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Purpose

4 Contrary to MOS models, bipolar models are not scalable

@ Not scalable means that the scaling rules are not hard-coded in the model equations.

4 |If we want to make scalable bipolar models, 2 main approaches [1]
(i) Coding of scaling equations in simulator scripts
(ii) Use separate specific program like TRADICA

4 Each of these solutions have their pros and cons
(i) Limited language capability, IP is open to external users.
(ii) Magic black box where default geometry scaling equations are hidden to modeling engineers.

4 Nevertheless, in the two cases we need to know (no detailed publication on this
subject)

@ How to scale the model parameters to the dimensions of the devices.

@ How to determine specific parameters.

4 Our goal is

(i) to review some (limited time) HICUM geometry scaling laws, as we think they are,
(ii) to discuss possible issues and
(iii) to propose solutions...
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Overview of HICUM Geometry Scaling Equations

@ Effective emitter area
@ Definition
@ Parameter extraction
4 | ow collector current and depletion capacitances
@ Description of existing geometry scaling laws
@ Possible issue

@ Proposal and results

@ | ow Base-Emitter current
@ Description of existing scaling laws
@ Possible issue
@ Proposal and results
@ \Neak avalanche current
@ Description of existing geometry scaling laws
@ Issue

@ Proposal and results
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Effective Emitter Area [2],[3]

. ey . W,
4 Definition and extraction method §
@ Original concept allowing to model the peripheral transfer current without . $AE/2
additional component (current source). I
@ The effective (electrical) emitter area, Ag+, is defined so that the total trans- Le e
fer current |1 flows through an extended internal transistor, via the parame-
ter yc, without any peripheral component
I+ = lspatlpt4lic = J1a-A Jp-P Alem = Jor A | | A2
T ltaTlhp TC TA " REO TP TEO TC = JTA " PEs | Weo |
A ekl P , e >
Area Perimeter Corner Mask | We |
where the effective emitter area Ag+ is given by ‘ ‘
N+
Age = W Lo = (Lgo 2 v0) - (Wego t2-7¢) - 5
@ For small devices, 3-D effects can be improved by taken into account the N vy
corner rounding caused by lithography. In this case the effective emitter I GO,
area becomes (Appendix A)
J
A, = W, - LE*—(4—n)-rC*2 where r, = r,+7¢ '
@ Then to compute the model parameters for 2-D (and 3-D) transistors, all ﬁ j
area specific elements (currents, charges) occurring in the Generalized J L
Integral Charge-Control Relation (GICCR) must be multiplied by this effec-
tive emitter area. X
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@ The extended emitter width and length y- can be easily determined from the ratio of specific perimeter to area
collector current

* At low current densities (Vgg < 0.7 V and Vgc = 0V), we can write (corner rounding neglected, Lg >> W)

{'T*”c = leatlcp T4ltc = Jea  Ago Hdcp - Peot 4lrc

2
lr=lc = loa-Ags = lea W, -Le = lea-(Leo T 2v¢) - (Weo +27¢) = Jea-Aeotdea o - Peo[t 4dca - 1c

_ Jep
 That allows to calculate yo | y¢ = —

Jea

» Experimental results (HS transistors, Wg = 0.25, 0.45, 0.65, 1.05, 1.45 um, Lg = 12.65 um)

Yc = 51.2nm
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« TCAD results from process and device simulations (HV transistors, Wg = 0.4, 0.8, 1.6 um, Lg = 12 um)

Yo = 141.9 nm

0.2
0.143 I I I I I I I

0.18
0.16
0.14

01425 - © —

° 000°°
0.142 |- % _ 050°900%0° ° =

o 00 (o]
\%_ 0.12 .g. o %o ’
< 01 S 01415 ° o\l
— O
o 008 = ° 1.17%
[o]
0.04
0.1405 —
0.02 o
o A\
014 ]
025 03 035 04 045 05 055 06 0.65
P/A [um™] Vee [V

