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* recall and summarize formerly introduced IGICCR concept
» alternative normalized and convenience HL2 parameters

* the (G)ICCR crash condition

* rescue scheme to preserve HL2 functionality

» extraction flow with SH, determination of RTH

* extraction snapshots

* resolving temperature coefficient conflict

: concludini full HL2 extraction
2 a leap ahead
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Introductionof IGICCR [ |
The classical GICCR charge in Hicum L2 (HL2) reads

Qr =Qpo1 tHe[Cigo Ve +hiC [Cigig [Vjc + Qg +Q +hfelQe +hfclQc

[1] suggested an improved (IGICCR) formulation

Qr =Qpot *+ CienoWjen + CjcnoVjen + Qs +Q; +hfelQe +hfclQyc

The new junction related (or Early) charge components

Qien = Cieno IV jen (Vhiei » VAeN, zeh) Qi = Cicno [V jen (Vhigi » Vdch, zch)

are extracted from the DC characteristics assuming the same

capacitance and charge formulas as used in HL2 with GICCR
That time it was suggested an improvement but by now it

turned out to be an escape route from GICCR model

crash situations
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Normalized and convenience paramefers, |
Alternative model card entries, NOT NEW PARAMETERS!

(cjeOm, cjcOm are the measured or smoothed BE and BC zero bias capacitances)
IS :g ver :—qpo vef :—qpo ikf = gpo ikr :q_po

qpo hjei [T ;0 hjci [T i 0 T See
favin = favivdci  gavin=— 9 perie = 18P0 Coeric = Cicx0 Lot
cjcio [vdci cjeOm —cbepar cjcOm —chcpar

Conversion to original L2 parameters

qpO=ikf0 c10=is[Bp0 hjei=—IP0  pjci=— AP0 4 AP0 ¢, favin
Ver LW igio vef [Cigjo ikr vdci

gavl = gavin [&jciO Lvdci cjepO =kperie L[{cjeOm —cbepar) cjcx0 =kperic L{cjcOm - cbcpar)
cjei0 =cjeOm —cbepar -cjep0 cjci0O =cjcOm —cbcpar -cjcx0

Back transformation is done before model computatlon

with no change in any of the official equations
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Low-Medium bias DC extraction equationn |

Transfer current in normalized form:

. vbie vhici
Isllex —ex
— mef [Wr V;

- =
! 14 ViE | Vic +QfT+QrT
ver  vef gpO0

ol : : _,, dtoh v (1 ) , 1 [ig)\*
Simplify notations by; fvbe=1+=2 Ellc—l)+ﬁ[€€—1j, WEA_1+gte[EicL j

. [ﬁ ( vhie j (vbiciﬂ
is[lexp —exp
. mef [V V;

i = —
Viei Vic | I tef O thcs
T R S | hvbe + —— [hfe W2, + —— [(1— fthc) W2, + hfc Cfthc 2
ver  vef ke ikf t0 =0 L ) Dhes & |

Low- medium bias (Vbe<=0.85V, Vbc=0V):

Voe|_1, Ve ,_IC
V7 Is islver isOkf

.. QpT |
IICW, =——— =IC "~ [&X
27410 P
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G)ICCR crash condition, theor w

IS and ver can be extracted in low bias Vbe<=0.70V:
licw, (vbe) - 1 +_EB 1
Vigi(Vvbe) islVer is vig(vbe)

Both (A) and (B) must have positive slopes to have is>0

either from (A) iicwz(vbe)=_1+_#m'j5(vbe) or from (B)
IS Is[ver

diicw, _ diicw, /0Vy, _ Cido .. Cigo 9Qpr A) h i
= = [Biicw, / 0V, = E >0 itive sl

For regression (B):

d(iiow, /v g) i _ inlliows) | . o
ViE) iiow, + 1 Da(ucwz) - iiow, (14— OVp, - liow, 0 In[_ JE.J
6(1/I/jEi) VjEi 0(1/I/JE|) - n(VJE%V n(QJE%V aVbe ”CWZ g
be | be z

Dedlining @ e -4 is indicating (G)ICCR crash when |

VBIC, HL2, and HLO can not be directly used for modeliné
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G)ICCR crash condition, examples | [|| |

(G)ICCR crash test (G)ICCR crash test
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70GHz device, rising curve 250 GHz device, falling curve

IS, ver can be extracted is, ver can not be extracted

Junction related (static) and actual (dynamic) charges -
have different physical origin as considered in IGICCR

a leap ahead
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Regression of is, ver, ikf
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70GHz devicel

vbe, vde, ze
iiC\NZ (vbe) = 1 + Vg ( ) IC(Vbe) icnorm = ._ @ xpl — vbe
1S IS [Ver |S [kf IS VT
1 ;
is= 1.466e-17A
0.8 0.8 ver= 19,027
ikf= 4.568e-03A
is= 1.509e-17A
£06 ver=8211 00
S + ikf= 3.683e-03A S ‘
L04 204
02 wiei=0.946 0 0.2 vdeh=0.725 ’
26i=0.170 ; zeh= 0,587 :
04 06 08 1 12 14 04 06 08 1 12
Voe [V] Ve [V]
(G)ICCR see also [2] IGICCR

