HICUM/LO v1.2: Application to Millimeter Wave Devices
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‘& Purpose

@ \ariation of reverse Early effect with the evolution of technologies

‘a# New features in HICUM/LO version 1.2

‘& Parameter extraction

4 Application to very advanced HBTs

‘& The dark side of HICUM/LO

& Summary
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&

4 Evaluation of the new HICUM/LO version (1.2) applied to mmW devices developed in the
framework of DOTFIVE [1]

@ f;r = 250GHz
@ fnax = 300GHz

@ This new HICUM/LO revision is very promising and corrects many limitations of HICUM/LO
and HICUM/L2 versions.

& Possibilities and limits of this new model.
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VAR Y'a__"riation VS. tech_ﬁ:blpigie performance | (HB
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& Using the SGP formulation, the slope of the normalized collector current give directly an esti-
mation of the effective reverse Early voltage Var

I 1_&
CN VAR
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Comments

‘@ \We can observe an important decrease of Vg with the increase of the transit frequecy ft

* It is not due a lower base doping profile, on the contrary, it is due to the shape of the EB doping profile and to the
grading factor of the Germanium at the EB junction [2].

4 Today, this very important effective reverse Early effect (low Vpgr) cannot be accurately
described in all existing models

* SGP
Negative collector current in high-injection (Vgg > VaRr) due to the simplified formulation of the reverse Early effect
. VBE

VAR
* HICUM/LO v 1.12
The reverse Early effect is defined using a non-ideality factor M. Drawbacks (i) offset on the output characteristics [2]
(Mcr must be equal to Mg, non-physical), (ii) wrong temperature behavior [4].

+ HICUM/L2 v 2.23 o
Transfer current parameter extraction issue (negative Qpg) [5], © Measwememt I  essuromen
[ Simulation

[6]. Impossibility to take into account the high slope of the nor- ™ o/ F)
malized colletor current [7]. A workaround was proposed in [8] 1o = e

used an artificial split of the BE capacitance across the base i
resistance (only valid if Rg| is enough small) with dedicated

parameters for the dc capacitance (I modeling). or ...

—t—t s O v v by o
0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0
VBE [V] Vee [V]

HICUM default [7] HICUM workaround [7]
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What is new in HICUM/LO [3]?

4 New added parameters

High-injection effects

577

Name Description Default Range Unit Scaling factor
Smoothing factor to decorelated DC and AC high-injection ]
Ayq effects (Ick) 0 [-0.9:10] - -
F Flag for turning on voltage (Vgc) dependence of forward knee 0 0 or 1
(a)f current (IgF) or i i
Effective reverse Early effect
Name Description Default Range Unit Scaling factor
VERr Effective Early effect a zero bias o0 10:00] \' -
Vbepc Effective BE buit-in potential for DC transfert current 0.9 ]0:10] \' -
Zepe Effective BE grading exponent for DC transfert current 0.5 10:1[ - -
Effective BE capacitance ratio (maximum to zero-bias) for DC ] i i
Asenc transfert current 25 [1:00]
Temperature effects
Name Description Default Range Unit Scaling factor
Zetaige | Thermal coefficient for Ige 0 | eeleel | -
ZetartH | Thermal coefficient for Rty 0 Jroo:oo[ -

DM170.09
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TranSfer current

N

4 New transfer current formulation according to C. Thiele dissertation [9]

4 Correction of the negative transconductance (g,,) issue at high-current densities [10]
* HICUM/LO v1.12 (lines) and v1.2 comparison (circles) (QUCS simulations [11])

1100
FORWARD GUMMEL PLOT
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Revg:j?ée Early effect :

@ Reverse Early effect

* In order to overcome the limitation of the M¢g factor [2], [4]
- Offset on IC(VCE) characteristics if Mgg not equal to Mcgr
- Temperature dependence

in HICUM/LO v1.2 the concept of reverse Early voltage has been re-introduced using (low currents, Vgc=0V)

Vee Vee Vee
v Vv v
le-€ ' - - ' _
lc = 2 = 2 =2 with
fihg. S qp, . e Ve o, Vie
B Qy B TQ Ver
PO pO ER
Q
Veg = 29 = constante
=R hie - Cyeo
| Q
Vig = C'JEEo = transition voltage = Vgg; in first approximation (SGPM)
j

* The reserve Early effect in now bias dependent thanks to the transition voltage Vg which is function of Vgg; via the
model parameter Vpg, Zg, Ay

* In version 1.2 of HICUM/LO, in order to take into account the possible bias dependence of the weight factor h;g [6], in
advanced HBTs, 3 model parameters, Vpepc: Zepc: Ayepc have been added to model the bias dependence of Vg in
dc [13].