4 Comments and possible issues

At low current densities y¢ is not exactly a constant, slight decrease with Vgg

» Cause

- Combination of measurement inaccuracy and correctness of extraction method?
- Internal depletion charges not exactly proportional to the effective emitter area?
- Model limitation? yc could be bias depend (investigation in progress)
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Forward Transfer Current

@ Study at low current densities and Vg = 0V

@ Geometry scaling equations
@ At low low current densities and Vg = 0V, the collector current is close to the forward transfer current and can

be written

The internal BE depletion charge Qjg; is related to the internal depletion capacitance Cjg;, which is, by definition
of the effective emitter area, (normally) proportional to Ag+

Qe = Ap- Qea (2 where Qjgp is the BE specific area depletion charge (C/m?)

@ Always by definition of the effective emitter area, |1¢ is proportional to Ag+ according to

ltg = Ag. - Jtea Where Jtpp is the specific area forward transfer current (A/m?)

@ Therefore, JTpa can be written

v v v
Jo_ = lte _ Cip-e ' _ Cip-e _ Cip-e __Cine |
TFA Ao Ao (Quothigi- Qe) AL (Qpo t hygi - Aa - Qea) A2 -(Qp°+h q ) Quoa + hjgi - Qiea
Er (A T ME T YEA
E*
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@ |n conclusion, the specific area forward transfer current Jygp is given by

3)

J
TFA h
Qpon T hjgi - Qjea

where C4pp and Qpop are respectively the specific GICCR constant (AC/m*) and the specific zero-bias hole
charge (C/m?).
This expression is identical to (1) where the model parameters have been replaced by their specific values.

‘& Parameter extraction

Cio= 2.4010°" C.AuM™ Qpy = 6.97 fC.um™@

VBE;

Vi
_Cion e Qy0a
QjEA = ‘ -

@ Re-arranging (3) gives

higi  Jrea D
where Qjgp is calculated from the specific parameters of
the BE depletion capacitance.

VBE|
Therefore, Qjea vs. € ' /J1gp Is a straight line. The slope
s allows to calculate C4pp, and the intercept i allows to
know Qpga. At this step (and even after! [4]), hg; is
assumed to be equal to 1

Qjei [fC.um™]

2.8 | | | | | | | |
{C']OA = 8- hjEi =8 3.03 3.035 3.04 3045 3.05 3.055 3.06 3.065 3.07 3.075

= _j- h {eXp(VBE/VT)}/JC [A71 : Hmz]
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‘& Possible issues

@ The main issues comes from the fact that the specific parameters (area and perimeter compo-

nents) of BE junction capacitance are determined from the actual emitter dimensions on wafer
and that after the internal and external BE junction capacitance are generated from the effective
emitter area:

* Possible negative external BE junction capacitance
» External potential and grading factor different than extracted values, needed to be re-calculated for each
emitter size.

@ The BE depletion capacitance, related to the actual emitter dimensions, is given by (2D device)
Cie(V) = Cga(V) + Ciep(V) = Cyga(V) - Agg + Cep(V) - Pgg

where C ga and C gp are respectively the area and perimeter components of the BE junction capacitance. C ga
and C,cp being respectively the specific area and perimeter components. From their bias dependence, we can write

CJE(V) _ CJEAO ) AEO + CJEXO ) I:)EO

{1_ vV }ZEA {1_ vV }ZEX
VDEA VDEX

@ |In order to be compatible with the HICUM geometry scaling laws and to be consistent with the GICCR (all collector
current flows through an effective electrical emitter area Ag+, without perimeter component), C,g(V) must be
expressed from the effective area as follows

Cie(V) = Cygi(V) + Cei(V) = CoeaV) - A + Cuep(V) - Pgo—Cga(V) - (AE*_AEO)/ (5)

Internal transistor External transistor
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@ 15'issue: depending on the technology, the external part of the BE junction capacitance can be negative
Cuep(V) - Peo = Cuga(V) - (Ag. —Agg) = Cugp(V) - Pgo— CugalV) - (Agg T vc - Peo—Ago) =

Cyep(V) } S
——vYc 1= Cuea(V) - Peo - (vy-7c)
Cyea(V)

Cuiep(V) - Peog—Cyea(V) - ve - Peo = Cyea(V) - Peg-

C V
where vy, = E( ) is defined as the ratio of specific perimeter to area BE junction capacitance.

