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4 According to the last HICUM workshop, it has been decided to evaluate the improve-
ments of the HICUM/LO model proposed by Cornelia Thiele (IFX).

@ The goal is to make official, as soon as possible, this new HICUM/LO version, called
v1.2, in order to deliver the Verilog-A code to the EDA vendors for implementation of
the model in circuit simulators beginning 2009.

4 This first part is dedicated to the extraction of the additional model parameters of
HICUM/LO and to the validation of the new model formulation.
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Modgfl Implementatior-i- <

/' SPEED GUI 16.4b
Project File Operating System VWorkiile Help

& HICUM/LO v1.2 implemented in our Fortran solver SPEED

@ * Allows to access to internal variables like voltage, current, charge, transit time...

* Very useful for the development of new extraction routines.
« Better understanding of the model.

) % * Model release difficult.
,; * No Verilog-A to FTN compiler.
= « Equations and derivatives have to be re-calculated by hand at each release.

4 \Validation with open source simulators NGSPICE and QUCS

http://ngspice.sourceforge.net/index.html

http://qucs.sourceforge.net/index.html
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Validation (HICUM/L0.v1.2)

@ \Without self-heating F| gy = 0 (model card and netlist given in Appendix A)

J

* Ve =0V
SPEED NGSPICE Qucs
Vee (V) Ic (A) Ig (A) B Ic (A) Ig (A) B Ic (A) Ig (A) B
04 | 1.215910'° | 4.5847 10712 26.52 1.2153 10710 | 4.9836 10712 | 24.38 1.2153 10710 | 49836 1012 | 24.38
0.6 2.5538107 | 1.0709 10 238.47 2.5520 107 | 1.070810° | 238.32 | 2.5520 107 | 1.0708 10° | 238.32
0.8 4.8048 10* | 1.844310° 260.52 4.8008 10* | 1.842710® | 260.52 | 4.8008 10* | 1.8427 10 | 260.52
1 1.8713102 | 1.9683 10 95.07 1.8695 102 | 1.971510™ 94.82 1.8695 102 | 1.9715 10 94.82
1.2 3.3894 102 | 4.0496 103 8.36 3.3871102 | 4.0527 1073 8.35 3.3871 102 | 4.0527 1073 8.35
* Vge = 0.5V
SPEED NGSPICE Qucs
Vee (V) Ic (A) Ig (A) B Ic (A) Ig (A) B Ic (A) Ig (A) B
0.4 -5.7246 10° | 3.0118 10710 -18.83 -5.7218 10 | 3.0191 1010 | -18.95 | -5721810° | 3.0191 1010 | -18.95
0.6 2.4959 107 | 1.367510° 182.51 2.4942 107 | 1.367710° | 18235 | 2.4942107 | 1.3677 10 182.35
0.8 4.797110* | 1.844510 260.06 47931104 | 1.843310°¢ | 263.76 | 4.793110* | 1.843310° | 263.76
1 1.4407 102 | 3.5743 10 40.30 1.4393 102 | 3.5779 10 40.22 1.4393102 | 3.5779 10 40.22
1.2 3.0258 102 | 4.7609 1073 6.35 3.0233102 | 4.7525103 6.35 3.0233102 | 4.75251073 6.35
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° VBC =-1V

J

SPEED NGSPICE Qucs
Vee (V) Ic (A) Ig (A) § Ic (A) Ig (A) B Ic (A) Is (A) B
0.4 1.2185 10710 | 4.5640 10712 26.69 ]1.227910719 | 3.9630 1012 | 30.98 1.22791071% | 3.9630 10712 30.98
0.6 2.5589 107 | 1.0274107° 249.06 | 2.5571107 | 1.0266 10 | 249.08 2.5571107 | 1.0266 10 249.08
0.8 4.813310% | 1.7630 10 273.01 | 4.809310% | 1.761910°% | 272.95 4.8093 10* | 1.7619 10 272.95
1 2.0295102 | 1.540510 131.73 | 2.0266 102 | 1.536510* | 131.62 2.0266 102 | 1.5365 104 131.62
1.2 3.7602 102 | 3.3566 1073 11.20 3.7571 102 | 3.3611 1073 11.17 3.7571102 | 3.3611 1073 11.17
‘@ \\ith self-heating F| g4 = 1 (model card given in Appendix A)
* Ve =0V
SPEED NGSPICE QuUCS
Vee (V) Ic (A) Ig (A) p Ic (A) Ig (A) B Ic (A) Ig (A) B
0.4 1.2159 1010 | 4.5847 10712 26.52 |1.21531071° | 4.9436 1012 | 24.38 1.2153 10710 | 4.9436 10712 24.38
0.6 2.5538107 | 1.0709 10° 238.47 | 2.5521107 | 1.0708 10 | 238.32 2.5521107 | 1.0708 10° | 238.32
0.8 4.863310* | 1.870210°° 260.04 | 4.8590104 | 1.868610°® | 260.03 4.8590 104 | 1.8686 10° | 260.03
1 1.9466 102 | 2.7416 104 71.00 1.9443 102 | 2.7464 10 70.79 1.9443 102 | 2.7464 107 70.79
1.2 3.4256 102 | 4.9348 1073 6.94 3.4232102 | 4.93751073 6.93 3.4232102 | 4.93751073 6.93
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4
N

