abs(Ydut.21//Ydut.11)

From fr curves we can extract SCRCV, Ij., AXI, and the transit times parameters.

Iy, SCRCV | 1, g, and m, should be extracted around peak of cutoff frequency. Based
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on verilogA code of Mextram, 7z and m, should be optimized together at all time. At the
region of post peak cutoff frequency we can extract 7., and AXI. Extraction strategy is
shown in Figure 4.1. The cutoff frequency verse I curves at different Vg results are shown

from Figure 4.2 to Figure 4.5.

Plot MXT504npn_300k__ 1/ac/bias_main_VCBO0p5V_300K/T _lc
40 T T TTTTI T T 1T T T TTTIT0m T T TTTTm LU LLLAL T T TTTTm
u From fT equation we E
— know that peak fT is
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T related by 1, and t.(m,). oy and axi
T Peak fT also relates to effect this
el F saturation effect. So I, region
§ +2°_ Rey and SCRCV play an
€ % - important here.
el [
E 10 u = b
e N7 '
- = MGood CV and DC parameters
= : will help this region match:-
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Figure 4.1: Cutoff frequency optimization strategy.
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Plot MXT504npn_300k__ 1/ac/bias_main_VCBOp5V_300KAT
40

T |||||rI§ T ||||I11'§ T Illlll'l'E T |||II'I15 T T TTITIT T TTTTIm
30 f— f‘i\
a‘ -
I:I‘-.I -
= 20—
w -
= -
E o —
&= o -
10}—
— 0 n o
B a

0 R AT AN R RTINS RTINS R R AT
1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 1E-2
ic [LOG]

Figure 4.2: Measured(markers) and calculated(line) cut-off frequency at Vop=-0.5V

Plot MXT504npn_300k__ 1/ac/bias_main_VCBOV_300K/AT_IC
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Figure 4.3: Measured(markers) and calculated(line) cut-off frequency at Vop=0V
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Plot MXT504npn_300k__ 1/ac/bias_main_VCB1V_300KAT_lc
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Figure 4.4: Measured(markers) and calculated(line) cut-off frequency at Vop=1V
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Figure 4.5: Measured(markers) and calculated(line) cut-off frequency at Vop=2V
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Chapter 5

Temperature Scaling

5.1 Temperature scaling rules

The parameters we have already extracted is at room temperature(300K). But in real
life the component should fit different temperatures. In this case we need to put temperature
scaling into account. In Table 5.1 the cross reference between the temperature parameters
and the electrical parameters is listed [4].

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

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

Conversion to Kelvin

Ty = TEMP + DTA + 273.15 + Var, (5.1a)
Ty = TEMP + DTA + 273.15, (5.1b)
T = Toet + 273.15, (5.2)

Tk
tn = —, 5.3
N Trk (5:3)

Depletion capacitance The junction diffusion voltages Vg, Va., and Vgag with respect

to temperature are

Ugyr = —3Vr Inty + Vg, tn + (1 — tn) Vg, (5.4)
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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 Ac RCC

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 5.1: Summary of the occurrence of the temperature parameters in the temperature

scaling rules of the electrical parameters|8].
Vagr = Ugyr + Ve In{l + exp[(Vajow — Ugy7)/V1l},
Uior = —3Vr Inty + Vg, tx + (1 — tx) Vg,
Vaer = Ugor + VrIn{l + exp[(Vajow — Uacr)/V1l},
Uggr = —3Vp Inty + Vag tx + (1 — tn) Vg,

VdST = UdST + Vo ln{l + exp[(Vd,low — UdsT)/VT]}~

The zero-bias capacitance scale with temperature as
vd PE
o=y ()"
JE JE VdET

o8

(5.6)

(5.7)

(5.10)



vds pPs
Cir=Cis |y, ) (5.11)
S

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

part is temperature independent.