DM170.09 ©D. Céli
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High:i‘hjection effectsf-':"‘: :

iAHQ

* The parameter Ayq has been added in order to better control the high-injection effects in dc mode (injection width). For
that an effective critical current Iok+ is defined as

| = ek

CK* 1+ Aja

* Ayq can be positive or negative, in the range [-0.9:10]. If Ayq is positive, Ick+ is lower than the critical current I, and
the current gain fall-off arises at lower current densities. In the opposite, if Ayq is negative, the effective critical current
lck+ is greater than the critical current Ik, and the current gain fall-off arises at higher current densities.

‘ Forward Gummel Plot ‘ |
GP
Saolver=CroutLU
Bl 3
— U=V
- Parameter Parameter Parameter Equation
HIG120 1 sweep sweep sweep
’E‘ HEHIE o Egnl
| oha=A IB=abs(IB.l}
_T_ Vi IB'—' Py’ - e o _— IC=abs(IC1}
" u=e [+ @ e [E —Fuae Sim=GP Sim=VBE Sim=VEC Mﬂ Iwﬁ;;"
L Typesin Typedist Typedist T=27+DTN
oT Param=\B Parmam=VC Pamm=AHZ
Stan=0.4 Values=[0] Values={-0.5,0;2]
= Stop=12
Paints=81
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High:i‘hjection effectsf-':"‘: :

@ F\qF

* In HICUM/LO, the equivalent of the knee current Ik of the SGP model is the parameter

* In fact, Tgq is not a constant, but depends on Vg
Teo(Veie) = To(Vee = 0) + AT (Vp.c)
* Therefore, Iqr can be written

oo (Vi) = Qpy Qpy __ Qp/Tg _ lgp(Vgc = 0)
AT Tee(Vee)  To(Vee = 0)+ATe(Vgc) 1 ATeVee) ATe(Vpo)
T T
* In order to make lgqg dependent or not on Vg, the flag Fiqe have been added in HICUM/LO v1.2
I
I Vo, o)) = QF
aor(Vec) . AT (Voo
o]
Ty

If Fiqr = 0, Igf is independent on V. If Fiqe = 1, Iqf is voltage dependent.

* Important remark
As in the model, the default value of Ty is ZERO, as soon as T, has not been extracted do not specify Fiqr = 1
otherwise you will have a crash of the simulator: devided-by-zero.
Warning, if you set T, to a small value (in order to avoid the division by zero), Iqr could be also too small making
after the dc parameter extraction impossible.
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Highfi‘njection effects--u'_ |

@ Effect of Fiqf

IC AL 1B [A]

Forward Gummel Plot

IG
V3
1 ——Uu=VG
!
— i HIC120_1
i
Iy f
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+ +
U=vE £ i e —u=ve
- -1 B
oT
300
0011 VB: 0.838
VG:-05 |
te-03T Fiar:1 | 220
——____ |Beta: 222
1e-04T 1200
VB: 0.937
1e-05T VGC:-05 [1+150
FIQF: 0
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+100
1e-07
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e simuiaion]

GP
Solver=CroutLU
Parameter Parameter Parameter Equation
sweep sweep sweep
Eqm1
|B=abs{IB.1)
1G=abs(IC.I)
VBE VBGC ZRTH Isub=abs(lsub.l}
Sim=GP Sim=VBE Sim=VBGC Beta=IC_I{IE.I)
Type=lin Type=const Type=list T=27+0T.V
Param=\B Parmam=VC Param=FICGF
Stan=0.4 Valuwes=[-0.3] Values=[0:1]
Stop=1.1
Points=100
300
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2301
200
+a .
- 1501 g
g ]
& [0
100+ =
-
L}
501
T28
o+
—
-50 t t + + } } 26
04 0s 0.6 07 08 09 1 1.1
VBE[V]

* If FiqF is set to 1, the critical current Iqe decrease if Te(Vg:¢) increase.
* Comments: If the variation of Tgy with Vg is small (that is normally the case for high speed transistors with low
BVceo), the effect of Fiqg is very small (and even not visible).
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@ |In HICUM/LO v1.2 the temperature dependence of the thermal conductivity [14] is introduced

nom

* K(T) = K - {TT } , for silicon Kg = 1.48 W/cm.K and a = 4/3

4 As the thermal resistance is inversely proportional to the thermal conductivity, and with some
approximation, the thermal resistance can be written as

Tdev ZETARTH
*|IRmu(T) = RTHO'{T }

nom

* Where T, is the nominal temperature (temperature at which the model parameters are specified), T4e, is the device
temperature, Rypg is the thermal resistance at the nominal temperature and ZgyarTH is the thermal exponent of R

* T4ey = T+ AT, where AT is the temperature increase due to self-heating AT = P, - Ryy, with P4 the total power dissi-
pation

4 This model has been tested and validated using QUCS [11] and NGSPICE [12]. The two
simulators give the same results.
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Tempfé'rature dependé'hC_e-';

]