SPEED NGSPICE Qucs
Vee (V) Ic (A) Ig (A) § Ic (A) Ig (A) § Ic (A) Ig (A) B
0.4 -5.7246 10° | 3.0118 10710 -18.83 -5.7218 10° | 3.0191 10710 | -18.95 -5.7218 10° | 3.0191 10710 | -18.95
0.6 2.4959 107 | 1.3675107° 182.51 2.4942 107 | 1.367710° | 182.35 2.4942107 | 1.367710° | 18235
0.8 4.8118 10 | 1.8541 10 259.88 4.814510% | 1.8528 10 | 259.85 4.814510* | 1.852810* | 259.85
1 1.4550 102 | 3.9938 107 36.43 1.4536 102 | 3.9974 10 36.36 1.4536 102 | 3.9974 107 36.36
1.2 3.0326 102 | 5.1274 1073 5.88 3.0311 102 | 5.1589 1073 5.87 3.0311 102 | 515891073 5.87
* Vge = -1V
SPEED NGSPICE Qucs
Vee (V) Ic (A) Ig (A) B Ic (A) Ig (A) B Ic (A) Ig (A) B
0.4 1.2185 10710 | 4.5640 10712 26.69 1.2279 101° | 3.9630 1012 | 30.98 1.2279 10710 | 3.9630 1012 | 30.98
0.6 2.5589 107 | 1.0274107° 249.06 | 2.5572107 | 1.0266 10°° | 249.08 2.5572107 | 1.0266 10° | 249.08
0.8 4.9485 104 | 1.8141 10 271.28 | 4.943910% | 1.822710% | 271.23 4.9439 104 | 1.822710% | 271.23
1 NC NC NC 2.4054 102 | 2.9950 10 80.31 2.4054 102 | 2.9950 107 80.31
1.2 NC NC NC 3.8828 102 | 5.3447 1073 7.26 3.8828 102 | 5.3447 1073 7.26

NC no convergence
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‘& Comments

« As NGSPICE or QUCS gives exactly the same results, therefore they can be used as reference for the implemen-
tation of HICUM/L2 v1.2 in other circuit simulators.

 When the self-heating is activated, there are some convergence problems at high currents with SPEED. Same
issues are observed using commercial simulators [8].

 Warnings
- In HICUM/LO version 1.2 it is not possible to set Ty = 0. Verilog-A code to be corrected (In(0)).

- As gmin is coded inside the Verilog-A code, it overwrites the value set by the users in the simulator (for example
using the command .OPTION gmin=<value>).

+ Syntax for calling of HICUM

Simulator HICUM model Calling Syntax

HICUM/L2 v2.21 LEVEL =8

NGSPICE HICUM/LO v1.11 LEVEL =7

HICUM/LO v1.2 LEVEL =9

HICUM/L2 v2.21 LEVEL =2 VERSION =2.21
QuUCS HICUM/LO v1.12 LEVEL=0 VERSION =1.12
HICUM/LO v1.2 LEVEL=0 VERSION =1.2
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Is Vg Extraction

* Formulation of the collector current at low Vgg and Vg = 0V

VBEi

Vr
Cio-©

from the HICUM/L2 formulation I ~ a h-Q
p0 " MjEi * MUE]

, With the ideality factor M¢f set to 1, we can write

Vee
Vr

* The internal BE depletion charge Q g, can be computed from the BE depletion capacitance
VBEi

Qg = I C,g(V)dV which gives after integration [1]

. V. \1-Z;
1

with the depletion voltage V jg defined by

Vac. V. \1-Zgi
Vi = % : [1 - (1 N } +Ajgi- (Vggi— V) Vg is close to Vg at low Ve
1-Zg; VpEi
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Therefore I can be re-written

Vv Vv Y
c” - Cieo Ve . V
1+ hyg;- Q| 1+ hg - jEio VoE , , VUE
Qp0 QpO VER
. . . on .
with the effective reverse Early voltage Vgg defined by Veg = ——~— is a new model parameter.

h.c.- C.c.
jEi jEiO
+ As in HICUM/LO there is not internal and external BE depletion charge, an approximation is done [2] and V ;g is computed
from the total BE depletion charge.
* From the expression of the collector current we can deduce
Vaei VIE a4
Vr
e

Vi = IS'VER'T_VER

* At low current densities, the BE depletion voltage Vg vs.

