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A New Criterion for Transient Latchup Analysis in
Bulk CMOS
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Abstract—This paper describes a new criterion for transient latchup
of p-n-p-n structures initiated by current pulses. Based upon the cir-
cuit-oriented model, the terminal currents and voltages of the transis-
tors as a function of the pulsed triggering currents are characterized,
and the charge storage within p-n-p-n structures is investigated. It is
found that, to maintain the regeneration process, the change of charge
stored in junction depletion capacitances of a p-n-p-n structure must
be grea(er than a certain value independent of the triggering currents.
Thus, the new criterion is constructed in terms of the constant charge
storage within a p-n-p-n structure. Applying the criterion, latchup im-
munity against pulsed triggering currents can be evaluated with re-
spect to process and device parameters. Both SPICE simulations and
experimental results confirm the validity of the proposed transient cri-
terion. It is found that large transit time of bipolar transistors and
large well-substrate junction depletion capacitance lead to higher

latchup i ity agai d triggering currents.
NOMENCLATURE

C;.  Collector junction capacitance.

C,,  Emitter junction capacitance.

HC Low-current compensation parameter of a bipo-
lar transistor.

Is Reverse saturation current of a bipolar transistor.

t, Regeneration time of a p-n-p-n structure.

Vr  Thermal voltage.

Brry Ideal maximum forward (reverse) current gain of
a bipolar transistor.

Trry Forward (reverse) transit time of a bipolar tran-
sistor.

0 High-level injection parameter of a bipolar tran-
sistor.

¢,  Built-in potential of a p-n junction.

Q, Lateral p-n-p transistor.

Q, Vertical n-p-n transistor.

1. INTRODUCTION

T is known that one of the main factors limiting the

L performance of VLSI CMOS circuits is latchup phe-
nomenon, i.e., the triggering operation of parasitic
p-n-p-n structures. According to either the holding-point
[1]-[4] or triggering-point [5], [6] approach, a number of
design models and simulation programs have been pro-
posed to analyze the static latchup characteristics. In ad-

" dition to those static models, a few models are devoted to
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characterizing the transient latchup behavior by two-di-
mensional numerical simulation or analytic modeling [7]-
[11]. Although 2-D transient simulations provide a more
accurate analysis of latchup behavior, the rigorous cal-
culations generally consume rather large computer time.
Moreover, the lack of latchup criterion in 2-D simulation
usually leads to a trial-and-error analysis in obtaining the
triggering margin of a p-n-p-n structure. Therefore, defi-
nite criteria for latchup initiation in the transient case are
required to make latchup analysis more meaningful.

Power-up ramp induced latchup has been analyzed [9],
and it is shown that the well-substrate junction capaci-
tance is important for understanding the power-up tran-
sient. On the other hand, an analytic model and transient
criterion have been constructed in terms of transistor cur-
rents by Goto et al. [10]. However, using a piecewise
linear model and neglecting junction and diffusion capac-
itances overestimates the transistor transient currents.
Thus, the derived criterion in [10] is insufficient to accu-
rately predict the dynamic triggering behavior of p-n-p-n
structures.

In this paper, the transient behavior of p-n-p-n struc-
tures under external pulsed triggering currents is investi-
gated in detail, and the new criterion for transient latchup
initiation is established. Based upon the lumped equiva-
lent model, the time-dependent terminal voltages and cur-
rents of the parasitic bipolar transistors are first analyzed
in Section II where the effects of transistor transit time,
diffusion capacitances, and bias-dependent junction ca-
pacitances are included. Based on the observation of
charge storage rather than the variation of terminal cur-
rents in the p-n-p-n structures, a dynamic criterion for
latchup initiation is proposed in Section III. From the pro-
posed criterion, the relation between the minimum pulse
width, or the regeneration time of the p-n-p-n structure,
and the pulse height of triggering currents for latchup ini-
tiation can be obtained. Comparisons with SPICE simu-
lation results confirm the validity of the proposed latchup
criterion. Section IV gives the experimental results for
various p-n-p-n structures. Good agreement between the
experimental and theoretical results is obtained. '

II. DyNaMIC BEHAVIOR OF THE p-n-p-n STRUCTURE

To simplify the analysis and get an insight into the dy-
namic operation, the latchup behavior is characterized
through the conventional two-transistor model. Fig. 1
shows the lumped equivalent model for the p-n-p-n struc-
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Fig. 1. Lumped equivalent circuit for modeling the transient behavior of
the p-n-p-n structure.

ture where, in p-well technology, Q, is the lateral p-n-p
transistor and Q- is the vertical n-p-n transistor. R, and
R, represent the corresponding well and substrate shunt
resistances across the base node of transistors O, and Q,,
where the pulsed triggering currents I, and /, are also ap-
plied. Other components are the bias-dependent junc-
tion capacitances. Note that the capacitances C;.; and Cj,
are the well-substrate junction capacitances, which play
an important role in transient latchup as will be shown
later.

