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Extension of the Collector Charge Description
for Compact Bipolar Epilayer Models
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Abstract—In this paper, an extension to the collector charge
description for compact bipolar epilayer models is presented.
With this extension, monotonic fr and Early-voltage behavior
is ensured when transistor operation extends into the quasi-
saturation region. The modification leads to a major improvement
in the modeling of nonlinear distortion at high current levels and
high frequencies. N2

I. INTRODUCTION

URING quasi-saturation (QS), when the internal base
collector junction of a bipolar transistor becomes forward e
biased, the injection of minority charge carriers into the .
epilayer leads to the build up of a storage charge as well @g 1. simpiified circuit model of a bipolar transistor with a lightly-doped
to a substantial reduction of the epilayer resistance. Thiseislayer.
described by Kullet al. [1], Jeong and Fossum [3], [4] and
more completely by de Graaff and Kloosterman [7], [10] who

. . : . In order to make the problem more tractable and to help in
included the influence of hot carriers and current Spreadmgﬁndin a mathematical formulation for this extra charye
These improved epilayer models [1], [3], [7] are, howeve 9 c

. " . o “lve consider the ac signal transfer of a bipolar transistor with
particularly sensitive to their parameter values; slight devia- . ;
. . . a lightly-doped epilayer.
tions may produce erratic, nonmonotonic Early voltages and

fr(l.) behavior (see Figs. 8 and 10). The epilayer model used

here is that of the Mextram model (see [10], [11]), with the Il. ANALYSIS OF THE LOW-FREQUENCY
following parameters. SMALL -SIGNAL  TRANSFER
. . _ At low frequencies and low driving conditions the distortion

Vb Built-in voltage of the base-collector junction.  pepavior of a device can be studied by investigating the
Inc Critical current density for hot carriers. derivatives of the ac transfer characteristics with respect to the
Rev Ohmic epllayer_ re_S|stanc_:e. _ base-emitter input voltage. This has been demonstrated in [9]
Screv  Space-charge limited epilayer resistance. and more extensively in [11]. The strongly simplified circuit
Sru Factor for the epilayer current spreading.

of the bipolar epilayer transistor model used in this analysis is
When hot-carrier behavioflyc — oo) is omitted, the given In Fig. 1 (note that' for these very low frgquenc@s

. - ill have no effect and will be set to zero for this part of the
Mextram epilayer description reduces to the Kull model [11]. . . . :
In practice, epilayer parameter sets, especilly:, are ex- nalysis). The functions mv_olved are now the main current
tracted so as to avoid the nonmonotonic behavior, but tfe(Vozer, Vizca) and the epilayer currentep;(Viocz, Vier)

results in improper modeling of nonlinear distortion [9] at higf\N'th the following small-signal definitions:

current levels. This paper explore_s the underlying causes of in = GuVbze1 + GyUb2e2 (1)

these problems and proposes an improved formulation for the .

collector charge model. To this end, the Mextram model [5], tepi = JepiyUb2e2 F JepizUb2el (2)

[7] has been modified by adding an extra chafge.., yielding here

a better modeling of signal distortion at high current levels and

high frequencies and monotonicity in Early voltages ghad o = oL, gy = oI,

fall-off characteristics. This modification can, in principle, also T §Vioer foes Y Ve frzer

be applied to the models mentioned in [1], [3], and [4]. 8 Lepi 1epi 3
Manuscript received August 6, 1996; revised June 23, 1997. The review of Geply = 6Vioea et Jepiz = Vioel s 3)

this paper was arranged by Editor J. R. Hauser.
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Fig. 2. Normalized transconductan€g /g..) as function of the dc current using the Mextram epilayer model With — oo so thatScrcv = Rov .

Gepi/Vb2e1, leading to of (4)
iepi =gz+g Jepiz — Iz “epl = (jwcz + Gepiz — gaz) Jepiy -
v ¥ Y| gy — Gepi Ub2el Gy — (Gepiy — Jwey)
b2el |V, . 9y YGepiy 4 . B f (7)
epiz — J1-
gepiz — gz
S s 4 . .

