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Abstract—We propose a tunnel switching mechanism for a thyristor. This mechanism can be realized if
a tunnel pn-junction is used as the thyristor emitter. The switching current is fully determined by a
junction peak tunnel current and weakly depends on temperature. Thus stabilization of the thyristor’s
switching and holding currents can be accomplished in a new way. The device voltage exhibits disconti-
nuities as the device turns on. Results of numerical simulation of the tunnel emitter’s effects on the
thyristor’s /-1 characteristics are presented. i 1998 Elsevier Science Ltd. All rights reserved
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Tunne! diodes are semiconductor devices. well known as
negative resistance circuit elements with N-type current-
voltage characteristics in the forward direction. They also
serve as suitable connection elements in multijunction
semiconductor device structures (for example. in solar
cells[1]). We propose a novel application of the tunnel
p'n -junction for a thyristor design. In this application
the 1anne) juncvon with an N-Yke forward J-V characier-
istic is used as one of the thyristor emitters (i.e. as one of
the outer thyristor junctions).

It is known[2] that the thyristor S-type /- character-
istic is the result of a combination of two different factors.
First, a mechanism which provides a current growth at
some critical breakover voltage V, must be available: cur-
rent usually increases due to avatanche muitiphcation in
the middle (collector) junction of the device and/or punch-
through of the lightly doped thyristor base. Second, an
increase of injection efficiency of thyristor emitters from
almost zero values 1o values close 1o unity. 15 anotner
necessary condition for thyristor switching., Currently
there are two known mechanisms by which the efficiency
increases with injection: (1) Sah-Noyce-Shockley (SNS)
recombination{3] through deep centers in the transition
region of the emitter junction and (2) emitter shorts[2].
which serve as shunts of the emitter junctions at small
biases.

In this paper we consider a third mechanism of injec-
tion efficiency increase with the device current. This mech-
aniist ‘dkes phace i u 'neavity Gupelt v n” Suneion witn u
tunneling N-type current voltage characteristic is built up
at the transition region between the outer region of the
device and one of the thyristor bases (that means that
instead of a traditional p npn” device we consider a
{p"n")npn* or p np(p n*) structure). The latter multi-
layer structure can be obtained by utilizing fine growth
techniques such as molecular beam epitaxy, metalorganic
chemical vapor deposition, or other “layer by layer™”
methods of crystal growth.

*Corresponding author.

A typical current-voltage characteristic of the tunnel
diode emitter is shown in the insert in Fig. 1. The peak
and valley currents J,, J, and the valley voltage V', depend
on doping concentrations of the p n” tunnel junction,
the type of material the junction is made of, and the mag-
nitude of excess currents{4]. For brevity we will refer to
current densities J, Jp,, J., and J, as currents. In the one-
Amensional problem we are dealing with, this fact showld
not cause confusion. The current in region | of the tunnel
diode characteristic flows solely due to Zener's band-to-
band tunneling. At the same time the thyristor action
requires the injection of minority carriers into the bases.
Obviously, the needed injection is negligible in portion 1
of the curve because the tunneling current is much larger
than the diode injection current. This means that the injec-
tion efficiency jr of such an emitter is close to zero at
small forward biases. An increase in current J due to ava-
lanche or punch-through of the second base (not adjacent
to the tunnel emitter) does not change 7, and in the whole
range 0 <7 <.J, the tunneling current siil dominates
over the recombination and injection components of the
total junction current. When the current achieves the peak
value Jp,, a transition a-b occurs and the voltage V" across
the junction suddenly increases to V= V{(J,). We will dis-
tinguish two situations. First, at the point where J = J,
and V ='V,, the efficiency 7, is controlled by the SNS
recombination. This means that the current J; is less than
J. — the critical current at which injection starts to domi-
nate over recombination within the emitter transition
region. That happens at such voltages V| across the junc-
T WITAT G ATRCAUIT OO of, < SR R o ol
diode current becomes greater than recombination com-
ponent J, ~exp(¥ /2 kT). In the case J,<J. the specific
features of the N-type junction /-V characteristic are not
important. We are mostly interested in the other situation,
when at the point J=J, and V=V the injection com-
ponent of the current exceeds the recombination current
(i.e. J,> /). In this case the result of the transition a-b is
an instant increase of the emitter efficiency from 0 to
almost 1. If at this point efficiencies 7, and 72 of the two
outer junctions and emitter-to-collector current transfer
ratios «; and 2, satisfy the condition 70 +722,> 1 the
thyristor turns on at J=J, and the voltage across the
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Fig. 1. Current-voltage characteristic of a symmetric thyr-
istor with two tunnel junctions. At J = J,=100 Ajem” the
emitter efficiency jumps from 0 to [ as a result of tran-
sition a-b. At J = J,=7.5 A/em” the device voltage sud-
denly decreases. A schematic view of the tunnel diode /-1
characteristic is shown in the insert

