Extraction of Parasitic Substrate PNP

Parameters (and even more) of NPN Devices
Without Access to the Substrate Terminal

Didier Céli

29" ArbeitsKreis Bipolar
Munich, Germany, November 24/25, 2016

‘ ’ ’ life.augmented dm054a.16

ST Confidential




Outline

® Purpose

® Theory

= Measurement set up
m Extraction flow

= Summary

® Conclusion

"l AKB 2016 - dm054al6 ST Confidential

life.augmented



Purpose

= |n order to avoid the duplication of test structures (DC and RF structures)

 For saving silicon area
* To reduce the time of measurement and the quantity of stored data (only RF structures are measured)

 To preserve the data consistency (DC and RF measurements performed on the same device)

® Measurements for bipolar parameter extraction are performed only on RF test structures
with common emitter configuration using G.S.G RF probes

® |n this configuration the emitter and the substrate are shorted to the ground and therefore
the substrate current cannot be measured
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Theory

In aim of this study, in complement to [1], [2] and [3], is to provide a methodology for the
DC parameter extraction (i) of the parasitic PNP (associated to vertical isolated NPN
devices), (ii) of the BC diode of the NPN and (iii) the BE tunneling current, only from mea-
surements of the base and collector currents.

The proposed method is independent of the model (SGP with SUBCKT, HICUM/LZ2,
HICUM/LO, MEXTRAM, VBIC)
» Results using HICUM/L2 and HICUM/LO are shown

To all vertical isolated integrated bipolar devices is associated a parasitic bipolar to the
substrate

» Substrate PNP for NPN devices
» Niso NPN for vertical PNP devices
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Theory

m Parameter extraction at low densities of current in order to avoid voltage drop in series
resistances, high-injection and shelf-heating effects

m Simplified HICUM/L2 equivalent circuit

lge lgeT
o
E o o E E

« Commun emitter configuration with the emitter and the substrate connected to the ground

* Igg et Iz are respectively the total (bottom and lateral)

<oC current of BE and BC junctions
a Q:D ™, . IS(? IS the current of the CS junction
Is * |1 is the transfer current of the NPN
5o C‘D N s * |geT is the BE tunneling current
'Ts éD S’Z ‘B éD 'BET * layL is the BC weak avalanche current
E/S© o EIS

* |rg is the transfer current of the substrate PNP

* The parameters of all currents in red have to be deter-
mined
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Theory

m Expression of the internal currents
 Diode BE
VBE
Mg [V
lpe=lsge Qe -1 (1)

where Iggg is the equivalent saturation current of the BE junction and Mgg the equivalent BE non-ideality factor

* Diode BC

VBC
Mg D‘/T

where |5 is the equivalent saturation current of the BC junction and Mg, the BC non-ideality factor.

Assuming the same non-ideality factor Mg, for the internal and external components of the BC current, Iggc
can than splited into internal and external part using the BC diode partition factor X;gc

lgcis = (1 —X;gc) Usge @nd lgexs = X;pc Uspe

e Transfer current of the NPN
Vee  Vac
V V

where IUis the equivalent saturation current of the NPN including the modulation with Vgg and Vge
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Theory

 Transfer current of the parasitic PNP substrate

_VBEpnp _VBCpnp
_ MSF D‘/T MSF D‘/T

lrs = lrsse —€e (4)

where |l g5 is the saturation current substrate PNP and Mg the non-ideality factor of the substrate transfert
current

-V =V =V
BEpn BCnpn BC . .
{ Prp P leads to final expression for It

—Vecpnp = Vscnpn = Vset Vec = 0+ Vge—Vge = Vg —Vie
VBC _VBE
MSF D‘/T MSF D‘/T
lrs = lrss L 1-e ()
e CS diode
_VBCEnE VSCnEn
y e = Y111 leads to final ion f 6
lsc = lscs e -1 =lgcse —1| leads to final expression for Igc (6)
VBC _VBE
MSC |3\/T MSC |]/T
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Theory