CiealV)

« if |y, <y | the external BE junction capacitance becomes negative!

« TCAD results from process and device simulation (HV transistors, Wg = 0.4, 0.8, 1.6 um, Lg = 12 um)

Yc =141.9nm Cp =4.8868 fF/um® Cp =0.2529 fF/um
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@& 2"%issue: the built in potential and the grading factor must be re-calculated for each transistor dimension. If is it
feasible and done (?) in program like TRADICA, it is more complex to implemented in language simulators.

* Moreover, if v, is close to y¢ the re-calculated built-in voltage and grading factor can have non-physical value.

From (4) and (5) we can write

CJEAO ) AE* I CJEXO ) I:,EO CJEAO ) (AE* o AEO)

Coe(V) = v Zen {1 Vv }ZEX_ LV Zen
{ B } VbEx { ~ Vbea

VDEA

”

g

Internal transistor External transistor

_ CJElO + CJEPO
V Zg, v Zep
(I— 1-—
{ VDEI} { VDEP}

» For the internal transistor, the model parameters of the BE junction capacitance are directly related to the
extracted specific parameters. It is no more true for the external transistor. Vpgp and Zgp are not equal to the

extracted specific parameters Vpex and Zgx. They are respectively function of Vpgx, Vpea and Zgx, Zga and

must be re-calculated for each transistor dimensions.
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‘& Solution and proposal

@ TRADICA approach

* From the information we have, if y; < y¢, it would seem that

{CJEi(V) = Cuga(V) - Agg + Cyep(V) - Pgg
Ciex(V) =0

* Using this approach poses a problem, because Qjg; is no more proportional to Ag+, and consequently I¢ is
also no more proportional to Ag+.

* Therefore the exposed method used to determine the specific parameters Qpga and Cqga is no more valid.

* How to overcome this problem?
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@ Proposal

 Contrary to (5) we defined the internal and the external BE junction capacitance from the actual emitter area

and perimeter C (V) = C (V) + C g (V) = \CJEA(V) Agp + \CJEP(V) : PEO/

Internal transistor External transistor

* Therefore Qjg; is directly related to the emitter area Agg through
Qigi = Ago- Qea  Where Qgp is calculated from the area components (C ga, Vpea, Zea) of the BE depletion
capacitance.

* The expression of JTga becomes

VgEi
Vo Vr A2
TFA = = B -
Age  Ap - (Qpothigi- Qe Ape - (Qpot hjgi- Agg- Qea) Qg h Aeo Q
A JEi" p " ZEA
VaEi = =
Vi
_ Cion-€
A
EO
Qpoa T hjg; - A | Q
Ex|  jEA

* In order to be consistent with the HICUM scaling approach, It must be proportional to Ag+, we have to define
a new unitary (or specific) parameter h;g, such as

h = h 'E = constant
jEu = MjEi "7~ T
E*
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» We can finally write
VeEi
Y

Joo = Cion-e
TFA Quoa T hjey - Qea
* This equation is identical to the previous equation (3), expect that now Q gp is now expressed from Agy and
not from Ag+. That allows to avoid negative Q g, value.

