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Introduction



Introduction & motivation -

» Circuit design

* Relies on accurately modeled characteristics
« DC behavior (I/V curves, e.g. collector & base current for a HBT)
- Affected by self-heating, external resistances

» AC behavior (small signal parameters vs. frequency)
- Affected by self-heating, external resistances & capacitances
non quasi-static effects

» Various kinds of circuits

» Focus on certain transistor characteristics
- e.g. mixers, power amplifiers at VHF require accurate S-parameter modeling

— Modeling engineer needs to account for all eventualities

* Process engineering

» Focuses on achieving performance targets

» Targets are hard to achieve
= Recent architectures are getting more complex
— Modeling complexity increases
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HICUM L2 2.33 overview [1]}

* Physics based compact model for BJTs/HBTs

« Targets high frequency applications and high currents
» Has been applied successfully to silicon- and IlI/V material-based HBTs
« Standard model available for most commercial simulators

- Large signal equivalent circuit

. S’
 Internal transistor {?
- Depletion charges Qs (‘&im Csu
iisc .

Transfer current

Int. base current Qpey iBox 1Qys | aci
Int. base resistance (A ‘Craipy -
e, 1% 8 S
Bx , *\“\‘ F\fbi |
« External elements , 4 NI
: liBE i BEtp . ljBEi
« Ext. resistances L L TieEe (Qiep [ BEW .L‘J_E,
Ext. base current Cgepart |CBEpar2 R
Ext. capacitances
Substrate network ®

Substrate transistor
 Thermal network

[1] M. Schroter, A Chakravorty. «Compact hierarchical bipolar
K transistor modeling with HICUM». World Scientific, 2010.
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Geometry scaling for HBTSs



Geometry scaling for HBTs

» Circuit design

» Requires different transistor sizes for
different types of applications

= Necessary to perform geometry scaling

I:)EO

by

- Geometry conventions — top view

» Blue area

» Corresponds to drawn emitter area
* Red area

« Emitter area enclosed by BE-spacer

BE spacer

p mono
 Cross-section of typical HBT

» Consists of two transistors n Mmono

 Transistor associated with area (Ag)
+ Transistor associated with perimeter (Pg,)

» Total transfer current

It tor = JTaAE0 + JTPPEO
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Standard scaling approach (P/A)

- Example for base collector capacitance o
: : : 4T n
« Measure capacitance for various transistor — A £
widths and lengths sv - uly Voo 4
_ = 1 Vec
Cecmeas = CjciAeo + CicxPro w0~ il = J
_ mo e |
 Normalize on area < Si_/,g—‘ T ‘: _____________________ &
Cecmeas/Aro = Cjci + CicxProlAgo Q" 63,,,——':":__4«——"_‘:_’::‘1;:"‘::: ——————————— #
T T
= Offset corresponds to area component 4%’_—:;:3;5-’--7’*" -
Slope corresponds to perimeter 8 10 12 14 16 18 20
Peo/Ago (MM)
* Result (measurement data B55 [2])
4i + ‘meas | L L i 055- [ + ‘meas | L L H
R HICUM 05. L HICUM i
< 350 - =
£ + E o04s- # -
L3 : i 1"'—:x 0.4r *’,g* :
Cogl £ 435l * i
525 ,F-l"*:**- = 0.35 ” o
2l -t i 0.3~ ettt .
h#**‘ﬁ++++w [ [ [ 0.25 {-++++¢H+‘+’-l‘+ [ [ [ 1l
2 15 1 -0.5 0 0.5 -2 -1.5 -1 -0.5 0 0.5
Vac V) Ve V)

[2] P. Chevalier et al. « A55 nm Triple Gate Oxide 9 Metal Layers SiGe BiCMOS Technology
‘,’ Featuring 320 GHz fT / 370 GHz fMAX HBT and High-Q Millimeter-Wave Passives ».
lfe.augmented Proc. IEEE IEDM, 2014.