In the transient case, the displacement currents through
the junction capacitances and diffusion capacitances of Q,
and @, are so significant that they must be considered.
Thus, taking the effects of junction depletion capacitance
and diffusion capacitance into consideration, the transient
terminal currents of @, and Q, can be written as [12]

. d(V, + V

ia(t) =1Iey = (G + Cfm)(—c‘mdt—gi)_ (1)

. dv,

Ibl(t) = IBl + (Cjel + CTFl) diBl + (C}'Cl + CTRl)
d(Vesi + Ver) (2)

dt
. a(v -V,
ia(t) = Icy = (Cia + Ciga) ( Bmdt cz2) (3)
and
. _ dViey
in(t) = Ipy + (Cey + Cip3) al + (Ciez + Ciz2)

. d(Veer — Vera)

@ (4)
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where
Com = (ISIOTFI/VT)eVEBl/VT (5)
and
Cori = (Isior/ Vr)e e+ Ve /v, (6)

Ic, Ig, Ic,, and Ig, in (1)-(4) are the static transistor
currents of Q, and Q,. These currents are related to the
transistor terminal voltages as expressed in Appendix A.
The diffusion capacitances C,r, and C,z, have similar
expressions to C,r and C,g,, respectively, which are de-
rived by assuming constant transistor transit times 7z and
Tgi (i = 1, 2). Moreover, the junction depletion capaci-
tances Cj,; and Cj; (i = 1, 2) in (1)-(4) are also bias
dependent and are further expressed in Appendix B.

From the circuit of Fig. 1, the relations between the
terminal currents and voltages can be written as

ip = iy + Vem/Ra + 1 = 0 (7)
iy — iy — Vapa/Ri+ L, =0 (8)
Verr = Veez — Voo (9)
and
Veea = Vop = Vem (10)

Substituting (1)-(4) into (7) and (8), and using (9) and
(10), the dynamic behavior of the base-emitter voltages
Veg, and Vg, can be obtained as

dVe _ In G+ Ip2(Cier + Ciea) (11)
dt (Ger + Ciea) Cr
and
dVe _ Ip,C, — Ipi(Ciey + Cia) (12)
dt (Ger + Gia) Cr
where
Ci=Ci + Cer + Gy + Cpy (13)
G = —(Ce + G + Gz + Cip2) (14)
Ipy = Vegi /R, — I} — Icy + I (15)
Ipy = Ipy + Vpea /Ry = Iey — I (16)
and

Cr = (Cis + C.p)(Cia + Cip2)/(Ciy + Cic2)
(17)

In (13), (14), and (17), the reverse diffusion capacitances
C,r; and C,z, are neglected as compared with the junction
depletion capacitances C;. and Cj.,. Using (11) and (12),
the variations of Vg, (¢) and Vg, (¢) with respect to both
pulsed triggering current /; or I, and device parameters
can be obtained numerically.

Fig. 2(a) shows the calculated results of Vg, (#) and
Ve, () for different pulse widths of I, with a fixed pulse
height equal to 5 mA. The device parameters used are

= (G + Cip + Cy + Cip2).
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Fig. 2. Variation of Vg, (#) and Vg, (#) with different pulse widths of (a) /, and (b) , applied.

listed in Table I with R, = 5.6 k@ and R, = 800 Q. As
can be seen from Fig. 2(a), Vg increases sharply when
I is applied. The sharp increase of Vg, corresponds to a
sharp decrease of voltage at the base node of Q;. Thus,
due to the capacitive coupling effect caused by C;., and
Cic2, Ve, decreases below 0 V during the initial period
and thereafter is increased by the increase of I;. When I,
drops to zero at t = 5 ns, Vgp, decreases whereas Vg,
continues to increase for some time (dashed curves), still
due to the coupling effect of C;,,; and C;.,. However, be-
cause of the insufficiently large pulse width of /;, the re-
generation of the p-n-p-n structure cannot be maintained,
and both Vg, and Vi, finally decrease to zero, as shown
in Fig. 2(a). When the pulse width increases from 5 to 10
ns, the p-n-p-n structure is triggered into latchup, as can
be seen from the values of Vg, or Vpe, (solid curves),

which remain at their turn-on value ( = 0.8 V) after [, is
removed.