device suddenly drops down. Further increase in current
will cause the voltage across the junction to grow accord-
ing to branch 3 of the /-} curve. It is interesting to note
that if the current decreases below J, due to the external
circuit, the voltage does not exhibit any discontinuities at
J = J, and at some holding current the device turns off
according to the usual switching mechanism. Only at
J = J, the voltage across the junction exhibits a disconti-
nuity c-d. The less the difference between J. and J, the
more abrupt is the device turnoff.

To illustrate the effect of the tunnel emitter on thyristor
behavior we performed a numerical simulation of the devi-
ce's static /- characteristics. Assuming low injection
levels in both bases, the solution of the continuity
equation for concentrations of excess minority carriers (for
example for a concentration of excess holes p(x) in the n-
base) may be written as

sh{/px)

po - [eh(apx) — cth(A, Wi )sh(7oX)] + pw, T (1)

P = " sh(2, W)

Here 4, is the inverse recombination length of holes, W, is
the n-base width. p, and py, are the boundary hole con-
centrations, which can be written in terms of the junction
voltages V; of the emitter 1 and ¥ of the collector junc-
tion: po=peg(exp(F /A1) = 1), pw, = peglexp(—=VkT) — 1).
Peq 18 the equilibrium hole concentration in the n-base.
Material parameters correspond to GaAs. Similar ex-
pressions hold for excess electron concentration #(x) in the
p-base. which has a width W, Emitter-to-collector current
transfer ratios are o, = lieh{ W7,,) and oo = lich(Wyi,).

The boundary conditions for the continuity equations
are given by:

dp ,
J=—y4Dp P 3y + I (V1) + Junes (V1) (2)
at the emitter junction 1 (x = 0):
B dn dp
= M) 4Da 3, — 4Dy -+ TVl ()

at the collector junction (at x = W) and

d .
J= gD, d—’\’ F TV + Juna( V) )

at the emitter junction 2 (x = W, + Wp).
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In Equations (2)(4) ¢ is the electron charge, D, and D,
are electron and hole diffusion coefficients. The currents
Jo and Ji» due to recombination in emitters 1 and 2 and
the current Jy, due to generation in the collector junction,
were calculated using SNS model{3,4]. The carrier multipli-
cation factor M(V,) of the middle junction and the emit-
ter’s tunnel currents were taken in the following empirical
forms[2.4]:

1

MO =y )

Jun@WV12) = Jp - (V12/ V) cexpl = Vi2/Fy), (6)

where V), is a breakover voltage of the collector junction,
n is a factor equal to 5 in the simulation. Taking into
account Equation (1). the system of Equations (2)—(4) was
solved numerically to determine V|, V>, V. as well as the
device voltage drop V = V-V .+ FV; for a given value of
the total current density J. Current voltage characteristics.
shown in Figs 2-3 are obtained as a result of direct nu-
merical solution of Equations (2)-(4). We use injection
efficiencies 7, and 7> as well as transfer ratios x, and 2>
only for a qualitative description of the results in the dis-
cussion below.

Figure | demonstrates the resuits of numerical simu-
lation for a symmetrical thy ristor with % =x,=0.93.
Currents J, J, and J. are 100 A/ em’, 7.5 Ajem” and 38 A/
em®. It is seen from Fig. 1 that thcre are two abrupt
changes of the device voltage at J = J, and J = J.. There
is also branch c-a of the current—voltage dependence
which corresponds to the region 2 in the insert in Fig. {.
The question about realization and stability of this branch
needs further investigation. Branch a—c¢ does not occur
under the condition of slow (adiabatic) increase or
decrease in current J. The transition into this branch
could happen as a result of current fluctuations or under
the influence of a pulsed current signal. The stability of
the c—a portion of the /- curve depends on the relation-
ship between the negative differential conductivity of the
tunnel p* n ' -junction in region 2 (insert in Fig. 1) and the
positive resistances of other thyristor’s elements, and the
external circuit. If the positive resistances are high enough
branch c—a is unstable.

