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10.1 Introduction

The TN/TNS-level-503 model provides a detailed description of a vertical inte-
grated circuit NPN transistor. It is meant to be used for DC, transient and AC analy-
sis at all current levels, i.e. high and low injection, quasi and hard saturation. In
comparison with TN/TNS-level-502 the description of the collector region is
improved. The base-collector depletion charge and the reverse current I, now

depend on the same internal base-collector voltage Vg,, . The modeling of the epil-

ayer resistance is rewritten and takes into account current spreading. All this results
in a more accurate modeling of the collector transit time. Other parts of the models
are rewritten to obtain better convergency behaviour. For Pstar users they are availa-
ble as built-in model.

The models TN-level-503 and TNS-level-503 are almost identical. In case of a differ-
ence between the models, it will be mentioned explicitly that the information given
is only relevant for the model TN-level-503 or TNS-level-503.

10.2 Order in which terminals are specified
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For the TN device: TN_n (C, B, E) <parameters>
For the TNS device: TNS_n (C, B, E, S) <parameters>

n :occurrence indicator

<parameters> . list of model parameters

C, B, E and S are collector, base, emitter and substrate terminals respectively
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10.3 Survey of modeled effects

» Temperature effects

» Charge storage effects

» Substrate effects and parasitic pnp (for the TNS device only)
» High-injection effects

* Built-in electric field in base region

» Bias-dependent Early effect

* Low-level non-ideal base currents

* Hard and quasi-saturation

*  Weak avalanche

» Hot carrier effects in the collector epilayer

» Explicit modeling of inactive regions

» Split base-collector depletion capacitance

* Current crowding and conductivity modulation for base resistance

» First order approximation of distributed high frequency effects in the intrinsic
base (high frequency current crowding and excess phase shift).
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10.4 Parameters

The parameters for TN-level-503 and TNS-level-503 are listed in the table below.

Position Parameter Units Description

in list name

TN TNS

1 1 LEVEL - Model level, must be set to 503

2 2 MULT - Multiplication factor

3 3 TREF °C Reference temperature

4 4 DTA K Difference of the device temperature to the ambi-

5 5 EXMOD - Flag for extended modeling of the reverse current
gain (default is .false. =0 and .true. =1)

6 6 EXPHI - Flag for distributed high frequency effects in tran-
sient (default is .false. =0 and .true. =1)

7 7 EXAVL - Flag for extended modeling of avalanche currents
(default is .false =0 and .true. =1)

8 8 IS A Collector-emitter saturation current

9 9 BF - Ideal forward current gain

10 10 XIBI - Fraction of ideal base current that belongs to the
sidewall

11 11 IBF A Saturation current of the non-ideal forward base
current

12 12 VLF \Y/ Cross-over voltage of the non-ideal forward base
current

13 13 IK A High-injection knee current

14 14 BRI - Ideal reverse current gain

15 15 IBR A Saturation current of the non-ideal reverse base
current

16 16 VLR \Y/ Cross-over voltage of the non-ideal reverse base
current

17 17 XEXT - Part of Igy, Qex, Qex and Igypg that depends on
the base-collector voltage Vgcy

18 18 QBO C Base charge at zero bias

192



December 2000 Bipolar N-P-N Transistors TN/TNS Level 503

Position Parameter Units Description

in list name

TN TNS

19 19 ETA - Factor of the built-in field of the base (= n)

20 20 AVL - Weak avalanche parameter

21 21 EFI - Electric field intercept (with EXAVL=1).

22 22 IHC A Critical current for hot carriers

23 23 RCC Q Constant part of the collector resistance

24 24 RCV Q Resistance of the unmodulated epilayer

25 25 SCRCV Q Space charge resistance of the epilayer

26 26 SFH Current spreading factor epilayer

27 27 RBC Q Constant part of the base resistance

28 28 RBV Q Variable part of the base resistance at zero bias

29 29 RE Q Emitter series resistance

30 30 TAUNE S Minimum delay time of neutral and emitter charge

31 31 MTAU - Non-ideality factor of the neutral and emitter
charge

32 32 CJE F Zero bias collector-base depletion capacitance

33 33 VDE \/ Emitter-base diffusion voltage

34 34 PE - Emitter-base grading coefficient

35 35 XCJE - fraction of the emitter-base depletion capacitance
that belongs to the sidewall

36 36 CJC F Zero bias collector-base depletion capacitance

37 37 VDC \/ Collector-base diffusion voltage

38 38 PC - Collector-base grading coefficient variable part

39 39 XP - Constant part of of CJC

40 40 MC - Collector current modulation coefficient

41 41 XCJC - fraction of the collector-base depletion capaci-
tance under the emitter area