Fig. 2(b) shows the calculated Vg, (1) and Vig, (t) for
different pulse widths of I, with a fixed pulse height equal
to 5 mA. Similarly, an initial delay time is seen for
Vg () and the pulse width must be sufficiently large to
trigger the p-n-p-n structure into latchup.

The variations of terminal currents I (t), I (1),
Igs (1), Ica (1), Ini(2) (= Vga(2)/Ry), and Ig, (1)
(= Vgg (1) /R,) calculated from (A1)-(A4) for the 5-mA
pulse height of I, and I, are shown in Fig. 3(a) and (b),
respectively. We define the regeneration time ¢, as the re-
quired minimum pulse width of a fixed pulse height of I;
or I, such that the regeneration process of the p-n-p-n
structure can be maintained after I, or I, is removed. The
value of ¢, obtained from SPICE simulations is marked by
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Fig. 3. Variation of the branch currents of the p-n-p-n structure in transient case for 5-mA pulse height of (a) /, and (b) I, applied.

TABLE I
DEVICE PARAMETERS OF BIPOLAR TRANSISTORS USED IN THE THEORETICAL
CALCULATIONS
Para;meter QI(PNP) Qz( NPN)
ﬂF 1.104 277.2
fr 0.2 2.0
I (A) 2.833E-16 | 8.112E-16
[ 2.025E-6 1.291E-6
rF(ns) 20 0.25
Ta(ns) 10 2.0
Cjc(pf) 2.0 0.6
Cje(pf) 0.6 1.3
HC 150 150

an arrow as shown in Fig. 3. As can be seen from Fig. 3,
all the currents increase drastically during the regenera-
tion process and approach constant values as the p-n-p-n
structure enters the stable latchup state [6]. However, at
t = t,, the current I, is much smaller than the current
(Ig; + Ig,) while I is much larger than (I, + Ig;), as
shown in Fig. 3(a) for I, triggering. Similarly, as shown
in Fig. 3(b) for I, triggering, the current I, at t = ¢, is
much larger than the current (I3, + Iz,) whereas I is
much smaller than (Iz, + I;). These unbalanced termi-
nal currents of Q; and Q, at r = ¢, are mainly caused by
the effects of displacement currents through the junction
depletion capacitances and diffusion capacitances during
the regeneration process. Note that due to the high-injec-
tion effect of Q,, the current gain of Q; may be smaller
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than 1 and I3, may be larger than /- accordingly as shown
in Fig. 3. From Fig. 3(a) and (b), it is concluded that, to
initiate the regeneration process of the p-n-p-n structure,
the current Iy (I¢,) is not necessarily larger than or equal
to (Ig; + Ig))((Ig + Igy)) att = ¢, in the I, (I)) trig-
gering case.

III. DynaMic LATCHUP CRITERION

From the above discussion, it is realized that the dis-
placement currents of junction depletion capacitances have
strong effects on the dynamic behavior of p-n-p-n struc-
tures. As the triggering current is applied, the base-
emitter voltage of Q; and Q, varies according to (11) and
(12) such that the charges stored in the junction depletion
capacitances are redistributed. Due to this charge redis-
tribution, the terminal currents of Q, and Q, must adjust
to maintain charge conservation at the base node of Q, or
Q..

By taking an average value for the junction depletion
capacitances to neglect the variations of junction deple-
tion capacitances with voltage, the charge g, (1) stored at
the junction depletion capacitance connected to the base
node of Q, can be written as

@1(1) = G Ves (1) + (Gt + Cia)

*[Vaea(t) = Vop + Vem (1)] (18)

whereas that connected to the base node of Q, is

@(1) = = CiaVpea (1) + (Ciey + Ci)
“[Vop = Ve (1) — V2 (1)] (19)

where C,; and C;; (i = 1, 2) are the average junction
depletion capacitances, as expressed in Appendix B. Note
that both g, (1) and g, (¢) do not include the charge stored
in the diffusion capacitances. With the initial values of
Vg (0) = 0 and Vpe,(0) = 0, the incremental changes
of ¢, and ¢, with time can be written from (18) and (19)
as

Aq (1) = qi(t) — q,(0)