Cir=0C;. |(1-X Va |\ X 5.12
jcT JC( p) VdT +p7 ()
C
Vd bc -1
Xor = X, [(1—Xp) (WCT) +Xp} . (5.13)
C

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

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

ac)
Rer = Rg tR®, (5.14)
Revr = Rpv thiAQBO, (5.15)
Rper = Rpe %, (5.16)
Ae i
RCVT = RCV tN P ) (517)
Reer = Ree t1°- (5.18)
Current gains
Ap—Ap—A
Ber = Bety 0% exp[—dVgse/Vatl, (5.19)
BriT = Bri eXP[—dVgﬁr/VAT]; (520)

Currents and voltages

Tp =T, ty 2ot e bV Vg, (5.21)
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Lt = Ix tlleAB,

IBfT = IBf tl(\?72mu) eXp[—ng/mLf VAT]v

IBrT - IBr t12\1 exp[_ng/ZVATL

pc -1
st s () ]
Vaer

A \Y% TPE
VerT = Ver tNQB0 (V de ) )
dgT

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

(5.22)

(5.23)

(5.24)

(5.25)

(5.26)

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

Iger = Igq t4N*AS exp[—Vgs/Varl,

a Lr I
Ikst = Iks t11\1 As IS—T ISS )
S SsT

When either I, = 0 or Igsr = 0 we take Tigr = I th 5.

Transit times
TET = TR tl(\IAB_2) exp[—dVgn, /Varl,

AQ +ABfl
— BO
T™BT — TB tN

Acpi—1
TepiT = Tepi tN 3

TBT T TepiT

TRT = TR
TB + Tepi
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5.2 Temperature parameters extraction

5.2.1 CV temperature scaling

Capacitance temperature scaling equations are shown as below:

Cher = CjET * (‘gET )pEa (5-33)

dE

-
Cuer = Cior + (1= Xp) + (7 + X,), (5.34)
Coer = Cjsr * (‘(jST )Ps, (5.35)

ds

From Cp.r equation we can see that the temperature scaling of Cj. is related to Cjg, Vig
and pg. Cjg’s and Vyp’s temperature scaling is decided by V. Then open optimizer we

can get a plot like Figure 5.1.

Plot MXT504npn_300k__ 1/cap/cbe_300k/cbe_vbe_t
C:9 vbe=450.0 mV, cbe_s=13.93f
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Figure 5.1: Measured(markers) and simulated(line) collector base capacitance temperature
scaling with Vpgp=3V.
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However, V;5=3V is unacceptable. V5 is an important parameter which is widely used
in Gummel curves and other dc characteristics. A large Vg will mess up all other plots. So
in a reasonable range the Temperature scaling of C'be is shown in Figure 5.2.

Plot MXT504npn_300k__ 1/cap/cbe_300k/cbe_vbe_t
C:9 vbe=450.0 mV. cbe_s=14.02f -
A

[E-15]
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cbe.m cbe s .J/cbe 223K/che.m .J/cbe 223Kiche s

i i
& 1 | | | I | I | I | I i I 1 I
0 200 400 GO0 800

vbe [E-3]

Figure 5.2: Measured(markers) and simulated(line) collector base capacitance scaling

The same problem happens at Cy. as well. The temperature scaling of Cj. is shown
in Figure 5.3.In the future we need more data to find out the real capacitance temperature
scaling.

However, the temperature scaling of Cj,. shows well. You can see the temperature scale

well from 223K to 393K in Figure 5.4.

5.2.2 AQBO

From Table 5.1 we can see that Agpo is one of the most important temperature coefficient
parameters. It is used in many parameter’s temperature scaling equations. So extract a good
value of Agp is essential. It can help to improve the accuracy of later temperature coefficient

parameter extraction.
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Plot MXT504npn_300k  1/cap/csc_300k/Csc Vsc
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Figure 5.3: Measured(markers) and simulated(line) collector substrate capacitance temper-
ature scaling

oo

According to the table, V,,, V¢, and dE, only use Agpo for temperature scaling. So we

choose these three parameters for extracting Agpo.