@ Parameter extraction and results

« Identical methodology to the one describes previously Cyo=1.5810"7fCAuM™ Qpy=8.05 fC.um™>

4
Vi | | | | | |
C T Q
Qjea = 10R .2 _pOA 35 [~
: hie, Jrra hjeu
-
Qa vs. € T /J1ea is a straight line. The slope s allows 8_ s
to calculate C4gp, and the intercept i allow to know Qpga. g
: : 2 [~
* Here again hjg, is assumed to be equal to 1
q h 06 062 064 066 068 07 072 074
= _| . . = _|
POA JEu exp(Vge/N)Wa [2A um™]
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« TCAD results from process and device simulation (HV transistors, Wg = 0.4, 0.8, 1.6 um, Lg = 12 um)

Cion=1.5810"7C.AUM™ Qppa =8.05 fC.um? ys = 141.9 nm Cion=1.5810"7fC.AUM™ Qpoa =8.05 fC.um? ys = 141.9 nm
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@ Scaling law for the collector current at low current densities and Vg =0V

2 Vr Vi Vi

- QpOA A +hjEu QjEA'AE* QJEI B Qr>0+hJ'Ei'QJ'Ei
jEu’ AEO E*

lc~Jrra - Ag

Qpo+h -A

* With this new approach h;g; is now geometry dependent and is defined, for each transistor geometry, by
AE*
B AEO
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@ \We can extend this study to the BC junction (Vg < 0 V) in order to obtain the general expression of the transfer
I+ current at low current densities

VBEi

Vr
Cio-€

I - J * A
T TFA E* Q h Q h Q
po0 JEi W “SEi jCi " Ci

Where the new geometry scaling rules are defined by

-

Cio = C10A°Aé*
Qpo = Qpoa - Ag:
Qiei = Qiea - Aco = f(Cyea Voear Zea) - Aro
Qjci = Qica Aco = f(Cycar Voca Zea) - Aco

C C
9 I — 10 10A . A i — J . A .
S QPO QPOA E SA £

Ac.

hjEi - hjEu : Aso
A

_ E*
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Base-Emitter Current

& Model

@ Low current densities and Vgc =0V

@ In HICUM/L2, the BE current is described by 2 diodes. One diode used
to describe the internal BE current Igg;, the second for the extrinsic BE
current Iggx. These 2 diodes are spitted across the intrinsic base resis-
tance.

Rbx ! Rbi !
o : \ 4 I I—"
lBEX

|BE;

@ Each of these 2 diodes are composed of an ideal current (non-ideality factor close to 1), and a recombination

current (non-ideality factor close to 2).

VBEI VBE|
lgei = lgeat lrea = leEIs - MBEVVT—'] +lre1s eMRE'.VT—1
<
VBEi VBEi
lsex = lsep * lrep = lgeps- IVIBEP.VT—1 + lreps IVIREP.VT—1

© STMicroelectronics
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@ Geometry scaling rules

@ No (?) official (published) document describing the scaling laws used, in TRADICA, for the base currents.

@ If the introduction of an effective emitter area, using yc, is very clever for describing the geometry dependence of
the transfer current. The notion of an effective area for the base current, using yg, is more questionable:

@& 1%'issue: as the BE current is modeled by 2 diodes (contrary to the transfer current which is modeled by only
one current source), there is no interest to define and effective area for the base current.

& 2"% issue: if the internal base current is referenced to the effective emitter area Ag+ and if yg < yc, we can de-
monstrate (same demonstration than for the BE depletion capacitance) that the extrinsic BE current, Igg,, will be
negative

{IBEi = Jgea Ap

lgex = Jgea Peo- (Y8 —7c)
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@& 3 issue: In fact, contrary to the transfer current, it is not possible to introduce the notion of effective area for the
base current. Indeed, if we define the parameter yg, allowing to introduce the effective emitter area for the base
current, as the ratio of the perimeter specific BE current, Jgp, to the area BE specific current, Jgp

_ JBEP

B~ JBEA

This parameter is not constant with Vgg due to the fact that the non-ideality factor of the area and perimeter cur-
rents are not identical

VBEi
Mgea - V1

Jeea ¥ Jgeas - ©

VgE;
Mgep - V1

(Jpep = JgEPs - €

therefore

VBEi.{ 11 }
_Jeep JBEPS.e Vi [Mgep Mgea

B ~
Jeea  Jgeas

is not a constant and is a function of Vg if Mgg # Mggp -
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@ New proposed geometry scaling rules and parameter extraction

