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Introduction to Mextram (3)

B Mextram has been introduced within Philips in 1985

— Updates
* 1987 Mextram 502
* 1993 Mextram 503

— Physics based
— Developed for analog applications

— Suited for both digital and analog applications

B Mextram/MM9 have been introduced in public domain in 1993

— http://lwww.semiconductors.philips.com/Philips _Models/
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Charge modelling: depletion charges (7)

Depletion charges and capacitances

(1-w)
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e singularity at Vj = Vy

' 2 Vi
QDEPL(VJ') - (1+K)'CJ0-Vd. 1_(1-|-K)p/ .(1_\/_(;)
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Charge modelling: depletion charges (continued) (8)

base-emitter junction:

QTe = QpEPL (Vb2e1, Cje, Vde, Pe, K =0.01) - (1 - XCje)
Q%—e = QpeprL (Vbiet, Cle, Vde. Pe, K = 0.01) - XCje

Base—emitter capacitance
e e e

substrate-collector junction: 10

Qr, = QberL(Vsct. Cis, Vds, Ps, K = 0.01) o

Cbe[F]

10
03 04 05 06 07 08 09 10
Vbe[V]

extrinsic base-collector junction:
. .. . . . XdO
takes into account finite thickness of the epilayer: XP = Wep

Q1, = (1—XCjo)-[(1 = XP) - QpepL (Vbict: Cic. Vde, Pe. K = 0.1) + XP - Cjc - Vip1ci]

base-collector capacitance underneath the emitter depends on collector current !
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Charge modelling: diffusion charges (9)

Diffusion charges: Qpe, Qpc
Assumptions:
e No recombination in the quasi-neutral base: Jp =0and p=n+ Na

Wh

With boundary conditions n(0) and n(W,) we can derive:

e non-homogeneous base doping: N(x) = Ng - exp(

E B | C
nx) = T(Xn)- n(0)+r(x 1) - N(Wh) n(0) :
Qbe = Q- Aem n(O) / f(X n)dx n(x) :

Wp :

Qpc = CI'Aem'n(Wb)'/ r(x,n) - dx !
° n(W,)

|

0 v
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Charge modelling: diffusion charges (continued) (10)

with normalized carrier densities: ng = n(0)/Na,  np = n(W)/Na
2
n; Vb2e1)
nop-(L+ng = —=-ex
Ny - (e Np) = —=-ex

neutral base width (0 — W) is modulated by the depletion layers:
Qp = Qpy + Q1. + Q1. = Qpy - (1 +01) g accounts for Early effect

final result:

Qe = Qpy- (14091 - F(n,ng) - nNg
Qbc = Qpy- (1+d1) - R, Np) - Np
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Charge modelling: diffusion charges (continued) (11)

collector epilayer underneath the emitter and extrinsic collector regions:

V V
exp( t{?tcz) -~ exp( t{%t‘?l)

eri — |S'Qb0' |
epi
1— XCj
Qex = - lc. (ch(Vblcl) + Qepi (Vblcl))
XClc

emitter charge storage: parameters: te, My

Vb2el
Qne = Te-ls- [exp(mr .th) — 1}
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Collector current (13)

Moll-Ross relation for the main electron current

\Y/ \Y/
op(*52) —ep(*K2) iy,

Qb/ Qnyg O

Ih = Is-

C
Qp — CI'Aem'/ p-dx = Qb+ Q. + QT + Qbe + Qe
e

E@:1+QR+QR+QW+Qm

b= Qb Qb Qb
\ 0
d1 02

Early effect high injection base
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Collector current (continued)

(14)

Qb_0/Qb
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e

bias dependent Early effect.

punch-through: Qt, + Q1. = —Qp,
Mextram has only one knee current

0.0
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Vbe[V]

Veaf=

Ic/(dlc/dVce) — Vce

Bias dependent Early Voltage: VAF=20V
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Main differences comparing with GP:

