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HICUM Workshop Introduction

Introduction

 present version of HICUM C’

* partitions total mobile charge Q, into Q¢(I+) and Q(l+;)

« assigns mobile charge Q¢(lf) entirely to (internal) B'E’ B!
branch, although charge is distributed (1D) QjEi Qs

* mobile charge partitioning from quasi-static con- iBE]
siderations is arbitrary
=> to be based on dynamic terminal currents
(i.e. their phase shift) 10"

* lll-V HBT models often try to separate mobile 10° | ° Yarem o
charge into component for B’E’ and B’C’ branch ¢

* observations:

* 1D device simulation: at low forward bias, ,
[Im{y21}l/® ~ Jc although Qjc; depends only on Vgc 0] o8

Im{Y___}/e (F)

nnnnnnn

« measurements: slightly larger phase shift in yo4 /

10 10 10

=> i 2
cause of increase” I A

=> investigate necessity of charge "partitioning" and possible modeling options

© AP, SL, MS 3



HICUM Workshop Analysis

Analysis

« Taking the derivatives of Qs and Q, yields the capacitances:

dO dO dQ dQ
- _=I - 1A = _=r = =
CdEe dVBE ’ CdEc dVBC ’ CdCe dVBE ’ CdCc dVBC
Vac Vi Ve Vi
=> possible 1D small-signal (HICUM) equivalent circuit
* "cross-coupled" capacitances repre- .
sent charge controlled by other J/COCdCeMBE
branch voltage . ¢ y o—oC
J 9ci - 1Cici Cace /
* Note: mobile charge in BC SCR T T
affects both Q;c; and Q¢ Bt } ° ° I D Jo
~ . _ Ciei | Cdee
=> physics-based approach:
* Q; » Q, + tgclys includes mobile charge JjBEi . R
in BC SCR at low and medium bias , \
E joCgecVpe

* current dependence of Cjc; at medium
and high current densities

=> is modification of these elements sufficient?
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Corresponding transit time

« Calculation of transit time corresponding to increase of Im{y»1}.

B Sm(LVm)
o = (S

: . Sm(yy)
= —CjCi(VBC))/gm with CjCi: lim —————.

I:—0 Q)

« Comparison of 1D quasi-static transit times 1, = ’CBC+’CpC with T = de/d]C‘VCE

8 v Ref » Good agreement for not too high cur-
— REGAP rent densities
6! * In HICUM:
@ The ~ frthﬂl
= 4
o ) and
2 Tgc = ST
Sy ¥ ¥ g VY
O | | with unknown partitioning factor f_g¢
10° 10 10" => difficult to extract
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Charge partitioning

» difficulty to determine separate components in transit time and distinguish phase
shift contributions from Cgc, RgCpge, NQS effect in y,4 experimental data

» requirement for distributing charge to BE and BC branch:
Total charge at B’ node has to remain the same (=> accurate y{1 modeling)

=> general and flexible approach: partitioning factor for Qs

. _ . C’
iBCi A Qci LG,

Qr Qs ¢ = finc™ Qs

B’O @ Q J iT
. |
= Qf Qe = (1-finc) Qs

igE|

E7
=> Q ; leads to additional phase shift and bias dependence of y»4

* Note: NQS effect now needs to be applied to Qs ¢ only
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Results

* simple physics-based approach, Qs = tgclys, vs. general approach, Qs = f.,cQs

1D device simulation experimental results
4 —_— 4
10 w : : x Vege=0V 10 ‘
o Ref - ) BC « Y, . ,meas .-
3 [~ QjCi+fT hCQf I" 3 2 Yll 1" \\‘ S
10° H.__ Q _+1 %] g ' o Yo meas ; v c)o
,L-L\ jiCi C C , || EL\ 3 ___Y model 'l |‘ o
= iCi 5 = 107} 11’ ) ," o°:’°° ¥
2 S Yo Tinc™0 4
N x — 4 Rl (]
Z’_:\I Z;X , —Y21, f’ChC_OS : x,’
E £ 107 o
| - 1
1
10 ‘
107 10° ) 10°
J.. (MA/m?) 3., (MA/m?)
=> significant improvement => some improvement

- effect masked in experimental data by influence of RgCgg, Cgc, NQS effect
=> time constant difficult to extract from measured data
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VBC dependence
Comparison for different Vg (1D device simulation)