@ The base current is split on 2 components Igg; and Iggx respectively related to the actual BE area and perimeter

lge = Igei + Isex = JgEi* Aeo T Jsex " PEo

@ Jgg and Jgpx can be easily determinated (from 2D transistors with variable emitter width), at each Vgg
(VBC=OV), by pIottlng IBE/AEO VS. PEO/AEO

loe _y 4y, . EO 1210" | I n |
AEO ! X AEO iy
1.0 107 — _ O0— —O— J =
J
6 ~— JgEi BEx
— 8010° F ~
S e
e —o— —0—
< 6.010°F —
< A o )
= 40106 F o -
2.010° o o
0 0
0
0.0 10
0 1 2 3 4 5
P/A [um]

7t" European HICUM Workshop Didier CELI
20/37

© STMicroelectronics



@ Formulation of the internal and external BE specific currents Jgg and Jggx

-

VgEi VgEi
Mgg, -V Mger -V
Jeei = JgEIs- -1 +JRes- —1
<
VBEi VBEi
Mgep V1 Mrep V1
Jeex = JBEps* ~1|+JReps - —1
JBEI A JBEX 4
=— Mg *— Mgep
MRrel — Mrep —
7 7
_ ’ /
y; ,
Jreis b7, Jrers } 7,
y; ’
’ y;
’ ’
JBElS ‘JBEPS
> >
VBE| VBE|
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@ Determination of the intrinsic BE specific parameters Jgg|s, Jreis, Mg, MRE
« Direct extraction without global optimization, the key point to obtain both accurate and physics based model

parameters.
VBEi_ 1. 1
) _ JrE: Vi [Mgg; Mgg
+ Assuming Vgg, greater than few V1, we can write \?:EI. = Jgeis + Jrels - ©
IVIBEI'VT

« Therefore, if Mgg; and Mgrg, are known, this characteristic is linear, the slope allows to determine Jgg|g and
the intercept Jggs.

* How to determine Mgg|and Mrg|? Mgg| and Mg, are determined by dichotomy, for each couple (Mgg|, Mrg)),
the correlation coefficient r of the characteristic is calculated. The selected couple (Mgg|, MRrg)) is the one
which maximize r (best alignment of the measured data).
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@ Determination of the extrinsic BE specific parameters Jggps, Jreps: Meeps MRep

VaE| { 11 }
. o JBEx Vi [Mgep Mgep
« Same principle on the characteristic Ve Jeeps T Jreps - ©
Mgep -V
e BEP 'T

0.009 , I I I T T T T T T T T T 3
0.008 o0 b J

S 0007 [ ]
= 10" =
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@ TCAD results from process and device simulation (HV transistors, Wg = 0.4, 0.8, 1.6 um, Lg = 12 um)
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Weak Avalanche Current

‘@ Geometry scaling rules

@ Same comment than for the base current, to our knowledge, there is no published document describing the
geometry scaling laws for the weak avalanche current.

@ In HICUM/L2, the weak avalanche current is given by

AVL
lave = ltr - Fave - (Vpei— Ve exp{CJC_ +(Vpei— Veie )}
i I 'c!

@ In first approximation, we assume that both I, and It¢ are scaled to the effective
emitter area Ag+ (default TRADICA approach?)

