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OUTLINE

Introduction

* Highest speed in BJT/HBT circuits Is typically obtained by maximizing the
current drive into the load, possibly by increasing the collector current den-
sity even beyond peak f operating point (optimization problem)

=> need modeling of high-current region and associated effects

« Even if operation only up to peak ft is desirable, the f+ drop at high current
densities needs to be described sufficiently accurate.

« High-current effects have been widely discussed in literature since 1950s
» 1962 paper of Kirk coined the name "Kirk" effect

» Later papers showing carrier densities at high current densities led to designations "base
widening" and "base push-out"

« Some literature also state that operation beyond Ji,, = gN¢jVvg leads to high-
current effects and, hence, should be avoided => incorrect notion!

=> there seems to be confusion as to what these designations physically mean
and how mobile charge and transit/storage time relate to each other
=> clarify physics of high-current effects and their modeling
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Analysis approach

» 1D transistor structure is sufficient

* lightly doped epi-collector: 1022 . ———
width wg; = 0.375 um —_Ee} dgplng_
doping concentr. N~ = 2 101% ¢m™ ole density
ping - INCI w 1020} ----electron density|
_ _ _ 2
=> Jiim = AqN¢jVsn = 0.34 mA/um S .
* Vg, = 1.07 107 cm/s (electron drift saturation < 10181 '
. [ il W
velocity) = 1 Ci :
* g (elementary charge) : A
* Upcio = 1066 cm?/Vs (low-field electron 1016 | : ‘ ol
mobility in collector region) oA s |
0 0.1 0.2 03 04 0.5

X/ um

transit frequency ft used for quantitatively evaluating the various notions

 fr determined from extrapolating single-pole frequency dependence of small-signal current
gain in common emitter configuration

« 2D/3D effects will only change absolute collector current at which f+ starts
deteriorating for a given device size
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Transit frequency

... from 1D device simulation

* wide range of Vg (Or Veorp)
« high-current effects => f+ drop

e current density at
depends on Vg

peak ft

e for higher voltages, Jc at peak
fr exceeds Jjim,

=> no single onset current
density for high-current effects
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« for analysis, instead of Vg (or V) => use internal collector voltage:

Wei ]
V, = —jo Edx=Vpe —Vge = Voltage drop across epi-collector
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High voltage operation

High voltage operation
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High voltage operation

Electric field, carrier density and drift velocity

0+ —
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1« electron density in BC SCR at
high fields

1
\i _ ch 0.02mA/u m?

i —ch [':v.3m.»ﬂ~u"pm2

n=n,=J/(Qv,o)

* Poisson eq. in BC SCR:

Moy I
dx £ Jji

with Jiim = ANgiVps

* neutral collector at Xjc once

E(XjC) = EIim = Vns/p"nCiO

Uncio: low-field mobility in C

* Viim = EjimWc;

= high injection starts when electric field at x;c drops below Ejy,
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High voltage operation

High-voltage case
... conclusions from device simulation analysis

horizontal field is reached at Jc = Jjy,, but electrons have saturation velocity
=> transistor still functions "as usual”

* once E(x;c) reaches Ej,, => drift velocity drops strongly
=> current can only be supported by additional (diffusion) current

=> carrier gradient and n > Ng; at Xjc => excess charge storage

dE, _
—=x' with
dx

dE, _ qNCi(l_‘]Ckh)

» electric field in collector: E(x') = -E;;,,+ X " -

Jlim

Wei
e critical current density from v = —_[ Edx
0
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High voltage operation

Critical current density at high voltages

V.-V,
— Cl lim| — _
Jekh = ‘Jlim[l'i' V—PT} => can exceed Jjm,
1.5 -
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* Notel: ignoring V)i, leads to significantly overprediction of J(ft drop)

» Note2: future advanced HBTs operate in collector punch-through
Theory of high voltages was not treated by Kirk!
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Low-voltage operation

Low-voltage operation

© MS 10



Low-voltage operation

Kirk’s contribution

o assumptions for deriving BC SCR
width and injection width:
« spatially constant N¢; and complete ionization
* negligible SCR extension into the base region;
» negligible hole carrier and current density;
» negligible recombination;
« spatially constant carrier velocity v,, = Vps;

%
o

)
o

E /(kV/cm)
w
o

—J_=0.017mA
= 40! JC_0102 A e zero voltage drop in the undepleted portion
=g of the collector, i.e. E(wgc) =0
50t J=0484mA 1 => revoked during derivation
60— | | |
0.1 0.2 0.3 0.4 1 — ‘JC/‘J
X / um =2 Wgc = WBC%/ >
1-Jc/dim

=> Kirk arrives at correct result by revoking an unnecessary assumption

 NOTE: theory is valid only for wide epi collector layers
(for which the BC SCR region collapses at high current densities)
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Low-voltage operation

Kirk’s result ...
BC SCR width J, = q“nCiONCivci - é injection width
Wi .
B 1_‘JC/‘J0 Ci F'cio W, = WCi(l_‘JO/JC)
Wec = Weco, |13 /70
C’” ¥lim
05 [ 1
/Kirk
0:2 0:3 0.4
Jo / (mA/um?)