>/ /

@ The temperature increase, from a Gummel plot simulation at several Vg, is plotted thanks to
the HICUM thermal node. Simulation are performed for 3 values (-1, 0, 1) of ZeTarTH

gl
, - U=VG

; [
HIG120_1
zetarth=ZRTH

B T“‘ N T " Va2
+ Isub —— uU=VB
|
N
LT |

FORWARD GUMMEL PLOT

GP
Solver=CroutLl)

Parameter
sweep

VBE
Sim=GP
Type=lin
Param=VB
Start=0.4
Stop=1.2
Points=81

Parameter
sweep

VBC

Sim=VBE

Type=list

Param=VC
Values=[1.5;0.5;0;-0.5]

Parameter

sweep

ZRTH
Sim=VBC
Type=list
Param=ZRTH
Values=[-1,0;1]

Equation

Eqni
IB=abs(IB.I)
IG=abs(1G.1)
Isub=abs(lsub.1)
Beta=IG.I/(IB.1)
T=27+DT.V
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Implgfr__hentation in EDA-:t__Q('?Is
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Simulator Release Date
ADS | 2009 Update 1|y R s
ELDO AMS 2009.1 Available
GoldenGate 4.4.0 End of October 2009
HSPICE C-2009.09 Available
NGSPICE 19 Available
QUCS 0.0.15 Available
SPECTRE MMSIM 7.1.1 Available
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Para_meter extraction+

J

4 Already discussed during the last ABK meeting [10]

4 Focus on new Early formulation, 2 possible approaches
@ Standard formulation using ac BE capacitance
@ New formulation using dc BE capacitance

DM170.09 © D. Céli 14/39



Is VEﬁ.__j'extraction (1_)-'?' % | . [ll/

4 Standard formulation [10]
+ The parameters of the BE depletion capacitance C g comes from ac measurements (cold [S] parameters)

* In HICUM/LO v1.2, the collector current at low Vgg and Vgc = 0V is given by

VeEi
\
Ise T
IC~ 1+VTE (1)
VER

* The transition or depletion voltage Vg is deduced from the BE depletion charge Q¢

Q v Vi oz Ve 4
Voo = —JE - _TDE [1—(1_—1—) }+A- (Ve —V) | (2)
TE Con 1— ZE VDE jE BEi j
V; = Vgg; in reverse and low forward modes
Vg is close to Vgg; at low V
TE BEi BE | ls.Ver
* From the expression of the collector current (1) we can deduce
VBei
Vi Ver | g
_ € Vae:
Vie = IS'VER'l__vER 3) %
¢ e /g
\% Ver = —intercept
- At low current densities, the BE transition voltage Vg vs. e ' /I is slope
linear. The intercept allows to determine Vgg and then the slope Ig S intercept
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Res q_.l:t__'s

Ve V]

Ic [Al

DM170.09

0.7
0.68
0.66
0.64
0.62

0.6
0.58
0.56
0.54
0.52

0.5
0.48

-16
lg =450 107"° A | Mcg =1.0000 | Vg = 0.225 V

o
- (¢}

7 72 74 76 78 8 8.2 84 86 8.8
[exp(Vge/Vplc [1/aA]

0.4 0.5 0.6 0.7 0.8 0.9
Vee [V

0.35

0.3

0.25

0.2

0.15

Ic/lls-exp(Vge/V1)]

0.1

0.05

0.4 0.5 0.6 0.7 0.8

& Comments

* Despite the fit was good at low and medium current
densities, the value of Vgg (too small) and Ig (too large)

are not physical.

* Moreover, the accuracy at high-currents is not good and
cannot be adjusted with the high-injection parameters.

©D. Céli
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4@ Second approach using dc BE junction capacitance [13]

a First step: determination of the dc BE capacitance

* The parameters of the BE junction capacitance (used only in dc) come from dc measurements from the collector cur-
rent at low and medium current densities and Vg = 0V

VBEi VBEi
Vv Vv
lc = as Vqg = =—— wecanwrite Io= that allows to calculate Q g from dc measurements
TE Cieo Qe
1+ —— 1
VeR CJEO ) VER
VgEi
Vv
e T

Qe = Cygo Ver- IS'T_CJEO'VER

* From Qg it is now easy to determine C g4, the dc BE capacitance from its derivative

Vaei
dle VT
dQ,e lc
CiEde = N Cueo- Ver ' Is
dVv Ei dVBEI
VBE|
\ \ i v i
de” evif (IC) evif die  Vem Ve, Vee,
- - Vv
e ) _ Vi dVae _e .{l_l- e }—e : '{1 ‘dm(IC)}ze T {l_k}
dVgg; Ié lc Vi g dVpgg lc Vi dVgg lc Vi
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* Therfore C g4 can be calculated from

Veei
dQJE e VT { 1 } CJEO
Cuede = = Cyeo- Vg ls- &— {5~k = (4)
JEde  dVgy R e Y {1 VEEi }ZEDC
Vbenc