In Mextram high injection is related to the diffusion charges
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Base current: forward current gain (16)

forward active region: ideal bottom/sidewall component +
non-ideal component based on SRH recombination

_ exp(Vp2e1/ Vi) — 1
f
exp[Vbzer/ 2+ VO] +exp| Vi / 2+ )|

ey eXp(Vbzel)—l (1= Xly)

Bf Vt 10 Forward current gain: Vbc=0V, B_f=100
LILLLLLL LRI LLLL DL LR R R |
ls [ \Y/ i B |
+— | exp blel ) _ 1] Xlp, 80 _
B L Wt | ! _
o 60 _
_
2 e _
20 _
OWLWWWL%““H
Parameters: B¢, Xlp, lp;, VL, 10407 107 107 107 107 107 107 107 10
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Base current: reverse current gain (17)

reverse base current contains three components: Iy = lex + Ipy + lsup
e electrons injected from the collector into the extrinsic base: lex
e non-ideal component based on SRH recombination: Iy,
e Substrate current of the parasitic PNP: Igp

o o) -1
Bri 1+ Qex

L exp(Vpic1/Vt) — 1
o Vot @ Vo] + expVLL/ @ W]

2. g, - {exp(VletCl) - 1}

Is;ub =
| | s Vbic1
! \/1 4 ks {eXp( Vi ) B 1}
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Avalanche multiplication (19)

Weak avalanche model means: I5, < lc & In

| | fxd ( O ) d
— . on - ex - aX
avl n A n P EX)|

1 R
X : |
1+X B C X V\épi

I

\

EX| = Em-(1-3)~Em-

Xd, Em and A are bias-dependent and can all be
related to the depletion layer thickness at zero bias (Xgq,)- =
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Avalanche multiplication (continued) (20)

Avalance multiplication: Ihc=0.5mA
LA L L L L L

0.004

AVL=20 EXAVL=1 EXAVL=0

0.00

| c [A]

o
=
N
.
I
&)
o

Vce [V]

Parameters: Avl = bn - Xy, (Ihe, SFH, XP ....)
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Series resistances: base resistance (22)

1) Re, Ry, Re are constant
2) Rp,, R, are bias-dependent

Resistance model Ry of the pinched base accounts for
e base charge modulation: R, = Ry, /0p
e DC current crowding, based on elementary model (Hauser)

A very good approximation (Groendijk) is; //
Le
2V Vbib2 Vbib2

lp1p2 = m(exp( Vi )_1)+3-Rb () | el

note: with reversal base current (decharging,avalanche) rp > Ry !!

e AC current crowding M
b b
C, = }°(8QTe+ 8Qbe_l_ aQn) 1 2
O \0Vp2er 9Vp2el 9Vh2e1

| |
||Cb
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Series resistances: epilayer resistance (23)

Collector epilayer resistance model
forces the voltage on node ¢c; —> Iy, Qpc, Qepis QT
In this way we model base push out and the collector transit time.

Reversed biased junction

Two cases have to be considered: W

. 0 i
e ohmic current flow: model of Kull; Vepi = Tepi Rov o
neutrality p + Nepi ~n, Jp =0 Vi + Vde
e velocity saturated current flow
-E
Iepi<|hc
Ec + Vepi

Ko+ 1 | Vepi +V%
EC = Vt' Ko—Kw—In ot \ epi e
Ky +1

Ko = 1+4-exp[(Voocz — Vdo)/ V]
Ko = V1+4-exp[(Voea — Vdo)/Vi]

Base Pushout

lepi = i
P FQCU :
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Series resistances: epilayer resistance (continued) (24)

e velocity saturated current flow Rever se bi ased junction
0 epi
dE _ 9-Nepi () lepi
dX - € IhC
Wepi
Vep +Vde = —/ E(X) - dX
0
2
= —E() - Wgpi -
(0) - Wepi + 5 . (
-E Base Pushout

