austriamicrosystems

a leap ahead in analog

A Novel Low-bias Charge ConceptigRHBT/BJT
Models Including Heterobandg_ perature

Effects —Part I: Theory and Model I entation

10th Hicum Workshop at TU 4
Dresden, Germany, 24 September 2010




é@ austriamicrosystems

. a leap ahead in analog
Outline

» BJT/HBT transfer current and (hole) charge

» the principal low bias charge formula

* overview of the AC linked model approaches

» the generic low bias charge concept

* AC linked & bandgap feature temperature dependences

* model implementation

Note: fully rigorous treatments are included in [1]
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Transfer Current and Charge
exo| " | -exn[ " | Derived by Moll-Ross [2] for low
fr= @ Ae Ve ~— injection, generalized to all injection

et (07 () conditions by Gummel [3] as ICCR
(each at Bell, but [2] not cited in [3]!)

xC 2
Q,r =q-AE-j””(xR)°"" CR) o (x)- dx

= Hy () - o Extending by constants in x, the
TR Hicum form is obtained with the Q,;
- exp( v, J‘e"P( v, j hole charge in denominator
roe 0,r
Space charge neutrality for low injection implies r(0) =N, = N()
Low bias hole charge: U, () nd ()

Our tow =445 | N (x)-dx

(see figure on slide #5) A ACNINC)
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Low bias hole Charge a leap ahead in analog
The effective doping density has been suggested in [4] as

f, (xg) n] (xg)

f, (x)-nj (x)
The Moll-Ross-Gummel or MRG function is introduced by

N (x) = -N(x)=m(x,T)-N(x)

/un (xR ’TO)
My (X’TO)

T Vo

m(x,T)=m, (x)-exp{— m, (x) =

Variable bandgap in the base makes the MRG function
temperature dependent.
An analytic technique - not used so far - will be adopted for
model construction enabling a consistent discussion of the
bias and temperature controlled operation modes
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. a leap ahead in analo
Low bias hole charge, cont.'d : :
emitter (E) base (B) collector (C) holes are Only |n

0 _XJ'E . Xc [XdEb’XdCb]
§ ° T o xdCb
E p~0 p~0 p(X) p~0 / p~0 :E_J QpT _low — q - AE ) INeﬁ ()C) - dx
g = xdEb
_E XdEe0 XGEb0 XdCbO  XdCco %_ xdCbh 0
2 "l / 0p0=q A [Ny ()

X
m

XdEe XdEb XdCb XdCe Xc xdEbQ

At low bias in the forward active mode the hole density is
negligible in the emitter and collector n-type quasineutral regions.
Shaded rectangles represent the electrostatic (ES) charge of the
doping centers when the depletion layer boundaries are displaced

from their equilibrium (zero subscripted) positions.
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a leap ahead in analog

The principal low bias charge formula
Apply a small forward bias increment to the BE junction

R
a%fg{e = m(x g (vbiei) - C i (vbiei) ~ denotes AC related quantities
Similarly for the BC side
agigi—cl;w = m(xaq (bici)-C s bici)  pair of PDEs has the solution

dCh Qur_tow =Cpo T+
o =4 ;EZV o (57 4 ‘-’be;fz(xdgb (1)) -C j5; () du+be;fz<deb )€ () du

As long as the depletion approxmatlon IS accepted the two
forms are equivalent
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Junction related charges: terminology and implicatiofr

xdEb O vbiei
O =q-Ap | N()-dx = j C i (u) - du Emitter AC (ES) charge

xdEb

) Ch wbic Collector AC (ES) charge

Qici =4 Ag IN(x) dx = ICJC, (u)-du
xdCb 0

xdEb O vbiei

O =q-Ap | Ny (x)-dx = j m(xam (1) C i o) -du Emitter MRG charge

xdEb
xdCb vbzcz

Ojc =q-Ap [Ny (x)-dx = j m(xac, ) - C e )-anCollector MRG charge

xdCb 0

The MRG charges are the weighted integrals of the capacitances.
A linear MRG to AC charge relationship assumed in all
present models is not a mandatory approximation!
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Approximation of the MRG charges by averages """
Second mean value theorem of integrals yields