* BC weak avalanche current

lay, = O for positive Ve Ic
1 <o C

o ZS lsc Cxlb Lavi
B o—> O ZX i

. [ lsE lBET
« BE tunneling current ' dD S; qD
E/So o E/S

lger = O for positive Vg

lave = f(Vge,Vge) for negative Vg

lger = 9(Vge) for negative Vgg

0(Vgg) depends on two model parameters that need to be extracted, the BE tunneling saturation current Igetg
and the exponent factor for the tunneling current Aget.
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Theory

= Expression of the terminal currents Ig and I

« Base current | g Ic
1 oC
lg = lge + lgc +lrs—lger —lavL (8) T e @ o
g
B o C\L) It ZS Isc
lts éL) SZ lse d‘) lBeT
E/So o E/S
From the previous formulations of the currents we can write
VBE VBC VBC _VBE
IleE D‘/T Iv'BCI D‘/T MSF D‘/T MSF D‘/T
lg = lsge j € —1| +lsgc —1li+lgs e 1-e —9(Vge) —f(Vge.Vae) 9

It may be noted that Ig is only a fonction of Vgg and Vg

* In a first step, we assume that all non-ideality factors are identical and close to one.That allows to determine initial
guess for saturation currents before global optimization

VBE —VBE Ve

Vs Vs Vs
lg = lsgeje  —-1|+|lss1l-e +lsge |8 —lsgc —9(Vge) = f(Vge Vie) (10)

K’l AKB 2016 - dm054a16 ST Confidential

life.augmented



Theory

e Collector current |

C

lc = It +lave —lgc —Isc (11)

From the previous formulations of the currents we can write

ZS lsc q/) LavL

OLWVa

o C

S Isc

o E/S

lc = IU0e

Ve

Vr

Ve Vec

—e

Vq Mgc) LV

+f(Vge,Vac) —lsse

T
-1 _ISCS

e [e

VBC _VBE
Mse D‘/T Mse D‘/T

-1

It may be also noted that I is only a fonction of Vgg and Ve

(12)

* In a first step, we assume that all non-ideality factors are identical and close to one.That allows to determine initial
guess for saturations current before global optimization

lc = I1sU0e

Vee
VT

—e

VBC _VBE

VT VT
+f(Vge,Vee) —| lsgc * lscs [B

[e

VBC
VT

+ |

sec tlscs
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Measurement setup

= Gummel plot (I and Ig) at several Vgc with Vgg swept from negative value to positive

value
* VBEmin = -1 V10 Vggmax = 1 V (step 10 mV)

*«3VBC
 one positive (saturation) 0.5 or 0.6V
i VBC =0V

» One close to -BVcgp + VBEmax

10° 10°
L. Vge = 0.00 V
102 - 104 Vg = -0.50 V
-5
104 107 I~
10° |-
< " < 7
10° -
-8
10 10°
o0 L —— i 1070 |
‘ iy [ % V) Bias tee leakage 10" ‘ — .
0 5 Bias tee leakage
10712 | 1° ] ] | ] | ] 10712 | | ] | 1 | | | |
-1 -08 -06 04 -02 0 02 04 06 08 1 -1 -08 -06 04 -02 0 02 04 06 08 1
Ve [V] Vee [V]
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Extraction flow

® Prerequisite
» Model parameters, in forward mode and at low currents densities of the transfer current I+ and of the base current
lgg, are known.
» Model parameters of the weak avalanche current are known.
— see various methods presented at AKB or HICUM workshops

* https://lwww.iee.et.tu-dresden.de/iee/eb/hic_new/hic_events.html
* https://www.iee.et.tu-dresden.de/iee/eb/forsch/AK-Bipo/ak_bipo_bei.html

m Results before PNP substrate, BC diode and BE tunneling current parameter extraction