@
2

8

£

k]

14 -
3

. ©
~

S

o

S

©

8

a leap ahead



é@ austriamicrosystems

Regression of is, ver, ikf (250GHz deviee) |

.. 1 (Vbe vde, ZE) ic(vbe Vbe
iicw, (vbe) = —+ = (Vbe) |cnorm—_—Ee xp| —
IS IS ver |s[ﬂkf IS VT
O ‘ ‘ OOOooooQ 035
0.3~ is=1.813e-16A
-0.05 P 0 ver=0.192
" is=37160-16A | 025 o ikf= 3.3866-04A
9'45;°°r ver=0.051 0.2 S
£ iki=1.124e-04A £ 0
o -0.1 e 1 o
5 o? 50 15
015" 0.1
e 0162 0.05 2%
2&=0. U3 gieh=7.099 0,
8= 1.540 3 OOOoOoo 2
064 0.6 0.8 1 84 0.6 0.8 1.
Ve [V] Ve V] :

(G)ICCR: model crash: is<0 IGICCR
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Rescue scheme for preserving HL2 functionality =~

» extract is, ver, ikf along with IGICCR parameters vdeh,
zeh, ajeh by a 3-variable nonlinear optimization

 Save RF extracted vdei, zei, ajei in the perimeter entries,
vdeh, zeh, ajeh in the internal ones; same for ¢jc (see
later)

» allocate separate (new) cx-function with ¢jcx parameters
for computing dynamic T70x for FT, noise etc. while
leaving the original c-function as it is

* use compatibility parameter alb for missing zetarth

10 a leap ahead
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Rescue scheme, parameter partitioninglstmmary

AC extracted ~ dtOh, tbvl ~ DC extracted
Dynamic Group Static Group
(FT, noise etc.) (IGICCR)

hfe, hfc

vdep, zep, ajep EMITTER vdei, zei, ajei two redundant

Ciep0, chepap< blent by Clei '
Gepo. chepad kperie /@ parameters are omitted

o [CGmstrant: Geom , ,
vaox 2ox vorex || colLecTor  |[var 201 vt with the constraints

Cex0. oo e Gie1) cjeOm and cjcOm
onstraint: cjcOnp

Qf Qje/Qjc
new cx-function _ c-function
for FT(TfOX) rbi avalanche
tunnel

This work applied HL2v2.0 rbi to escape a relevant
formulation problem in the HL2v2.22 update [4]

11 a leap ahead



é@ austriamicrosystems

Extraction flow I. (flsh=0 1 N

» extract and freeze (E&F) capacitance parameters, record
cjeOm and cjcOm, select estimated kperie and kperic

» E&F IGICCR group, avalanche and ibe parameters and re,
guess rex

« E&F ibcxs, mbcex, itss, msf, iscs, msc, rsu, ikr
* tempcos vgh, zetact, vge, zerabet. E&F: rth, zetarth

» estimate transit time parameters whichever method, former
card etc. providing just startup values due to self heating

12 a leap ahead
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Extraction flow II. (flsh=1 in preconditioned HL2)

* {0, cbepar, ajei Vbe=0.70-0.85V, Vbc=0 then dt0h, tbvl,
kperic (see also [2]), reextract cje

» tef0, gtfe, thcs, ahc, rci0, vlim, vces: FT roughly O.K.
* re, zetare, zetact, (zetabet) over high end of rfdc data
* ICX, zcli, alt0, kt0, zetare, zetact, ikf on joint foi and rfdc

* reoptimize zetact, vgh, zetabet, vge on temperature fg
measurement, Vbe>=0.7V, Vbc=0V, joint IC and IB

* recycle with new tempcos, add hfe, hfc to fine tune high IC

13 a leap ahead
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Preconditioning HL?2 for fast, efficient extraction at SH
Put off collector spreading by latl=latb=0 and set fthc=1-10-

- sted b e e

i =
% %
IC +IT + E{hvbc+hfeE}—WvEA + hfc E}EWVcZ:A tle- 5[_}hiswvm}

1+ JE 4
ver vef ikr ikf

Due to significance at very high currents only, set hfe=hfc=0

.s[ﬁexp[vbiei] (vb|0|)| term retained for barrier

Ve Vi L im [Ehvb e recombination: negligible
Tr + 4 . . ]

vl i @ at I computation ¢

i IS given in 1 iteration cycle, DC coupled to AC by only.
dtOh, tbvl. Comparable speed but superior to HLO

a leap ahead



é@ austriamicrosystems

Extraction of the thermal resistance | ||| |

It was recognized in [3] that several ambient and SH
temperatures can produce identical junction temperatures