= (Gu + Gt + Cia) Vi (1)
+ (Ga + C) Vara (1) (20)
and
Agy (1) = q2(1) — ¢:(0)
= —(EjeZ + Z}'cl + Ej('Z)VBEz(t)
= (G + Ga) Vem (1). (21)

Applying (20) and (21), Fig. 4(a) shows the calculated
variations of Ag, () for different values of pulse height
of 1,. For each pulse height of I,, the corresponding ¢,
obtained from SPICE simulations is also marked in Fig.
4(a) by an arrow. As can be seen from Fig. 4(a), Aq,
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increases with time as the triggering current /, is applied
and approaches a limiting value as the p-n-p-n structure
enters the stable latchup state. At r = t,, however, the
value of Ag, remains unchanged for different pulse heights
of I, as shown in Fig. 4(a). Similarly, the magnitude of
the charge Ag, calculated from (21) for various pulse
heights of I, is shown in Fig. 4(b) where Ag, is also un-
changed at + = ¢,. The results of Fig. 4 reveal that the
regeneration time can be obtained from the change of
charge stored in the junction depletion capacitances con-
nected to the base node of Q, or Q».

Denoting the charge Aq, (Ag,) att =1, as Aq,, (Aq,, ),
the constant Ag,, or Ag,, can be physically interpreted as
follows. When 7, (/,) is applied to the base node of Q,
(Q»), a net charge Aq, (Ag,) is stored in the junction
depletion capacitances connected to the base node of Q,
(Q5). As long as Aq; (Ag,) increases to a certain value
Aqy, (Aq,, ), independent of /1, (1, ), the stored charge Aq,,
(Ag,, ) is large enough to sustain the regeneration of the
p-n-p-n structure even when I, (/,) is removed at t = t,.
To obtain Ag,, for a given p-n-p-n structure, one can ob-
tain ¢, for an arbitrarily chosen pulse height of 7, by SPICE
simulations or exact numerical methods. After the value
of 1, is obtained, the variation of Aq, (¢) is calculated from
(11), (12), and (20). The calculated Ag, at r = ¢, is then
the value of Ag,,. Similarly Ag,, can be calculated. Since
the value of Ag,, (Ag,,) is independent of applied pulse
heights of I, (1) for a given p-n-p-n structure, they can
be used to characterize transient latchup without any other
trial and error.

Based upon the above observations, the dynamic
latchup criterion for the p-n-p-n structure can be stated as:

1) for the triggering current /,, the change of charge ¢,
at the base node of Q, should be at least the value
Ag,,; or

2) for the triggering current /,, the change of charge ¢,
at the base node of Q, should be at least the value
Ags,.

The calculation procedure for obtaining the regeneration
time ¢, is:
a) For an arbitrary pulse height of I, (1), obtain ¢, by
SPICE simulations or exact numerical methods.
b) Determine Ag,, {(Ag,, ) by using (20) ((21)) and ¢,
obtained in a).
¢) For all the pulse heights of /,(/],), calculate each ¢,
by using the above criterion.

IV. REsuLTs AND Discussion

To verify the proposed criterion, the regeneration time
t, is calculated by using the above procedure for different
pulse heights of I, and I, and compared to that obtained
from SPICE simulations. The results are shown in Fig. 5
where the adopted device parameters are shown in Table
I with Aq,, (Ag,,) found to be 1.49 pC (2.59 pC). As
can be seen from Fig. 5, good agreement is obtained be-



YANG AND WU: NEW CRITERION FOR TRANSIENT LATCHUP ANALYSIS

1341

2 u T T T
%)
&
o
b 1 & B
W
O
@
<
I
o
Iy PULSE WIDTH =50ns
I=0
0 L L L 1
0 5 10 15 20
TIME (ns)
(a)
T T T T ']OmA
3r SmA
2mA
~ 2F 4
Q
=
3
<
w
[}
a
<
5 1+ 1, PULSE WIDTH = 50ns 1
I1=0
0 " 1 1 ) !
0 05 1 1.5 2 25

TIME (ns)

(b)

Fig. 4. Variation of the charge (a) Ag, and (b) Ag, with time for different pulse heights of I, or I, applied.

tween theoretical and SPICE simulated results. This sub-
stantiates the validity of the dynamic latchup criterion.