Vae, | Is.-VEr

Vv
e ' /lIc is linear. The intercept allows to determine Vgg and
then the slope Ig

>
-V
Vgr = —intercept ER Vae
v
. _ __slope e /g
S intercept
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-17
Ig=2.78 10" A Mgg=1.0000 Vgg=2.372V

O r—T—T T T T T T T 1 T , , , ! ,
0.85 - o 09 | -
— 08 %M -
0.8 - . T o7} 3 -
S 075 . — € 06 ° .
w ?ﬂf 0.5 —
> 0.7 — S o4t o _]
Qo
0.65 [ - = 031 ° N
- 0.2 o —
0.6 = 01 o -
o
os5 L L 1101011 0 ' ' 2000 |
445 45 455 46 465 47 47.5 48 485 49 495 04 05 06 07 08 09 1 11
[exp(Vge/Vpllc [1/aA]
lg=2.8410"" A Mgp=1.0122
1.2 I | | | | | |
HICUM/LO v1.12 HICUM/LO v1.2 1 —o—D—c—(L—o—O—o—ow—O—o—l 5s —
= (o]
G o
Is (A) Mcr Is (A) Ver (V) > 08| . -
Z
2.84107 | 1.0122 | 2781017 | 2.372 B osf o :
ot
x o
b 04 —
5 o
« Comment T o2k . _
- For HICIM/LO v1.2 the BE depletion capacitance parameters | | L %y
have to be extracted before. %7 o5 o6 o7 o8 o0 1 a4

Vee [V]
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lar laiH (Tew) (Auc) Extraction

New explicit formulation of the transfer current (Vgc = 0V) [2], [9]

VBE;|
Vi
L = ls-e —_ lgf
TF — -
C1pT qu

with the total normalized hole charge is given by
2

d; d;
qu = §J+ {Ej} +qm

where g; are g, are defined as

Qie
g =1+
: VEr
. , 2 Iqr is similar to the forward knee current Ixg of the SGP model.
|- |- 15 - T 3
ap = EJrWiz. TFi +{ TFi FH}
lor larn  lck - laru

wi; is the injection width given in [2], and |k the critical current. An additional parameter Ayq is introduced for the calculation
of the injection w; allowing to modify slightly the critical current |-k

lek = lek - (11 Ayq)
In the present version, Ayq is positive. Possibility to use negative value [-0.9:10] is requested.
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* No direct extraction (possible for Iqg). Global optimization in the linear (Iqg) and quasi-saturation region (Iqgy). of the

output characteristics.

 Up to now, no need to extract Tyg and Ayq. They are set to a small value 100,

Prerequisite

» Parameters of the BC diode and parasitic substrate PNP must be known.

* All temperature parameters including Rty must be known (Iqg and Iggey are optimized at high current densities)

» The parameters (Re¢jo, Vces: Vv, VeT) describing the critical current |k must be known (extracted from AC measure-

ments).

lc [MA]

18
16
14
12
10

8
6
4
2

0
-2

I | | ! !
- : 5 ) o ) 0 —
1 o
N QFH 00 N
° lar
- fo) —
- Oo —
o
- o .
0p0000000 o o o °
- 1o .
N ' 8000000000 o o o °
. 8
§§§¢@eeeeeeeee ,,,,, e e ..o 9]
$-g | | | | |
-0.5 0 0.5 1 1.5 2 2.5

Vee V1
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4 Output characteristics

HICUM/LO v1.12

o [MA]
o [MA]

* No bump in the saturated region with HICUM/LO version 1.2
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‘@ Forward Gummel plot (Vg = 0.5, 0, -1 V)

HICUM/LO v1.12 HICUM/LO v1.2

107 I I I I — 10™

102 102 2
I Y i
h

10° | —= 10" -
< ] < < <
o - o O o

107 - 10*

10 - 10°

10°® 10 6 %

0.8 0.85 0.9 0.95 1 1.05 0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1
Vge [V] Vge [V]

* No negative slope on the collector current at high current densities with HICUM/LO version 1.2.
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‘@ Forward current gain (Vgc = 0.5, 0, -1 V)

HICUM/LO v1.12 HICUM/LO v1.2

500 T T ll T T ll T T ll T T ll T T ll T T ll T T ll T T 500 T T ll T T ll T T ll T T ll T T ll T T ll T T ll T T

450 |- 0 00 -
o)

Forward Current Gain
Forward Current Gain

0 lldll lll&ollll llll llll llll 0 lldll lll@ollll llll llll llll lllll
10° 10® 107 10® 10®° 10* 10° 102 10® 107 10® 10° 10* 10° 102 10’

lc [A] Ic [A]

* No anomaly on the current gain at high current densities with HICUM/LO version 1.2.
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@ f characteristic (Vgc = 0.5, 0.25, 0, -0.25, -0.5, -1, -1.5 V)

HICUM/LO v1.12 HICUM/LO v1.2

80 T T lllllll T T lllllll T T 80 T T lllllll T T lllllll T T

70 — -

60 —

50 —

40 |-

fr [GHz]
|
fr [GHz]

10

0 1 1 lllllll 1 1 lllllli 1 1 lllllll 1 1 lllllll

0.1 1 10 0.1 1 10
Ic [MA] o [MA]

* No instability at high current densities with HICUM/LO version 1.2
* Remark: transit time parameters, not re-extracted, generated from direct extraction of HICUM/L2 parameters using
the translation proposed in [7].

16/27



S

Comments

4 \Which reverse Early formulation for HICUM/LO?

