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ABSTRACT

The switching time, the necessary time for a tunnel diode to change its junction voltage from low
to high or from high to low, of a tunnel diode (T.D.) is evaluated by dividing the voltage-current (V-I)
characteristic curve of a T.D. into four regions. The switching time for each region is calculated,
and it is compared with the value observed, operating the T.D. as a monostable multivibrator. . A
voltage-pulse-height discriminator is described, and the threshold equation is given. The linearity,
pulse resolving ability, and the temperature characteristics are studied. The threshold variation due
to the ambient temperature variation is attributed to the peak current variation.

Introduction

When the impurity concentration of a
semiconductor is of the order of 10'/c.c.,
only a small fraction of the states in the
conduction band of an n-material are oc-
cupied, and also a small fraction of the
states in the valence band of a p-material
are empty. However, if both materials are
heavily doped up to the impurity concen-
tration of the order of 10*/c.c.—10"/c.c.,
all the states near the bottom of the
conduction band of n-material are occupied
by electrons and all the states near the
top of the valence band of p-material are
empty. The energy level diagram for this
kind of heavily doped pn junction is

NI IT

Fig. 1. Energy level diagram for a heavily doped
p—n junction

shown in Fig. 1. Normally, the forbidden
band effectively isolates the electrons on
the two sides of the junction because it
presents a potential barrier that the elec-
trons cannot surmount since they do not
have sufficient energy. If, however, the
junction region is thin enough (100A~
150A), it follows from quantum mechani-
cal tunneling effect that there is a finite
probability that electrons originally on one
side of the junction can appear on the
other at the same energy. The tunneling
current through this kind of p-n junction,
when the junction is slightly biased, is
given by L. Esaki®);

I=L.~L.=Af 7.0

—f,(E)} Zo.(EY}e,(E)YdE (n
where:

Z : tunneling probability?

f.AE), f,(EY: Fermi-Dirac distribution
function

2.(E), p,(E): density of states at ener-
gy E

E, : bottom of conduction
band

E, : top of valence band

Brody et al® and Bates# calculated the
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Fig. 2. VI curve of a T. D.
tunneling current assuming p,(E) and
p,(IZ) are proportional to (E——Ec)é and

(E‘u—E)% respectively. The V-I characteris-
tic curve for this device is extremely non-
linear as shown in Fig. 2. The properties
and the principles of a T.D.%~7 its high
frequency applications,®. 9 its noise per-
formances, !0 and its application to logic
and pulse circuits have been studied by
some workers.1D~13) Although two para-
bolic functions could be used for the ap-
proximation of the V-I characteristic of a
T.D., this gives a poor result at the high
junction voltage state. Schuller and Gar-
tner) used a third order polynomial of
the form i=(g/v,)v(»*—2,)) for the ana-
lytical approximation, but none of the Ge,
Si, GaAs,!15 or InAs!® tunnel diodes have
this kind of symmetrical V-l characteri-
stics. The linear piecewise approximation
will be found in some literature.12 But,
this approximation cannot give threshold
equation when the T.D. is operated as a
pulse height discriminator.

Approximation of the V-I curve

Fig. 2 shows the V-I curve of a Si T.D.
together with its approximation. The V-I
curve is divided into four regions and
approximated as follows.

Region I: O-P—A

The T.D. current flows purely by the
tunneling process, and it is approximated
by a parabolic function,

f
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The end point, A, of this region is defined
as 14=0.96I,, V4=1.2V, so that Region
II could be approximated by negative
resistance.
Region II: A-B
This region is approximated by a nega-
tive resistance, and the current flows
mainly by the tunneling process. The
voltage range of this region is about 150
mV, but this range will be dependent
upon the materials the diode is made of.
The current through the T.D. will be
expressed by,

where, R is the absolute value of the nega-
tive resistance. J. B. Lyons, Jr. proposed a
circuit for the accurate measurement of
negative resistance.2l)