It is seen from (20) and (21) that Ag, or Aq, (thus Ag,,
or Ag,,) are linearly proportional to the average collector
junction depletion capacitance ( C,; + Cj.,). Therefore,
from the proposed latchup criterion, the regeneration time
t, is also expected to be linearly proportional to (chl +
C;.»). Fig. 6 shows the variations of calculated and SPICE
simulated ¢, with different zero-biased collector junction
depletion capacitances. As can be seen from Fig. 6, the
regeneration time indeed increases linearly with the in-
crease of the collector junction depletion capacitance,
which corresponds to the well-substrate junction deple-
tion capacitance. Thus, in contrast to the results of power-

up ramp induced latchup [9], larger well-substrate junc-
tion depletion capacitance leads to larger regeneration
time and higher latchup immunity against pulsed trigger-
ing currents.

Fig. 7(a) and (b) shows the variations of ¢, with forward
transit times of Q, and @, for 5-mA pulse height of 7, and
I, respectively. As the current /, is applied to the base of
Q,, the forward transit time of Q, has a stronger effect
on ¢, than that of Q, and ¢, increases drastically as 7
increases. However, 75 has a limited effect on the in-
crease of ¢,, as can be seen from Fig. 7(a). The asymmetry
in the sensitivity of ¢, to 7, and 7, results because the
increase of Ag,(¢) becomes much slower when 7x, is in-
creased, as compared with that when 7, is increased.
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Therefore, increasing the forward transit time 75, of the
lateral p-n-p transistor results in a limited effect on the
transient latchup immunity against the well triggering cur-
rent. For the current /; applied to the base of Q,, both the
increases of 7, and 7, lead to the increase of ¢,, but 74
has a stronger effect on increasing ¢,, as shown in Fig.
7(b).

The effects of substrate and well resistances on ¢, are
shown in Fig. 8(a) and (b) under I, and I, triggerings,
respectively. The decrease of R, or R, leads to an increase
of t,. However, because of the small current gain and large
transit time of the lateral p-n-p transistor, which results in
a slower increase of Aq, with time, the increase of ¢, due
to the decrease of R, or R, in the I, triggering case is much
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smaller than that in the /; triggering case, as can be seen
in Fig. 8(a) and (b). This reveals that the efforts of de-
creasing the substrate resistance R, have a limited effect
on the transient latchup immunity against the pulsed well
triggering current. It should be noted that the decrease of
R, or R, also increases the value of the static well and
substrate triggering currents so that latchup immunity is
greatly enhanced [6]. However, as long as the pulse height
of the triggering current exceeds the static triggering cur-
rent, the decrease of R, or R, becomes more effective in

increasing the regeneration time of /; than that of I, in the
transient case. Moreover, as shown in Fig. 8, the varia-
tion of ¢, is more sensitive to R,(R;) than to R, (R,) for
the case of I, (I,) triggering current, similar to the results
in [10]. :

The results of Figs. 7 and 8 show that the sensitivity of
t, to the parameters of Q; and O, depends also on whether
the applied pulsed triggering current is a well triggering
current or a substrate triggering current. When the well
triggering current I, is applied to the base node of @5, the
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Fig. 8. Dependence of the regeneration time on the substrate and well resistance for 5-mA pulse height of (a) I, and (b) /, applied.

well resistance R, and the parameters of Q, have larger
effects on ¢, than the substrate resistance R, and the pa-
rameters of (. Similarly, #, has a higher sensitivity to the
substrate resistance R, and the parameters of Q; when the
substrate triggering current /; is applied.

V. EXPERIMENT

A p-n-p-n test pattern was designed and fabricated by
using the 2-um p-well technology to investigate the dy-
namic triggering characteristics of latchup. The surface
concentration of the p-well was 1 X 10'® cm™> and the
resistivity of the n-substrate was 2-3 Q-cm. The spacing

between n* and p* regions in the well was 30, 70, or 170
pm whereas that in the substrate was 40 or 180 um. The
resistance R, or R, varies with the n* to p* spacing in the
well or substrate. With a 5-V power supply, current pulses
with different pulse widths and pulse heights were applied
to the n™ region in the substrate or p* region in the well
as the triggering current. At the instant latchup occurred,
the pulse width was measured as the regeneration time r,.

In the theoretical calculation, the base-emitter voltages
Vg (t) and Vg, (t) are calculated from (11) and (12) or
from SPICE simulations for each pulse height by using
the device parameters in Table II. The values of Ag, and
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Fig. 9. Experimental and calculated results of (a) pulse height of I, versus regeneration time for different values of R, and (b) pulse height of /, versus
regeneration time. The dark circle, triangle, and square represent the corresponding measured static triggering currents.

