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Introduction (1/2) IYI

At ST, modeling engineers often spend time on 2 types of work :

“‘Advanced” compact models (like HICUM, MEXTRAM, VBIC) for non free Bipolar transistors of
BiCMOS technologies (ex. HBT).

© Only a few technologies.
@ But compact models difficult to extract, scalable libraries... HARD & TIME CONSUMING

“Historical” compact models (like SGP) for natural (free) Bipolar transistors (ex. SUbPNP).
@ All technologies of the foundry : TIME CONSUMING
© But compact models quite simple to extract. Only a few geometries supported.
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X : HICUM scalable libraries
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Introduction (2/2) K’l

Much more papers and workshop subjects about extraction methods of advanced compact models,
like HICUM... on HBT advanced architectures ... on advanced technologies ...

But before doing things complex, are we sure we master the things simple ?

Ex. : SGP model card recently received from a ST partner in CMOS advanced node, for a natural
Substrate PNP:

V,g=2916V
N #1 o Ve
X15=4.10-3, default values for Eg/X, TR\ MC simulation with Eldo
Tev=1

Measured in common Base and not common Collector

Vbe0 | Physics theory

aAVbe

Vbe




Natural BJT families commonly used

© easy to model and free to process © easy to model and free to process
© no parasitic transistor ® 1 parasitic vertical PNP

@ Only 3 pins, collector is substrate © 4 pins, separated substrate
®09<p<5b ©5<p<15
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© Free to process, not so easy to model
® 2 parasitic vertical PNP

© 4 pins, separated substrate
©8<p<120
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Abstract Kﬁ

Purpose of this presentation :

Present an extraction flow for a natural Vertical Substrate PNP (the simplest bipolar
family to model).

Detail the direct extraction methodologies (when possible), for each step.
Example will be taken with the Sub PNP of CMOS 32nm technology.

Remember some measurements generalities
Present some tricks of modeling methodology
Avoid some traps




1574

EXTRACTION FLOW OVERVIEW (1/2)

According to the targeted applications using Natural BJT, the following parameters
families are focused

Extracted
DC parameters at nominal temperature
DC parameters versus temperature
LF Noise parameters
Currents mismatch
Junction capacitances
DC Statistical MC model

Not extracted (parameters @ default values)

RF parameters (transit time, f;, NQS, etc...) : usually impossible to measure [S], since f; too
low for these transistors (<< GHz), compared to the analyzers capability.
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EXTRACTION FLOW OVERVIEW

—_— Junction capacitances —_> Forward Collector current .%
. : for Cge

ase current
for Cge

Measurements

for Ccg

d Early Voltage

~uon in Collector current vs T°C at

.easurements low injection

Base current vs T°C at low
injection

collector and Base Collector current vs T°C at

currents vs T°C at high middle injection
injection
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‘ Measurements (1/6) Lys

Bipolar transistors (NPN or PNP) usually measured in Common Emitter

Ee out
(CE) in —— %—é
But Natural Sub PNP measured in Common Collector (CC) since c
Collector = wafer substrate =

Gummel plot : Vg sweep [-0.8V to +1.2V], Vg={-0.5V ; OV ; V; qvaianche aciive}: V=0V, T=+25°C

[ y N ; Lo
%2 o0 02 04 o6 08 1 12
VEB V]

Gummel plot versus T T : V¢ sweep [-0.8V to +1.2V], Vg=0V, V=0V, T={-40; -20; 0 ; +25; +50;

+75;+100; +125 ; +150}°C

1e-17 A
atimen /0 A S

%2 0 o0z 04 06 08 1 12
VEB V]
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‘ Measurements (2/6) Lys

Early characteristics : Vg sweep [0V t0 Vg gyceo visible): Ve={0.6V ; 0.7V ; 0.8V, 0.9V}, V. =0V,

— o
T=+25°C
T T T
E Vpe =065V o 3
-4 Ve =070V -
£ 10 [ VEE 2 0.75v : /,/ ;
B VB St Vpe=0.85V -

Vesl VI

Output characteristics : Vg sweep [-2V t0 V¢ gyceo visibiels Ve =0V, [g={10nA ; 100nA ; 1uA; 10uA ;
100uA ; ImA ; 5mA ; 10mA}, T=+25°C

I list should cover low currents until high currents of high injection region...