Region III: B-»V-C

In this region, though the excess current

is dominant, there are some component due
to the minority carrier injection. For a GaAs
T.D., Nanavati22) gave some physical inter-
pretation for the excess current, and it is
discussed by Gold.2% The current is ap-
proximated by another parabolic function,

i=ly+Klv—V)*
where, K is a constant dependent upon
the diode, and it could be expressed -as
(e—Iy) (Ve—-Vy)F or (Ip—Iy) (Vy—Vp) ™
The boundary point, C, between regions
HI and IV is defined by Io=Iz and V,—Vp
== VV"” V B

Region 1V: C-D

In this region the current through the

T.D. is mainly due to the minority carrier
injection. A positive resistance, R¢p defined
by (Ip-Ic) Rep= Vp-Vep is used to approxi-
mate the T.D. in this region. The position
of point D should be dependent upon the
final voltage to which the T.D. is driven.
A better approximation will be obtained
using an exponential function similar to
the junction V-I equation for an ordinary
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Circuit diagram used to observe the
switching time of a T. D,

diOde, i.e, , i= IV -+ Is[expg&’q_’;% I_’)

Fig. 3a.

]. But,

this approximation yields a nonlinear
differential equation for the calculation
of the switching time which cannot be
solved by elementary methods. Therefore,
the T.D. current in this region is appro-
ximated as

The Switching Time

Fig. 3a shows the circuit diagram used
to observe the switching time of a T.D., and
its simplified circuit is shown in Fig. 3b.

It is assumed that the input pulse length
is much longer than the T.D. switching
time. And also, in the simplified circuit
Fig. 3b, the T.D. is represented by a cur-
rent path in parallel with capacitance C
neglecting the small series inductance and
resistance together with the variation of
the capacitance, C, according to the junc-
tion voltage variation.2 Referring to Fig.
3b, the circuit equation in each region

may be written as

« d E,— V=
Cdt—l--i-R }?b t—F— @

where,
. _{v 7. .
i=Ig}1 ( A ) ] in Region I
I—2=¥4 i Region 1I

Iy+K@W—Vp)?
v V(;

let "Ry

in Region III
in Region IV

putting
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Fig. 3b. Simplified circuit
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the time, £,, necessary for the instantaneous

operating point to move from § to A
through P will be

— ..C,_ ,—l___,YA:g’l,_ - O Vs]

t,= Ab; [tcm b, Han 1b~—

1
where V, is the junction voltage at the
stable operating point S. In (3), Vy/I,
shows the incremental resistance of the
T.D. at zero bias voltage, and this is com-
parable to the theoretically calculated
value of (zVy)/ (8l for a Ge T.D. And
the necessary time, ¢,, for the instantaneous
operating point to move from A to B will
be

- Vatl.R,
t=cr, o L
where
1 _ 1 1 5_ Y,
=R E le= L)
In Region I, putting
R "‘2KVV+_I'{ s gazlg—' (KVV2'+‘IV)

the solution of (2) will be
v=0-+b, tcmh[b:3 t-f-ta/nh—l,VB'-ag__]
3

where

T
by= K+a,

1
%=3KR,
When the input pulse height is not large
enough to drive the T.D. into region 1V,
the instantaneous operating point will
remain in this region until the input pulse
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disappears. And junction voltage for this
case will be determined by
VUmar™= (V)1 o=y + by
In the case where the T.D. will be dri-
ven into region IV, the necessary time, Z,,
for the operating point to move from B
to C through the valley point, V, will be

— C r - VC"’CLS
t,= b ltcmh ! B,
—tanh! Vl’—-—gi~]
3
Also in region 1V,
’ 1 1 1
putting N + E.

L=I+ (vaYQ.. _ )7

the solution of (2) is
V= Ied RM + ( ‘/C - I“R“) exp (_——é,tR —)

)
And the final voltage, Vp will be deter-
mined by (4) as
Ve=()r..=LR,,

When the input pulse disappears, the
T.D. will switch back to its original stable
operating point S, where the junction
voltage is V.. And the switch-back time
for the instantaneous operating point to
move from region IV to the point S
through regions III, 11, and I will be cal-
culated similarly.