é. vbiJi Vbl.]l
m, = éﬂ = jm(xdjb (u))-cjﬁ(u)-du/ C(w)-du J=E,C
jli y

o o

~ ~

Normalized charge function at nominal temperature

1 bili 1-zJi
D 7o = | 1= 1—VZ.Z
1—2zJi vdlJi,

|mp|leS Qo1 _1ow To) = Q1o +mpg ’éjEiO(TO)’{;deiO ’&)ETO +mg 'CjCiO(TO)'gdCiO ‘a’CTo

GPM, VBIC and MEXTRAM use normalized formulations
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AC linked approaches
TranSition VOltageS: Vv (vbiei) = vdei, -&DETO Ve (vbici) = vdci, -&DCTO
QpO QpO
: ver = = vef = =
Early voltages: 7o € o (T0) e C oo To)

Vg (vbiei) N Ve (vbici)

Normalized charge:  Qur_iw =Qpoapr  apr =1+

ver vef

~ ~

Hicum looks different; |2ur _iow = Qpo + hjei - Q jg; (vbiei) + hjci - Q j; (vbici)

xdJb 0 xdJb 0 é
hj; =q-Ag Jm(x)'N(X)'dx/q'AE J-N(x)‘dXZ s =m,
xdJb xdJb Ji

From Q,; ,,, aspect GPM==VBIC==MEXTRAM ==HICUM
It is justified to term these approaches ,,AC linked"

since ES capacitances & charges are measured by AC methods
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Problems with AC linked approaches, all models """
Negative IS, VER were reported in [4] for a 250GHz device
0.35 ‘ | |

\ X -
03 . : ic vbe)
is=4.041e-16A icnorm = — - exp| — e A
I LS .
025 ver=0.265 ! " s=3.716e-16A
A ikf= 6.8506-04A " ver=0051
0. S ikf=1.124e-04A
O o -0.1 & ]
15 G
VOei= 0.810
01 z6i=0.147 O ] o5t
3e=6.740 : VOsi=0.716
0.05 : f z6i= 0,162
? ° a_|e|= 1540
8 * s 03 * *
4 0.6 0.8 1 4 0.6 0.8 1
Vee [V] Vbe [VI
7/0GHz device, falling curve 250 GHz device, rising curve

IS, ver can be extracted IS, ver can not be extracted
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The generic low bias charge approach, primitives """

No theoretical coercion exists which should demand an AC charge
term in the related MRG charge expression

 Maxwell equation div(D)=c linking electrical displacement to space
charge is valid for any kinds of spatial charge distributions

* 1D integral form —Gauss' theorem - implies depletion capacitance and
charge relations

« Semi-empirical capacitance relations do not restrict the shape of the
charge distribution i.e. shape of the doping concentration N(x)

» Consequently C-Q type functions can be constructed to any N(x)
incl. the effective doping concentration Neff(x) as well [4]

Qpr _ 1| (vbiei}_ex (vbici} parameters incorporated in Q,r can
a0 1 |\ vy Nz be extracted from the known RHS
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The generic low bias charge approach, formulatiof”™ "

xdEb O xdCb

Oyt 1w = Qoo+ Ap [ Nog ()-dx+g-Ag - [Ny (2)-dx
xdEDb xdCb 0

QpT_low = QpO +QjE +QjC

» MRG charge parameters are extracted from the DC data
» Moderate Vj shift by Ge content directly addressed at extraction

* MRG ,depletion boundaries” differ from AC ones but this is indifferent
from DC point of view (positions do not control anything)

Each junction shall be attributed a pair of independent MRG and AC
charge component to, the former responsible for the DC, the latter for
the AC behaviour

12 © 2010 austriamicrosystems



é@ austriamicrosystems

The generic low bias charge approach, example """

Abrupt exponential EB junction was numerically computed with
Npg = 2.10200m_3NA (x) =Ny exp(=77-x/Wpg)N 40 = 1.10°%em™> n=4.5 Wy =50nm
xp =08Wg AV IV, =4, linear ramp

22 1
T

10 TT | T O d A"I;i
, : — N(x) AC /
o1 : A R Neff(x) ] o Qurae f
10 Ee 1 1 Neff_Ge(X) ? 0.8— A :40
1 1 ]
1 1
20 L : 2
510 : : £
| L B
£ [Tl : : 506 130
LS. 9 Sy e ) __
=10 R V% ! N o
[eh) — s 1 © E
= ' STl S04 120
=2 10187 : | '~,.,./ ;;;; § .
1 1 .’~, -
> =3 G | e
10" S st TR g o™ )
S ¥ 0.2 10
Q! Qo ach
16 > > s
1 0 1 I | ! 1 - \::::.Aﬁzé- o e e —— Sttt |
0 0.2 0.4 0.6 0.8 1 = e