0.00015 : T T T T 6

1

5e-05 - [' — 2
[

z r[
p— E.O |-
L =1
-5e-05 — 4 e
-0.0001 -—-—J - 4+
I
! I I L

-0.00015
-2

[mA]

T T T T T
lg=10nA o p=1mA o
4 |E‘:10?n B I\ajgm °
¢ p=TUA o e .
0.0001 - s 4+ E
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‘ Measurements (3/6) Lys

Since Collector = wafer substrate, be careful to compute and show I = (Iz — Ig), and not the current
directly measured on Collector !

Avoid taking in account prober chuck leakage inside ...

In all the figures of merit including I in that document, we mean a “computed” |- and not the
current directly measured on Collector SMU.

Collector Current [Ic] Collector Current CC (com puted) [lc]

lem [A] [LOG]

le.m computed [A] [LOG]

Vbe [V] [E+0] ' Vbe [V] [E+0]
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‘ Measurements (4/6) K’l

C(V) measurements are needed to extract the parameters of junction capacitances

Use of transistors matrix test structures (100 < VPNP // < 1000) : to have enough capacitance
value to be measured by C(V)-analyzer

Use of big square transistor test structure : to check the surfacic capacitances values

Be careful to include the associated OPEN matrix test structure to deembed the parasitic backend
capacitances

Measurement of Cgg, Cg and Ceg

Virtuoso Layout Suite L Reading: TILT28NM_MODEL CM28_125DSB_QBFO1 _A layout
Launch Fle Edit View Create Verify Comectivity Options i cadence

I’ Il & - » |5 » [workspace: | cassic n ==Y
1% % § %%~ 0 e 0 sy - :

——Meas.
m 1.00 CTBE

E

0.00 — T ;

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4
VBE (V)

isoSingleSelectPt() croli (i : mousePopUR()
| cme]
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Measurements (5/6)

LF noise measurements are needed to extract Flicker noise parameters.
Base current noise spectral density is measured, at several Ig.

Warning to probes oscillations for high currents : use RF probes (with RF pads layout) or “Ferrite
pearls” 1E-22

1.E-23

1.E-24

Sib (A2/Hz)

1.E-25 ulvuade o dhet A
1.E-26
W
1E-27 . ; : .
10 100 1000 10000 100000

Frequency (Hz)

Currents mismatch measurements
DC test structures of transistors pairs mandatory.
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I maching g matching
046 (st e 0,16 ——
014 b i ota | O .
04z L - i 012 F - .
- - ——e—o—o ¢ = - = © o o o
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— @ L i
2 omf 13 0.08
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Measurements (6/6) Y/

PT results or process windows splits from foundry (if technology maturity OK) : to extract the
statistical Monte-Carlo model or the predefined corners.

01—-25—-50—-75—99 PTies

1.10
105 ‘
< T PEeaN
S, . ¥
g 100 ﬁj T
8 ; i | !
sl HT : '\ \]JL H T - Tu T I
5 oess Il {; T
9 \ A1 WE I
= 090
g
@ 8%t
TEELE LSEanBE BBl ZERzaNioRIEgy COBYBEELEo3HD
= TR R E EEE E EEE I P HEE R
— GErposed g aBo et e BiBE 080808 E0s08e3288880
= At R IR R I I
Wafer ID ordered by LotlD
LotiD —— 09152LEX007.000 09162LEX007.045 00162LEX007.046
— 09152LEX007.049 09152 EX010.000 00152l EX010.047
09152LEX010.048 09152LEX010.049 09 152LEX010.050
— 09162LEX009.000 09162LEX009.060 09162LEX009.061
— 09162LEX009.062 09162LEX011.000 00162 EX011.034
09162 EX011.035
7.5
N 663
Mean 0.967307
Sigma 0.037154
Minimum 0862725
1st Ptile 0.880853
5th Ptile 0.912439
10th Ptile 0.922059
25th Ptile 0940307
- Median 0964866
g 75th Ptile (0= =k ry=]
' Q0th Ptile 1017998
95th Ptile 1035207
9%th Ptile 1057305
Maxi mum 1.082166
Normal Probability 0.1406
X2 17.2459

087 080 093 096 099 102 105 1.08
M1 PnVer3.2x3.2 1x1K2 M1 Beta Calc
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‘ Junction capacitances