Veb — Vj — Ihe - Re,

— lepi = lhe+ SCR.
W2..
SCRe, epi
2-€-vs- Aeff
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Series resistances: epilayer resistance (continued) (25)

Combine ohmic and saturated current flow and include injection region:

lhe — liow
Re, —> RCU'(l_Xi/Wepi) ' epi | ,—"//
2 oolthe o o=
SCR;, —> SCRe, - (1= Xi/Wepi) T
Final epilayer resistance model:
X /Wey = —
ST e - Ry,
Ihe - Vepi -V, .
llow = °P!
Vepi + Ihe - Re, - (1— Xi/VVepi)
Vepi — liow - I:\’cv ' (1— Xi/VVepi)
Iepi = liow

2
LR, - (1— Xi/VVepi)
This leads to a cubic equation for |gp
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Series resistances: epilayer resistance (continued)

(26)

Influence of velocity saturation on the output characteristic.

Output characteristic

0.013 " T 71 ! ' ! !
- lhc=8.2mA ]
| Wepi=1.E-4 cm ]
. Nepi=5.E16  ____. .
0.01¢- Ib=0.4mA]
< I 1
o i Ib=0.2mA|
0.0053- Ib=0.1mA;
[ —— with velocity saturation |
---- without velocity saturation i

0 1 1 1 1 1 1 1 1
0005 10 15 20 25 3.0 35 4.0

VcelV]

Parameters: Re,, Ihc, SCRe,, Vdc
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Miscellaneous: Noise (28)

Noise Sources

1. thermal noise;

% A"kT'T Is valid for Re, Re., Ry, and slightly different for Ry, .
2. shot noise;

i =2-q-1isvalidfor In, In;, 15, by, lbg lex and Xlex
3. 1/f noise of the base current;

1% = KF - 1/¥ is valid for Iy, 15, T lexs Xlex

and for the non-ideal forward base current we have KFN - (|b2)2
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Miscellaneous: temperature scaling (29)

The Mextram model contains extensive temperature scaling rules.
They are applied to the following parameters:

Resistances Rb., Rb,» Re,r Ree

Capacitances Cles Vde: Clc, Vdc » XP, Cjs, Vigs, Qbg » Qng » My
Saturation currents s, ls

gain modelling B, lbes Vi Briy I » VI, o Tk kg

avalanche Avl

The parameters in the temperature scaling rules are:

Vge: Vgor Ve, Vas: Vg Bandgap voltages
Ap , Aepi » Aex , Ac, As Mobility exponents
Vi’ Na Qbo

Er Vi VL,
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RF Performance: Medici device simulations (31)
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RF Performance: device characteristics (32)

dpolyl: Results parameter extraction Mextram model versus Medici
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RF Performance: small signal Y parameters

(33)

dpolyl: bias: Vbe=0.85 Vce=0.5 Medici Mextram
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RF Performance: small signal Y parameters

(34)

dpolyl: biasVbc=0.0V freq: 1.0Ghz Medici Mextram
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RF Performance: small signal Y parameters (continued)

(35)

dpolyl: biasVbc=0.0V freq: 1.0Ghz Medici SGP
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Scalability and statistical modelling (37)

In general we have as a geometrical scaling rule:
e rectangular geometry W x L
e model parameter p=pp-W-L+2-ps-(W+ L)
No corner contributions.
e Pp and ps are unity parameters and process-dependent
They are correlated with PCM data like pext, opinch and BVgpo

Statistical models can use the same scaling rules !