They are
e o Yl

where

—_—17 -

where

02 "‘hﬁ—!_ I;"
zf,=-—Kb~,m[mh—lx%;_m-
+tanh!
where

b/l:J , Pa=I~ ’éﬂ'
These times, ¢/, t’3 t’; and ¢/, are quite
dependent upon the biasing condition, E,
and K,, and are proportional to the junc-
tion capacitance, C, when the other circuit
conditions are kept constant. Therefore,
it is possible to measure the effective junc-
tion capacitance if we observe the switch-
back time variation which is caused by
the connection of external condensers
across the T.D. The measured effective
junction capacitance by this method was
about 100 pF. This value is much greater
than the data supplied by the manufac-
turer as 10 pF in the negative resistance
region.

May be the wide junction voltage re-
gion, and the neglect of series inductance
are the main causes of this difference. In
order to measure the actual switching time
of a T.D., a fast pulse generator whose
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I'ig. 3c. Block diagram for the measure-

ment of a T.D. switching time,

Pulse Generator: Tektronix Type 110 pulse Generator

and trigger takeof] Zstem (Aek
30049) (rise time<(0,2548)

N Unit Tektronix Type N Sampling plug-
in Unit ("acnaﬁp(JOOZf)G) (I}‘:;be gllgleg
0.64S)

QOscilloscope : Tektronix Type 535A (AEK 18098)

Camera : Du Mont Type 302 (AEK 43)
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Fig. 4. Generator Pulse-Height vs Switching
Time

pulse rise time is less than 0.25 (S and a
sampling plug-in unit whose rise time is
less than 0.6 S are employed together
with Tektronix Type 535A oscilloscope
as shown in the block diagram of Fig. 3c.
The calulated switching time is shown in
Fig. 4 together with the value observed,
and Fig.5 shows the total switchback time.
The discrepancy between the value calcu-
lated and the value measured may be caused
by the approximation of the V-I curve
of the T.D.,, and also by the inaccurate
knowledge about the junction capacitance
which will be larger at the higher junction
voltage than its value at the lower junc-
tion voltage. The switching time, when
the T.D. is biased by a current generator
and is triggered by a current pulse, will
be calculated similarly.2®

TOTAL SWITCH-BACK TIME
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Fig. 5. Output Pulse-Height vs Total Switch-Back
Time

Application as a Pulse-Height
Discriminator

According to (3), the highest pulse which
will not trigger the T.D. will be deter-
mined by,

V, [ 2
Iéu _i,__giw :Aa,l' (5)

when the input pulse exceeds a certain
threshold value which is determined by
(5), the T.D. operating point will be
shifted to a point in region 1II or regicn
1V which is determined by the input pulse
height. Terefore, this unit can be used as
a pulse-height discriminator.
(4 A) Some considerations

Fig. 6 shows an example of a T.D. pulse-
height discriminator circuit, and the load
lines are shown in Fig. 7. Referring to Fig.
7, the slope of a.c. load line must be small,
ie. R, Ry Ri+Z, must have large values
in order to get a big output pulse. On the
other hand, if d.c. load line approaches V-I
curve under the high bias current state,
the contact point, T, acts as a temporarily
stable operating point after the wave re-
flected from the delay cable arrived, and
thereby the output pulse becomes a little
longer. The closer d.c. load line approaches
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Fig. 6. T.D. Pulse-Height Discriminator

to point T, the longer the output pulse
length is. Therefore, the slope of d.c. load
line must be big in order to avoid this
phenomena under the high bias current.
It is also possible to get a kind of staircase
output pulse by the proper selection of
the resistance and the delay cable,!® and
it is discussed by Steward.25
(4 By The linearity of the discriminator
The linearity of the discriminator is
determined by (5), ie.
2
14,,=I,,R.;(1+—§?"~i—1—%—:) -FB ©
Where Ri: R,, B, and R;+Z,
Referring to (6), curve V,, vs. E, is a
straight line. In Fig. 8, the V,, vs. E, curves
measured are shown together with the
theoretical line of (6) for two different

values of the coupling condenser c¢, of
Fig. 6. Equation (6) and curve 1 of Fig. 8