If a thyristor has only one tunnel junction, adjacent to
the base [, then device behavior may be substantially
different, because the device /~V curve depends mostly on
parameters o, and ;5 of the second base when the junction
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Fig. 2. Current voltage characteristic of a thyristor with

one tunnel junction. The peak tunnel current JI,—GOA

cm? is greater than Jo,= 16 A/ iem® and Je2y=0.05 Ajem”,
The second breakover voltdge s V12V
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Fig. 3. I-V characteristic of an asymmetric thyristor with
one tunnel junction. Transistor gains are «;=0.13,
0, =0.98. At J = J,=150 Ajem? there is a transition a-b
to the second branch of the /~V curve. Minimal current
on the second branch is equal to Jy~10Ajcm® At
8V < V < 12V there is a region of large negative differ-
ential conductivity. At ¥ < 1.2V the device is in the ON
state

1 is in the tunneling regime. The second device breakover
may take place in this case. Figure 2 shows simulated
results for an asymmetric p*npn* structure where only
the left junction is tunneling (i.e. Jyun2 =0 in Equation (4)2.
Parameters J, and J, are 60 A/em® and 13 A/em?
Currents Jo((y and J.() for the left and right junctions are
Jey ®16 Ajem® and  Jyz) = 0.05 Ajem?, ie. current J,
exceeds both Jy and J (5. Transistor gains are o; =0.95
and a,=0.98. The first increase in the device current (not
seen in Fig. 2) takes place at ¥V = Vp,~ 15V due to
avalanche multiplication in the collector junction. At
Jey<J < J, the behavior of the I-V curve is determined
by the approximate relationship y,0,M, ~ 1, where M, is
a multiplication factor for carriers, injected by the second
emitter. At y,=1 (this corresponds to the voltage
Va~12V in Fig. 2) the second breakover takes place
where multiplication is still in effect and M>=1/x,. Using
Equation (5) the voltage V4, across the middle junction at
the beginning of the second breakover can be found as
Via= V(1 — ap)/". The effect of the second breakover is
well pronounced when the peak current J, far exceeds Ji )
(this is the reason why Jy») was chosen so low to obtain
the results shown in Fig. 2). Note that this effect takes
place if a, is close to unity, because the smaller a,, the clo-
ser the second breakover voltage is to ¥, =15V. The cur-
rent-voltage characteristic, shown in Fig. 2 becomes
similar to the curve shown in Fig. 1 at small enough a,
(2 = 0.6-0.7). We can say that a, controls the shape of
the I-V characteristic in the considered situation.

If the current J. for the junction 2 is greater than J,
we obtain a current-voltage characteristic, shown in
Fig. 3. The simulation was performed for o;=0.13,
=098, J,=150 Ajem?, J,=10 Ajem?, J. =15 Ajem?,
Joy=215 Afcm?. It is seen that besides the first breakover
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due to avalanche at V=15V there is a region at
8 V< ¥V <12V where current J noticeably increases with
the decrease in V. At J>J, we have y =1 and
Va0aMy+oy My~ 1. It can be easily shown that second
breakover voltage decreases as a; approaches 1. The type
of the I-V curve shown in Fig. 3 is obviously not desirable
for switching purposes and the optimal relationship is
Jo>Je1y, Jo2)- Regions similar to c-a in Fig. 1, can be
plotted also in Figs 2 and 3. However, we did not simulate
these regions, because some work needs to be done to
answer a question about their practical realization.

In conclusion, we would like to note that the use of
tunnel diodes as thyristor emitters may give some advan-
tages over the traditional thyristor design. This is the case,
for instance, when the SNS mechanism is not effective
because of difficulties in controlling the concentration of
deep recombination centers during the growth of the thyr-
istor’s pn junctions. A similar situation may occur at high
temperatures, especially when thyristor bases are made
from narrow band gap materials. Tunnel emitters may
also be used when the technique of emitter shorts is not
applicable, e.g. in thyristors with small junction cross
areas (for example, light-emitting thyristors for smart
pixels[5,6]). Being added to a thyristor structure, the role
of the heavily doped p™n™ junction may be twofold.
First, they will control the junction behavior at small cur-
rents as was described above. Second, their function will
be to prevent the thyristor n* n-base punch-through in the
OFF state at such voltages, when the collector depletion
region almost reaches the emitter junction. Thus, use of
the tunnel junctions can also help in the optimization of
trade-off between the device high blocking capabilities in
the OFF state and low voltage drop in the ON state.
Another useful feature of the tunnel emitters, important
for thyristor realizations, is related to a weak dependence
of the peak tunnel current J,, on temperature. That specific
feature of the tunnel /-7 characteristics (in conjunction
with potentially high values of J, up to 1000 Ajem?[4])
may essentially expand the range of thyristor operating
temperatures.
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