X/ Wy 0 01 02 03 05 06 07

Charge curves on RHS plot should overlap by ACth)fm(ed theory!
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Temperature dependence: homobandgap
-z B I-z 1_2_
_— . VtOf _ . _ 1 Vd . vat
C](T)_C]O(TO) (Vdoj QJ(T)_Q]nom (I)T (I)T_I_Z (deJ [Vdo)

Ve =vd =V Qiom =C0(Ty)-vd,  t0 be used below without verification

Total derivative w.r.t. temperature: ~ 9%prtow _ 9Qr | 9Qjc

dT oT  oT
The emitter part from the AC linked approach reads
anE X 410 ot anEi (u) |

du

=—q-Ag- N o (Xyppo) + Mg - j

o

oT oT oT

Integrand:

aéjEi aéjE,- dvbiei I, _ aéjEi ~d(vdei)

OT  ovbiei dv,, T  ovbiei  dT
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Temperature dependence: homobandgap, cont.'d“ ="

First term: —q Ag- 8x5;b0 "N o (Xggp0) = M(X4gp0) - 3?;;? ' aav‘iiji ' ag;ft =
—m(Xggp0) - éjEiO ‘ d(;iei)
Substitution reveals a new model parameter and a PDE w.r.t. vdei
5E = m();_jjb()) aa(VQdJZ.) =—mg '(515 'éjEiO + éjEi - éjEiO)
Similarly for the collector side
Oc = m(;_;lCCbo) aa(fd]ci) =—m¢ (0¢ 'éjcl'o T éjCi _éjCiO)

Solution of the pair of PDEs must contain a bias and temperature
independent constant Q,,, redefined to
»quiescent hole charge”
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a leap ahead in analog

Temperature dependence: final result
Integrals can be performed w.r.t. the built in voltages yielding

~

1-z
QpT_low - QpO Tmg 'QjEnom 'FET Tme 'Qanom 'FCT 1_‘JT — 1— zji ' 1_(Vdjio

+ P,

~ ~

zel
vdei -~ DX
2_( T} }Fh]ﬂ 'QjEnom - D pr + hyci ‘Qjcnom Dy

Hicum/L2v24: Qo1 10w =Qpo -

Neither the E nor the C terms agree. Inserting an additional segment in
the undepleted base region, Qpo should change but its temperature
dependence should not since the added segment is T-independent

The generic approach yields with 7y =mc =1

vdei,

QpT_low = QpO + QjEnom ) 1—‘ET + Qanom | 1—‘CT

Model parameters o, change accordingly but all functional forms
stay the same
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Temperature dependence: heterobandgap
Temperature variation of the quiescent hole charge:

T

T -Neﬁ(x)-dxz—

a xdCb0
0 _,.,, " 2t 4 (0 Ny 3)-ds

xdCb0
q-Ag - v
T0

xdEbO xdEb O

Approximately 7mV bandgap reduction can be achieved in Si by adding 1%
Ge contaminant. A typical Ge ramp of 15% yields approximately AV%TO =4
what is small to N «(x) allowing a separation

xdCbh0

]Neﬁf(x)-dx jNeﬁ(x)-dx
xdEb 0

‘o Xd'c"bO{AVG (x) — AV, (xg)

v
xdEb 0 ro

an() _ d (_ TO

Resulting solution of the PDE ——=—- T]-JGO-on reads

T
Q70 =20 -eprl —FOJ ' (Go}
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Temperature dependence: heterobandgap, cont.d”"" "
Temperature variation of the emitter MRG charge is approximately:

xdEb O

00 ;p 9 In(m(x))
T j oT

N o (x)-dx
xdEb

As before, it yields for the £ and C nominal MRG charges

_ T — T,
Q]C'J;Enom = QjEnom EXp |:£1 - ?Oj ' gGE :| QJGCnom = Qanom EXp |:£1 - 7()) ' QVGC j|

The integration limits x4, and x,¢, also change in the PDEs what have been
neglected here as second orders. It is proven in [1] though that the above
temperature variations are exact for Cg,and Ci,

QICJ;T _low ~ QgO + Qj(z]nom | FET + Q](';Cnom ' FCT
This general result has been achieved w/o assuming any specific Ge
profile as opposed to [6]
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a leap ahead in analog