* In order to overcome the limitations of the M¢g factor [3], [4].
- offset on Ic(V ) characteristics if Mgg not equal to Mcgr

- temperature dependence
in HICUM/LO v1.2 the reverse Early effect has been re-introduced using

Vee
Vy

c =
1+—V"E
Ver

« Do we need a so sophisticated model based on the BE depletion charge?

~a

. @g This new formulation based on HICUM/L2 has some pros

—

<

- bias dependence of reverse Early voltage
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T @)
J
- HICUMY/LO is claimed to be a simplification of HICUM/L2 with less effort for model parameter extraction. Contrary to

the SGP model, keeping the formulation of HICUM/L2 it is necessary to know the parameter of the BE depletion
capacitance in order to extract the low current DC parameters of I.

and cons

- Contrary to HICUM/LZ2, in HICUM/LO there is no partition of the BE along the base resistance, and therefore the new
formulation introduced is valid only if the external BE depletion charge is negligible. Depending on the technology, this
approach could be less accurate than SGP model.

Example where the total BE depletion charge is

- and even not suitable in case of non negligible bias depen- not suitable to model the reverse Early Effect
dence of the BE weight factor hg; [9]

-16
lg=-1.8210 " A Mg =1.0000 Vgg=-0.171V

0.85

- The workaround to solve this issue, suggested by Z.
Huszka [6], is not possible if there is no way to adjust the
partition of the BE depletion charge between the internal 0.75
and external part.

0.8

0.7

Ve IV

0.65

0.6

0.55

05 ] ] ] ] ] ] ] ] ]
12 13 14 15 16 17 18 19 20 21 22

[eXp(VBENT)]/IC [1 /aA]
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‘& Proposal

S

* In order to overcome all these possible issues, we propose to come back to the simple formulation (V g = Vgg;) of the
SGP model, without the assumption Vggr >> Vgg;

VBEi VBEi
Vorc:
VER VER

» Less accurate (bias dependence) but more robust and less effort for model parameter extraction.

Ic/lls-exp(Vge/(NE-V))]

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

Reverse Early voltage bias dependent

-17
Ig=2.78 10" A Mg =1.0000 Vgg=2372V

J) | | | | | |
%M‘ —
| 5 _
(o]
- o —
= o —
L o —
- o —
| | | oag, |
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
Vee [V

Ic/lls-exp(Vge/(Ng. V7))

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Constant reverse Early Voltage

lg=27510"7 A Vag=2.745V

S | | | |
%M N
B )\ |

o
L (o) —
= o —
b (o] p—
= o —
I I I 9dbdboo
04 0.5 0.6 0.7 0.8 0.9 1 1.1
Ve [V]
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4 |mplementation and validation HICUM/LO v1.2 in our FTN solver (SPEED) using the open
source simulators NGSPICE and QUCS.

4 Extraction procedures for the new HICUM/LO v1.2 parameters have been presented

* Direct extraction: g, Vgr
+ Global optimization: lqf, lqFH

4 First experimental results in a 0.25um ST BiCMOS technology show very good results with
the removal of all HICUM/LO v1.12 issues:

+ Bad description of the reverse Early Effect (offset on Io(Vcg) characteristics if Mgg different to Mcg, wrong temperature

behavior)
» Negative slope of the collector current at high current densities
* Instability of the fy curves at high current densities

4 These results are confirmed on other ST technologies and circuit simulators [8].

& Simplification of the reverse Early effect is proposed (to be discussed) in order to:

« Simplify the parameter extraction: no need of depletion charges for the low current DC parameter extraction.
» Avoid modeling issues in case of non negligible extrinsic BE depletion charge.
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Conclusion (2/2)

g

4 Additional requests:
* New range for Ayq [-0.9:10].
* Verilog-A correction allowing to have Tgy =0.
 Solve the gmin issue of the VA code.
 Add a thermal coefficient for the temperature dependence of Rty [10]. It is already done in MEXTRAM.

» Documentation update.

‘& Future actions?.....
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Appendix A: Model Card and Netlist

.MODEL HLO_120

T T T T S S S A e e I T T A T T T i

NPN

IS

IQF
CJEO
CJCI1o
TO

GTE
RCIO
IBES
IBCS
RBIO
RBX
VPTCX
CBEPAR
CJso
KF
VGC
ZETACT
KTO
ZETARBI
ALKAV
CTH
ITSS

LI | | | | | | | | | | | (| | | Y |
w_ PR WRrR RO FRPREPMNMNPEPJIdWERLERERDNMNDMNMDNDND

= N o0

.740E-17
.244E-02
.525E-14
.436E-15
.482E-12
.000E+00
.170E+01
.324E-20
.926E-19
.672E+00
.015E+01
.000E+02
.085E-15
.733E-15
.563E-09
.082E+00
.766E+00
.180E-05
.460E-01
.141E-02
.575E-09
.000E-18

MCF =
IQR
VDE
VDCI
DTOH
THCS
VLIM
MBE
MBC
VROE
CJCxo0
FBC
CBCPAR
VDS =
AF =
VGS =
ZETABET=
ZETACI =
ZETARBX=
ALEAV =
DT =
MSF =