Jeviy { gy — gepiJ + Jepiz (4) Plotting dcpi/vs2e1 @s function of the dc collector current

for sufficiently high values of., we find (given lower values

Plotting (4) as a function of the dc collector currédt,;) of the built in base collector voltag&pc) nonmonotonic
yields information about the influence of the epilayer parambehavior at the onset of quasi-saturation (QS) (see Fig. 2).
eters on the distortion behavior, as has been demonstratedfiis is caused by the current-dependent behavior of the

[9] and [11]. multiplication term between square brackets in (7); rewriting
Jepiy = o =h ®
[ll. ANALYSIS OF HIGH-FREQUENCY Gy — (Gepiy — Jwey) 9y _ 4 4 Jwey
SMALL -SIGNAL TRANSFER Gepi Jopi
ep1y epiy

At higher frequencies the base-collector depletion charge|n Fig. 3, f, is plotted as a function of the dc collector
Q. becomes one of the dominant factors in the ac sign@lrrent I.(= I,,). For reasons of simplicity Figs. 2 and 3
transfer when the transistor enters quasi-saturation (note thae been computed at 1 GHz with constant(= 4 pF) and
the total storage charg@,. will only have a significant hot-carrier effects omitted. For low values bh¢ (e.g. 0.7
value when the transistor is already in QS). The ac signg, ;. will have a negligible value and there will be a sudden
transfer is calculated using the circuit of Fig. 1. The fungise when QS sets iVj2.2 = Vpc). This can be suppressed
tions involved are nowf,,(Vise1, Vioea), Lepi(Voze2, Versa), @nd py taking a higher value ofpc (e.g. 0.8 V), see Fig. 3, but
Qre(Vhaea, Vize1). Concentrating on the small-signal transfehis will lead to incorrect modeling of distortion [9], [11].
We USein,icpi @s defined in (1) and (2). The small-signahe sudden rise irf, is due to the decrease in time constant
collector chargey. is defined below whenc, /gepiy falls to a low value, due to the reduction of the
5) epilayer resistance in QS The same nonmonotonic behavior
can be found in the'r(1.) characteristics (e.g. see Fig. 10).

with The drop in epilayer resistance is best illustrated by plotting
gepiy @S a function ofl.,,; (see Fig. 4). It starts at a value of

C, = Q¢ c. = Qe . (6) 1/Rcy and slowly decreases to (hot-carrier effects are now

OVi2e2 hact OVo2er hac2 included)1/Screy until at QS thegep,;, sharply rises. For a
given Iopi, gepiy Can be split into a nonsaturated pathins
and a QS parfAg.,;. We define

Qe = CyUp2c2 + C2Up2c1

The physical significance of, and c. is considered in
Appendix.
Due to the shorted outputyz.; = wy2.1) We can solve

6Ieipns
again for the transconductan¢&/vs2.1), and find in place Jepins = ‘ Vioeo

O0AL;
A o )i — el)l
; Jei Viaea |y,

b2cl b2cl

(9)
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Fig. 3. Function(f.) plotted as function of the dc current.
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Fig. 4. The epilayer conductangg,;, plotted as a function of the collector current, calculated with the modified Mextram miglelis the external

base-collector voltage= Vj2.;+ additional voltage drops.

with capacitancec¢ in such a way that the time constant
AL I I 10 N +Ac ¢+ Ac
epi = Jepi ™ fepins- ( ) YGepiy YGepiy YGepins + Agepi
. . . . A
The equations fol.,; are given in [11], the nonsaturation <1 + —c)
current Ipins is given by _ % Cy
YGepins <1 + %)
TncScrov Verer + V3o Gepins
Iepins = (ll L. .
Scrov(IucRov + Vere2) behaves properly. This is the case if
Complete implementation of the Mextram model is de- <f - %) = Ac = %cy_
scribed in [7]. To ensure monotonic behavior we add an extra Cy  Yepins Jepins

(12)

(13)
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Fig. 5. The total base-collector charge using; MAIDS, the improved Mextram (ith.) and the previous version of Mextram (withax()..).
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Fig. 6. The charge functiond&@). and Q) g~ obtained with the modified Mextram model.