Temperature dependence: illustration

©

Blue: BG related increments g

75CY &

ke

=

S

S

RN, | e &

Vbe=0.65V — =
xdEbO xdCb0 8

N

Blue: BG related decrements — -20CY }%

Net Q,r o, resides in black frames (Q; was negligible this case)

Junction and BG related temperature variations are ,,orthogonal®
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Temperature dependence: low bias transit time arnd Qg™

Bandgap induced temperature variation affects the low bias transit time as
well. With approximation for large drift factors

1_;11 1_;11
ty = Wy -(Toj S M) = Wi '(TO] L
Moo Vro T - Moo Vro T 1 ofr

The effective drift factor at a linear Ge ramp reads

T, AVg

T Vg

This adds a mild further variation to the homobandgap case what can be

conveniently absorbed by the existing quadratic temperature mapping

neﬁ :77—'_

to(T) = to(Ty) [l + alt O~ (T = Ty) + ke 0 - (T —Ty)? |

No change in f, and Qy, is required
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Temperature dependence: weight of E minority charge™

j (T () d

hfe(T) = £ ~ Hn(Xr) -exp lo  AVe(xp) = AVer Xp <6p <Xxjp AVgp=BGNg
TIE 1, (SE) r Vro
jpE(x)-dx

vgb —vge

—zetatef
tef O(T') = tef O(T,) (?j -exp{— ( —%ﬂ std. temperature dependence

T0

—zetatef _
Wfe(T')- AQyy (T) = hfe(T) - 1ef O(T) - (other terms) o< (E] .exp{_ vgh—vgey _(1 B H
r Vro r

T —zetatef b— . T -
tef O(T) = tef (T, ) (Toj -exp{—"g s -(l——oﬂ modified vge
Vo T

hfe stays constant with its T-dependence absorbed by tef0(T)
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Temperature dependence: weight of C minority charge

jmc (x,T)- pe(x)-dx

hfe(T) = ~<

ACH. ,eXp{TO AV (xp)

X, <é-<xo BGN =0
M, (Sc) r Vro } e ome e ‘

Xc
j pe(x)-dx
Xc

thcs(T) can only partially absorb

1—zetaci
_ 1o
thes(T') = thes(Ty) (T) the bandgap feature effects

st — st )(& jlzem- .exp{_ AV -(1- T, ﬂ modified thes(T) would allow
T Vro T )| leaving htc constant

Either hfc should be scaled as shown or the temperature dependence
of thes should be modified (preferred). Needs more experiment or
TCAD to decide: no modification in this framework.
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Temperature dependence: base resistance
The quiescent part of the stored minority charge with typically fporo <0

xdCb 0 xdCb 0
xdEb 0 xdEb 0

The conductivity modulation is to be re-written by the total AC junction
related charges referenced to the quiescent depletion boundaries [5]

i =Tgio "=

L
Qo+ Qjkor +Qjcior TO5 1=z vd
Refines temperature dependence. rbi is overaddressed in the model:

change is justified only along with other due updates

Tetrode structures are not able to detect the bandgap related
temperature variation of Q,,
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Model implementation: HICUM/L2v2.24G

AV, (xp) T,
Voo T

The bandgap shrink in the reference point has been tacitly merged in vgb
since the introduction of the model thus c., will be kept as it is.

vbiei vbici
exp — exp

G G G =
Qpothji - Qpoler+hi - Qpoler+0QumUp,Irp)

nl2 (xp,T)= nl-z’Si -exp[

Iy =c¢-

— ~

. . T,
hjei _ Q]Enom hjci _ Q]Cnom thei — hjei - exp _70 . é/GE
QpO QpO - _
T G T,
Q,(p}():on'eXPK —70]{(;0} Nii =hje -exp —70 CGe

Reverse active mode of operation is usually irrelevant henc_:e the C
side has been left AC linked. No other changes than indicated.
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HICUM/L2v2.24G: alternative IS parameter

This model formulation allows for “pseudo-normalization” by specifying is#0
which case ¢10=is*qp0 is internally computed by the code.

is Q.o - exp( vbiei j—GXP(VbiCij
nominal temperature: - mef Vi Vy

= — =
Qpothig QpoTerthjci Qo Tor +QpUp,Ig)

Qr vanishes at low currents implying Q,, to cancel out. Extraction of or
importing is, hjei and hjci becomes a straightforward procedure. This will be
essential for bandgap features parameter extraction.