{ITF = Jrr- A

lave = JavL AE*

. . . | 1o = Mg = oo+ Taw
@ Normally both Qpay_ and C,q| are scaled to the same dimension, whichever this

. . I

dimension, we have M = 1+_|5\_/L

Q Q (040]
AVL _ SAVL _ ot

Cci Cyci M is the muiltiplication factor

@ In conclusion, the multiplication factor M defined by

~Qay a

Cuci-Voci~Verc) o Y
—14F Vv Vv Cyci- Vpci—Verc) 5
avL - (Vpci— Vg - e (6)

M= 1t o e Favi - (Voci—Vec)-@
lco l7E

must be constant
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‘@ Scalable parameter extraction

@ The same method than the one described in [5] can be used. For M > 1 (avalanche region) and defining
V;=Vpgj - Ve, (6) can be written

In(M-1) = |n(FAVL)+|n(vj)—g (7)

CiciV,

Substituting in (7) the expression of (TC, leads to the final expression

M—1 Q Zon—1
In{ }=In<FAVL>— AL — vt (8

Z
; CA
J Cycio " Vbea

_ Z~p—1
@ Therefore, the characteristic In{MV 1} versus V" In{M_1
j

j vV }1/ |n(FAVL)
must be a straight line. The intercept allows to deter- .
mine Fay and the slope Q,y, -

 Qawn
ZCA
Cycio - Vbca

© STMicroelectronics
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@ Experimental results (see also [6])
@ HS transistors, Wg = 0.25, 0.45, 0.65, 1.05, 1.45 um, Lg = 12.65 um
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= 5 o
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g O
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0 02 04 06 038 1 12 14 16 1.8

Veg [V]

@ Contrary to what expected, the multiplication factor M is not independent of the emitter dimensions. M increases
when the emitter width decreases.
« Why? Is it due to non-scalable process or non-scalable model, or wrong geometry scaling rules?

Zop—1

@ ltis interesting to notice that in fact the characteristics In{(M—1)/V;} vs. V; “A " are all parallel, that demon-
strates (i) that Qay_ is scalable (slope of the characteristics identical), (ii) that (effective) Fay (deduced from the
intercept) is geometry dependent. Why?.
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4 Similar results obtained by XMOD using TRADICA [7]
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& Same results observed from TCAD simulations

5.5 , , , I I . 1.014 , , I I I
1.012 - -
1.01 | o o
1.008 |- -

1.006

IN[(M-1)/(Vpg) + Vcp)]

1.004

Multiplication Factor M

1.002

Zea-1

(VpcitVee)

@ That partially eliminate the possibility of non-scalable process.

@ It remains 2 possibilities (i) non-scalable model or we apply wrong geometry scaling rules.

7t" European HICUM Workshop Didier CELI
29/37

© STMicroelectronics



@ Analysis and proposal

@ If M is not independent on the geometry, from (6) that means that |, is not scaled to the effective emitter area
Ag-.

@ This behavior was already shown in [6], where it was found that y, was different from vy¢.

@ Therefore, in order to have a scalable multiplication factor, we define an effective area for the avalanche current
such as

Apvt = Wgg+2-yay) - (Lgg T2 vayL)

JAVLP
JAVL

where yay is equal to the ratio of the specific perimeter to the specific area avalanche current y,y, =

@ (6) can be re-written

_QAVL

Cyci- Vpei—Varc)
Mo 1 — ave Jave-Aavi Jre- Aavi - Favia Voci—Vec) - @

ln  Jre- A . - Jre - AL,
Co TF " P TF e (9)
_QAVL
_ Apve E Vv Vv Cyci- (Vpgi—Vare)
= _AE *Faviu  Vpci—Vee) €

@ Substituting in (9) the expression of (TC, and after some calculation, leads to the final expression

A Zca ]
AVL C
Jcio* Vpea
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AL, _ Q _
In{ : '{Mv 1}} = IN(FayLy) - —2Y v | (10)  Similar to (8) by adding the red term.
j




‘& Parameter extraction

@ Same straight forward method. Equation (10) must be a straight line, the intercept allows to determine FpayLy

and the slope Qpy, -

‘& Results

@ HS transistors, Wg = 0.25, 0.45, 0.65, 1.05, 1.45 um, Lg = 12.65 pm

YavL determination FavLu @nd Q,y determination
Fav = 1.45107° V" Q= 1.38 107! fC.um™
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Multiplication factor Base current

I:AVL = 1.45 1O+O V-1 QAVL = 1.38 10+1 fC-Hm-z FAVL = 145 10+0 V--| QAVL = 138 10+01 fC.Mm-2
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‘& New geometry scaling laws
Qave = Aco - Qave

AAVL

FavL n_ “Faviu new!
E*

Acg is the area used to determine the area component of the BC junction capacitance.