Parameters = Cyg, Ve, Myg, Ciey Ve, Mye, Cyss Vis, Myg
Measurements needed = C(V) of Cge(Vge), Cpe(Vae) and Ces(Ves)

_MJ
From capacitance expression : C. =C, [1_ij
Ji

Compute and plot the expression: In C, =In C,.V,"" —M,.In(V, —V,)

Iterations on V; to find the maximum correlation coefficient for the linear regression
The slope of expression gives M,

The Y-intercept gives C;,

Finalize by a global optimization on C=f(V)) if needed

BT T T T T T T T 1 18
-31.86 1

-31.88

-31.9
-31.92
-31.94
-31.96
-31.98

-32 :

-32.02 0y,

-32.04 °o°b

L1 12
-32.06 08 -

17
16 [~

2 M, \,\03 In(Cy;.V 5%

15 -

Tnom =27.0deg. C

In (CjBE - CP)

14 -

1V,

13 -

;

Cige [fF]

-1.8-16-14-12 -1 -08-06-04-02 0 02 04




‘ Forward Collector current I’l

Parameters = lg, Vag, Ng
Measurements needed = |- (computed) vS Vgg, @ V=0V, @T°C=nominal

Vi
: V, Ve
From collector current expression : Iczls(l— BEjeNF"T
AR

N-=1 (Ng unphysical parameter, should never be # 1) |
Compute and plot the expression |- hormalized=f(Vgg) : ﬁ =lg——Vg
e

VAR

In ideal region (linear part), take the tangent line

The tangent Y-intercept gives Ig

The tangent slope gives -Ig/V

Finalize by a global optimization fit(l5,Vg) on I normalized=f(Vgg) if needed

Normalized Collector Current in CC mode [ic] Normalized Collector Current in CC mode [Ic]
800 T T v ™ T T T T T T T T T e e e B B B e e e e e o IS S B i B s S
A AR :
= ] e = T
& N " o =
) o 600
w ﬁm_ \\\ kp | ,,1 w, B
g I \\ 2 'IslvAR 1 % :
E 400 | \ 1 I i 400 L
<| [ S <| r
8| 3 [
S |200 2
T A g1k
8| 1 8|
E,D_|| H I I R A S T R B A B Ea1}||||5||||5||||5||||E||||5 7e
2| oo 02 04 08 21 o4 05 08 07 08 09 1.0
Vbe [V] [E+0] Vbe [V] [E+0]
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‘ Forward Base current

(mfs) [E-21]

ib_norm

950

900

850

800

750

700

1574

Parameters = B, lgg, Ng

Measurements needed = Iz VS Vgg, @ V=0V, @T°C=nominal

VBE VBE
From base current expression : I, =—-¢e" +]e"="
F Lt
Compute and plot the expression Iz normalized=f(exp{(Vgg/V1)(1/Ng-1)}) : BB B—S+ I ™ E
F

e
Iterations on N¢ to find the maximum correlation coefficient for the linear regression
Y-intercept = I¢/B

Slope = o

Finalize by a global optimization fit(Bg,lsg,Ng) on Ig normalized=f(Vygg) if needed

C Normalized Base Current [lc] Mormalized Base Current [Ic]
C 10 1.0
r 08! 08
- 1N E g =
r _I ui 06} ul 06
- 31 z| | z
= BE pe *D"' - 2 *0.4 I
= | 0 <| [
L 2 IS/BF E #02 - £ #02 -
S O = O
Coo0o0 [ R RIS S N S R | [ | 00 L i & i i i i [171] (L1 1 1 i 1 1 1 i 1 1 1 i 1 1 i~
0 10 15 20 02 04 [ 08 10 02 04 ) 08 1.0

normalized vbe [E-3] Vbe V] [E+0]

Vbe [V] [E+0]
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‘ Forward Early voltage (1/2) IYI

le_CCm[A] lc_CCs[A] (E-6]

Parameters = V¢
Measurements needed = Early |- vS Vg, @ Vge=constant, @T°C=nominal

Vie  Vie |
Collector current expression : |, =1 (1—£——Bcje Vi
VAR VAF
VBE
At Vg=0V : o = I (1_ Vee je\/r
AR