42 42 VGE \/ Band-gap voltage of the emitter

43 43 VGB \/ Band-gap voltage of the base

44 44 VGC \/ Band-gap voltage of the collector

45 45 VGJ \/ Band-gap voltage recombination emitter-base

junction

193



Bipolar N-P-N Transistors TN/TNS Level 503

December 2000

Position Parameter Units Description

in list name

TN TNS

46 46 VI \Y/ lonization voltage base dope

47 47 NA cm” Maximum base dope concentration

48 48 ER Temperature coefficient of VLF and VLR

49 49 AB - Temperature coefficient resistivity base

50 50 AEPI - Temperature coefficient resistivity of the epilayer

51 51 AEX - Temperature coefficient resistivity of the extrinsic
base

52 52 AC - Temperature coefficient. restivity of the buried
layer

53 53 KF - Flickernoise coefficient ideal base current

54 54 KFN - Flickernoise coefficient non-ideal base current

55 55 AF - Flickernoise exponent

* 56 ISS A base-substrate saturation current

* 57 IKS A Knee current of the substrate

* 58 CJS F Zero bias collector-substrate depletion capacitance

* 59 VDS \/ Collector-substrate diffusion voltage

* 60 PS - Collector-substrate grading coefficient

* 61 VGS \/ Band-gap voltage of the substrate

* 62 AS - For a closed buried layer: AS=AC
For an open buried layer: AS=AEPI

[ Note
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The parameters marked by * are not valid for the TN-level-503 model.
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Parameter MULT

This parameter may be used to put several transistors in parallel. To scale the geom-
etry of a transistor use of the process-block is preferable over using this feature.
The following parameters are multiplied by MULT:

The TN device: IS IK IBF IBR QBO IHC CJE CJC

The TNS device: IS IK IBF IBR ISS IKS QBO IHC CJE CJC CJS

Divided by MULT are:

RCC SCRCV RCV RBC RBV RE
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10.5 Pstar specific values

The default values and clipping values as used by Pstar for the TN/TNS-level-503
are listed below (The parameters marked by * are not valid for the TN-level-503
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model).

No. Parameter Units  Default Clip low Clip high
1 LEVEL - 503 - -

2 MULT - 1.00 0.0 -

3 TREF °C 25.00 -273.15 -

4 DTA K 0.00 - -

5 EXMOD - 1.00 0.0 1.0
6 EXPHI - 0.00 0.0 1.0
7 EXAVL - 0.00 0.0 1.0
8 IS A 5.00 x107L/ 0.0 -

9 BF - 140.00 1.0 x107 -
10 XIBI - 0.00 0.0 1.0
11 IBF A 2.00 x10714 0.0 -
12 VLF V 0.50 - -
13 IK A 15.00 x10°3 1.0 x10712 -
14 BRI - 16.00 1.0 x107 -
15 IBR A 8.00 x10°1® 0.0 -
16 VLR V 0.50 - -
17 XEXT - 0.50 0.0 1.0
18 QBO C 1.20 x10°12 1.0 x10718 -
19 ETA - 4.00 0.0 -
20 AVL - 50.00 0.1 -
21 EFI - 0.70 0.0 -
22 IHC A 3.00 x10°3 1.0 x10712 -
23 RCC Q 25.00 1.0 x10°8 -
24 RCV Q 750.00 1.0 x10°° -



December 2000 Bipolar N-P-N Transistors TN/TNS Level 503
No. Parameter Units  Default Clip low Clip high
25 SCRCV Q 1000.00 1.0 x10°® -

26 SFH - 0.60 0.0 -

27 RBC Q 50.00 1.0 x10°8 -

28 RBV Q 100.00 1.0 x10°6 -

29 RE Q 2.00 1.0 x10°8 -

30 TAUNE s 3.00 x10710 0.0 -

31 MTAU - 1.18 1.0 2.0
32 CJE F 2.50 x10713 1.0 x10"%

33 VDE 0.90 0.05 -

34 PE - 0.33 0.01 0.99
35 XCJE - 0.50 0.0 1.0
36 clc F 1.30 x10713 1.0 x10°%¢ -

37 VDC 0.60 0.05 -

38 PC - 0.40 0.01 0.99
39 XP - 0.20 0.0 1.0
40 MC - 0.50 0.0 1.0
41 XCJC - 0.10 0.0 0.999
42 VGE \Y; 1.01 0.1 -

43 VGB \Y; 1.18 0.1 -

44 VGC \Y; 1.205 0.1 -

45 VGJ \Y; 1.10 0.1 -

46 VI V 0.04 0.0 -

47 NA cm®  3.00 x10%7 1.0 x102 -

48 ER 2.00 x10° - -

49 AB - 1.35 - -

50 AEPI - 2.15 - -

51 AEX - 1.00 - -

52 AC - 0.40 - -

53 KF - 2.00 x10716 0.0 -
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No. Parameter Units  Default Clip low Clip high
54 KFN - 2.00 x10716 0.0 -

55 AF - 1.00 0.01 -

56+ 1SS A 6.00 x10°16 0.0 -

57* IKS A 5.00 x107 1.0 x10712

58+ CJs F 1.00 x107%2 0.0 -

59+ VDS V 0.50 0.05 -

60* PS - 0.33 0.01 0.99

61* VGS V 1.15 0.1 -

62+ AS - 2.15 - -

The ON/OFF condition

The solution of a circuit involves a process of successive calculations. The calcula-
tions are started from a set of ‘initial guesses’ for the electrical quantities of the non-
linear elements. A simplified DCAPPROX mechanism for devices using ON/OFF
keywords is mentioned in [36]. By default the devices start in the default state.