S)
@ Second step: determination of the dc BE capacitance parameters Vpepc: Zepc and Ayepe

» from (4) we can write at low forward Vgg;

VaE;|
V
e ' |1 ~ 1/(Ver-ls) Co
| . \T_k = 7 ~ Z (6)
C T {1 VBEi } EDC {1 VBEi } EDC
VDEDC VDEDC

* Vpepc and Zgpc are determinated as for a junction capacitance (linear regression, at low forward Vpgg;, taking the
logarithm of (6))
* A epc, is optimized at higher Vg, (before high current effects)
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@ Results of dc BE capacitance parameter extraction

Normalized Cjggq, Capacitance

@ Remarks

* Often (why?) Zgpc is greater than 0.5 and even close to 1, whereas A jgpc is always greater than 5. Same observation
in [13], [8]

* WARNING: Zgpc cannot be equal to 1 otherwise Vg is not defined. We have chosen to limit Zgpc to 0.99.

1-Zgpe
c) :|+AjEDC -(Vgei— V)

Vg =

DM170.09

Qe _ Vpenc
Cieo 1-Zenc

5

45

4 -

3.5

3 -

25

2 -

1.5 |~

[1-(1

0.1

Vi

0.2

VDED

0.3

0.4

Vge [V]
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@ Third step: determination of Ig and Vgg

* Once Vpepe, Zepc and A gpc are known, Ig and Vgg are determined as for the standard approach, from linear regres-
VBEi

_ Y
sion of Vg vs. e ' /l;.

Is=2.2010"®  Mgp=1.0000 Ver=1.206V

2
| | | | | | | | | Vpepc = 0.78 V
ZEDC =0.99
AJEDC =10.00

Ve [V]

0.6 l l l l l l l l l
7 75 8 85 9 95 10 105 11 115 12

[exp(Vee/N)I/l [1/aA]

@ Comments

* We can remark that this measured characteristic is more linear than the one obtained with ac capacitance parameters
* Ig and VR are also more physical
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Ic [A]

03 -

Ic/llg-exp(Vge/V7)]

0.2 -

01 -

0 | | | | , 109 ¢ | | | | | =
04 05 06 07 08 09 1 04 05 06 07 08 09 1

Vee [V Vge [V]

4 Contrary to the standard approach (ac BE capacitance), now the fits of the normalized collector
current and of the forward Gummel plot are perfect.

4 \Nithout the workaround proposed by Z. Huszka in [8], it is not possible to obtain the same
accuracy with HICUM/L2.

4 No solution with SGP model (necessity to use a non-ideality factor Ng not equal to 1)

4 Same issue with the other advanced BJT models (MEXTRAM, VBIC), where the bias depen-
dence of the reverse Early effect is based on the ac BE capacitance parameters.
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Transistion voltage VTEvs Vge i S7/;

i

4 Knowing the low collector current dc parameters, it is now possible to plot the transition voltage
V1e vs. Vge (2) in oder to again validate the new model features and the extracted parameters

@ From measurements, V1g can be easy deduced (only valid at low Vgg) from the expression of the
collector (1) current using

VBEi
Vr
*Vie = Ver-|ls-© i 45
I ' I I I I I I I Q
A 5
. 35 - O-
@ \/1g is simulated from Q gq4./C o R
3 Limit of the Vg determination o—
o
25 - Lo

O,

Vie [V

- VTE = VBE

0 0.1 02 03 04 05 06 07 038
Vge [V]
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4 Using the same concept than in the SGP model for modeling the Early effect, it is possible to
define an effective reverse Early voltage Vgr+ and to plot its dependence with Vgg (only valid at

low VBE)
Veei Veei
v v
B V2 VA
1+ 14 BH
Ver |/

that leads to the value of Vg«

* From simulation
_ Ver - VBEi

Ver: Vre

* From measurements
_ Ver * Vag

Vv

ER*
VTE

DM170.09

Veg+[V]

-16
lg=2.2010"°A Vgg=1.206V
| | | |

1.2 ¢

0.8

0.6

0.4

0.2 Limit of the Vgr+ determination

0 l l l
0 0.2 0.4 0.6 0.8 1

Vee [V]

* Decrease of Vgg+ vs. Vg
* It is the first time that such characteritic is shown
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4 Strange behavior have been reported by CEDIC [15] on the transconductance g,,, using dc BE

capacitance

o Simulation

J, mAR]

I _HICUM’CBE.DC N AT N |

04

0.6
Vee V]

0.8

1

0.1y

0

z ; z
o H H
2 : ; F ;
02_...........,....“‘. _“

o Simulation

—HICUM, Cy |

1078 10

—&

10

2
Jo [mA/pmT]

Fig. A.2.1/4: Transfer current and Sg, g width DC parameters for Cjg; for Vigc=0.0 V.