P OoORrR A& JWERERDMNMNWLMREPWERERRSOGODNDOUOORBRE

.000E+00
.390E-03
.185E-01
.147E-01
.089E-13
.056E-11
.743E-01
.000E+00
.000E+00
.322E+00
.535E-14
.000E+00
.815E-15
.554E-01
.000E+00
.082E+00
.108E+00
.366E-01
.200E-01
.798E-04
.000E+00
.000E+00

MCR
IQFH
ZE
ZCI
TBVL
AHC
VPT
IRES
KAVL
VROC
VDCX
RE
ISCs
ZS
VGB
F1VG
ALTO =
ALVS
ZETARCX=
TNOM
LEVEL =
VER

L | | | | | | (| I | Y | Y | O | B |
HF WN®&OOUUWREDOWWWDNMNRE

1
[ary

4

N

.000E+00
.498E-04
.349E-01
.554E-01
.384E-13
.651E-02
.336E+00
.843E-15
.219E+00
.821E+02
.769E-01
.172E+00
.002E-15
.442E-01
.058E+00
.023E-04
4.
= 0.
.100E-01
= 2.
1.
.485E+00

983E-03
000E+00

700E+01
200E+00

VEF =
TFH
AJE
VPTCI
TEFO
TR
VCES
MRE
EAVL
FGEO
ZCX
RCX
MSC
VPTS
VGE
F2VG =
ZETAIQF=
ALCES =
ZETARE
RTH
AHQ =

oOrRr bdRFRPRFPEFEPWOUODMDMNDNEODMNMNOERERLDMNMDMDW

(84}

R Jd

.479E+02
.151E-04
.500E+00
.000E+02
.000E+00
.392E-11
.812E-02
.000E+00
.191E+01
.557E-01
.452E-01
.204E+00
.000E+00
.000E+02
.120E+00
.321E-04
.000E+00
.000E+00
.000E-01
.429E+02
.000E-03
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@ NGSPICE netlist

.model QINT NPN

Is =
IQF =
CJEO
CJCIO
TO

GTE
RCIO
IBES
IBCS
RBIO
RBX
VPTCX
CBEPAR
CJso
KF =
VGC =
ZETACT
ZETACI
ZETARBX=
ALEAV =
FLSH
AHQ =

LI | | (| (O [ [ |
RFPRERAIWHRFFEFMORHENFEJIJWHERENMDNNDN

B i T i T T T T e .

.OPTIONS GMIN=1E-20 RELTOL=1E-10 VNTOL=1E-6 ABSTOL=1E-12 TEMP=27

* circuit

% % %k k ok ok ok ok

Ql ¢ b e s t QINT
VIC 2 ¢ DC O

VIB 1l bDCO

VB 100.4
EVB 2 31
VCB 3 0 0
VE e 00
VS s 00

01

LEVEL=9 NPN=1 PNP=0
.740E-17
.244E-02
.525E-14
.436E-15
.482E-12
.000E+00
.170E+01
.324E-20
.926E-19
.672E+00
.015E+01
.000E+02
.085E-15
.733E-15
.563E-09
.082E+00
.766E+00
.366E-01
.200E-01
.798E-04
.000E-00
.000E-03 ZETAIQF=

MCF
IQR
VDE
VDCI
DTOH
THCS
VLIM
MBE
MBC
VROE

CJCXO0

FBC

CBCPAR =

VDS
AF
VGS

ZETABET=

ALVS

ZETARCX=

TNOM
ITSsS

.000E+00
.390E-03
.185E-01
.147E-01
.089E-13
.056E-11
.743E-01
.000E+00
.000E+00
.322E+00
.535E-14
.000E+00
.815E-15
.554E-01
.000E+00
.082E+00

108E+00
000E+00
100E-01
700E+01
000E-18

.000E+00

print vbc ic ib ie is beta > GP.dat

MCR
IQFH
ZE
ZCI
TBVL
AHC
VPT
IRES
KAVL
VROC
VDCX
RE
IsCs
zs
VGB
F1VG
ALTO

ALCES
ZETARE

RTH
MSF

H WN®OUWERE®OWWDNDDNHHR

.000E+00
.498E-04
.349E-01
.554E-01
.384E-13
.651E-02
.336E+00
.843E-15
.219E+00
.821E+02
.769E-01
.172E+00
.002E-15
.442E-01
.058E+00
.023E-04
.983E-03
.000E+00
.000E-01
.429E+02
.000E+00

VEF
TFH
AJE

VPTCI

TEFO0
TR
VCES
MRE
EAVL
FGEO
ZCX
RCX
MsC
VPTS
VGE
F2VG
KTO

ZETARBI=
ALKAV

CTH
VER

.479E+02
.151E-04
.500E+00
.000E+02
.000E+00
.392E-11
.812E-02
.000E+00
.191E+01
.557E-01
.452E-01
.204E+00
.000E+00
.000E+02
.120E+00
.321E-04
.180E-05
.460E-01
.141E-02
.575E-09
.485E+00