TN level 503 TNS level 503

Default ON OFF Default ON OFF

Vacy -1.0 00 |-1.0 Vacy -1.0 0.0 | -1.0
Vgic1 -1.0 00 | -1.0 Vaic1 -1.0 0.0 | -1.0
Vaoct -1.0 00 |-1.0 Vaoc1 -1.0 0.0 | -1.0
Vaoco -1.0 00 |-1.0 Vaoco -1.0 0.0 | -1.0
VaiE1 0.65 075 | -0.3 o 0.65 0.75 | -0.3
Vaoer 0.65 075 | -0.3 Vaoer 0.65 0.75 | -0.3
Vgigy | 1.0x10% | 1.0x10® 0.0 Vgigy |1.0x10° | 1.0x100| 0.0
Vscy 5.0 5.0 | -5.0
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10.5.1 Numerical Adaptation

To implement the model in a circuit simulator, care must be taken of the
numerical stability of the simulation program. A small non-physical con-
ductance, G, Is connected between the nodes B1C1 and B2E1. The value of
the conductance is 1013 [1/Q].

10.5.2DC operating point output

The DC operating point output facility gives information on the state of a
device at its operation point.

di, = 9, WVgypq + 9, LVgycr + 9, [lVgyey

dlcicy = grev, [0V gocp +0rev, Vg,
dlgg = jw [(Cbey [Vg,c, + Che, [V g,0q)
dlge = 9ux WVgops + 9y, [Vgycq + jw HChe, [HV g5, + Che, [V g5c4)
dlgyg, = 9rbv, [dVg,pq + grbvy [V gy, +arbv, [HVgocq + jW E(:BlB2X HVgoes
dSlge = JwIBCqg Vpyey
For the TNS device:

dlsyg = 9pnp WVE1cy + Xdpnp Ve

Quantity Equation Description

LEVEL 503 Model level

RE RE Emitter resistance

RCC RCC Constant part of the collector resistance

RBC RBC Constant part of the base resistance

RBV RBV Variable part of the base resistance

GPI O Conductance floor b-e junction:

0lg,/0Vgop T 015/ 0Vpops

S SOn Conductance sidewall b-e junction:alg,%/aV g, ¢,
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For the TN device:

GMUEX  g,ex Conductance floor extrinsic b-c junction:
O(lgx *+1g3)/0Vgicy

XGMUEX " Xg, ex Conductance sidewall extrinsic b-c junction: 0X1gy/0Vge,

For the TNS device:

GMUEX 9uEX 0(lgx + 1g3+ lsug)/9Vpica

XGMUEX X9,Ex 0(Xlgx + Xlgyg)/Vpey

CBEX Chey Capacitance floor b-e junction:
0Qre/0Vpoe1 +0Qpe/0Vpoey + 0QN/0Vpoey

CBCY Chcy Capacitance intrinsic b-c junction:
0Qrc/0Vpaca +0Qpc/0Vgoc2 + 0Qep 1/ Voo

CBCEX Chcgy Capacitance floor extrinsic b-c junction:
aQTEX/aVB:I.Cl + aQEX/avBlCl

XCBCEX  XChbcgy Capacitance  sidewall extrinsic b-c  junction:
0XQrex/0Vpict ¥ 0XQpx/0Vpey

CB1B2 Cgigy Capacitance AC current crowding: 9Qg;5,/9Vg1p2

GX 9 Forward transconductance: ol/0Vg,g,

GY gy Reverse transconductance: dly/0Vg,c,

Gz g, Collector Early-effecton I : d1/0Vg,cq

GRCVX grev Obsolete! 01;c,/0Vgoes

GRCVY grev Conductance  with  respect to external voltage:
ol ClCZ/aV B2C2
GRCVZ grev, Conductance ~ with  respect to external voltage:

aIClCZ/aVBZCl
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CBEY

CBEZ

GMU

GMUX

GMUZzZ

CBCX
CBCZ

GRBVX
GRBVY
GRBVZ
CB1B2X

SCTE

Chey

Che,

Chcy

Chbc,

grbvy
grbvy
grbv,

CBlBZX

SCre

Internal collector Early-effect on Qg : 9Qge/0Vg,c, (iN-
cludes repartitioning for EXPHI)
External collector Early-effect on Qg : 0Qgg/0Vgyey (iN-
cludes repartitioning for EXPHI)

Dependence avalanche multiplication on internal b-c junc-

Dependence avalanche multiplication on internal b-e junc-
tion: -0l /0Vgoeq

Dependence avalanche multiplication on external b-c junc-

Emitter Early-effect on Qg 0Qgc/0Vgoes

Collector Early-effect on Qc, Qgc and Qgp;:
0Qrc/0Vgyc1 +0Vgc/0Vgycy +0Qgp/0Vgyey

Emitter Early-effecton Ig,5,: 0lg15,7/0Vgoes

Internal collector Early-effect on 15,5, 9l515,/90Vgocs
External collector Early-effect on Ig;5,: 015152/0Vgocy
Dependence of Qg;5, On internal b-e junction voltage:
9Qp1p27 0Vp2E1

Dependence of Q3 on internal b-e junction voltage:

S
aQTE/aVBZEl
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For the TNS device:

Quantity  Equation Description

GSUB Ysub Conductance s-c junction:dlgg/ Ve,

CTS Cqs Capacitance s- junction:0Q s/ Ve,

GPNP Ipnp Transconductance ~ floor  extrinsic  PNP  transistor:
alSUB/aVBlC1

XGPNP Xgpnp Transconductance sidewall extrinsic PNP  transistor:
0Xlgyg/9Vgey

Remark: The operating-point output will not be influenced by the value of G,
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10.6 Equivalent circuit and equations

A full description of TN/TNS-level-503 for vertical integrated circuit NPN transistor
is given below. The equivalent circuits for the TN-level-503 model are shown in figs.
24 and fig. 26 respectively. The equivalent circuits for the TNS-level-503 model are
shown in figs. 25 and 26 respectively.