1

Vegr = Vey IntN - A : , 5.36
T - exp(in @Bo) X, + (1 = X,) - pow(Vpe/VpeT, PC) ( )
DEGr = DEG - exp(IntN - Agpo), (5.37)

1
Verr = Ve - eﬁp(lntN : AQBO) : (538>

pow(Vpg - invVpeT, pg)’
Since we have good Vpc temperature scaling, we could focus on V.¢r and DEGr to

extract Agpo. The fitting result is shown in Figure 5.5 to Figure 5.6.

5.2.3 VGB

1 1

IST = IS . exp(lntN . (4 — AB — AQBO + DAIS)) . 6.73]9[—‘/5]3 . (ﬁ _ m

L (5.39)
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Figure 5.4: Measured(markers) and simulated(line) collector base capacitance temperature
scaling

From this equation we can see that 1.5’s temperature scaling is decided by AB, Agpo, DAILS,
and V,p. Since we have extracted a good value of AB and Agpy, DAILS is zero, here we just

need to optimize Vp. The fitting result is shown in Figure 5.7.

5.2.4 DVGBF, VGJ, and AEX

1 1
= . INtN(Arp — A — A . -DVGBF - (— — — 5.40
Bsr = By - exp(IntN(Ap — Ap — Agpo)) - exp] (UT vTr]’ (5.40)
Igpr = Igp - exp(IntN - (6 —2- MLF)) - exp(—V,; - V‘““W) (5.41)

9 MLF”
RBCT = RBC . emp(lntN . Aez>, (542)

Through these two equations, we can see that the temperature scaling rules of 8 and

Ipr are related to temperature parameters Ag, Ap, Agpo, DVGBF, and V,;. From former
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Figure 5.5: Measured(markers) and simulated(line) Ver temperature scaling
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Figure 5.6: Measured(markers) and simulated(line) Vef temperature scaling
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Plot MXT504npn_300k__ 1/dc_gummel/Forward_300k/ic_tscaling E
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Figure 5.7: Measured(markers) and simulated(line) collector current temperature scaling

extraction we have found Ap and Agpo. Ag is zero here. Even though Ag is also used here
but here it doesn’t provide any temperature scaling. So we need to find DVGBF and V,;.
We already know that 8y and Ipp can influence Ip. By fitting temperature scaling of I
plots, we can extract DVGBF and V,;. At Ip curve the high injection part is mainly effected
by Rp.. The temperature scaling of Rp. is decided directly by A... So by optimizing A.,
we can fit the high injection part of Ip in different temperatures. The final fitting plot is

shown in Figure 5.8.

5.2.5 VGS and AS

We extracted Ig, by fitting substrate current in low injection range during 300K param-
eter extraction. So by fitting substrate currents in different temperatures, we need to find

out the temperature scaling characteristic of Ig,. Base on the equation,

1 1

Lssr = Isy - exp(intN - (4 = AS)) - eap[=Vys - (— = —

], (5.43)
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Figure 5.8: Measured(markers) and simulated(line) base current temperature scaling

we can see that Iggp is decided by Ag and Vg. So by optimizing these two parameters we

can get a good fitting result. The result is shown in Figure 5.9.

5.2.6 DVGBR and VGC

So after fitting substrate currents in wide temperature, we need to check reverse current
gain at different temperature. As is known, to make sure reverse current gain fits in wide

temperature range we need to correct B,;; and Iggr.

1 1
T exp[ ¥ (’UT vI'r ( )
_ 9 Varrnv
Igpr = Ipr - tN* - exp(—Vye - 5 ), (5.45)

From these equations we can find out the B,;; and Iggy are decided by temperature
scaling parameters DVGBR and V,c. When I did the B,; and Igr extraction, I fitted plots

of Ig-Isp. So here I still choose the same fitting. Plot out three Ig-I,,;, curves at different
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Figure 5.9: Measured(markers) and simulated(line) substrate current temperature scaling
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temperatures and by optimizing these two parameters we can get a good fitting result. The

result is shown in Figure 5.10.