1

Compute and plot expression (Io/lg) = f(Vge) : le =1- Vac

TV (1_ :// J
The slope gives V¢ AR
Finalize by a global optimization fit(Vg) on (1c/l1c0)=f(Vgc) @ low Vg if needed
Or finalize by a global optimization fit(V ,z) on Output Characteristics I.=f(Vg) @ low constant Ig

Forward output characteristics in CC mode

L e — Forward output characteristics in CC mode
C 930
5 C
\ T ook
\ Forward output characteristics in CC mode =
o —— —— —— —— b
F [&]
r UI
H H & L
05 10 15 20 & = [ =
Vee [E+0] T = E"
3 oot : &
- T — = [
O R s 8] -
2 - (&) -
1 —
) P 2 |gop L L
St 2 3 4 5 [
) I S I R B Vee [E+0]

18



‘ Forward Early voltage (2/2) IYI

For BJT having large V¢ (> 100V), there is almost no more influence on I (no slope)
Difficult in this case to find the real physical V.

Early measurement I vs Ve, @ Vge=constant — noisy measurements
Voltage source worse controlled than a current source on wafer probers.
Output characteristics I vs Ve @ Ig=constant — |less noisy measurements.

Collector Current CC {computed) [Ic]

Forward output characteristics in CC mode
500 ———— Y N LI B B 100 ——————— —
- - A
s 300V < V,e < 400V woF
= = -
3 z| F
3 e,
8 S| F
E L o | 200
2 - 100 nA - 100 nA
400 THN N RS S N T Y Y D_ TR N R T TR S TN NN SN N S TR S S
0 1 2 3 4 0 1 2 3 E
Veb [V] [E+0] Vee [E+0]

arly measurement @V

measurement @I;=100nA

N. Derrier ©
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‘ Forward Knee current (1/3) (courtesy of D. Celi)

Parameters = |,
Measurements needed = B vs I, @ V=0V, @T°C=nominal

From Iz, computation of the internal Vgg; (recombination neglected for high currents) :

VBEI

BFIBJ 1 log(le) l,~ eV

I @
~ S oV _
I ~B—e T e Vg =ViiIn

F

S

| \VBE
] 7

VBEi VBE
From the expression of | at Vg=0V :

VBEI = 1
Veei | e //T % 1_VBE%/
— ' AR

Is Vg

ab qzl 1+ /1+4q, e,

Expression of a collector current |-* corrected from the Reverse Early voltage V,y :

VB%
2
| *_| B I B ls.e

c - C'ql_ -

Ve, 1
1- BB = 1+«/1+4
V., 2 .
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‘ Forward Knee current (2/3)

CC Beta.m [A] CC Beta.s [A] [E+0]

1.0 —rrrmmmy 10 10 :
E@W = : : .
- 5 i 08 0sfr
C E = -
08— @ |ogl.. 06l
- - -
- & r C
LA 8 |oal- 04l
C = C C
02 [ E |02 02
C 8 C C
00 Ltviu oo v e v e o s i 8 00 Dt o e v ot ot e v vod 1 ool v oy
L = =B = S 8 |4E1 1E10 1E9 1E8 1ET7 1E6 1E5 1EA 1E3 1E-2 04 06 08 0 1.
le [A] [LOG] le [A] [LOG] Vbe [V] [E+0]

: |.*
Expression of Beta 3* corrected from the Reverse Early voltage V5 @ B*= IC—
gain A B
Be 1 g
§
> e K
. B B g -
It is shown that : B*:% < I *x=1, (—i—lj (eq. 1) 5 I_I
1+C7 B g 12 KF
e
’ . normalizzencni bf [E-3] 300 .

Plotting I-*=f(B¢/p* - 1) from eq.1, the slope gives |,
Finalize by a global optimization fit(lc¢) on B=f(Ic) or B=f(I¢) at high I; or Iz (not B vs Vg 1)

Current Gain vs le in CC [beta] Current Gain vs le in CC [beta] Currmbeta]
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‘ Forward Knee current (3/3) Lys

Remarks about I, :

R Some people fit I + series resistances Rg + Rz & Ry, together on Gummel plot I & Ig. No way
S+ it gives physical parameters values !