Vgo = 0.50 V
Vgg = 0.00 V
Vge = -0.50 V

llcl [A]
gl [A]

I N N N A N N
1 -08 06 04 02 0 02 04 06 08 1 1 -08 -06 04 -02 0 0z 04 06 08 1
Vae [V] Vge [V]
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Step 1: ISBC’ MBC|

= BC diode parameter extraction: Iggc and Mg

* From | ¢ vs. Vgg at positive V gg and positive V g equation (13) can be simplified

Vee  Vac

BE)  VBC
_ Vs Vs Vs Vs
lc = IsH0e ~ —e "‘f(VMBc)— lsgc +lsc (B~ +lget 1545

and from (12)

Vee  Vac Vac 10°
VT VT Iv'BCI D‘/T
lc =1sH0e " —e | -lsgc [ (15) 102
107
* In this operating bias range, the only unknown % 10
parameters are those of the BC diode Iggc and
108
Mzci
* Isgc and Mg, are determined using non-linear 10710
least squares method with the initial guess w
107
' _ -1 08 -06 04 02 0 02 04 06 0.8
Mger = 1 Vge (V]
Vee  Vac
\% \%
O0e " —e T |-I¢
| =
SBC \ﬂ?
e
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VBC= 050 V
Vg = 0.00 V
Vg =-0.50 V
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Step 1: Isgc. Mpci

® Results
 Extractionon | ¢ for Vggmin = 0.2V and Vggmax = 0.6 VatVgc =05V
4
10 T T T T ; T T T
102 |- ‘
10° |-
1072 _»ouo‘,°°°
104 N
< < 10® |-
Before = After = 5
o - 108 f-°
—_—) = — - 10710
10-12 -
10—14 |
10716 -
10718 L' [ T R I
4 -08 06 04 02 0 02 04 06 08 1
Vge [V]
-2 -
10 | T T T ! | T T T 10”2 T T T T T T T T
10° ' 107 ‘
10 107
107 1078
108 10°®
< w0’ < 107
= 10 = 10°®
10° 10°
10710 10710
101 101
1072 f 10" ‘
1013 ] I I l 1 ] l 1 l 1013 ] | I l | ] I I L
1 -08 -06 -04 02 0 02 04 06 08 1 41 -08 06 04 02 0 02 04 06 08 1

r_ Vee [V] Vge [V]
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Step la: ISBC’ MBC|

m Alternative to step 1
* From | g vs. Vgg at positive V gg and V g¢ equation (10) can be simplified

Vee —Vee

v
VT VT VLTC
lg = Isge e +|lrss 1/’{ tlsgc LB —s}(—g%z)—f(v%c) (16)

and from (9)

107

M;/EBS‘/T MB\ZZBI,CD‘/T 1073 gBC: ggg

lg = lsge [© +lggc e (17) 107  Vig =050
107
* In this operating bias range, the only unknown = 10°
parameters are those of the BC diode Iggc and o 10':
10°

Mgci

* Isgc and Mpc, are determined using non-linear
least squares method with the initial guess

RS I R D DR R B B R B
41 08 06 04 02 0 02 04 06 08 1

Vge V]

VBE

Mgg DV
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Step la: ISBC’ MBC|

® Results
 Extractionon | g for Vggmin = 0.2V and Vggmax = 0.6 VatVgc =05V
4
10 T T T T ; T T T
102 |- ‘
10° |-
1072 _»ouo‘,°°°
104 N
< < 10® |-
Before = After = 5
o - 108 f-°
—_—) = — - 10710
10-12 -
10—14 |
10716 -
10718 L' [ T R I
4 -08 06 04 02 0 02 04 06 08 1
Vge [V]
-2 -
10 | T T T ! | T T T 10”2 T T T T T T T T
10° ' 107 ‘
10 107
107 1078
108 10°®
< w0’ < 107
= 10 = 10°®
10° 10°
10710 10710
101 101
1072 f 10" ‘
1013 ] I I l 1 ] l 1 l 1013 ] | I l | ] I I L
1 -08 -06 -04 02 0 02 04 06 08 1 41 -08 06 04 02 0 02 04 06 08 1

r_ Vee [V] Vge [V]
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Step 2 ISCS’ MSC

m CS diode parameter extraction: lgcg and Mge

* From | ¢ vs. Vgg at negative V gg and Ve = 0 V equation (13) can be simplified

_VBE VBC

lc = e +f(Vy¢Bc)— 'yé“'scste Tl +%+/Is'(s (18)

and from (12)