4 This behavior has been not observed (or seen) on measurements of avanced HBTs (DOT-

FIVE).

4 \/ery good correspondence between simulations and experimental data for the first, second and

third derivatives.
‘& To be clarified...
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Comments on possib-ll'e-'gn',_. non-linearity o

4 Experimental results: second and third derivatives

DM170.09
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4 \/ery good accuracy obtained for modeling both dc and ac characteristics in a wide range of
currents and voltages, even far from the f peak.

300 I I rrrrri I I I IIIIII I 1 35 I I I .......... I I
— Vge=O050vV A o L 0T —o o |
050 | — VBo = 0-30V 30 P
— Vgg= 0.15V — 0.95 o5 | F _
— VBC= OOOV O .ooooooooooooooo.. O O
200 | —— Vpc =-0.15V 00 >
N | Vs osov g L 10° = = &
(.2, 150 — % lg(; 15 — ."?:..ooooooooo.oooooooooooo O O O ]
._.l— = 085 > B 10 p— — .‘E': :x OCOCTOCO00 10.0.0.0/0.0.000700/0'0T0 o—— — T
100 EE»'.
5 -5 —
50 7 °°  Yfssessassasacsansansansansansee—o—o——o- |
. I X ..,,,,;:T:T?:;-x' al o7g 5 l | | | ] l I
0.1 1 10 100 0O 02 04 06 08 1 12 14 16
o [MA] Vee V]

4 Transit time parameter extraction: idem HICUM/L2 [16]

4 High-currents dc parameters extraction see [10]
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fr vs‘.__:-VBC @) constant-"'VBE' :

4 |t is the first time that these characteristics are shown with a such accuracy

250
200 - Vge = 0.820V ——
Vgg = 0.910V ——
O,
b 100 - /\\ -
) S E(ﬁ m
L t i . .
ow currentregion . : : j\* o - Very high current region
0 | | Tw

Breakdown region «<—— -0.6 -04 -0.2 O 0.2 04 0.6 —— Saturatedregion
Vee [V]
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4 The current gain fall-off can be accurately described thanks to the CjEdc capacitance added in
HICUM/LO version 1.2 for modeling the reverse effective Early voltage.

4 \/ery good behavior at high current densities. The curve fitting is facilitated with the introduction
of the temperature dependence of Ry

Forward Current Gain

DM170.09
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Comments
&

L bk s Ly .
N SR i

@ These results demonstrate the capabilities of the new HICUM/LO version (1.2) modeling, with
a very good accuracy, advanced HBTs devices dedicated to millimeter wave applications.

@ Despite these very good results, the work is not finished and the most difficult part, for a mo-
deling engineer, is now to defined a simple extraction flow in order to obtain, every time, inde-
pendently on who will perform the extraction, these kind of results.

@ The definition of this extraction flow is

not so obvious due to the difficulty to T vt TeEo e
used direct methods for the extraction 250 |- ¥§8§ SOE0N 7%
of high-current parameters. This is Y xggj_?-_ggfgf’\\/ 7 89
mainly because of the strong impact of — — vyec=2 // . 470
the self-heating in this region = S 150 |- e y 4 - 60 o‘é
- #

@ In consequence global optimizations 100 |- ,"// 7 50
are needed with many loops in dc and - 40
ac in order to obtain this kind of result. o — 30
And at the end, if the extraction is per- ol vt ) ] 5
formed several time, today the results 01 1 10 100
(accuracy and model parameter val- lc [mA]

ues) are never the same.
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Comments Bebin N 577

@ Now our goal is to find and to clearly define the shortest way (extraction flow) to obtain both

reliable (physical and accurate) and reproducible HICUM/LO parameters with the minimum of
loops and go backs.

@ The extraction of HICUM/LO parameters is facilitated w.r.t HICUM/L2 due the de-coupling
between dc and ac model equations. In HICUM/LO it is possible to extracted dc parameter
without to have to know the transit time parameters (extracted from ft characteristics).

@ This de-coupling between dc and ac characteristics, is in fact not total because dc characte-
ristics at high currents depend slightly on the critical current Ik, which can be obtained only
(to my knowledge) from f+ measurements.
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Normalized collector current temperature dependence

-2
. 3
25107 ¢ 2510 | | | | P
T=125°C
) —
_ 2010 _ 2010° _
< <
_ 2
1510 ] F 15108 ]
2 =
>m ) IEE
~ - — >
g 1010 S 1.010° -
() X
S S
- -3 _ <
0 L1 1 1101 Tyeessd
0.0 10 0.010°
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 03 04 05 06 07 08 09 1
© N. Derrier VBE [V] © N. Derrier VBE [V]
-7 .
1810 LI L B A Y S @ Despite the very good results at room temperature,
-7 == ] .
1610 the temperature behavior of the collector current at
-7 . e .
= 14710 B . low and medium current densities is not good.
= -7 _DDD _ . .
~ 12 107 "6q, @ One of the causes is the thermal coefficients (TC) of
3% 1.010 N ¢ "o B} the dc capacitance which are the same than those of
z 8010 ac capacitance. They are not adapted to describe
E:J 6.010° the temperature dependence of the effective reverse
~  4010° Early voltage.
-8 . . .
2.010 ‘@ Possible solution (?) add TC for dc capacitance
)
0.0 10

06 065 07 075 0.8 085 0.9 095 1 parameters.