L] Note
Theelementsinthefigureindicatestheirpositionand NOT theirfunctionaldependence!
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Figure 24: Equivalent circuit for vertical TN NPN transistor
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Figure 25: Equivalent circuit for vertical TNS NPN transistor
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Figure 26: Small signal equivalent for vertical TN/TNS NPN transistor
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Model constants

Kk = 1.3806226 (10 K™
q = 1.6021918 (10 °C
E‘é% = 0.86171 (10~ "V/K

1.036 (10 2C/V tm
Viim = 8. 10°cm/ sec

m
I

Gy = 1. 00 PA/V
K = .01
CK = .1

Constants A and B for impact ionization depend on transistor type:

for NPN:
5 -1
A, = 7.03[10"cm
B, = 1.23 (10°V [km ™

n

The default reference temperature TREF for parameter determination is 25 °C.

Temperature effects

The actual simulation temperature is denoted by TEMP (in °C). The temperature at
which the parameters are determined is TREF (in °C).

* Conversions to Kelvin

Ty = TEMP + DTA +273.15 (10.1)
Tex = TREF +273.15 (10.2)
T
TRK
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208

-1 (10.4)

* Thermal Voltage

vy = %EDTK (10.5)

* Resistances

RBC; = RBC 0T ,,*™* (10.6)
RBV, = RBV [T " (10.7)
RCC; = RCC M A° (10.8)
RCV; = RCV [T (10.9)

* Depletion capacitance

The junction diffusion voltage and junction capacitance with respect to temperature
Is:

VDE, = -3 (BT, OIn(T,) + VDE [T + (1 - T,) (VGB (10.10)
T 0= K N N N
VDE FE
CJE, = CJE (10.12)
T “HbEC

Where VDE is the junction diffusion voltage and PE is the grading coefficient.

VDC; = -3 [E—EHK [n(Ty) + VDC [Ty + (1= Ty) IVGC (10.12)

Where VVDC is the junction diffusion voltage.
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The collector depletion capacitance is divided in a variable and constant part. The
constant part is temperature independent.

vDC (PC
cic ==CJC[B1—XP) +xp} 10.13
T EE/DCTD ( )
XP; = xp03& (10.14)

cic,

Where PC is the grading coefficient.

For the TNS device:

VD&.:—3q%%]K[muN)+VDsmN441—TNﬂNGS (10.15)
_ VDS [fS

CJS; = CJS UDs. 0 (10.16)

Where VDS is the junction diffusion voltage and PS is the grading coefficient.

» Base charge

JE; VDE,
1-PE

C
QE; = (1-XCJE)

(10.17)

Pr
QBO; = %Tﬂ%mp—QET—XCJC[BJCT[yDch%jEE-+XPTE
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with:
[ —
_RT + RT+8 ERT
giT = 2 (for Ry - oo:giT =1)
15 4.82 010" a0 VI
RT = (TK) DT EEXp[—DZDDT—K}
=1 L-XP oo
Qimp = 0, EEQBO +QE + XCJC [JC DJDC[i_ Tl XPDE
QE = (1-XCJE) JlE_%’EDE
[o2 '
-R+AJR"+8I[R
9 = 7 (for R - c01g; = 1)
R = 15 4.82 (10"

_ a0 VI
(TRK) 05 NA bep|: EkDD-I_-RK:|
Qimp has to be calculated with all parameter values at the reference temperature.

e Current gain

BF; = BF (7, (0%~ 138) bep[EEEE(VGB—VGE) DTJ (10.18)

The parameter BRI is assumed to be temperature independent.

e Currents and Voltages

1S; = IS T8~ 8) bep[E%EDJGB DT,} (10.19)
2 GJ

IBF, = IBF [T} [Exp[E'%EEEVTEDTJ (10.20)

VLF; = VLF—ER Ty - Tg) (10.21)

1K, = Ik o (A% (10.22)
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IBR; = IBR T} bep[%%[@’%gm,} (10.23)
VLR = VLR-ER Ty - Try) (10.24)
For the TNS device:

The temperature dependence of ISS and IKS is given by AS and VGS.
AS equals AC for a closed buried layer (BN) and AS equals AEPI for an open buried layer.