VBC= 050 V
Vg = 0.00 V
Vg =-0.50 V

(19)

lc = —lscs e

* In this operating bias range, I depends only on
the parameters of the CS diode Igcg and Mg

lc [A]

* Iscs and Mg are determined using non-linear

least squares method with the initial guess
deduced from linear regression of In|lg| vs. -Vgg

-1 08 -06 -04 -02 0 02 04 06 0.8 1
Vee V]
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Step 2 : ISCS’ MSC

® Results
 Extractionon | ¢ for Vggmin =-0.2V and Vggmax =-0.6 VatVgc =0V
4
10 | T T T ! | T | 10* I T T T ; | T T T
102} ' 102 |
10° [ 0
10
1072_nnn°°°=°
104 X | 102
T 10t} < 10!
Before = o Lo After S g
B -10 -
10 — 1078
-12
1014— o0
104 -
10718 |- 10712
1078 | ] ] | | | ] | | 107
1 08 -06 04 02 0 02 04 06 08 1 1 08 -06 -04 02 0 02 04 06 08 1
Vge [V] Vge [V]
2
10 T T T | T T T
10° '
10
10°
10°®
3 < 107
o o 10
10°
10—10
10—11
10—12 :
1078 ] L1 | | |
4 -08 -06 04 02 0 02 04 06 08 1 1 08 06 04 02 0 02 04 06 08 1

r— Vge [V] Vge [V]
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Step 3: ITSS’ MSF

= Transfer current of the parasitic PNP parameter extraction: I+gg and Mgg

* From | g vs. Vg at negative V gg and Ve = 0.5 V equation (10) can be simplified

VB _VBE

Vie

Vv A
lg = lsge —1|+|l;ssQ¥~e ' +% e’ —%—%)—f(v%c) (20)

and from (9)

_VBE VBC

Mo OV, Mop OV
- SF—'T SF—'T
lg=—lss LB & (21)

* In this operating bias range, |Ig depends only on

the parameters of the transfer substrate current
parameters lygg and Mgg

* ltsg and Mgg are determined using non-linear
least squares method with the initial guess

: _ I
deduced from linear regression of |V—B| VS. -Vgg
YBC
e’

in semi-log scale, assuming Mgg close too 1.
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Vgg = 0.50 V
Vgg = 0.00 V
Vge = -0.50 V

| l I l

-1 -08 -0.6 -0.4 -02 0
Vge [V]
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Step 3: ITSS’ MSF

® Results
 Extractionon | g for Vggmin =-0.4V and Vggmax =0V atVgc =05V
10° T T T T T T T T T
102 '
10°
1072
< 10 <
Before o After 5
_’ — _’ =
108
10*10
10*12
107
1 -08 -06 -04 02 0 02 04 06 08 1 4 -08 -06 -04 02 0 02 04 06 08 1
Vge [V] Vee [V]
< <
= =
101 [ R R l
4 -08 -06 04 -02 0 02 04 06 08 1
r VBE [V]
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Step 4 and last step : lgeTs, AgeT

m BE tunneling current parameter extraction: Iggts and Aggt

* From | g vs. Vgg at negative V gg and negative V gc equation (10) can be simplified