2R

=<5 Interest of the direct extraction method presented previously = find I before and
independently of the series resistances Rg, Rz and Rgy,

Use B=f(lo) as a good figure of merit for I, since this plot is not dependant on the series
resistances (not the case of Gummel plot or B=f(Vgg)).

22



‘ Reverse Base current Lys

Parameters = By
Measurements needed = Iz VS Vg, @ Vg=-0.5V (saturation mode), @T°C=nominal

Optimize Bg on the forward Base current in saturation mode, in the leakage region (on the
Gummel plot or on the normalized plot)

Normalized Base Current [ic] Normalized Base Current [Ic]
1E7 e TE7
I 7 7 1E+5 M
1E+5 M 1E43 M
1E+3 B =
1E+1 M 1E+1 B
5 1E-1 O 16} ::E_; -
1E-3 M %y, WY s -
S Es = EtE-
1E-T -
T n, Z | jpoM:
| 1E9 @ 1111 W
4 1 1E-11 o | TET
< YEa3 — B3
< |1E-15 L |1E-15
§ fiets S fiEw
g |1E-19 2 | TE-19 e
1E-21 - 1:@;:}|||:||||||||:||||:|||
E-23MT g Py ey ey [ - - y y
0 5 00 05 10 15 1.0 05 00 05 10 15
Vbe [V] [E+0] ‘ Vbe [V] [E+0]
Base Current [Ib] Base Current [ib]
1B g T 1C T
1E-2 =0
1E-3 far-
- = 1E-3
8 1E-4 e 8
] = g4
< i <
— L 1E-6 - <
: 1E-5
2 Br @
81 c.E a
< T |1E-6
= 1E-8 L =
E i E Ties
a | B9k a
B0 T T T oy o R Y o I T T T T N T T T A N Y T TS T T N N S N N N
1.0 05 00 05 1.0 15 10 05 00 05 10 15

Vbe [V] [E+0] Vbe [V] [E+0]
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‘ Emitter resistance IYI

Parameters = Rg
Measurements needed = | VS Vg @ V=0V and I vs Vg @Ig=constant, @T°C=nominal

No existing direct extraction which gives accurate values for series resistances (+/- 20-30%)

Do a global optimization fit(Rg) on I=f(Vg) for high constant I; values when 1-=0A

Forward output characteristics in CC mode Forward output characteristics in CC mode Forward output characteristics in CC mode

—_

Vee [E-3] Vee [E-3] Vee [E-3]

[A] le_CCs[A] [E-3]
=
TTTT T TTT

.m[A] le_CCs[A] [E-3]
‘ in =)
TTT T TT T[T TTT 1177

le_CC.m
= s

=

I {

le_CC.m
il

[A] le_CC.p[A] [E-3]
TTTT \. T

lc_CC.m
2
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‘ Collector resistance Lys

Parameters = R.
Measurements needed = | Vs Ve @lg=constant, @T°C=nominal

No existing direct extraction. Optimization mandatory.

Do a global optimization fit(R:;) on I-=f(Vg) for high constant I; values, at low V¢ bias, to fit the
tangent of the output characteristics.

Forward output characteristics in CC mode Forward output characteristics in CC mode
10 ——————— 10
= 5l & 5l
I L
|0 o | or
e E 5 E
o C Q C
SI -5 - 2| 5 -
z = = E
£ |10k " £ |10 rpoessn
8 S
L T T T TN S TN T AT N T N N T S SN T T NS S B O lgsCa Ay F oy by oy by
400 200 ] 200 400 600 800 -400 200 0 200 400 600 800
Vee [E-3] Vee [E-3]
Base Current [Ib]
1E-1
1E-2 L

1E-3 L

Ib.m [A] Ibs [A] [LOG]
T

1E_E|||E||||E||||E||||E||||E||||
08 or 08 0g 1.0 1.1 1.2

Vbe [V] [E+0]

25



‘ Base resistance I”

Parameters = Rg, Rgw, |rs
Measurements needed = I and I Vs Vg @Vg=0V, @T°C=nominal

100)

i C

z =

Tried Ning and Tang [1] extraction method, but does not work (negative slope) /

We can write : AVige = Vge = Vig =Ry lg +Re P+1 15

. Bl .
with Vg, =V, In( IF BJ (see I, extraction method)
S

Thus RBBlzli[VBE_VT In(B:.IB}J—RE B+1

B S

Do a global optimization fit(Rg, Rgy, Irg) ON this expression plot (straight line) Rgg, =f(lg),
Vge=[0.85;1.2V]