© N. Derrier VBE [V]

©D. Céli

32/39



Temg:é"rature dependéhcg-'issues- ¢ | . Lyy/

‘& Base and collector currents
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@ The temperature dependence of the ideal base current is well described.

a In the opposite, the temperature dependence of ideal part of the collector current in not correctly
described.

@ This issue exist not only in HICUM/LO model but also in all bipolar models (SGP, HICUM/L2),
where VER(T) is not well taken into account.

ar This issue is critical for the accurate design of bandgap voltage reference circuits and must
be solved in priority.
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‘@ Although there is no phase excess in HICUM/LO, the phase of h, 4. is quite good in the range of
measurement.

‘@ Magnitude and phase of hy ¢ for Vgg from 0.75 to 1V @ Vgc = 0V

50 [~ - 20
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g T O\O%E | g -60 [
é 20 — g
g 0} - g 80 =
ob TR , - -100
-10 - - 120 |-
£ LT s ] B E 7~ T——t
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‘@ But warning, as the ft is very high (250 GH>), the effect of the phase excess is not really visible
at frequencies below 100 GH,

‘@ Proposal: for a first order model, introduce a Ptg parameter like in SGP model
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Base resistance

S

‘@ The bias dependence of Rg; depends on Q g. But which Q g model to use?
& QEdc OF QuEac

@ In HICUM/LO it is Q gac
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S

@ The new version 1.2 of HICUM/LO have been tested for very advanced HBTs dedicated to
mmW applications.

4 Pro and cons

@ A new model reference is born!

ar Very good results obtained at room temperature in comparison with other tested models
SGP and HICUM/L2.

@ Easy parameter extraction thanks to an accurate decoupling between dc and ac behaviors.
@ Implemented in most circuit simulators.

a First scalable model library available in DOTFIVE PDK (July 2009) .

@ Temperature dependence MUST be improved (idem for HICUM/L2).

@ Base resistance bias dependence model must be clarified.
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	Purpose
	Variation of reverse Early effect with the evolution of technologies
	New features in HICUM/L0 version 1.2
	Parameter extraction
	Application to very advanced HBTs
	The dark side of HICUM/L0
	Summary
	Evaluation of the new HICUM/L0 version (1.2) applied to mmW devices developed in the framework of DOTFIVE [1]
	fT = 250GHz
	fmax = 300GHz

	This new HICUM/L0 revision is very promising and corrects many limitations of HICUM/L0 and HICUM/L2 versions.
	Possibilities and limits of this new model.
	Normalized collector current vs. VBE
	Using the SGP formulation, the slope of the normalized collector current give directly an estimation of the effective reverse Early voltage VAR
	.

	We can observe an important decrease of VAR with the increase of the transit frequecy fT
	. It is not due a lower base doping profile, on the contrary, it is due to the shape of the EB doping profile and to the grading factor of the Germanium at the EB junction [2].

	Today, this very important effective reverse Early effect (low VAR) cannot be accurately described in all existing models
	. SGP

	Negative collector current in high-injection (VBE > VAR) due to the simplified formulation of the reverse Early effect
	. HICUM/L0 v 1.12

	The reverse Early effect is defined using a non-ideality factor MCF. Drawbacks (i) offset on the output characteristics [2] (MCR must be equal to MCF, non-physical), (ii) wrong temperature behavior [4].
	. HICUM/L2 v 2.23

	HICUM default [7]
	Transfer current parameter extraction issue (negative QP0) [5], [6]. Impossibility to take into account the high slope of the no...
	New added parameters
	New transfer current formulation according to C. Thiele dissertation [9]
	Correction of the negative transconductance (gm) issue at high-current densities [10]
	. HICUM/L0 v1.12 (lines) and v1.2 comparison (circles) (QUCS simulations [11])

	Reverse Early effect
	. In order to overcome the limitation of the MCF factor [2], [4]


	- Offset on IC(VCE) characteristics if MCF not equal to MCR
	- Temperature dependence
	in HICUM/L0 v1.2 the concept of reverse Early voltage has been re-introduced using (low currents, VBC=0V)
	with
	. The reserve Early effect in now bias dependent thanks to the transition voltage VTE which is function of VBEi via the model parameter VDE, ZE, AJE
	. In version 1.2 of HICUM/L0, in order to take into account the possible bias dependence of the weight factor hjE [6], in advanced HBTs, 3 model parameters, VDEDC, ZEDC, AJEDC have been added to model the bias dependence of VTE in dc [13].
	AHQ
	. The parameter AHQ has been added in order to better control the high-injection effects in dc mode (injection width). For that an effective critical current ICK* is defined as
	. AHQ can be positive or negative, in the range [-0.9:10]. If AHQ is positive, ICK* is lower than the critical current ICK, and ...