VB _VBE VBC
v
lg = lsge -1+ ITSS%/_e ' +Ij'(C _I;/C_Q(VBE)_f(VV(BC) (22)

and from (9)

lg=—0(Vge) (23) Vg = 0.50 V
Vg = 0.00 V
Vge = -0.50 V
* In this operating bias range, |g depends only on
the parameters of the tunneling current Igers and
MSF o
* IgeTs and Aggt are determined using non-linear
least squares method with the initial guess: | !
IBETS =0.01 and ABET =10. 10712 | | | | | | | ] l

-1 -08 -0.6 -0.4 -02 0 0.2 04 06 0.8 1
Vge [V]
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Step 4 . IgeTs, ABET

® Results

 Extractionon | g for Vggmin =-0.8 Vand Vggmax =-01VatVgec=-05V

10 T T T T T T T 1
102 |
10°
10

107
Before

llcl [A]

108
1078
10—10

10—12

-1 -08 -06 -04 -02 0 02 04 06 0.8 1
Ve [V]

lisl [A]

[ N N R N NN SR B
1 -08 06 04 02 0 02 04 06 08 1

r VBE [V]
, l AKB 2016 - dm054a16
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s

licl [A]

ligl [A]

10°
102
10°
1072
107
10°
107
1070
1072

1074

21/26

|

[ N (N S N

-08 -06 04 -02 0 02 04 06 08 A1

|

-08 -0.6

04 -02 0 02 04 06 08 A1

Vge [V]
S>1 connuenual



Same extraction flow applied to HICUM/LO

= |dentical results excepted for Ig for negative Vgg due to the absence of tunneling current
in HICUM/LO

4

10 T T T | T T T T
102 '
10°

1072

HICUM/L2 10
—

HICUM/LO
e

llcl [A]
licl [A]

10
108

10—10

10—12

. AN T TN NN NN N N B 10714
41 -08 06 04 02 0 02 04 06 08 1 -1 -08 -06 04 -02 0 02 04 06 08 1

Vge [V] Vae [V]

llgl [A]
ligl [A]

no tunneling current ¥

[ N N R N NN SR B
1 08 -06 04 02 0 02 04 06 08 1 1 -08 06 04 02 0 02 04 06 08 1

VBE v VBE V]
Kys
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Extraction flow summary

®m 4 steps parameter extraction

HICUMI/L2 only
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o [A]

| — Vac--050 v

lc (A1

—— Vgc= 050 V
—— Vgo= 000 V
—— V=050 V.

s [A]

Ig [A]

—— Vag= 050 V
—— Vgc= 000 V
—— Vgg=050 V
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Extraction flow summary

4
10 1 1 T T T T T 1 |c
10° 1= 1— B
0L —— |ISUB
10 o Iscs 4 ) VBC = 050V
— Mcs ! f
< 10'2—""0000 E - + Vec=0V
o 7 ) NN  [Trss 4+ Vec=-050V
_0:')3 10717 N > 5
_—L.B 10'6 L~y —_
_.., IB/ N
z) 10_8 B IgeTS -
ABeT
10-10_ . Lo 00000 o
1072 |- 7
10—14 | | | | | | | | |
-1 -08 -06 -04 -02 O 02 04 06 0.8 1
Vee [V]
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Conclusion

® |[n common emitter configuration, with the substrate terminal connected to the emitter,
from the formulation of the base and collector current, depending of the bias condition
« Positive or negative Vgg
* Positive Vg or Vgc = 0V (or negative Vcg)
it is possible to isolate without any ambiguity

» The components of the parasitic PNP
» The CS diode

» The BC diode

» The BE tunneling current

® Then, their associated parameters can be easily determined using both direct extraction

(initial guess) and global optimization

m The proposed method is independent of the model and can be applied for HICUM/L2,
HICUM/LO, MEXTRAM, VBIC, SGP with SUBCKT

 Note that only HICUM/L2 and MEXTRAM allow to model the BE tunneling current in reverse

® |t has been used successfully for various NPN devices (high speed, medium voltage,
high voltage) and isolated vertical PNP transistors
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