Now Fpy is geometry dependant and it is a function of Apy /Ag+
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Summary and Comments

‘@ Some geometry scaling rules for HICUM/L2 have been investigated

» Collector and base current at low current densities.
« BE and BC depletion capacitances.
 Weak avalanche current.

@ Depending on the technology, the standard HICUM geometry scaling laws can pose
problems

* Negative external components.
« Non-scalable avalanche current.

@ To avoid these problems, solutions were proposed

 Feedback, and comments are welcome.

@ \Nork in progress

* Investigation of other geometry scaling laws (BC and substrate currents, transit time, ...).
» Detection and study of non-standard geometry scaling effects [9], like WPE (Well Proximity Effects).

‘@ Pending issues

* hyg, and hygj, determination. Today there are assumed to be equal to 1.

« Validation of the partition of the BE and BC depletion capacitances across the base resistance.
» Suggestions and help would be welcome...
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Appendix A

‘@ Actual emitter area Agg and Pgg calculation

,,,,,,

Leo

Weo

+ By taking into account the corner rounding, the actual emitter area Agy and perimeter Pgy can be expressed as

Corner Rounding Effects

4

2 T 2
AEO=WE0'LEO_4'rc'(1_—) =Wgo-Lgg—rc-(4-m)

%f—/
Corner rounding

Corner rounding

« Bydefaultr,is settor, =

————, Where Wggmin is the minimum emitter width allowed in the process.
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‘@ Effective emitter area Ag+ calculation

» Taken into account the corner rounding, the effective emitter area Ag- is : We:
expressed as (see Agq calculation)