©
S
©
=]

7

'sp1 /

o
o

©

=]

~
=)

)

=]
=)
=)

Rg

@
=]

o
o

N

=)
o
=]

RB meas RB sim [E+0]
oo
RB meas RBsim [E+(]

oo
N
=)

w
=]

ke

w0
t=]

N
(=]

el e S Y
ib [LOG] ib [LOG]

\%
o
7
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Intermediate status at nominal T°C

T T T T T T T 1003
10°
4 - 1e-03
10 B
0% @
E -1 8e-04
10° .
Sm 107 I - 6e-04
10° |
- 40-04
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10710
r - 2004
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Nomalizedlp o
10—12 1 1 1 1 1 1 1 00+00
03 04 05 06 07 08 09 1 141 12
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1 T T T T T T Ty T
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02
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[}
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10
1 4
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5 10
1
z 0.7 % Z 107 te08
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1603 ~
10° 10° 60-04
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‘ Collector current vs T°C — low injection

Parameters = Eg, Xy
Measurements needed = | vS Vg @V;=0V, sweep T°C=[-40°C to +150°C]

T ey=0 or T =0, no need to put values # 0...

From I vs Vg measurements @ several T°C, deduce Vg(T) curves at fixed constant |-
In the ideal region, I range=[10nA to 1uA]

lc T°C Vee .
e —>
IC min|~,
> Ve > T°C
. 1 1 1 1 E T, T
It can be shown in [2] : VBE(TO).L—— J—VBE(T).(—— J:—G.(l——oj+xﬂ.ln(—]
VTO VAR VT VAR VTO T TO

Least Square method on that expression gives E; and X,

OK if Vge(T)/Var<<1 and V,i constant versus T°C
N.A. for advanced HBT like DOTFIVE or HBT mmw technologies, V,g~1V and Vx(T)
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‘ Base current vs T°C —low injection

Parameters = Xz
Measurements needed = Iz VS Vg @Vg-=0V, sweep T°C=[-40°C to +150°C]

From I; vs Vg measurements @ several T°C, deduce Vge(T) curves at fixed constant I
In the ideal region, Iz range=[10nA to 1uA]

B
o —>
IB min|~,

> Vae > T°C

. T T T
It can be shown in [2] : Vee(T) = Vee(To) =— +Eg | =——1|= X5 —X; MViIn| —
W TO TO Y TO
~—

Y

Eg and Xy, are known, the linear regression on Y=f{V+.In(T/T,)} gives X.g

OK if Vge(T)/Vz<<1 and V, constant versus T°C
N.A. for advanced HBT like DOTFIVE or HBT mmw technologies, V,g~1V and Vx(T)
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‘ Temperature accuracy ? (1/2) Lys

)
pCe

Accuracy of temperature parameters extraction like E /X/X;g IS not especially a methodology
iIssue.

Wafer probers accuracy issue (like full auto 300mm Accretech): +/-2°C around +25°C, +/-3°C other
T°C (wafer full mapping average).

Bandgap customers target = +/-0.5°C i.e. +/-1mV Vg

dVbe_dTc [Measurement / Model]

How is it visible ? B

Vbe[Meas]-Vbe[Model]
T T T T T

5

Delta Vbe [mV] [E+0]
P
o ~
TTT  TTT i TTT  TTT ] TTT TTT TTT

-20

o

-22

Measured Vbe Vbe fit [E-3]
e
T

IS

Ve measured — Vg model
+/- 6mV !l

-24

-
3
o

1 L L 1
50 100 150
Tc [deg.C] [E+0] Te [deg.C] [E+0]

Normalized Collector Current in CC mode [Ic]

800 — LN L B B = .= W S B B B L
e T=-40°C

E- 600 L. !
& Iy
Z |- Wrong slope ! _
% C Comes from VT ? :
L5}
E
E — 2|

[ T T S SN T YT T N T T S T T T S O A Y I s

05 06 a7 08 13 1.0 1.1

Vbe V] [E+0]

N. Derrier ©
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‘ Temperature accuracy ? (2/2) Lys

Q Needs to correct data once measured with real temperatures. How to do ?