158, = Iss T {Fo+ A% bep[%ED\/GS o } (10.25)

IKS; = IKS T =A%) (10.26)

* Transit times

_ MTAU
MTAUr = 97au -Ty AMTAU - 1) (10.27)

DTl/MTAu By
RK 0 0

D_I_l/MTAUTE

oK O (10.28)

1
+ —
eXp[&DE%‘/GJ T, +VGB EB\/ITAUT T, MTAU DTRKDE}

TAUNE; = TAUNE [T, *#®)

* Avalanche parameter

AT, = TREF - 25
AT, = TEMP + DTA-25
1+7.2 000" AT, - 1.6 [10°° (AT ,)? (10.29)
AVL; = AVL 0—— - LAY

1+7.200 " (AT, - 1.6 0~° qaT,)* ©ICr
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Temperature related parameters

For the TN device: VGE, VGB, VGJ, VGC, AB, AEX, AC, AEPI, VI, NA and ER.

For the TNS device: VGE, VGB, VGJ, VGS, VGC, AB, AEX, AC, AEPI, AS, VI, NA
and ER.

Parameter dependent constants

_ 5 {l=exp(=n)
ho = 2] ———*+ 10.30
a E[ n } (10.30)
ahb = ah0 (10.31)
alb = exp(-n) (10.32)
bho = —— (10.33)
ah0 '
bhb = bho (10.34)
bio = A=(1-2alb) (10.35)
(1-alb)
blb = M (10.36)
(1-alb)

Model parameter: ETA (n)
Description of currents

* Ideal forward current and reverse current.

g = 1S bepQ/\B/ZElg (10.37)
T
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B2C2
R = 1S; [bpr/VT . (10.38)

Model parameter: IS

« The main current Iy

The Moll-Ross formulation is used to take into account high injection in the base. To
avoid dividing by zero the depletion charge term is modified.

Qre * Qrc
Qo = 1+ QB—OT
(10.39)
Gt /q(2)+K
0 = ——5—
_ Qge +Qpc
ap = QB—OT (10.40)
Ie— g
= R 10.41
N T 3, ( )

Model parameter: QB0

[J Note
The depletion charges Q1g , Qtc , Qge and Qgc are given by Eqgs. 10.83, 10.87, 10.96
and 10.99 respectively.

* Forward base currents.

The total ideal base current is separated into a bulk and sidewall component. The
bulk component depends on voltage Vg,g1 and the sidewall component on voltage

Vgie1- The separation is given by parameter XIBI.

Bulk component:

= (1-XIBI) EE———EHe Xp VBZElD 15 (10.42)

DVT
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Sidewall component:

v O
= XIBI DB— EHe XpH—0- 10 (10.43)
a VT D
The non-ideal base current is given by:
O O
O expS/@zElE 1 E
Is, = 1BFy (— —— [+ Gy Ve, (10.44)
EX 0 BZE1|:|+ pd/ Tod

ex
PV, 2 ov; g
Model parameters: IS, BF, XIBI, IBF and VLF
» Reverse base currents.

In TN/TNS-level-503 the non-ideal reverse current is part of the basic Mextram
model.

O O
O epr/\B/mlE 1 E

lgs = IBR; O - e+ Gy Vaics (10.45)
Dexp B1C1[], expD Td
E o ov, O [P v, 00

For the TNS-device:

The substrate current (holes injected from base to substrate), including high in-
jection is given by:

2 1SS, EEe pgf/mﬂ 10
T D
Isug = (10.46)

1+ 1+4Di—K—S—[He VBlClD 10
T

DVT 0

Note that the knee of the substrate current is projected on the emitter current,
therefore in the square root: 4 (1St / IKSy

= 1SS, [Hexpd/scm B (10.47)
0
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The extrinsic base current (electrons injected from collector to extrinsic base)
Is given by:

408y E(aho)2 Dexpd/BlClD

v, o
g]_ = 2
IK; [{alb)
9,

n =alb O

BEX 201+ /T+g,) (10.48)

1

9ex = BR]

L= alb +ngey 1K; - IS 0

Ex = 9Ex hb + Mgy Bhp Meex — TE

Model parameters:

For the TN-device: IBR, VLR, BRI, IS, ETA, IK

For the TNS-device: IBR, VLR, ISS IKS, BRI, IS, ETA, IK
* Weak avalanche current

if IN <0or ICAP <0 then IAVL =0
The current Icpp is defined by equation 10.85 or 10.86 respectively.
At low current level the internal junction voltage is;

Vy = -Vgoer— loap (RCVy (10.49)

If VVj > - 0.9 LVDCr then

WD AV (10.50)
EPI T B, IXP; '
%_kaﬂy
_ 0
Fcl = (1-XPy) D”\_|/—CDA><:+XPT (10.51)
J
VDC, D
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AVL,
Wy = Fg DB— (10.52)
n
dEWD = F.WDC Di 10.53
- 'cC T AVL-I- ( . )
_ Vy+VDCy lcap, Icap LRCV
E, = —-—WI-D—-—+dEWD H - e W (10.54)

_ Vy+VDCr lcap [RCVy

E, = (10.55)
' Wp WDgp,

If EXAVL = 0 then Ey = Eg

The generation of avalanche current increases at high current levels. This is taken
into account when flag EXAVL=1.
If EXAVL =1 then