2
AE* = WE* : LE* - (4 —TE) : rc*
Knowing that
W = WEO + 2'YC I-E"

foe = Tet e \Lﬁ ,,,,,,,,

. ' Yc
Ag+ can be rewritten |

2
A = Wgot2v0) - (Lgg +2v¢) —(4—m) - (rg +v¢)

2 2 2

2
= Wego-Lgg-(4-m) 15 + {2-(Wgo+Lgg)—2-(4-1) 1} v +472—(4-m) 72
AEO

PEO

« That leads finally to

2
Agi = Agotvc Peotmevc
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	Not scalable means that the scaling rules are not hard-coded in the model equations.
	If we want to make scalable bipolar models, 2 main approaches [1]
	(i) Coding of scaling equations in simulator scripts
	(ii) Use separate specific program like TRADICA
	Each of these solutions have their pros and cons
	(i) Limited language capability, IP is open to external users.
	(ii) Magic black box where default geometry scaling equations are hidden to modeling engineers.
	Nevertheless, in the two cases we need to know (no detailed publication on this subject)
	How to scale the model parameters to the dimensions of the devices.
	How to determine specific parameters.
	Our goal is
	(i) to review some (limited time) HICUM geometry scaling laws, as we think they are,
	(ii) to discuss possible issues and
	(iii) to propose solutions...
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	Definition
	Parameter extraction
	Low collector current and depletion capacitances
	Description of existing geometry scaling laws
	Possible issue
	Proposal and results
	Low Base-Emitter current
	Description of existing scaling laws
	Possible issue
	Proposal and results
	Weak avalanche current
	Description of existing geometry scaling laws
	Issue
	Proposal and results
	Definition and extraction method
	Original concept allowing to model the peripheral transfer current without additional component (current source).
	The effective (electrical) emitter area, AE*, is defined so that the total transfer current IT flows through an extended internal transistor, via the parameter gC, without any peripheral component
	For small devices, 3-D effects can be improved by taken into account the corner rounding caused by lithography. In this case the effective emitter area becomes (Appendix A)
	where
	Then to compute the model parameters for 2-D (and 3-D) transistors, all area specific elements (currents, charges) occurring in the Generalized Integral Charge-Control Relation (GICCR) must be multiplied by this effective emitter area.
	The extended emitter width and length gC can be easily determined from the ratio of specific perimeter to area collector current
	. At low current densities (VBE < 0.7 V and VBC = 0V), we can write (corner rounding neglected, LE >> WE)
	. That allows to calculate gC
	. Experimental results (HS transistors, WE = 0.25, 0.45, 0.65, 1.05, 1.45 mm, LE = 12.65 mm)
	. TCAD results from process and device simulations (HV transistors, WE = 0.4, 0.8, 1.6 mm, LE = 12 mm)
	. At low current densities gC is not exactly a constant, slight decrease with VBE
	. Cause
	. Possible negative external BE junction capacitance
	. External potential and grading factor different than extracted values, needed to be re-calculated for each emitter size.
	. if the external BE junction capacitance becomes negative!
	. TCAD results from process and device simulation (HV transistors, WE = 0.4, 0.8, 1.6 mm, LE = 12 mm)
	. Moreover, if gJ is close to gC, the re-calculated built-in voltage and grading factor can have non-physical value.
	. For the internal transistor, the model parameters of the BE junction capacitance are directly related to the extracted specifi...
	. From the information we have, if gJ < gC, it would seem that
	. Using this approach poses a problem, because QjEi is no more proportional to AE*, and consequently ITF is also no more proportional to AE*.
	. Therefore the exposed method used to determine the specific parameters QP0A and C10A is no more valid.
	. How to overcome this problem?
	. Contrary to (5) we defined the internal and the external BE junction capacitance from the actual emitter area and perimeter
	. Therefore QjEi is directly related to the emitter area AE0 through
	. The expression of JTFA becomes
	. In order to be consistent with the HICUM scaling approach, ITF must be proportional to AE*, we have to define a new unitary (or specific) parameter hjEu such as
	. We can finally write
	. This equation is identical to the previous equation (3), expect that now QJEA is now expressed from AE0 and not from AE*. That allows to avoid negative QJEA value.
	. Identical methodology to the one describes previously
	. Here again hjEu is assumed to be equal to 1
	. TCAD results from process and device simulation (HV transistors, WE = 0.4, 0.8, 1.6 mm, LE = 12 mm)
	. With this new approach hjEi is now geometry dependent and is defined, for each transistor geometry, by
	. Direct extraction without global optimization, the key point to obtain both accurate and physics based model parameters.
	. Assuming VBEI greater than few VT, we can write
	. Therefore, if MBEI and MREI are known, this characteristic is linear, the slope allows to determine JREIS and the intercept JBEIS.
	. How to determine MBEI and MREI? MBEI and MREI are determined by dichotomy, for each couple (MBEI, MREI), the correlation coeff...
	. Same principle on the characteristic
	. Why? Is it due to non-scalable process or non-scalable model, or wrong geometry scaling rules?
	. Collector and base current at low current densities.
	. BE and BC depletion capacitances.
	. Weak avalanche current.
	. Negative external components.
	. Non-scalable avalanche current.
	. Feedback, and comments are welcome.
	. Investigation of other geometry scaling laws (BC and substrate currents, transit time, ...).
	. Detection and study of non-standard geometry scaling effects [9], like WPE (Well Proximity Effects).
	. hJEiu and hJCiu determination. Today there are assumed to be equal to 1.
	. Validation of the partition of the BE and BC depletion capacitances across the base resistance.
	. Suggestions and help would be welcome...
	. By taking into account the corner rounding, the actual emitter area AE0 and perimeter PE0 can be expressed as
	. By default rc is set to , where WE0min is the minimum emitter width allowed in the process.
	. Taken into account the corner rounding, the effective emitter area AE* is expressed as (see AE0 calculation)
	. That leads finally to
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