* Analysis
Je %k Kk ok kok ok ok ok ok

.control

set width=120
dc vb 0.4 1.2 0.01 vcb -0.5 1.5 0.5

let Temp = 27.0 + v(t)

let vbc=-v(3)

let ic=abs(i(vic))

let ib=abs (i (vib))

let ie=abs (i (ve))

let is=abs (i (vs))

let beta=i(vic) /i (vib)

set hcopydevtype=postscript

set hcopypscolor=true

set colorO=rgb:F/F/F

set colorl=rgb:0/0/0

set color2=rgb:0/0/F

set color3=rgb:F/0/0

set colord=rgb:0/F/0

hardcopy gp.ps ic ib xlimit 0.4 1.2 ylog xlabel Vbe
plot ic ib xlimit 0.2 1.2 ylog xlabel Vbe

set hcopydevtype=postscript

*hardcopy beta.ps beta xlimit 0.4 1.2 ylimit 0 300 xlabel Vbe
hardcopy beta.ps beta xlimit 0.4 1.2 xlabel Vbe
plot beta xlimit 0.2 1.2 ylimit 0 300 xlabel Vbe
set hcopydevtype=postscript

*hardcopy temp.ps Temp xlimit 0.4 1.2 ylimit 0 200 xlabel Vbe
hardcopy temp.ps Temp xlimit 0.4 1.2 xlabel Vbe
plot Temp xlimit 0.2 1.2 ylimit 0 200 xlabel Vbe

.endc
.END

050

050
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Forward Gummel Plot

dc simulation

GP

J

Parameter
sweep

Parameter
sweep

VBE
Sim=GP
Type=lin
Param=VB
Start=0.1
Stop=1.1
Points=101

Equation

Eqgni
IB=abs(IB.I)
IB1=abs(IB1.1)
ICG=abs(IC.I)
IG1=abs(IC1.1)
lsub=abs(lsub.1)
lsub1=abs(lsub1.1)
Beta=IC.l/{IB.1)
Beta1=IC1.I/IB1.1
T=27+DT.V
T1=27+DT1.V

VBC

Sim=VBE
Type=list
Param=VC
Values=[1.5;0;-0.5]
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	. Model release difficult.
	. No Verilog-A to FTN compiler.
	. Equations and derivatives have to be re-calculated by hand at each release.

	Validation with open source simulators NGSPICE and QUCS
	. http://ngspice.sourceforge.net/index.html
	. http://qucs.sourceforge.net/index.html

	According to the last HICUM workshop, it has been decided to evaluate the improvements of the HICUM/L0 model proposed by Cornelia Thiele (IFX).
	The goal is to make official, as soon as possible, this new HICUM/L0 version, called v1.2, in order to deliver the Verilog-A code to the EDA vendors for implementation of the model in circuit simulators beginning 2009.
	This first part is dedicated to the extraction of the additional model parameters of HICUM/L0 and to the validation of the new model formulation.

	Model implementation and validation
	Parameter extraction
	Experimental results
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	Conclusion
	Without self-heating FLSH = 0 (model card and netlist given in Appendix A)
	. VBC = 0V
	. VBC = 0.5V
	. VBC = -1V

	With self-heating FLSH = 1 (model card given in Appendix A)
	. VBC = 0V
	. VBC = 0.5V
	. VBC = -1V
	NC no convergence
	Comments
	. As NGSPICE or QUCS gives exactly the same results, therefore they can be used as reference for the implementation of HICUM/L2 v1.2 in other circuit simulators.
	. When the self-heating is activated, there are some convergence problems at high currents with SPEED. Same issues are observed using commercial simulators [8].
	. Warnings

	- In HICUM/L0 version 1.2 it is not possible to set THF = 0. Verilog-A code to be corrected (ln(0)).
	- As gmin is coded inside the Verilog-A code, it overwrites the value set by the users in the simulator (for example using the command .OPTION gmin=<value>).
	. Syntax for calling of HICUM
	. Formulation of the collector current at low VBE and VBC = 0V

	from the HICUM/L2 formulation , with the ideality factor MCF set to 1, we can write
	. As in HICUM/L0 there is not internal and external BE depletion charge, an approximation is done [2] and VJE is computed from the total BE depletion charge.
	. From the expression of the collector current we can deduce
	. Comment

	- For HICIM/L0 v1.2 the BE depletion capacitance parameters have to be extracted before.
	. New explicit formulation of the transfer current (VBC = 0V) [2], [9]

	with the total normalized hole charge is given by
	where qj are qm are defined as
	IQF is similar to the forward knee current IKF of the SGP model.
	. wi is the injection width given in [2], and ICK the critical current. An additional parameter AHQ is introduced for the calculation of the injection wi allowing to modify slightly the critical current ICK

	In the present version, AHQ is positive. Possibility to use negative value [-0.9:10] is requested.
	. No direct extraction (possible for IQF). Global optimization in the linear (IQF) and quasi-saturation region (IQFH). of the output characteristics.
	. Up to now, no need to extract THF and AHQ. They are set to a small value 10-6.

	Prerequisite
	. Parameters of the BC diode and parasitic substrate PNP must be known.
	. All temperature parameters including RTH must be known (IQF and IQFH are optimized at high current densities)
	. The parameters (RCI0, VCES, VLIM, VPT) describing the critical current ICK must be known (extracted from AC measurements).