Average values P and variances ag follow from W, L, Pp, Ps

2 2 2 2
and O O Opr O pg-
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Scalability and statistical modelling (continued) (38)

Plaot geEam_ mx ‘t5@3/parameters/(:be/(2be el Flat geDm_mxtE@Sx’par‘ame‘ter’s/}z\\/l_Ear‘]y/\/er’ [T R
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Geometry dependence of the base-emitter capacitance and the
reverse Early voltage.
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Scalability and statistical modelling (continued) (39)

Qubic3 0.6x19.8 Vbc=0,-1,-2V . Qubic3 0.6x19.8 Vbc=0,-1,-2V
20 T T TTTTI0 T T T TTTTIT T T 11T 3.5-16: T TTTTmm T T TTTTIN T TTTITY
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+ + 7 E //,6 . \\\‘ E
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S~ _ : 47 |:|\\ \‘ :
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i 5010 * o
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Device characteristic after geometric scaling of a double-poly npn transistor,
fabricated in the Philips Semiconductors Qubic-3 process.
Emitter dimension in silicon : 0.6 x 19.8 ,umz.
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Introduction (41)

e From benchmarking of Mextram versus Vbic.

more physics based (complicated) model description

less number of parameters

more correlations between DC and AC

more experience needed to perform parameter extraction
only one free parameters to model cut off frequency ft

no self heating, because in Philips:

x feature of the inhouse circuit simulator Pstar

« available for all device models.

x not only self heating, also from neighbours is easy possible
no substrate series resistance
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Introduction: continued (42)

What can be expected of Mextram 5047
e review of the complete model — documentation
e introduction of additional parameters in existing Mextram model formulations
e modelling of SiGe transistors
e until now no new phenomenon like collector breakdown,
tunneling/avalanche at BE junction

Achieved until now:
e more flexible non-ideal forward base current, compatible with
GP and Mextram 503.2 (one additional parameter).
e modelling of the SiGe transistor (two additional parameters)
e simplified and improved thermal noise model for the bias dependent part
of the base resistance Rb, (DC current crowding)
e improved temperature scaling of neutral base charge Qp, (Early effect).
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Non-ideal base current (43)

example: COBI process, CBE layout

Mextram 503.2 Mextram 504.0
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SiGe modelling: Medici device simulations (44)

Selectively grown S /S G HBTs with 2 basecontacts
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Simulated SiGe transistor characteristics

(45)

SiGe freq=10.0Ghz, Vbc= 0,-3V XCjc=0.5 Medici

Re,Rb+Re
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Improved two port method
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SiGe transistor modelling (46)

Dependence of collector voltage on current gain and cut-off frequency ft
Is different for SiGe transistors.

Moll-Ross relation for the main electron current
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SiGe transistor characteristics

(47)

SiGe freq=10.0Ghz, Vbc= 0,-3V Medici M504

Re,Rb+Re

Ic/lb

Improved two port method
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SiGe transistor: ft (48)

SiGe Measured/Mextram_504.0
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SiGe transistor modeling: temperature (49)

SiGe Measured/Mextram_504 Gummel plot: Vbc=0V
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SiGe transistor modeling: temperature (50)

MeasuredMextram_504 HFE plot: SiGe transistor
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Summary of modelled effects (52)

Bias-dependent Early effect modelled by means of depletion charges
Charge storage in quasi-neutral regions modelled independently from currents
Influence of built-in electric field

High-injection effects in the base

Current- and voltage dependent c-b depletion capacitance
Quasi-saturation and hot-carriers (Kirk) effect in the collector epilayer
Bias-dependent current gain

Avalanche multiplication valid for all collector current levels

Conductivity modulation of the base

DC and AC e-b current crowding

Sidewall contributions to currents and depletion charges

Explicit modelling of inactive regions: parasitic PNP, split c-b capacitance
and substrate effects

Temperature dependencies of the model parameters

Physics-based parameters, facilitating geometrical scaling

and statistical modelling
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Summary continued (53)

e Mextram 504 is able to model SiGe transistors accurately
— Bias dependency of the collector current.
— Cut off frequency ft and small signal Y parameters.
— Temperature scaling.
e More flexibility in parameter extraction by introducing additional parameters.

Future work:
e Temperature scaling in general and in particular of ft
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