	FIQF
	. In HICUM/L0, the equivalent of the knee current IKF of the SGP model is the parameter

	.
	. In fact, TF0 is not a constant, but depends on VB’C’
	. Therefore, IQF can be written
	. In order to make IQF dependent or not on VB’C’, the flag FIQF have been added in HICUM/L0 v1.2

	If FIQF = 0, IQF is independent on VB’C’. If FIQF = 1, IQF is voltage dependent.
	. Important remark

	As in the model, the default value of T0 is ZERO, as soon as T0 has not been extracted do not specify FIQF = 1 otherwise you will have a crash of the simulator: devided-by-zero.
	Warning, if you set T0 to a small value (in order to avoid the division by zero), IQF could be also too small making after the dc parameter extraction impossible.
	Effect of FIQF
	. If FIQF is set to 1, the critical current IQF decrease if TF(VB’C’) increase.
	. Comments: If the variation of TF0 with VB’C’ is small (that is normally the case for high speed transistors with low BVCEO), the effect of FIQF is very small (and even not visible).

	In HICUM/L0 v1.2 the temperature dependence of the thermal conductivity [14] is introduced
	. , for silicon K0 = 1.48 W/cm.K and a = 4/3

	As the thermal resistance is inversely proportional to the thermal conductivity, and with some approximation, the thermal resistance can be written as
	.
	. Where Tnom is the nominal temperature (temperature at which the model parameters are specified), Tdev is the device temperature, RTH0 is the thermal resistance at the nominal temperature and ZETARTH is the thermal exponent of RTH.
	. , where DT is the temperature increase due to self-heating , with Pd the total power dissipation

	This model has been tested and validated using QUCS [11] and NGSPICE [12]. The two simulators give the same results.
	The temperature increase, from a Gummel plot simulation at several VBC, is plotted thanks to the HICUM thermal node. Simulation are performed for 3 values (-1, 0, 1) of ZETARTH
	Already discussed during the last ABK meeting [10]
	Focus on new Early formulation, 2 possible approaches
	Standard formulation using ac BE capacitance

	New formulation using dc BE capacitance
	Standard formulation [10]
	. The parameters of the BE depletion capacitance CJE comes from ac measurements (cold [S] parameters)
	. In HICUM/L0 v1.2, the collector current at low VBE and VBC = 0V is given by
	(1)
	(2)


	VTE is close to VBEi at low VBE
	. From the expression of the collector current (1) we can deduce
	(3)
	. At low current densities, the BE transition voltage VTE vs. is linear. The intercept allows to determine VER and then the slope IS


	Comments
	. Despite the fit was good at low and medium current densities, the value of VER (too small) and IS (too large) are not physical.
	. Moreover, the accuracy at high-currents is not good and cannot be adjusted with the high-injection parameters.
	Second approach using dc BE junction capacitance [13]

	First step: determination of the dc BE capacitance
	. The parameters of the BE junction capacitance (used only in dc) come from dc measurements from the collector current at low and medium current densities and VBC = 0V

	as we can write that allows to calculate QJE from dc measurements
	. From QJE it is now easy to determine CJEdc, the dc BE capacitance from its derivative
	. Therfore CJEdc can be calculated from
	(4)
	(5)

	Second step: determination of the dc BE capacitance parameters VDEDC, ZEDC and AJEDC
	. from (4) we can write at low forward VBEi
	(6)
	. VDEDC and ZEDC are determinated as for a junction capacitance (linear regression, at low forward VBEi, taking the logarithm of (6))
	. AJEDC, is optimized at higher VBEI (before high current effects)

	Results of dc BE capacitance parameter extraction
	Remarks
	. Often (why?) ZEDC is greater than 0.5 and even close to 1, whereas AJEDC is always greater than 5. Same observation in [15], [8]
	. WARNING: ZEDC cannot be equal to 1 otherwise VTE is not defined. We have chosen to limit ZEDC to 0.99.

	Third step: determination of IS and VER
	. Once VDEDC, ZEDC and AJEDC are known, IS and VER are determined as for the standard approach, from linear regression of VTE vs. .