	Output characteristics
	. No bump in the saturated region with HICUM/L0 version 1.2

	Forward Gummel plot (VBC = 0.5, 0, -1 V)
	. No negative slope on the collector current at high current densities with HICUM/L0 version 1.2.

	Forward current gain (VBC = 0.5, 0, -1 V)
	. No anomaly on the current gain at high current densities with HICUM/L0 version 1.2.

	fT characteristic (VBC = 0.5, 0.25, 0, -0.25, -0.5, -1, -1.5 V)
	. No instability at high current densities with HICUM/L0 version 1.2
	. Remark: transit time parameters, not re-extracted, generated from direct extraction of HICUM/L2 parameters using the translation proposed in [7].


	Which reverse Early formulation for HICUM/L0?
	. In order to overcome the limitations of the MCF factor [3], [4].
	- offset on IC(VCE) characteristics if MCF not equal to MCR
	- temperature dependence
	in HICUM/L0 v1.2 the reverse Early effect has been re-introduced using
	. Do we need a so sophisticated model based on the BE depletion charge?
	. This new formulation based on HICUM/L2 has some pros

	- bias dependence of reverse Early voltage
	. and cons

	- HICUM/L0 is claimed to be a simplification of HICUM/L2 with less effort for model parameter extraction. Contrary to the SGP mo...
	- Contrary to HICUM/L2, in HICUM/L0 there is no partition of the BE along the base resistance, and therefore the new formulation...
	Example where the total BE depletion charge is not suitable to model the reverse Early Effect
	- and even not suitable in case of non negligible bias dependence of the BE weight factor hjEi [5]
	- The workaround to solve this issue, suggested by Z. Huszka [6], is not possible if there is no way to adjust the partition of the BE depletion charge between the internal and external part.

	Proposal
	. In order to overcome all these possible issues, we propose to come back to the simple formulation (VJE = VBEi) of the SGP model, without the assumption VER >> VBEi
	. Less accurate (bias dependence) but more robust and less effort for model parameter extraction.
	Implementation and validation HICUM/L0 v1.2 in our FTN solver (SPEED) using the open source simulators NGSPICE and QUCS.


	Extraction procedures for the new HICUM/L0 v1.2 parameters have been presented
	. Direct extraction: IS, VER
	. Global optimization: IQF, IQFH
	First experimental results in a 0.25µm ST BiCMOS technology show very good results with the removal of all HICUM/L0 v1.12 issues:
	. Bad description of the reverse Early Effect (offset on IC(VCE) characteristics if MCR different to MCF, wrong temperature behavior)
	. Negative slope of the collector current at high current densities
	. Instability of the fT curves at high current densities

	These results are confirmed on other ST technologies and circuit simulators [8].
	Simplification of the reverse Early effect is proposed (to be discussed) in order to:
	. Simplify the parameter extraction: no need of depletion charges for the low current DC parameter extraction.
	. Avoid modeling issue s in case of non negligible extrinsic BE depletion charge.

	Additional requests:
	. New range for AHQ [-0.9:10].
	. Verilog-A correction allowing to have TFH =0.
	. Solve the gmin issue of the VA code.
	. Add a thermal coefficient for the temperature dependence of RTH [10]. It is already done in MEXTRAM.
	. Documentation update.