The required extra charg&(?., ensuring monotonic Early which is equal to

voltages andfr({.) behavior is now given by c
AQC(%QCQ? %2c1) = Y

R [Alel)i(%2c27 Vb2c1)
epins
Vbzez - A‘lel)i(()? Vb?d)]' (16)

Finally, in order to facilitate computability, the integral in The maximum difference between ti&).’s from (14) and
(14) can be simplified into an analytical expression by nofl6) is about 10%. Note, that with the aid of (14) c.q. (16) the
ing that c,(Vize2, Vizer) and gepins (Vi2e2, Vi2e1) are slowly  charge functio!d@. can be calculated based on the functional
varying functions compared tgepi (Vize2, Vi2e1), SO description of the base-collector depletion capacitdngpand

Vioes the epilayer currentlep; ). Using this formulation A¢Q).. is not
/ Adepi AViae2 (15) restricted to a specific epilayer model and can be calculated
0 based on one of the models of [1], [3], [4], [7].

Vize2 A i
AQ(Vinez, Viger) = / ¢, 29 gy, (14)
0

Gepins

Cy

AQC (%2c27 %2c1) ~

YGepins
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Fig. 7. I.(V:e) characteristic using the previous and improved Mextram model, compared to MEDICI.
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Fig. 8. Early-voltage characteristic using the previous Mextram model.
IV. THE PHYSICAL MEANING OF AQ, collector related components. Bias-, geometry-, and doping

Physically speaking\@. represents mobile carrier ChargeprofiIe-dependent integration boundaries must be specified.
stored in the space charge region surrounding the bad&is, combined with the fact that the charge components of
collector junction at high current levels. Verification ofinterest are relatively small, led to the following strategy.
AQ. by comparing the outcome of (14) or (16) with We simplify the boundary problem by using an one-
results obtained from device simulations can provide physicdmensional (1-D) device structure and apply base charge
substantiation for the theory developed. The complication partitioning to split the base-emitter and base-collector charges
such a comparison is that device simulations tend to lungyer the junctions [2]. The method used for the base charge
together all the charge contributions. In order to calculaggrtitioning has been proposed in [2] and is in conformance
the base-collector charge using a device simulator one showlith the base doping profile and the current drive level. The
therefore split the total charge into base-emitter and badenction for the total base-collector charge (including the
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Fig. 9. Early-voltage characteristic using the improved Mextram model.
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Fig. 10. fr(I.) calculated using MEDICI for a device of 1 mm length and the previous version of Mextram.

epilayer charge storag€),...t is then given by

C
Qvetor = / qnA- FC(n) dy
E

1-D device simulator MAIDS [12] and the two-dimensional

(2-D) device simulator MEDICI [6]. The transistor structure
(17) used in these simulations as described in [8], is based on SIMS

measurements and is representative of present day bipolar tran-

in which F'C is a weighting function to split-off the base-sistor technology. The simulations with the Mextram model

collector charge. Using this method we are now able t@e performed using the Microwave Design System (MDS) of
compare the total charge storage in the collector with theswlett Packard.

charge components given by our compact model.

V. RESULTS

Physical support for the charg®e(). can be found in Fig. 5.
In this figure the total base-collector charge is plotted using
the 1-D device simulator MAIDS, the modified Mextram

Calculations based on the original as well as the modifiedodel (with AQ.), and the previous version of Mextram
Mextram model are compared with data obtained using tlithout AQ).). We note that the total charge calculated with
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Fig. 11. Thefy(I.) characteristic calculated with MEDICI and the improved Mextram model.