T;1=T;, implied by ib,=ib, 25 -350

o Vb= 0.50V tamb= 27.00C°
v Vb= 0.00V tamb= 50.00C° 1300
Tshz 20
) 1250
SH1 §15 g / 1200
A X o
T AT, = -ATgy T = - e
=10- ’ ’ -
T i/ X/
A2 n . 100
57 X7
Ta1 I e 150
T, e =
nom 0 —e==—F ‘ 0

[3] will be refined in this work by an analysis providing
accuracy improvement by a correction term

(5 a leap ahead
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Extraction of the thermal resistance coant/d |

E E-(vbe-ielfe-iblb)  T; =Ta+rthiP
Vro Vy; P = vbelle+ vch [{ie-ib)
2 ’ 2

T
Inibei(T;) = Inibeis+ X [nn[TJ J+
0

iem=

At junction temperatures T, T,:

ie(Tjy) =iem—Aie; ig(T;,) =iem+Aie

" ibei(T;,) — Tj2 |, E-(vbe—iemOe-ibmib) 1_Tj1 _ Aielte+Aibrb 1+h
ibei (T;,) Ty Vi T, Vi Ti2

Taylor expansions m{%}ln{%ﬂjﬂhtﬁh g } ==t an e

J

. Ti2*T, Ti2=Tjp _ ATy +rth@P AT,
_ j2 " 'j1, _j2 Tj1 _Alp : _20
With Tm=""5"" AT === =g
[ 2Mie[te+2Aib[Eb  2Aibel
. _ _ATA _ ij Vle |b€|m _ . _
y|e|d rth(Vem) = ~—2- 01 AT, DX+E—(vbe—iemDTe—imetb) E=vge X = zetabet
L Vria _

16 a leap ahead
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Extraction of the thermal resistance coant/d |
: rth(VT-m):rthO[ﬁl— Tim [ie(r"Z)_ie(T”)]me }
At the IB intercept AT, X[y, +E-(voe-iemde) | 0 o
omitting the rb term P, = vbelde(T,,) +vcb, [ie(T;,) ~ibm| P, = vbelie(T ;) +veb, Cfie(T,,) - ibm|

e 10"
o corrected o corrected
5 uncorrected © uncorrected
~ rth= 3577.61 2
- zetarth= 0.95 T @/E/efﬁ/@/@/@
E & et 084
rth_unc= 3706.28 waam=s
zetarth_unc=0.82 rth_unc=2592.68
zefarth unc=0.77
3 3
1%00 350 400 450 1%50 300 350 400 450

Tm[K] Tim[K]

W X'L=0.27 X 3um W X'L=0.27 X Sum

17 a leap ahead
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Extraction of the reverse parametergroup |

10" ¢ _ _ 11400 _ _ 1400
Filled: negative currents Filled: negative currents
4 | _5 A B
10 |
5
10 ¢ 1000 11000
. -800 . -800
* Z10%
o, 10 o]
—10 60 T 1600
pie!
-400 -400
-15 - : 10'15, :
10 1 © \Mch=0.50V ;', 1200 o Vcb=-0.50V ;', 1200
v Vch=0.00vV \e v Vch=0.00vV \e
o Vch=0.50v \i o Vcb=0.50v \i
-1 05 o 05 L -1 05 o 05 L
Vbe M Voe V] £

ibcxs, mbcx, itss, msf, iscs, msc, rsu, ikr
ikr extracted from the Vce<0 part of foi (next slide)

confidential -©2007 -austriamicro:

strictly
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Snapshot: foi kink mw |

g

B,
a4 .ﬁf‘:t%,&g*“
At-HHH - g et ) / e e PN
4 pe: dtOh, thvl, altd, kt0 25/ | o - f
[ ><
B R ber k4 xpr b EF ,"
Vbe=0.88V

CJsocalelﬁ

20 |
:E? /‘ﬂgggmmnnumumumumumumo<loootl0'. | C:> ; f%
= | spacing: ikr .. . 60
O "I’ ll < . N N—’
T 0 s ) ) 7
e also 19 45
St | rl fthc= 0.99999 E
G hfe 5% hfe= 0.00 120

Ib=2.51e-008......1.255e-005A i

hfc

Vee V|

kink created Boyi [éan improper dtOh, tbvl (AC) and/or by wroné
vdci, zci (DC) combination. (IGICCR: cx(vdex,zex) for FT):

foi is a sensitive indicator: check it each extraction step!