X Ec

- (10.56)
WEPI IClCZ |:RCVT
SHy = 1+2C5FH [ +2 G0l O 10.57
w = H E{ED (10.57)
_ _VBoc1*VDCy WHE N O
£, = X, 7 EWP tH -y - e temy
Wp E%l_zg/\/ O
EPI (10.58)
2 2
_ Ez—Eo*'«/(Ez—Eo) * CKOcpp/lyc LBy

2
Ec and I1¢p are given by equations 10.67, 10.80 or 10.81 respectively.

The intersection point Xp and the avalanche current become;
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Em BVp

A, Wod
Gem = 5" En o [Hexp g expEE o 52D (10.60)
_ Vi 4, + 0 RE
Cmax = Iy ARBC; + RB2) ¥ BF, ¥ RBC; + RB2 (10.61)
GEM D:;MAX (10 62)

v = I Gy H1+Gyax) * Guax

If VJ- <-0.9 VDCy then I, =0
Model parameters: AVL , EFI, XP, MC, PC, VDC, RCV, IHC, SFH

[ Note
The variable intrinsic base resistance RB2 and the base charge terms g; and g, are
given by equations 10.63, 10.39 and 10.40 respectively.

* Series resistances:

emitter: RE = constant
collector: RCC = constant
base: RBC = constant

» \Variable base resistance
The variable part of the base resistance is modulated by the base charges and takes
into account the base current crowding:

3 [RBV
RB2 = T (10.63)
g, + 0,
2 D‘/T d/Blem O Vgis2
ls182 = @7 Ege lD RB2 (10.64)
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The base charge terms g, and g, are given by equations 10.39 and 10.40 respectively.

Model parameter: RBV

» \Variable collector resistance.
This model of the epilayer resistance takes into account:

— The decrease in resistance due to carriers injected from the base if only the inter-
nal base-collector junction is forward biased (quasi-saturation) and if both the
internal and external base-collector junction are forward biased (reverse mode
of operation).

— Ohmic current flow at low current densities.

— Space charge limited current flow at high current densities.

— Current spreading in the epilayer.

The epilayer current is computed by solving a cubic equation.

Ko = J1+4xp[(Vgycp,—VDCr)/Vy] (10.65)
Kw = J1+4xp[(Vgyoc, —VDCr)/ Vo] (10.66)
Ko+1
- 0o -0
Ec = Vg E[KO—KW— N 1D} (10.67)

If Vgoco - Voc > 0 (forward mode) then

_ 2[BFH

SF = 17 SEH (10.68)
_ VBZCZ_VBZCl

V' Tacmev, (10.69)

E = B 10.70
" IHCRCV. (10.70)
_ RCV;

R = =gy (10.71)
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2
_V+RDJ +E (10.72)

A, = -2[E Y

_E’O3+V)+2EV-S  [ERD

= . (10.73)
2
_ _ETOE+V)
q=A/3-A5/9 (10.75)
r= (A, DA, —30A)/6-AS/27 (10.76)

s = NgP+r? (10.77)

s, = (r+s)”® (10.78)
s, = (r-s)"° (10.79)
lcico = IHC sy +5,—-A,/3) (10.80)

The argument of the square root of equation 10.77 may become negative. Then s, s;
and s, are complex. The magnitude of the imaginary part of s; and s, are equal and
differ in sign.

If Vgoco - Veocr < 0 (reverse mode) then

Ec+Veac2—Veaci

Model Parameters: IHC, RCV, SCRCV, SFH, VDC
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Description of charges

» Emitter depletion charge Qg
The total base-emitter depletion charge depends on Vgog; :

_ - _

BZElD

+

tot_CJETDJDET[(1+K)[1 RIS S VDE, U 060
TE — 1-PE+K B PEQ (10.82)

2 0

BZElDZ dj
L - VDEU D 1

The total base-emitter depletion capacitance is separated into a bulk and sidewall
component. The bulk component is located between node E1 and node B2 and the
sidewall component between nodes B1 and E1 (see Fig. 24).

= (1- XCJE) @Y% (10.83)

Qie = XCJE Mg (10.84)
Model parameters : CJE , VDE , PE , XCJE

* Intrinsic collector depletion charge Qrc,

If VBZCZ - VBZCl > (0 then

IHC |:(VBZCZ _V8201)

ICAP

Vac2~Vpac1 + IHCIRCV; (10.85)
_ lcap
CKI = CK + He
If VBZCZ - VBZCl <0 then
| = Veaca~Veaci
CAP RCV; (10.86)

CKI = CK
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The base-collector depletion charge is divided into a constant part (parameter XP)
and a variable part. The constant part represents the finite thickness of the epilayer.
The depletion charge is a function of the internal and external base-collector junction

voltage.
Y.
2 B2C2[]
(1+CK) - ==L
ve. - E%l VDCTDEEI_ICAPdV'C
! PCO IHCO
O
0y Veacorf 72
H - +CKI[ (10.87)
D%l vDC,U 0
VDC; (1 - XP;) 1+ CK)
Vey = 1-PC+CK H1=VECy)

Qrc, = XCJIC [CIC; LVCy ~ XPy Wlcpp LRCV = Viye,)}

Parameters: XCJC, CJC, VDC, PC, XP, MC, RCV, IHC
» Collector transit time in quasi-saturation A Qsat
The current through the epilayer (equation 10.80) without injection (Ec=0) is;