AN\ P one parameter set will be used which is optimized for the
Rin =50 Q base emitter modified Mextram model. Figs. 7-13 all refer to the same 2-D
' k ! transistor structure with the following epilayer parameters.

le Rev 1.20.10* Q
L - Scrov  4.17.10% Q
Inc 3.93.107% A
Vbe 1%Ye 0.64 V

<> Vel SFH  0.53.
collector

& Part of the base-collector chargA(). is also present in
Transistor structure the total majority base charg&),) which controls the main
mocjelleq using the currentr,,. This leads, when comparing the new with the pre-
device simulator Medici | vious version of Mextram, to some reduction of the collector

_ , _ o o current(Al.) in the QS region for the same parameter set (see
Fig. 12. Configuration used for the distortion calculation with the prograrlg. 7). Usi he i d del ic behavi fth
MEDICI. ig. 7). Using the improved model, monotonic behavior of the
Early voltages is now ensured, as is apparent when comparing
Fig. 8 with Fig. 9.

MAIDS fits well with the modified version of Mextram, . At high frequencies, the addition ai(). prevents a drop

with the previous version of Mextram exhibiting divergenl[n the collector charge timéc, /gepiy) leading consequently

behavior with increasind;,.. The additional charg&@. can, to mon_otqnlch(Ic) behaylor (se_e Flgs. 10 _anq 11). Th'.‘c’
depending on the value dfpc(= 0.64 V), to some extent results in improved modeling of distortion as is illustrated in

dominate the base-collector diffusion char@s..;) at the Fig. 13. In this figure the second-order distortion component

onset of QS Deeper in saturatiaf,. will become dominant in the collector current is shown for a 10 mV, 1 GHz input
overAQ.. This is illustrated in Fig éwherAQ andQy,. are signal with the collector-base voltage maintained at 1 V.
plotted e:s function of the dc bias. We conclucde, basCed on Qe circuit topology used for this simulation is given in
results of Figs. 5 and 6, that with respect to the base-collec . 12. The nonmonotoni¢r(I.) behavior of the previous
charge the modified Mextram model (with@).) is a better extram version (_F|g. 1Q) can also be reme_dl_ed by choosing
representation of the physical device than the previous vers&i‘ﬁ = 0.69 V. InFig. 14 it may be seen that fitting thig-(L.)

of Mextram (withoutAQ, ).Alternatively, a comparable fit for aracteristic by increasing the built-in base-collector voltage
the base-collector charge can be found by using the prewo‘l/J%C leads to incorrect modeling of distortion in the QS region.
version of Mextram with some manipulation of the epilayer
parameters (e.g. enlargindpc). This does, however, have
serious consequences for other device characteristics. By wayVithout requiring any additional parameter the charge func-
of illustration, the 2—-D device simulator MEDICI is now usedion AQ. can be calculated based on the functional description
to generate realistic device data. In the following discussioof the base-collector depletion capacitarfeg) and the epi-

VI. CONCLUSIONS
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Fig. 13. The magnitude of the second-order component of the collector current.
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Fig. 14. The magnitude of the second-order component of the collector current compared to MEDICI using the improved Mextram model for two
different values ofVpc (0.64 V and 0.69 V).

layer current (I.;). Using this formulation, AQ,. is not tion behavior at high frequencies when the transistor operation
restricted to a specific epilayer model and can be calculatextends into the quasi-saturation region. Implementation of
based on one of the epilayer models of [1], [3], [4], [7]Mextram in Hewlett Packard’s simulator package MDS has
Incorporation of AQ. in a compact bipolar model leads toresulted in a very powerful combination, which facilitates
greater flexibility in the modeling of the high current region othe use of harmonic balance techniques in strongly nonlinear
the transistor with lightly-doped epilayer. This combined witRipolar circuit design.
monotonic behavior at the onset of quasi-saturation yields,
even for low values o¥¢, a significant improvement in the
modeling of the Early voltages, thi-(I.) fall-off and the HF APPENDIX
distortion behavior. THE PHYSICAL MEANING OF ¢, AND c.

Modification of the Mextram model by adding this extra In nonquasi-saturation the small-signal value of the collector
charge component has led to improved modeling of the distmharge as a function ofy.2 and i.pins [s€€ (9) and (11)]
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