At V=0V and low Vg, assuming V,z=constant vs T°C :

VBE
lo =g Ve e M o | —te|om I +ivBE
VAR 1—VBE VT
VAR

A linear regression gives 1/V; as the slope, and so the temperature T°C since V=kT/q

dVbe_dTc [Measurement / Model]

x dVgc/dT°C physical -
Asked T°C | RealT°C B —\\\ SN
-40 -42.8°C i -\\ @ Zr A
§1[ L ; 0ol
-20 -20.3 2 | % {/
0 0.5 i\ 5 F
= - -05
25 25.2 B \ :
50 486 '2'?50““(]"“50"II1DD““150|J“200 ,|n5;\\\\0|\\\50\||\1oo\\\|1501\\\200
Tc [deg.C] [E+0] ’ Te [deg.C] [E+0]
75 74.0 Normalized Collector Current in CC mode [Ic]
600
100 98.1 ' N,
. UL;. T=-40°C
150 151.0 1
Eg/ Xp= Eg/ Xq = .
1.20/0.77  1.15/3.58

06 08 10 1.2

Vbe [V] [E+0]

le.m computed [A] [E-27]
g 2
T T T T T TaT
P . =
@ 4
o |
C ]
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‘ Collector current vs T°C — middle injection IS7;

Parameters = T g1, Tikp2
Measurements needed = | vS Vg @V;=0V, sweep T°C=[-40°C to +150°C]

Correct way : extract | for each T°C (using Step n°6).
Plot I,(T°C) curve, and fit (T,«g;, Tikr2) ON this curve (polynomial law 2" order)

Easier to fit(T\xg1, Tikp2) ON B VS I vs T°C

Current Gain vs le in CC [beta] Current Gain vs le in CC [beta]
14 T TTTIT. TTTTIT T TTTIT. T TTITIT T TTTIT. TTTTIT T TTTIT. T TTITIT T TTTIT]

a 120 ‘ E

=9 _gﬁg“ ‘ 9

@ | 1.0]m®E @

= =

B e seagsae 3

[ [

Q| 08— s}

< E =

E |06 E

8 I~ 5

& £ . . i i i i i s . . i i i i i
U D_.' H i i H H i i H U n._.' H i i H H i i H
& | 1E-11 1E-10 1E-8 1E-8 1E7 1E-6 1E-5 1E-4 1E3 1E-2 o | 1E-11 1E-10 1E-8 1E-8 1E7 1E-6 1E5 1E-4 1E3 1E-2

le [A] [LOG] le [A] [LOG]

N. Derrier

32



lc and Ig vs T°C — high injection IYI

Parameters = Tgeq, Tre2 s Tre1) T RE2
Measurements needed = | & Ig VS Vg @V;p=0V, sweep T°C=[-40°C to +150°C]

Correct way for Trg;: extract R for each T°C (using Step n°8).
Plot R(T°C) curve, and fit (Tgg;, Trep) ON this curve (polynomial law 2" order)

Easier to fit(Treq, Treo Tre1s Tre2) ON Gummel plot (I and 1g) vs T°C in high injection

Base Current [Ib] Collector Current CC (computed) [Ic]

1E-4 L

1E-5 Lo

Ib.m [A] Ibs [A] [LOG]
T

[ .IIcomputed [A] le.s[A] [LOG]

IR S S A R
06 o7 08 09 1.0 1.1 1.2

Vbe [V] [E+0)

1E_ﬁ B [ e, dire sl [on S nn i L [
06 o7 08 09 1.0 1.1 1

Vbe [V] [E+0]

Base Current [Ib] Collector Current CC (computed) [Ic]

1E2
C [5)
. S

Q 4esl.
3 T E z
T C g
E - =
= E4). 7
| E E
£ C E
=] (=]
= Q
i £
1E-5 Lt ! M :
06 10 12 2

Vbe [V] [E+0] ' ' ' Vbe [V] [E+0]
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Intermediate status versus T°C

Ic/exp(Ve/Vy) [nA]
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Excellent T°C F.O.M.