Transfer current scaling - y. —

« HICUM model description

» Consists of various elements for perimeter and area
» Capacitances, base current
» Does not feature peripheral transfer current due to various reasons

« Was not necessary up to now, as y. approach worked reasonably well
(P & A components behaved similarily)

* Would increase simulation runtime and extraction effort
* The y. approach — example on TCAD data

» Associate perimeter contribution to effective area

It tot = JraAgo + JrpPEo
It tor = JTa(Ago + J7p/JT4PEO)
Agerr = Ago + YcPro
Yc =Jrp/lta
» Perform standard P/A scaling and calculate y

27 1 [ [ [ [ [ [ —

 Usual characteristics of Ye 03 04 05 V0.6 (\/;).7 08 09 1
BE

* Bias independent up to medium current range
» For high injection, self-heating and external resistances vary for different transistor sizes

‘_ => will cover variable y.
> /4

= Y. approach is valid if observed function is constant for low current range
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Yc approach - consistency with
capacitances

- Simplified transfer current description

croexp(Vggi/V:
» Weight factor hg; describes low current behavior [ .o, = 10¢XP (Vgi/Vr)

Qpo + higiQjEi

- Scaling of transfer current vs. capacitances
* Transfer current is scaled with effective emitter area

_ 2
It tor = ]TAAE,eff => C10 = C1044Eeff Qpo = QpOA

« Capacitances are scaled with actual emitter dimensions

(must match AC characteristics) Qjri = QjEi

= Will lead to discrepancy for transfer current

» Solution

| | L Agerr
* Adjust weight factor hg; to fulfill scaling of |y, hjg; =

JEIA™
AEO

; _ ClOAAE,effzexp(VBEi/VT) _ c104exp(Vggi/Vr)
futot Apers et Qpoa t+ NigiaQjkia

QpoalEers + Nigia Ao Qjeialro
T EO
) /4
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|- for recent technologies

* vy approach for measurement data (B55)

» Exhibits linear bias dependence
=> Standard y. approach not applicable

z 10° . L . ;P/A sepératioﬁ
= 10t T e N linearization
E 107 . 357 |
gwo* 7 - - s
10 . E 30- TS ]
N 'Sﬁ i O
g :I.O_6 >
i —Jea | 251 .
vm 10 - ..... JC ,
'_’(_) 10'8"‘/ L [ T P
0.4 0.5 0.6 0.7 0.8 0 I [ [ [ [ [
Ve (V) P45 05 055 0.6 065 0.7 075 08
. . V
- Possible solution e (V)
« Similar behavior observed for process of IHP [3]
« Method tries to merge different bias dependence I _ c10exp(Vggi/Vr)
of J;, & J;p by adjusting weight factor h.c, T,tot —
1A & Jp DY ad) g g Ei on + hjEinEi

« Several prerequisites
* Similar voltage dependence of Qg, & Qg
* Similar voltage dependence of hig; & hig,
» Several simplifications in equations

Y/ [3] A. Pawlak et al. « Geometry scalable model parameter extraction for mm-wave
e ugmentad SiGe-heterojunction transistors ». Proc. IEEE BCTM, 2013.



Bias dependent y. [3]

* Methodology
» Perform standard P/A separation to obtain area
and parameter components
* Run extraction for area component
* Run extraction for perimeter component

* FiIXQgp = Qg & fiXayg = anep

(identical voltage dependence of hgg; and hig, and charge)

» Scaling

* Effective hy;

» Courtesy of Didier Céli

| . Nigierr =
* ldentical result to [3], but HICUM L2 description

JCa,modeI i

hiep Pro

1+ vco

higia Ago
Py

1+)’coA_EO

higi

» Verification

* Run simulations for all transistors
considered in extraction

» Perform P/A separation on synthetic data
« Compare y.

w
o
T

=
o
T

~—ae
~
~~
~
RIS
S
~,

S
S
~~

[ [ [ [ [ [

‘YI — Reasonable deviation, valid for low currents
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Example extraction for B55
(focusing on selected characteristics)
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A generic scaling approach
* Methodology