3

> 1 Theoretics|

8as ) Expermental  CSRnF
o~ " Ce=4leF -

o ™

® Ep(volls)

Fig. 8. Linearity of the discriminator

Q?
Fig. 7. The Load Lines of Fig. 6 Circuit

| :ac. load 1ine:—(—1%~~+-f13;+m.£z.;)

]]:d.C. " " ;--(.j%_d_*_wl.lé;)
M:ac 1 :—(WR}-;-*‘?%T%"]%;—)

after the reflected wave from the
delay cable arrives at Rq of Fig. 6

show the highest input pulse which will
not trigger the discriminator, and the
results measured when 50% of the input
pulses triggered the circuit are shown as
curves 2 and 3 of Fig. 8. The deviation
between curve 1 and curves 2 and 3 may
be caused by the different definition of
threshold value and the neglected small
series inductance. The coupling condenser,
Ce, of Fig. 6 causes a little attenuation of
the input pulse, and the attenuation will
be bigger the shorter the time constant,
CcR,, or the longer the pulse rise time is.
This could explain the difference between
the slopes of curves 2 and 3. In any case,
the linearity between input pulse height
and bias voltage is excellent, and the
relative variation of the linearity is always
less than +1%.
(4 C) The pulse resolving ability

In order to check the pulse resolving
ability of the discriminator, the circuit of
Fig. 9 was employed. During this measure-
ment, the pulse lengths were 0.4 xS and
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Fig. 9. Block diagram of the circuit of the pulse
resolving ability measurement

the pulse rise-times were less than 70 ¢S,
and the positin of No. 2 pulse was adjusted
by adjusting the position of the input
pulse to the pulseformer block of Fig. 9.
Fig. 10 shows the curves of necessary excess
pulse height of pulse No. 2(%) vs. pulse
space, T, If the circuit components are
properly selected, the necesssary excess
pulse height of pulse No. 2 will remain
within +1% when T, of Fig. 10 is equal
to or less than 0.5 pS. Also T, will be
shorter, shorter the pulse rise time is.
(4 D) Temperature characteristics
Referring to (6), the threshold variation
of the discriminator due to the ambient
temperature variation could be attributed
to either I, or V, variation or both. The
peak voltage, V,, and the peak current,
I, will be the function of Fermi-levels,
the density of state functions of both p
and n materials, and the tunneling pro-
babilty. Therefore, it is not easy to predict
the variation of V, and I, according to
the ambient temperature variation. But,
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Ifig. 10. Pulse Resolving Ability of the Discriminator
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the actual measurement showed that the
peak voltage variation in the ambient
temperature range of 13°C—70°C was
negligible. Blicher et al.19 measured the
% change of the peak current of a Ge
‘T.D. for different pregion impurity con-
centration, keeping n-region impurity con-
centration constant. The result was either
positive or negative depending upon the
impurity concentration. Therefore, the
threshold variation of the discriminator
could be attributed to the I, variation,
neglecting the influence of V, variation.
This gives (7) which is derived from (6).
V=R AL

The threshold variation under the same
temperature was npearly constant for all
the bias voltage range measured, and the
mean threshold variation according to the
ambient temperature variation is shown
in Fig. 11 together with the calculated
curve using (7). And also it was observed
that the threshold value of the discrimina-
tor completely returned to its original
value (at 15°C) when the ambient tem-
perature was reduced to 15°C after it had
high ambient temperature experience of
55° C for 27 hours and 79°C for 5 hours,
without having any residual effect.
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