Show me that FOM, I'll tell you who you
are !l
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1574

Flicker Noise

Parameters = K¢, Ar
Measurements needed = Slg vs low frequencies, @IB=constant

Do a global optimization fit(K., Ag) on Sjg(f) curves at low frequencies where Flicker noise is

present
1022 T - g
E . i Ig=100nA -
. ] lg=200nA =
* o 1 I1g=400nA
. - |B=1UA o
|B= 2UA
lg= 4UA
lg= 10UA o
A ¥
|2—2I+KFIBF =
B — q B =
)

10 100 1000 10000
f[Hz]
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Currents Mismatch I’l
Parameters = olg, 0B (not native SGP parameters), oRg (if needed)

Measurements needed = Transistors pairs @ several forced I, Vg=0V, V=0V, wafer full mapping

|c measurements of transistors pairs give directly olg
|z measurements of transistors pairs and so B=I./lg give directly oB

o
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0.20% 0.16%
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s 0.15% T _ 012% | |
= o | T g ;i
2 P e —
S — — — o 010% I v 3
3 o T !
%o I S i
010% ® 0.08%
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o
0.00/; E-08 1E-07 1E-06 1E-05 1E-04 1E-03 000%
: = 3 Ay : = = 1.E-08 1E-07 1.E-06 1E-05 1E-04 1.E-03
¢ Je[Am?]
0.40% 7.0E05
——C032 Vertical PNP 0032 Vertical PNP
0.35%
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0.30%
N 5.0E05 -~
N
0.25% |
I
:\u‘ | — — %— — E QOED 5w »  w— l—\\—“' S— — . —
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= 020% my
= l aQ
g
5 D 30805
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JelAm?) Je [A/IM]
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‘ Statistical model IS7;

Parameters = depends on available PT data
Measurements needed = electrical (I, Ig, B etc...) and technological (Rg, Vag, €tc...) PT data

For natural Bandgap BJT (like PNPSub), the following is enough for Monte-Carlo variations :
I (for I variation at low injection)
Br (for I and B variation at low injection)
Potentially Eg/X+, statistical correlation if trend exists

Important figures of merit to check : Vg(T) statistical distribution

IMIN=-3¢, IMAX=+3¢
0.85 T T T T T T

VBE moy=7.6205E+02 sigma=3.5337E+00 § ST model IMIN ———
0.8 B~ : STmodel TYP ——— |
30 T T T T S s ST model IMAX ——
0.75 -
*T 2N -2C i s o
<
g 20 | _ i 0.65 -
> 5 06
£ 15| i W
g > 055
g -30 +30
s 10 - 0.5 [
0.45 -
5 [~ 1 :
I 0.4 | | | | | | | | |
-40 -20 0 20 40 60 80 100 120 140 160
0 : ' 'il(: TEMP [°C]

750 755 760 765 770 775
Vge [MV] @1z=10uA, 1000 MC runs

< Vagrmin(150°C)-Vig e (150°C)
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CONCLUSION (1/2) IYI

A robust extraction flow was presented to model Vertical Substrate PNP with SGP
For many steps, an original and novel direct extraction methodology was proposed,

often enough without global optimization

—_ Junction capacitances —> Forward Collector current —_ Forward Base current
, : for Cge

Measurements

for Cge
for Ceg

Forward Early Voltage

Emitter resistance Reverse Base current

Collector resistance Collector current vs T°C at
low injection

Base current vs T°C at low
injection

Collector current vs T°C at
currents vs T°C at high middle injection
injection

Collector and Base

N. Derrier ©




CONCLUSION (2/2) K”

SGP="0ld” model and Natural Substrate PNP transistors well known, but it seems many
tricks and traps are to remember :

Measurements in Common Collector mode

lc to be computed and not directly used from SMU measurement (prober leakage,
visible at low currents)

Accuracy of temperature control not enough on many wafer probers, in comparison
with customers request for Bandgap applications (Vgz model £1mV)

Needs correction of measurements vs T°C data
No interest to use T g,#0 or T, g,c#0, native T°C equations set is accurate enough

Good figures of merit for T°C are dVg/dT°C, Vgemoder VeEmeasured (< £1mV),
normalized currents at OV

Ng should NOT be # 1 (Vg and Ig enough and physical)

Difficult to find a V¢ physical value for this king of transistor (V,->100V)

Do not extract I and series resistances together by optimizing on Gummel plot !
Optimize Rg and R on Output characteristics at high constant Iz, and for low V¢ bias
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