5.2.7 AC, ATH, and AE

From Figure 5.11 to Figure 5.12 we can see the temperature scaling of dc output curves
at low Ig. The result shows good fitting then we can confirm that the former temperature
scaling parameters extraction is good. Now we can focus on temperature scaling of output
curves at high Iz. Because output curve characteristics are mainly decided by self-heating

effect and also resistances like Rc. and R¢,.

RCVT = RCV . e:vp(lntN . Aepz‘), (546)
RCCac:cT = RCC’ . ea:p(lntN . AC), (547)
Recesr = Reprx - exp(IntN - ACBL), (5.48)
RC’CinT = RCBLI . exp(lntN . ACBL), (549)
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Figure 5.10: Measured(markers) and simulated(line) Ip-I,,, temperature scaling
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At Mextram Rcoprx and Roprr are modeled for collector resistance besides Rg.. Since we
didn’t consider Rcprx and Rcopgpr in this thesis so ACBL is also not used in optimization
and extraction for temperature scaling. Since Ry, plays an important role in output curves,
so Ay, will be essential for output curve temperature scaling, especially at high temperature.
Apg effects the temperature scaling of Rg but we need to notice that Ag is zero here. By
optimizing Ag, Ac, and Ay, we can fit de output curves at wide range temperature. The

plots are shown from Figureb.13 to Figure 5.14.

5.2.8 AEPI and DVGTE

Ter = TR - exp(IntN - (AB — 2)) - exp(—DVGTE - Vyinv); (5.50)
Tepi = Tepi - €TP(INtN - (AEPIT — 1)); (5.51)

Based on cutoft frequency at 300K we know it is decided by 75, 75, and 7.,;. From former

extraction, we know the values of Ag. So now we just need to optimize A., and DCGTE
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Figure 5.11: Measured (symbol) and simulated (solid line) forced I low Io-Vip from 223-393
K. (a) 223K. (b) 300K. (c) 303K.
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Plot MXT504npn_300k__1/dc_output/lcVce_ForcelB_low_223K/vbe_vce

1"’5\||\;||||:|\||‘|\\|

1.00 fee

(vb-ve) [E+0]
3
&

0.00

oo

mdata(vb-ve) sdatal

x
ve-ve [E+0] (a)
Plot MXT504npn_300k__1/dc_output/lcVce_ForcelB_low 300Kfvbe vce
900

-ve) sdata(vb-ve) [E-3]

mdata(vb

ve-ve [E+0] (b)

Plot MXT504npn_300k__1/dc_output/lcVce_ForcelB_low_393K/vbe_vce

L e L |

800

750 |

.
2

) [E3]

2
2

mdata(vb-ve) sdata(vb-ve
ao
[+
g

@
2

ve-ve [E+0] (C)

Figure 5.12: Measured (symbol) and simulated (solid line) forced Ip low Vpg-Veog from
223-393 K. (a) 223K. (b) 300K. (c) 303K.
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Figure 5.13: Measured (symbol) and simulated (solid line) forced I high Io-Veg from 223-
393 K. (a) 223K. (b) 300K. (c) 393K.
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Figure 5.14: Measured (symbol) and simulated (solid line) forced Iz high Vgpp-Vop from
223-303 K. (a) 223K. (b) 300K. (c) 303K.
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Figure 5.15: Cutoff frequency temperature scaling at Vopg=0V .

to fit cutoff frequency at multiple temperatures. The result is shown from Figure 5.15 to

Figure 5.17 .
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Plot MXT504npn_300k__1/ac/bias_main_VCB1V_300K/fT_tscaling_VCB1v .
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Figure 5.16: Cutoff frequency temperature scaling at Vop=1V(Blue is at 223K; Red is at
300K; Pink is at 393K.)
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Figure 5.17: Cutoff frequency temperature scaling at Vop=2V(Blue is at 223K; Red is at
300K; Pink is at 393K.)
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