19 a leap ahead
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Snapshot; FT-CJE iteration mw

D

CBEPAR= 1.528fF
CIEOM-CBEPAR= 11.41{f
VDE=0.712V
/E=0.118

AJE=1.419

0.5
Vhias [V]

systems AG

Reextract CJE by FT-determined cbepar, aje

confidential -©2007 -austriamicro:

strictly

20 a leap ahead



é@ austriamicrosystems

Concluding 18! main extractioncycle | [I| |
45 6 ‘ |

-3
. x10
R aeae NTRTERETIINY
4
—
—2 [
< /s
— O* " :i‘@:"" uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu =
xxxxxx -.-‘—'"""9“/‘
xx ﬁ*
o’ A
& Ib=2.51e-008......1.255e-005A
A ‘ ‘
1 0 1 2
Uce V] :

Results are apparently good but inconsistent because
zetact has been departed from its low bias extracted value |

21 a leap ahead
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Redefining tempcos 1 T
10° \ | 10° \ |

0.4 06 08 1 0.4
Ve V|

.
M :

<

®

£

2

®

=

zetact=3.555=>7.868 global reoptimization
At high ambient temperatures SH is in effect even at low
bias implying false results from conventional extraction

22 a leap ahead

B

trictly confidential



é@ austriamicrosystems

Tuning for nominal temperature: FT | ||| |

systems AG

vgb=0. 9970=>1.018, zetact=3.555=> 5.033
vge=1.133=>1.330, zetabet= 2.787=>-5.658
FT after 2"d tempco readjustment with hfe, hfc added

23 a leap ahead
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Tuning

6

07

for nominal temperatu
10°

re: D

x10°
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B

de AL

1
AS)

XX
XXX
XX

X ety
jiiead
T /]

" I5=251e8.... 125550

+

4
-1

2
UCGM 2

fg, foi after 21 tempco readjustment with hfe, hfc addecé

24
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Tuning for global temperature and bias [space: FT (1)

t= 27
0. 20 Vcb=0V
O \Vcb=050V O t=40.00"
v Vcb=0.30V vV t=20.00°
’ z 2501 0 t=000C°
o A =27.002°
< ¢ t=50.00C°
1 2071 g t=75.00°
— || * t=10000C°
@507 > t=125.00C°
|_
LL
100"
a),

lc [mA] lc [mA]

systems AG

Cross sections at medium temperature and Vcb

confidential -©2007 -austriamicro:
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Tuning for global temperature and bias [space; FT (II)

\ch=0.50V \ch=0.50V
250 300
O t=4000C° O t=4000C°
vV  t=2000C° vV  t=2000C°
200l t=0.00C° 2507 0 t=0.00c
A t=27.00C° A t=27.00C°
¢ t=50.00" ¢ t=50.00"
4 t=7500C° 200 ¢ t=7500°
0| *  t=100.00C° — || * t=100.00C°
5 > 5150 > t=12500C°
n n
100"
100"
50 |
‘-1 0) 2
10 10 10 10 10 10 10 10

o
o
ystems AG

Cross sections at minimum and maximum Vc¢b

confidential -©2007 - austriamicrosystems
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Tuning for global temperature and bias [space: FT (11)

- t=-40C° - t=125C°
O Vob=050V e O Veb=050V
v Vcb=0.30V v Vcb=0.30V
o5y O Veb=015V O Vcb=015V
A \/cb=0.00V 200 A Vcb=0.00V
¢ Vcb=0.15v ¢ Vcb=0.15v J
s 4 Veb=030V 4 Veb=030v ‘
* Vcb=0.50V * Vcb=0.50V
ﬁ 150
N N
5150 S
= n Tj>200CO
100~
100~
50 30
.tA‘A ““H“-l | “H‘H‘O | ““H“l B 0-2 ) HHH‘-l | “H‘H‘O | ““H“l
10 10 10 10 10 10 10 10
lc[mA] lc[mA]

Cross sections at minimum and maximum temperatures
Linear (neg.) gtfe temperature dependence was observed

27 a leap ahead
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Ve I\/Ieasurements: symbols
Uch=-0.5V

A

08 09 1 1

changing zetarth=0.84 to 0

Effect of zetarth 1 TN
a0 - ,{ 4000 10°

110

0

model shall incorporate temperature exponent zetarth

28
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Summary |

* (G)ICCR crash has been shown to be a real life problem
* a rescue path out of such situations has been suggested
* full extraction flow presented for the stiff crash&SH case
* highly robust RTH extraction of former Author refined

» preconditioned HL2 proved to be a highly efficient tool

* due to its flexible formulation HL2 is able for self-adopting
to harsh conditions where HLO and VBIC fail

* with proven operation at .25THz the proposed scheme is
an option for .5THz (DotFive) or higher device speeds

29 a leap ahead
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Temperature DC 1 N

f 10°

IC, |§'n [A]

%

=
o
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*
#**%mmooo
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Voe V]

Temperature scaling of the FG (left) and the RFDC data
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