Veic2 = Veac2—Veact

| _ IHCBCRCV V¢ yep +Vercs
(EC=0) = SCRCV IHC [RCVq + V¢ c))

To force the same current 11, through the epilayer without injection, we need an
epilayer voltage of V(gc=q);

B, = SCRCV [OIHC [RCV; O¢yc)

Viec=0) = B1*+ B [B1 +B,

The differential resistance Rgc=) = 9 V(gc=0)/ 0 Ic1c2 is given by;

SCRCV [V g¢ = ) + IHC [RCV)°
VZ(EC = 0)+ 2 V(g = ) JHC [RCV + SCRCV [IHC? [RCV

REec=0) =
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The collector transit time in quasi-saturation now becomes;

0Qrc
AQsat = Rec=0) E’m Meico—lec=0) (10.88)

The total collector depletion and transit time charge is;
if IClCZ > 0 then

Qrc = Qrc, * AQsat (10.89)

if 1c;c,<0 then

Qe = Q'r(;1 (10.90)

» Extrinsic collector depletion charges Qtex and XQex.

The extrinsic collector depletion charge is partitioned between nodes Bl and C1
and nodes B and C1 respectively independent of flag EXMOD.

°CO
O2 O

Vicip
1+CK -
(1+cK) " vDC, U
VTEX, =
I
VBlClD2 ?
%_VDCTD vk (10.91)
VDC; 1-XP;) 1+ CK)
VTEX, = T PCTCK M1-VTEX))
Qrex = (1- XEXT) {1~ XCJC) [LIC LVTEX, + XPy Vg c4)
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To the external base node is connected:

E v
2 BC1[]
+ —
(1+cK) " tH vDC, U
XVTEX, = =
ad
1 Veod 3 (10.92)
(H-goe g *CKO '
& vDC.[O 0
VDC; {1 -XP;) {1 +CK)
XVTEX, = TPCTCK (1 -XVTEX,)
XQqey = XEXT 1-XCJC) [CIC; AXVTEX,, + XPr Vgey)

Model parameters: XCJC, CJC, VDC, PC, XP , XEXT

For the TNS-device:
» Depletion charge Qs.
_ 58 v |
_Vscig
s, ovps, k) | FK) ‘B VDS, L0.93
Qrs = 1-PS+K Ht- [PSD (1053)
O
D%l _ Vscif K E‘jz
L & vesH g
Model parameters: CJS, VDS and PS
» Stored base charges Qgg and Qgc
Qg = q; LRBO; (10.94)
. _4os, [{aho)? e e
1 K S Ve b (10.95)
f1
n. =
° oma+ ity
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Qge = Qg [hy [bho (10.96)

f, = 400S; [qaho)? bepEV\B/ZCZE({ IK; [alb)?} (10.97)
T
Ib O 2 (10.98)
Np = a .
B 201+ [T+ 1,)

Q Qg [h albtblb*ng Oy (10.99)
= D .

BC ~ *B B%Ib[bhb+nBD

Model parameters: QBO, IK, ETA, IS

* Neutral and emitter charge

01 @
CMTAU-O

IS
Quo = TAUNE; OK; EEI'RT;E 0/MTAU; 02 - MTAU7)
(10.100)

1
- WAGD

MTAU; -1 ]
%& 2 -MTAU;) 3

v O
_ 0 Vek1r [
Qn = Qno EEeXpB/”T”“DVITAUTD 1% (10.101)

Model parameters: TAUNE, MTAU, IS
» Stored epilayer charge

if [Vgpc1-Vaacs >1 00 then
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V
VB2con ¥V B2ci]
exp v, O exXp v, O

Qep = 15; [RBO; [ | (10.102)
ClC2
The current I is given by equation 10.80 or 10.81 respectively.
: -8
IT [Vgoc1 = Vpacy > 1 [LO
2 exp(V -VDC;)/V+}
Po = B(zlcf ™ AR (10.103)
2 exp(V -VDC;)/V<}
Py = ?iCjKW) AR (10.104)
d/DCTDDpO +p,
Qrp; = RCV; OS; QB0 [kxp (10.105)
EPI T T T 0 vV, 0= oV,
Model parameters: QBO, RCV, VDC, IS
» Extrinsic charges
Veic1~VDCrp
g, = 4 CexpF—r=— T (10.106)
2 O Vo O
Pwex = % (10.107)
201+ ,/1+9,]
DC;
RCV; OS; EEXpEVVT .
93 = (10.108)

Vy
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_ alb[blb +ngey
9 = I Thrp+ — (bhb (10.109)

- XCJC
Qex = QBO; WEE{% [Pwex + 94 tgex) (10.110)

Model parameters: QB0O, RCV, VDC, IS, XCJC
Extended modeling of the reverse current gain EXMOD=1

* Currents
The base current Igx is redefined

x = (1= XEXT) Ogy (10.111)

For the TNS-device:
The base current I g is redefined:

lsug = (1—XEXT) Ogyp (10.112)

A part XEXT of the base current of the extrinsic transistor is connected to the
base terminal;

For the TNS-device:

g
2 (1SS EHexpD BClD
T 0v, 015

XIMgyg = XEXT O3 (10.113)

VBClD 0
1+ 1+4DIKSTDeXpDVT o 1%

4 11S; [aho) [kexpd/BClD

Xg, = (10.114)
IK; [alb)?
Xgq
Xn = alb @ 10.115
BEX 2 E[l + m] ( )
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Ib + Xngex 1Ky

= (Xngey — 1S3 (10.116)

XIMey = XEXT Dex Cppn = o

To improve convergency behaviour the conductivity of branch b-c1 is limited to
1/ RCC+.