Vgc=(0.5,0,-0.5,-1.0) V relative error

10 100
‘ ‘ -
3 — Qc*Tencs yal
10 80---Qc*ce I
n
s 10° 60!
&' 1 w 40t
Z 10
E 20/
0
10 & o
-20 -7 5 3 1 1 3
107 10° 10° 10* 100 10° 10 100 100 10 100 10

3. (MA/M?) 3o (MAm?)
» Both approaches reduce error significantly

» General approach more easy to extract

* Using tg¢ is more physics-based but requires also separation of 4
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Modeling the collector field

* Goal: model Q;c; (and wgc) by bias dependent electric field E;¢ at the BC-junction:
Opci = €E;c(Vpep irp)

dE;c(Vpcp iry)
AV

and C,, = sdEjC(VBCi’ ‘1)
© dVpg;

VB'E' VB‘ c

=> corresponding small-signal equivalent circuit

o ° . * oC’
ngCI CJ J(DCC CdCC j(DCdCe
Nl @MBE Vge
CjEi\/ Cote | inC
— - J\(/’O dCe
JiBE| ~BE
® ®
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Brief review of bias dependent field

» Poisson eq. for low-bias electric field in collector: Cé—f =2

QN

(Np;—n) withn = J./qv,

» Resulting field shape under different operating conditions (note change of field sign)
no punch-through punch-through
C E.~t ' C
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Modeling the electric field

* Poisson equation with current dependence: aE _ “(NH;—n) = Q(N ——JT>
. dx e Ci e Ci qvn
 simplified model for electron velocity: v, = v £
" SnElim +E

E.-—FE(x _
- solution: i B )—ﬁln(w) — x (valid only in SCR)
a a2 anC—b
N.o J N J
witha = —<(1--L) and b - =C9Lg,
& ‘]lim & ‘]lim

Wi
Boundary condition from V-, = —_[ E(x)dx
0

=> Ve, = 5-(El—E20)+ 2w, (valid at all biases)
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Compact collector field model

|
low-current electric field at Vg=0: i X'=0 (X=X;c) X'=Wc;
) |>
E OiciVpei) |
7C00 —sAE I
e '
JC |
Low-current electric field: I
E(x)v
Veriry—Lcx

E. - (Vyprir) = Eqp—
JCL T BC IS Kl Wei djimfofe

Eco(Vge) = Ejcoo— ;AE /

1. = eos((57))
= cos|| =
0 Wc;i Eic 2¢
|>
I |
: : 0 Wi
-
I | I
Je | Je | I
I | E | |
E(x)V E(x)V CKI |
. 0 I
EjC(VBC’ in) - Jz(aVCi_bWCi)JrEvzvc E. o VPTle_ LPT} VCi :
. E. )= | Lt
with jolVac i) = | pr| Wei imlo E(x)V
iry/ Lyim Ir—1 V.
Eye = B _Ja—(a=b) ) __ Eex E(Vpe) = Eppy = ==
V=i Ly Jo= Lijy,  with a = E, +E, b= E, +E.q JCLTBC CKLw,,
b
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Modeling the collector field

Results

1D device simulation

4

10 . .
* Y11’ sim :Qq
10" ° iﬂ, z::dm f =0 i
TR 11’ " the
o T
lﬁ """ 11’ "the T
Z"_,N 101 _Y21, model, fThC = O.2x
E -
|
10° | o
% 1 2 3 4 10’ 10° 10° 10" 100 10°

J c (mA/umz) J c (mA/pmz)

=> good results for y,4, especially when combining with charge partitioning model

* Issues to be solved yet
« numerical problems for Ji > Jk still exist

- Different extraction method necessary, since dQ;c/dit is generally included in 17 determina-
tion and parameter extraction

=> field model will allow to also include non-local effects and will be more predictive

© AP, SL, MS 13



HICUM Workshop Conclusions

Conclusions

Observations
1D device simulation shows bias dependence and additional phase shift of Im{y4}
* measurements seem to show slightly larger y,4 phase shift than model

Discrepancies traced back to
* current dependence of internal BC depletion charge Q;¢; and
 lumping mobile charge in BC SCR into BE diffusion capacitance

Physics-based modeling approach for both elements
« BC SCR charge portion of Qfwas moved to the internal BC-branch
* current dependence of Q;c; modeled via electric field in the collector

=> combining both approaches leads in very good results

Further work necessary

« field model to be made numerically smooth
« verify BC SCR charge model in BC branch for different technologies
* need parameter extraction method for determining Q;c{Jc) and BC SCR charge

 couple field model to non-local avalanche breakdown and tunneling current calculation
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