_ TABLE 11
DEVICE PARAMETERS OF BIPOLAR TRANSISTORS IN THE EXPERIMENTAL TEST
PATTERN
Parameter QI(PNP) QZ(NPN)
b 1.94 236
ﬁR 0.0461 0.048
I5(A) 1.1E-16 1.26E-16
[ 4.8E-6 4.0E-6
TF( #s) 0.6 0.4
TR( #s) 0.5 1.0
Cjc(pf) 2.0 2.0
cje(pf) 0.6 1.3
HC 120 120

Ag, are then calculated from the calculated Vg, (¢) and
Vge,(t) by using (20) and (21). The regeneration time is
thus calculated as the time at which Aq,(Ag,) is equal to
Aqlr (A‘h r )

Fig. 9(a) shows the calculated and experimental results
of ¢, for various pulse heights of I, with R, as a parameter.
The values of the corresponding measured static I, trig-
gering current from the same structure are also shown in
Fig. 9(a) by solid symbols. For the calculated Aq,, shown
in Fig. 9(a), good agreement is obtained between theo-
retical and experimental results. As can be seen from Fig.
9(a), t, increases with the decrease of the pulse height of
I, and drastically increases with the decrease of R,. More-
over, for large values of ¢,, the value of the pulse height
of I, approaches to that of the corresponding static trig-



1346

gering current as expected. The experimental and calcu-
lated results of ¢, for various pulse heights of I, and the
measured value of /; in the static triggering case are shown
in Fig. 9(b), where good agreement is also obtained.

VI. CoNCLUSION

The dynamic triggering characteristics of the p-n-p-n
structure are described. The junction depletion capaci-
tances of parasitic bipolar transistors are found to have
significant effects on the transient variations of transistor
terminal currents and voltages. Moreover, the charge
stored in junction depletion capacitances of a p-n-p-n
structure must be larger than some threshold value to
maintain the regeneration of the p-n-p-n structure that
leads to latchup. This threshold value is found to be in-
dependent of the pulse height of the applied triggering
currents. The dynamic latchup criterion, therefore, is
constructed in terms of the constant charge-storage within
the p-n-p-n structure. Both SPICE simulation and exper-
imental results show the validity of the proposed crite-
rion. It is found that large forward transit times of para-
sitic bipolar transistors and large well-substrate junction
depletion capacitances lead to the long regeneration time
required for sustaining the regeneration of a p-n-p-n struc-
ture and thus high latchup immunity against pulsed trig-
gering currents. ’

APPENDIX A

Taking both the high-level injection effect and the sur-
face leakage current effect into consideration, the static
terminal currents of both transistors can be written as [12]

Is, = (Isio/Br)(€"#/" — 1) + (I5i0/Bri)
. [e(VEBx+VCEl)VT _ l] + HCIISIO(eVEm/ZVT _ 1)

(A1)
Ig = ISIeVEB[/VT(l - eVCEI/VT)
~(Isi/Bri) [ e *Vemd vy — 1] (A2)
Iny = (Isy0/Br)(e"P8/"T = 1) + (Is30/Br2)
. [e(VBEZ—VCEZ)/VT — 1]
+ chlszo(eszz/zv7 - 1) (A3)
IC2 = IS2eV352/VT[1 _ e‘VCEZ/VT]
— (Is2/Bra) [eVoE2 Ve VT — 1] (A4)
where
Iy = Isio/(1 + 6,€"/27) (AS)
and
Isy = Isp/(1 + 6,e"%22/2'7), (A6)
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APPENDIX B

The collector and emitter junction depletion capaci-
tances in (1) to (4) can be written, respectively, as
]|/3

C'c] =

j (B1)

Cieio/[1 = (Vaes + Vs — Vop) /s

= Cieao/[1 = (Vg2 + Vem — VDD)/¢b]]/3 (B2)

for graded junctions and

C/'CZ

Cer = Ciero/(1 = Vi /)" (B3)
Ci2 = Ciuzo/(1 = Viga/#s) " (B4)

for abrupt junctions. _
_ The average junction depletion capacitances C;.; and

C,, can be written from (B1) and (B3) as

. - 3Cic109s {(1 + @)2/3
U 2(Vop = Vaeao — Viaio) b

Vo — Vegao — Veso 2
_ <1 + DD BE20 EBIO> ]
C P

(B5)

and

— 2¢,C;, 10
C)el = _(b_b_le_{l - (1
VEBIO

b

where Vgg o and Vpgyg are the corresponding cut-in volt-
ages ( =0.55 V) of the base-emitter junctions of Q, and
Q,, respectively. Cj.; and C,, have similar expressions.
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