For the TN-device:

v O
Vey = Vy CANH L D+ 2 10.117
Ex = YT EE CXEXT (1S, [hgy) CRCC,0 “H (10.117)

For the TNS-device:

v O
Vey = Vq OB 1 U+ 2 10.118
S EE CKEXT [{IS; [hgy * 1587) [RCC,0 ° 5 (10.118)

2
—(Vex—Vger) * f\/(VEX —Vgep) tK

VBgy = 5 (10.119)
For the TN-device:
— VBEX
Pex = RCC; XIMgy + VBgy (10.120)
For the TNS-device:
Fex = ex 10.121
EX™ RCCy OXIMgy + XIMg ) + VBgy (10.121)
Xlsyg = Fex IXIMgyp (10.122)
Xlgy = Fgy XIMgy (10.123)
* Charges
The charge Qgy is redefined:
Qex = (1-XEXT) ey (10.124)
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Vgeq - VDC
Xg, = 4 Cexp %%E@ (10.125)

X,

X = 10.126

PWEX = T+ Jiv Xo,] (10.126)

q. = alb [blb + Xnggy bhb 10.127

94 = 3o Tohb + Xngey (10.127)
_XCJC

XQgy = Fpy DXEXT [QBO; CEoa=3C [ (g3 Xpyyey) + (X84 XNgey)} (10.128)

XCJC

Model parameter: XEXT

Note
The depletion charges QTEX and XQTEX are distributed always over the internal
and external base node independent of EXMOD.

Distributed high frequency effects in the intrinsic base

Distributed high frequency effects are modeled, in first order approximation, both in
lateral direction (current crowding) and in vertical direction (excess phase shift). The
distributed effects are part of the Mextram model and can be switched on/off with
the flag EXPHI. The high frequency current crowding is modeled by;

1 9Q7e 0Qge 0Qn
Cp == + + (10.129)
° 5 %VBZEl OVgoer 0VpoesH

Qpis2 = Cs Wgip: (10.130)

For simplicity reasons only the forward depletion and diffusion charges are taken
into account. The partial derivative of Qgig, With respect to Vg,g; has to be
neglected in AC analysis. In transient analysis (if EXPHI=1) the convergency behav-
iour may be improved by approximating this derivative with



December 2000 Bipolar N-P-N Transistors TN/TNS Level 503

0Qs182 _ 00Qe , 9 g BlBZD (10.131)
aVBZEl [BVBZEl aVBZElE|

In vertical direction (excess phase shift) base-charge-partitioning is used. For sim-
plicity reasons it is only implemented for the forward base charge (QBE) and for low
level injection. Now QBE (Eqg. 10.96) and QBC (Eqg. 10.99) are redefined according to;

QBE' = (1-q.) (QBE (10.132)
QBC' = gc (MBE +QBC (10.133)
4 = 2+n-(2-n) Cexp(n) (10.134)

2-n-(1-n)exp(n)-exp(-n)
For n = 0 the partitioning factor q¢ is 1/3.
Noise model

For noise analysis noise current sources are added to the small signal equivalent cir-
cuit. In these equations f represents the operation frequency of the transistor and A f
is the bandwidth. When A f is taken as 1 Hz, a noise density is obtained.

Thermal noise:

— - 4Lk0Org
iNAg = ——% (10.135)
7 4 [k 00T
iNfec = Rpe. B (10.136)

) 4 [k [
iN =
RCC RCCT

[nf (10.137)

For the variable part of the base resistance a different formula is used, taking into
account the effect of current crowding on noise behaviour:
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— 5.26 [k [T E% d/BlBZDﬁlD
iN = —_— +2 [exp (10.138)
RBV RB?2 Ov, V; DD
Collector current shot noise:
Ng = 20 0| I (10.139)
Forward base current shot noise and 1/f noise:
: MULT 0l's2] f olled 0
iN2 = [Qq[|IBl|+|IBZ|]+ [KFN[MULTD +KFHLRLLL }Emf (10.140)
Emitter-base sidewall current shot noise and 1/f noise:
R MULT U | Bl| af D
iN% = [Q o Oig,| + KF O O (10.141)
Reverse base current shot noise and 1/f noise:
— MULT lgg| fFO
[Q [ )l gg) + [KF [g\/IULTD Dmf (10.142)
Extrinsic current shot noise and 1/f noise:
iN? [QEq[]I |+-— 1lexl (7 IMULT DI f (10.143)
1EX EX uULTO 0 '
If EXMOD = TRUE we also have:
— X1 F 0
N5 ex [Q [0 O)XIgy| + = LU—ELKT'-g MULT Bmf (10.144)
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