* Run single transistor extraction for available geometries
» Check geometry dependence of extracted parameters

* Bias dependent hig; and a0 L L L
. + extraction ‘_*.‘-:;;‘;'l 3.6r— ; ; ;
° We'ght faCtOI' hjEI 075 | model /,/’/ i * + extraction
- Dotted line (blue): P model [8]| 7 S model | 1
approach of [3] 5 o d;ul sa e 1
- Dashed line (green): <= = e < R -
model of [3] applied to single ) 33r
transistor extraction data 0.651 .o~ . : : : :
. rd ) . : 32 10 12 14
» Assume linear dependence 8 10 12 14 Peo/Ago (M)
for ayg p Peo/Agy (M)
EO
ahjEi - ahjEiO + aslope A 40 L : : : L :
EO N
* For Pgy/Ag, = 0 the area value is obtained N |
- Verification E | \
* Run simulations for all transistors 2 :zizz”eme”t
considered in extraction 101 7
» Perform P/A separation on synthetic data L

(945 0.5 055 06 065 0.7 075 0.8
Jite.augmented ® Compare )/C VBE (\/)



Base emitter capacitance

 Perform standard P/A scaling

- Capacitance partitioning gs[ [ + meas L /] 026: + meas L A
—————— HICUM A ' === HICUM ¥

CBE meas <<.E~ 8- £ g o aE

= CigiAgo + Cigp P = 75- A 1§ o022- LY
— YJEI4'EO JEp' EOQ =) o = 02

o 7 E 1 g %7 A I

+ CBEPC”‘P EO o N O 018 T 1

5 e . A

65 _{:,.{-—"1‘: 0.16{- . = .

fl [ [ [ Pl o [ [ [

» Peripheral components -1 -0.5 0 0.5 -1 -0.5 0 0.5

Vee V) Vge V)

* Need to be distributed
between junction- and spacer capacitance (bias independent)

» Portions cannot be distinguished from geometry variation
= Perform EM simulation

* Field distribution of BE-spacer

* Geometry information can be obtained from
SEM/TEM pictures

 Structure consists of Oxide, Nitride and
(assumed) ideal contacts for Poly region

= 0.35 fF/um

X (nm)

- C

BEpar

‘ [4] G. Wedel. « POICAPS - A multidimensional numerical 0 100
lneougmemed capacitance simulator ». CEDIC internal document, 2012.

200 300

y (nm)



Transit time scaling

- Scaling equation for low current transit time [6]
* Similar to description of hyg;

» Performs weighting between internal
and peripheral transit time

P
1+ ftinC A_i(()) _ TOp
Ty = Toyg Py fepi = —~
1+ vco Aro
* Various extraction methodologies

» Usually involve circuit simulation of different transistor sizes
« Manual fine tuning of parameters

» Global optimization on selected parameters
 Alternative

» Use method of [5] for performing single transitor extraction
and use obtained parameter values for scaling

* Result using method of [5]

* Tp, and f,

*_ [ [ [ [
031 + extraction| |
. R model
- are very sensitive to .. . .
pi 0.305 %>
extracted values of 1, A
* Variability of T, is very low (~7.5%) o 03 e T e
=> Extraction method must be accurate 0.295 .
029 [ [ [ F+
[5] T. Rosenbaum et al. « Automated transit time and 8 10 12
‘YI transfer current extraction for single transistor
e auamented geometries ». Proc. IEEE BCTM, 2013.