	Future actions?.....
	Thanks to N. Kauffmann for implementing HICUM/L0 v1.2 equations in our FTN solver.
	Thanks to L. Lemaitre and S. Jahn for their respective implementation and support of HICUM/L0 v1.2 in NGSPICE and QUCS.
	.MODEL HLO_120
	+ NPN
	+ IS = 2.740E-17 MCF = 1.000E+00 MCR = 1.000E+00 VEF = 3.479E+02
	+ IQF = 2.244E-02 IQR = 1.390E-03 IQFH = 2.498E-04 TFH = 2.151E-04
	+ CJE0 = 2.525E-14 VDE = 8.185E-01 ZE = 2.349E-01 AJE = 2.500E+00
	+ CJCI0 = 2.436E-15 VDCI = 5.147E-01 ZCI = 3.554E-01 VPTCI = 1.000E+02
	+ T0 = 1.482E-12 DT0H = 2.089E-13 TBVL = 3.384E-13 TEF0 = 0.000E+00
	+ GTE = 1.000E+00 THCS = 5.056E-11 AHC = 9.651E-02 TR = 2.392E-11
	+ RCI0 = 3.170E+01 VLIM = 4.743E-01 VPT = 4.336E+00 VCES = 7.812E-02
	+ IBES = 7.324E-20 MBE = 1.000E+00 IRES = 1.843E-15 MRE = 2.000E+00
	+ IBCS = 1.926E-19 MBC = 1.000E+00 KAVL = 3.219E+00 EAVL = 2.191E+01
	+ RBI0 = 2.672E+00 VR0E = 3.322E+00 VR0C = 5.821E+02 FGEO = 6.557E-01
	+ RBX = 1.015E+01 CJCX0 = 1.535E-14 VDCX = 8.769E-01 ZCX = 5.452E-01
	+ VPTCX = 1.000E+02 FBC = 1.000E+00 RE = 4.172E+00 RCX = 3.204E+00
	+ CBEPAR = 8.085E-15 CBCPAR = 4.815E-15 ISCS = 2.002E-15 MSC = 1.000E+00
	+ CJS0 = 4.733E-15 VDS = 3.554E-01 ZS = 3.442E-01 VPTS = 1.000E+02
	+ KF = 1.563E-09 AF = 2.000E+00 VGB = 1.058E+00 VGE = 1.120E+00
	+ VGC = 1.082E+00 VGS = 1.082E+00 F1VG =-1.023E-04 F2VG = 4.321E-04
	+ ZETACT = 3.766E+00 ZETABET= 3.108E+00 ALT0 = 4.983E-03 ZETAIQF= 1.000E+00
	+ KT0 = 1.180E-05 ZETACI = 7.366E-01 ALVS = 0.000E+00 ALCES = 0.000E+00
	+ ZETARBI= 4.460E-01 ZETARBX= 4.200E-01 ZETARCX= 4.100E-01 ZETARE =-5.000E-01
	+ ALKAV =-8.141E-02 ALEAV = 1.798E-04 TNOM = 2.700E+01 RTH = 7.429E+02
	+ CTH = 2.575E-09 DT = 0.000E+00 LEVEL = 1.200E+00 AHQ = 1.000E-03
	+ ITSS = 1.000E-18 MSF = 1.000E+00 VER = 2.485E+00
	NGSPICE netlist
	.model QINT NPN
	+ LEVEL=9 NPN=1 PNP=0
	+ IS = 2.740E-17 MCF = 1.000E+00 MCR = 1.000E+00 VEF = 3.479E+02
	+ IQF = 2.244E-02 IQR = 1.390E-03 IQFH = 2.498E-04 TFH = 2.151E-04
	+ CJE0 = 2.525E-14 VDE = 8.185E-01 ZE = 2.349E-01 AJE = 2.500E+00
	+ CJCI0 = 2.436E-15 VDCI = 5.147E-01 ZCI = 3.554E-01 VPTCI = 1.000E+02
	+ T0 = 1.482E-12 DT0H = 2.089E-13 TBVL = 3.384E-13 TEF0 = 0.000E+00
	+ GTE = 1.000E+00 THCS = 5.056E-11 AHC = 9.651E-02 TR = 2.392E-11
	+ RCI0 = 3.170E+01 VLIM = 4.743E-01 VPT = 4.336E+00 VCES = 7.812E-02
	+ IBES = 7.324E-20 MBE = 1.000E+00 IRES = 1.843E-15 MRE = 2.000E+00
	+ IBCS = 1.926E-19 MBC = 1.000E+00 KAVL = 3.219E+00 EAVL = 2.191E+01
	+ RBI0 = 2.672E+00 VR0E = 3.322E+00 VR0C = 5.821E+02 FGEO = 6.557E-01
	+ RBX = 1.015E+01 CJCX0 = 1.535E-14 VDCX = 8.769E-01 ZCX = 5.452E-01
	+ VPTCX = 1.000E+02 FBC = 1.000E+00 RE = 4.172E+00 RCX = 3.204E+00
	+ CBEPAR = 8.085E-15 CBCPAR = 4.815E-15 ISCS = 2.002E-15 MSC = 1.000E+00
	+ CJS0 = 4.733E-15 VDS = 3.554E-01 ZS = 3.442E-01 VPTS = 1.000E+02
	+ KF = 1.563E-09 AF = 2.000E+00 VGB = 1.058E+00 VGE = 1.120E+00
	+ VGC = 1.082E+00 VGS = 1.082E+00 F1VG =-1.023E-04 F2VG = 4.321E-04
	+ ZETACT = 3.766E+00 ZETABET= 3.108E+00 ALT0 = 4.983E-03 KT0 = 1.180E-05
	+ ZETACI = 7.366E-01 ALVS = 0.000E+00 ALCES = 0.000E+00 ZETARBI= 4.460E-01
	+ ZETARBX= 4.200E-01 ZETARCX= 4.100E-01 ZETARE =-5.000E-01 ALKAV =-8.141E-02
	+ ALEAV = 1.798E-04 TNOM = 2.700E+01 RTH = 7.429E+02 CTH = 2.575E-09
	+ FLSH = 1.000E-00 ITSS = 1.000E-18 MSF = 1.000E+00 VER = 2.485E+00
	+ AHQ = 1.000E-03 ZETAIQF= 1.000E+00
	.OPTIONS GMIN=1E-20 RELTOL=1E-10 VNTOL=1E-6 ABSTOL=1E-12 TEMP=27
	* circuit
	*********
	Q1 c b e s t QINT
	VIC 2 c DC 0
	VIB 1 b DC 0
	VB 1 0 0.4
	EVB 2 3 1 0 1
	VCB 3 0 0
	VE e 0 0
	VS s 0 0
	print vbc ic ib ie is beta > GP.dat
	QUCS netlist: HICUM/L0 v1.12 and v1.2 comparison
	HICUM/L0 v1.12 (lines) and v1.2 comparison (circles)
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