	VDEDC = 0.78 V
	ZEDC = 0.99
	AJEDC = 10.00
	Comments
	. We can remark that this measured characteristic is more linear than the one obtained with ac capacitance parameters
	. IS and VER are also more physical

	Contrary to the standard approach (ac BE capacitance), now the fits of the normalized collector current and of the forward Gummel plot are perfect.
	Without the workaround proposed by Z. Huszka in [8], it is not possible to obtain the same accuracy with HICUM/L2.
	No solution with SGP model (necessity to use a non-ideality factor NF not equal to 1)
	Same issue with the other advanced BJT models (MEXTRAM, VBIC), where the bias dependence of the reverse Early effect is based on the ac BE capacitance parameters.
	Knowing the low collector current dc parameters, it is now possible to plot the transition voltage VTE vs. VBE (2) in oder to again validate the new model features and the extracted parameters
	From measurements, VTE can be easy deduced (only valid at low VBE) from the expression of the collector (1) current using
	.


	VTE is simulated from QJEdc/CJE0
	Using the same concept than in the SGP model for modeling the Early effect, it is possible to define an effective reverse Early voltage VER* and to plot its dependence with VBE (only valid at low VBE)
	. Decrease of VER* vs. VBE
	. It is the first time that such characteritic is shown
	.


	that leads to the value of VER*
	. From simulation
	. From measurements
	Strange behavior have been reported by CEDIC [15] on the transconductance gm using dc BE capacitance
	This behavior has been not observed (or seen) on measurements of avanced HBTs (DOTFIVE).
	Very good correspondence between simulations and experimental data for the first, second and third derivatives.
	To be clarified...
	Experimental results: IC and IB vs. VBE @ VBC = 0 V and first derivative
	Experimental results: second and third derivatives
	Very good accuracy obtained for modeling both dc and ac characteristics in a wide range of currents and voltages, even far from the fT peak.
	Transit time parameter extraction: idem HICUM/L2 [16]
	High-currents dc parameters extraction see [10]
	It is the first time that these characteristics are shown with a such accuracy
	The current gain fall-off can be accurately described thanks to the CjEdc capacitance added in HICUM/L0 version 1.2 for modeling the reverse effective Early voltage.
	Very good behavior at high current densities. The curve fitting is facilitated with the introduction of the temperature dependence of RTH
	These results demonstrate the capabilities of the new HICUM/L0 version (1.2) modeling, with a very good accuracy, advanced HBTs devices dedicated to millimeter wave applications.
	Despite these very good results, the work is not finished and the most difficult part, for a mo- deling engineer, is now to defi...
	The definition of this extraction flow is not so obvious due to the difficulty to used direct methods for the extraction of high-current parameters. This is mainly because of the strong impact of the self-heating in this region
	In consequence global optimizations are needed with many loops in dc and ac in order to obtain this kind of result. And at the end, if the extraction is performed several time, today the results (accuracy and model parameter values) are never the same.
	Now our goal is to find and to clearly define the shortest way (extraction flow) to obtain both reliable (physical and accurate) and reproducible HICUM/L0 parameters with the minimum of loops and go backs.
	The extraction of HICUM/L0 parameters is facilitated w.r.t HICUM/L2 due the de-coupling between dc and ac model equations. In HI...
	This de-coupling between dc and ac characteristics, is in fact not total because dc characte- ristics at high currents depend slightly on the critical current ICK, which can be obtained only (to my knowledge) from fT measurements.


	Normalized collector current temperature dependence
	Despite the very good results at room temperature, the temperature behavior of the collector current at low and medium current densities is not good.
	One of the causes is the thermal coefficients (TC) of the dc capacitance which are the same than those of ac capacitance. They are not adapted to describe the temperature dependence of the effective reverse Early voltage.
	Possible solution (?) add TC for dc capacitance parameters.
	Base and collector currents

	The temperature dependence of the ideal base current is well described.
	In the opposite, the temperature dependence of ideal part of the collector current in not correctly described.
	This issue exist not only in HICUM/L0 model but also in all bipolar models (SGP, HICUM/L2), where VER(T) is not well taken into account.
	This issue is critical for the accurate design of bandgap voltage reference circuits and must be solved in priority.
	Although there is no phase excess in HICUM/L0, the phase of h21e is quite good in the range of measurement.
	Magnitude and phase of h21e for VBE from 0.75 to 1V @ VBC = 0V
	But warning, as the fT is very high (250 GHZ), the effect of the phase excess is not really visible at frequencies below 100 GHZ
	Proposal: for a first order model, introduce a PTF parameter like in SGP model
	The bias dependence of RBi depends on QJE. But which QJE model to use?
	QJEdc or QJEac
	In HICUM/L0 it is QJEac

	The new version 1.2 of HICUM/L0 have been tested for very advanced HBTs dedicated to mmW applications.
	Pro and cons
	A new model reference is born!
	Very good results obtained at room temperature in comparison with other tested models SGP and HICUM/L2.
	Easy parameter extraction thanks to an accurate decoupling between dc and ac behaviors.
	Implemented in most circuit simulators.
	First scalable model library available in DOTFIVE PDK (July 2009) .
	Temperature dependence MUST be improved (idem for HICUM/L2).
	Base resistance bias dependence model must be clarified.
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