Internal collector resistance

* Modeling approach [6]

* I Mmainly depends on emitter area
 Current spreading

* |s taken into account by current spreading factor Ix
- Basic idea behind current spreading model 15\ collector
Dl w :
* Linear increase of current path envelope EL ¢
X bured layer
Ac(x) = AE,eff <1 + Ztan(Sc) b_>
E

| _ * Result
* Integration over 1/A-(x) leads to logarithm

« Perform optimization for rqjp, & 6¢

i T A o |
LAT, — LAT, =
Jes = In[(1 + LAT,) /(1 + LAT))] Eai e 1
LAT, = 2wg; tan(8,.) /bg ol o] |
LAT, = 2wg; tan{8 )/l R o

VA_ . (1um?)
K’I [6] M. Schroter et al. « Physical modeling of lateral scaling in bipolar transistors ».
oewnets  |EEE Journal of Solid-State Circuits, 1996.



Results using scalable model
(for selected transistors)

life.augmented



Assessing extraction quality

» Collector current

 Allows to identify discrepancies at high current region
» Will not help to evaluate extraction for low currents

* Normalized collector current

* Is equal to 1 for low currents I norm = Ie — 1

» Allows to assess bias dependent hg; Isexp(Vpei/Vr) 1+ hjgiQjei/Qpo
* Normalized transconductance Gm

« Similar to l¢ nom Imnorm = ZVT

» Useful to identify correct modeling of medium/high current fall-off

* Transit frequency

» Allows to assess correct transit time modeling

 Useful to include measurements at Vg = const
« Shows model reliability in saturation
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Small high speed transistor

4.42 pm

E0 —

100 nm, |
¢ Vg =[-0.5-0.250.0 0.25 0.5] V, Ve

* bgg
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* Vge =[-0.5-0.25 0.0 0.25 0.5] V, Ve = [0.1 0.25 0.5 1 1.5] V
model |
300+

Large high speed transistor
* bgg =300 Nnm, Iz, = 8.92 pm
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Results overview for Vg =0V
(for all transistors)
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Selected quantities at Vg =0V

- Transit frequency (Vge =0 V)

* W, = [100 145 190 235 300] nm
3505y

300+ measurement ﬂ;%%

leg = 4.42 pm
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Selected quantities at Vg =0V

* Normalized collector current (Vg: = 0 V)
* Wg, = [100 145 190 235 300] nm

Teee 1
S .
— B R —_ TEE ey T¥E
IEO - 4.42 le 0.8~ Ty - i N IEO - 8.92 l.lm 0.8~ Fhts,
e B model - S | model
~ 0.6[] + measurement ~ 0.6 + measurement
E Weo £
204 2 0.4-
_O _U
0.2 0.2
O [ [ [ [ [ 0 [ [ [
10° 10° 10” 10° 10® 10" 10° 10 10° 10* 10° 10
| . (MA) e
* Normalized transconductance (Vz: = 0 V)
* Wgo = [100 145 190 235 300] nm
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Conclusion

* Introduction on geometry scaling for HBTs

« Standard scaling approach (P/A)
* Remains sufficient for Capacitance modeling
» Transfer current scaling — y. approach

* |Is not suitable anymore for advanced HBTs
* Voltage dependence of area and perimeter differ too much

* Enhanced transfer current scaling

* Enables to model the bias dependence of y-(Vge) by modulating the weight factor hyg;
* Result can be enhanced by adding a linear geometry dependence for a;

- Example extraction for an advanced SiGe technology [2]

« Shows excellent agreement for both bias and geometry dependence
 Bias dependent y. can be observed for normalized transfer current
* Model features single geometry scalable modelcard for all transistors

* Important conerstones for geometry dependence of f;

* Proper geometry modeling of the low current transit time
and internal collector resistance

[2] P. Chevalier et al. « A55 nm Triple Gate Oxide 9 Metal Layers SiGe BiCMOS Technology
Featuring 320 GHz fT / 370 GHz fMAX HBT and High-Q Millimeter-Wave Passives ».

(w7  Proc. IEEE IEDM, 2014.
/4
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Thank you for your attention!
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* Bias dependence of h,
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exp(u) — 1

Nic: = Nic:
JE1 JELO u

ZEj
Uj
u = ahjEi (1 — [1 — VDE-] >
i

* V, is the smoothed Base emitter voltage Vg
* Range: 0 <V, <Vpg
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