The correlation nightmare among ¢10, gp0, hjei, hjci existing in the
stdandard Hicum/L2 formulations at low bias has been removed,
making the model uniquely extractable for these parameters
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o 0.1"QPO_card
QPO card
10*QPO _card

X

IS is active

0.6

VBE VI

1

é@ austriamicrosystems

UM/L2v2.24G: pseudo-normalization

a leap ahead in analog

o 0.1"QPO_card
QPO _card
<~ 10*QPO_card

*C1 0 is active (1S=0)

0.4

0.6

VBE VI

0.8 1

Vbe<= 0.7 interval is invariant to range of order qp0 variations. qp0 is a
medium-current parameter: its extraction by low bias methods like
using tetrode structures might be error prone

26
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Additional model parameters, HICUM/L2v2.24G "

no | name description default| range [unififactor
1 | delte coefficient oft :r:pzeerrac:ubri:i aerrir;‘ittit:::I MRG charge 0 [0 In f) i )
2 | deltc coefficient of IZem :c:rrztziraesvc;:laetti:ct’zr MRG charge 0 [0 In f) i )
3 ZetagO bandgap parameter of the quiescent hole charge 0 :-’ 0:1 0 - -
4 |zetage| bandgap parameter of the emitter MRG charge 0 ([-10:10]] - -
5 zetagc|bandgap parameter of the collector MRG charge 0 :-’ 0:1 0 - -
6 | zedc grading factor of the emitter MRG charge 09 [0:1) | - -
[ lvdedc| builtin potential of the emitter MRG charge 0.9 (01 O] V -
8 aj edc ratio maximu(t::l ;:)gzee\r’z I?;;z \éargjdei ;ftthe B-E MRG 10 [0 In f) i )
9 IS saturation current (alternative to c10) 0 [O 1 ] A M

N
~
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Model implementation, HICUM/LOv1.2G
vor = _iijm e =pK —%j;} Cvir = Co0—Con
vef = éi‘:m - hjla. vef © = vef -exp:(l—TT—Oj-CVEF} Coer = Coo—Coc
CioF =CGo  €XPr =eXp_(1—TT—Oj-§1QF}

igf © =iqf -exp; iqr® =iqr-exp; iqfh® =igfh-exp; iqfe€ =igfe-exp, (igfe = iqfh /1fh)

‘e exp[ vbiei ] B exp( vbici ]
is “ (T) :iS(TO)(TLJ -epr:f—b—f]ij(l—T—OH G mcf -V mcr -V

0 T0 T )|y =1is™ G
QpT

This looks fairly complicated: normalization smears the bandgap effects all
over the model. Theoretical advantage of the provident omission of
normalization in HICUM/L2 is evident.
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Additional model parameters, HICUM/LOv1.2G "

no| name description default| range juniffactor
1 delte coefficient oft :r:pzeerrac:ubri:i aerrir;‘ittit:::I MRG charge 0 [0 In f) i i
2 | deltc coefficient of IZem :c:rrztziraesvc;:laetti:ct’zr MRG charge 0 [0 Inf) i i
3 |zetaver bandgap paran;:e)teef;ig:‘ et:te reverse Early 0 [_, 0:1 0] i i
4 |zetavef bandgap pararr;zt:f:cizmi‘ et:f forward Early 0 [_, 0:1 0] i i
5 1ibhrec | specific BC barrier recombination current 0 O 1 ] A M
oo ™ e 0| 1 [A] W

29
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S u m m a ry a leap ahead in analog

* a principal low bias charge expression has been derived relying
on the widely accepted depletion approximation

» the AC linked approach has been shown to be only an option
with the risk of implying model misfit at advanced SiGe devices

* a generic approach has been suggested for the MRG charges

* novel quiescent low bias charge concept and consistent
bandgap feature temperature model have been proposed

* model was implemented in MATLAB and benchmarked to the
modified VA codes Hicum/L2v2.24G and Hicum/LOv1.2
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Ap p re Ci ati O n a leap ahead in analog

It is honourable mention the vision of the Hicum originators
Prof. Dr.-Ing. H. M. Rein and Prof. Dr.-Ing. M. Schroter

for having proposed a model such that it seamlessly allows for
extensions not relevant at the time of its native formulation
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a leap ahead in analog
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