Jo ! (MA/umM?)
..versus device simulation & improved theories
_ 1-Jc/ Jek W = Wei(1=Jcki/Je)
Wec = Weco, |73 /3
C’ ¥lim Jo
Jeki = AMnci(Eck)NgiEex = V711
[1+(—Cr') J
Vii
12
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Low-voltage operation

Summary of critical currents

o Kirk:
gL N V.. 15—
3, = Hncio CIVCi - ¢ ;
W I~ /
Ci Cio J,
» improved low-voltage theory: e 1 /
-1 I -
! ‘,.-"’ CK
Je = %o E /Jokn
CKI = RV, = l o
1+(l’_cl_ Y 0 05| & Jofrpk ]
Vll 2 —J‘-’ e, ?---:-:_-Lu_-_-_-._-._-._-._-._ f
.J e Ia‘ aj--ﬁ """
. [im /
» high-voltage theory 0 g ~CK |
V=V O 1 2 3 4 5 &
‘JCKh = J”m[l+ ——\-/-;r——:| VCi / (V)

* Jck: smooth combination of Jck and Jekp
=> theory yields consistently higher Jck than Jc(fr peak)

 caused by V. from terminal voltages being larger than voltage drop across epi collector
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Misconceptions about base widening

Misconceptions about base widening

(a.k.a. current-induced base region)
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Misconceptions about base widening

Collector injection zone

* notion: minority carrier density gradient from neutral base region extends

Into collector injection zone

10
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device simulation

=> schematic view

Wi

Xg Xic X

1. the gradient of the electron density in base and collector is different
(due to different drift fields, doping concentrations => different mobility & velocity)

2. minority charge in the collector consists of holes, not electrons
=> holes have very different base exit velocity
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Misconceptions about base widening

Charge storage at high current densities
» notion of extended base leads to simple extension of transit time
2
(WBm + Wi) Wpm + W,

T = — + —— With Wg oyt = Wy + W;
FC“nVT Vi, ’

. Vn: base exit velocity; F: field factor; .. average mobility in total base region;

=> Incorrect approach since "DC" ratio T = Q,g/lc Is assumed

» measured transit time results from small-signal operation:

.= d(Qnp + Qpc) _ dc—?nB(Jc) N deC(JC)

dJ. dJ. dJ.
W2 Wg W W-2(J )
with Q,5(J )5( Bm_, __Bm C'jJ and Q,c(Jdp) = ——=—J
e FelngVy 2uncioVr) © P T AoV ©
2 2
—> o VBm , WemWei WiUc) [ZWCi_l}
FelngVr 2UncioVT  HncioVTL W

=> all formulations based on "extended" base notion are incorrect!
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Misconceptions about base widening

"DC" versus "AC" transit/storage time

« Example SPICE Gummel-Poon model:
stored minority charge is calculated as Q;pc = T where Ty(lc, Vi) is sup-
posed to be the bias dependent small-signal forward transit time
=> nserting T; from small-signal measurement grossly overestimates charge

W77 _9Qrpc oA _
. ey T - — T
o Qf DC / / 17 f, DC dl P C =T
= 15 ’ ,rJr ,f/ J C A0F- £ ........ %7;;.—""’- ................
s e | ; ;

% /;, / 3 I q 5
NG T0] B S oif S/ S Qf-,--AC— - fo Ts |
8 /!IlIr 4
v ! :
O“_ 5 ........... l!/ .......... }/,r ....................................
" 4 ;
@] P . : : ;
0 i | Q =7 | 0 i

0 05 1 15 <hbc  "LACC 0 05 1 15
Jo !/ (mAjm?) Jo ! (mAjum?)

« AC simulation with DC charge gives far too large transit time (& too low fy)

=> all formulations based on a DC transit time are incorrect or
at least inconsistent with measurements!
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Misconceptions about base widening

Conclusions

* Reviewed physics and modeling of high-current operation of BJTs and HBTs
(incl. classical literature and text books)

1. Original theory of Kirk covers low-voltage case only, which corresponds to operation
at Vepr < 0.5 Vin today’s BJTs/HBTs

2. Notion of base widening was shown (i) to be physically incorrect and (ii) to lead to
incorrect description of charge and small-signal transit time for base and collector

3. Notion of single current density level (J;i,,) as onset for high injection into epi-collec-
tor is invalid

» Correct formulations have been provided for
(a) calculating minority charge in base and collector and
(b) the onset of high injection into collector at "high" voltages

=> suggestion: use designation high-current effects to avoid miscon-
ceptions or misleading information
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Misconceptions about base widening
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