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I was following the development of the Static Induction Devices from the very beginning. The
concept was so revolutionary that leading researchers in the world had difficulty understanding it
and the first paper about Static Induction Transistor went through a longer than normal review
process [1]. In the seventies I was very fortunate to work together with Prof. Nishizawa on the
replacement of bipolar transistors by SITs in the I°L digital circuits. At that time I'L. combined
low power consumption with a relatively fast operation. The typical power-delay product was in
order of 1 pJ. With the innovative concept of SIT we were able to reduce the power delay
product by over two orders of magnitude (we measured 0.006 pJ) [2]. This approach could
revolutionize digital integrated circuits, but the world turned toward CMOS technology, therefore,
digital bipolar integrated circuit lost its place.

In the early eighties following the concept of SIT, [ developed a very simplified transistor
structure operating in the punch-through mode [3] and its MOS gate controlled equivalent [4].
The concept of the static Induction Devices also helped me to develop Schottky diodes with about
10 times larger breakdown voltages [5]. Another interesting solution was the replacement of
Schottky diodes in TTLS circuits. These SIT structures effectively protected transistors against
saturation and did not introduce parasitic base-collector capacitances and did not require
additional chip area [6].

I remember the IEEE Spectrum issue, which listed several geniuses of the XX century
including Prof. Nishizawa. Therefore, [ was honored when [ was invited to present a paper at the
12 Symposium of Static Induction Devices in 1999 in Tokyo. I enjoyed this Symposium very
much because 1 was able to see how many other new devices were invented following the
revolutionary concept of Prof. Nishizawa. [ was even more pleased when in 2002 the IEEE
established the Jun-ichi Nishizawa medal for outstanding contributions to material and device
science and technology. This way Professor Nishizawa reached the same recognition as other
people, who had a significant impact on our civilization such as Graham Bell, Edison, Richard
Hamming, Heinrich Hertz, Jack Kilby, or Robert von Neumann.
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Abstract

Several devices from the static induction family such
as; Static Induction Transistor (SIT), Static Induction
Diode (SID), Static Induction Thyristor, Lateral Punch-
Through Transistor (LPTT), Static Induction Transistor
Logic (SITL), Static Induction MOS Transistor (SIMOS),
and Space Charge Limiting Load (SCLL) are described.
The theory of operation of static induction devices is
given for both a current controlled by a potential barrier
and a current controlled by space charge. The new concept
of a Punch-Through Emitter (PTE), which operates with
majority carrier transport, is presented. It is shown that by
using the PTE it is possible to design fast, high power
diodes with breakdown voltages above 1000V while the
forward voltage drop can be on the order of 0.15V.

Introduction

Static induction devices were invented by J. Nishizawa
[6]. The idea was so innovative that the current
establishment in the solid state electronics community had
difficulty understanding and accepting this discovery.
The IEEE Transactions on Electron Devices the leading
IEEE periodical had difficulty finding proper reviewers
and as a result the reviewing process continued for years.

Japan was the only country where static induction
family devices were successfully fabricated [14]. The
number of devices in this family is growing with time.
The static induction transistors can operate with power of
100kW at 100kHz or 10W at 10GHz. Static induction
transistor logic had 100 time smaller switching energy
than its I’L. competitor[8][9]. Static induction thyristor has
many advantages over the traditional SCR, and Static
induction diode exhibits high switching speed, large
reverse voltage and low forward voltage drops.

Theory of Static Induction Devices

The derivations of formulas will be done for a n-
channel device, but the obtained results, with a little
modification can be also applied to p-channel devices. An
induced electrostatically potential barrier controls the
current in static induction devices. For a small electrical
field existing in the vicinity of the potential barrier the
drift and diffusion current can be approximated by
do(x) | dn(x)

dx dx
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Fig. 1. Potential distribution in SIT (a) view from the source side
and (b) view from the drain side.

Integrating from x, to x, one can obtain

n(xz)exp(—%xz—j—n(x,)exp[—% 3)
J,=4qD, — . o
e _ 00
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With the following boundary conditions
p(x)=0; n(x)=Ng;
o(x,)=V,; n(x,)=Np;
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equation (3)-reduces to
— anNS (5)

e,
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Note that the above equations derived for SIT can be
also used to find current in any devices controlled by a
potential barrier, such as a bipolar transistor, MOS
transistor operation in subthreshold mode, or in a Schottky
diode.

Samples of the potential distribution in SI devices are
shown in Fig. 3 [1][20]. The vicinity of the potential
barrier were approximated by Plotka [11]{12] using
parabolic formulas (Fig. 2) along and across the channel.

(p(x)=d{l—[2%—l].] (6)
w(y)=¢{1~[z%-1” O
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Fig. 2. Potential distribution in the vicinity of the barrier
approximated by parabolic shapes.

Integrating (5) first along the channel and then across
the channel, yields a very simple formula for drain
currents in p-channel SIT transistors

W !
I, =gD N Z—exp| — (8)
° ) v,
where @ is the potential barrier height in reference to the
source potential, Ny is the electron concentration at the
source, W/L ratio describes the shape of the potential
saddle in vicinity of the barrier, and Z is the length of the
source Strip.
Since barrier height @ can be a linear function
of gate and drain voltages, therefore

a(Vys +bVps + d)o)] ©
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For large current levels the device current is controlled

by the space charge of moving carriers. In the one-
dimensional case the potential distribution is described by
the Poisson equation:
d’o __px) _ Ip (10)
dx, £, Av(x)

Where A is the effective device cross section and v(x) is
carrier velocity. For a small electrical field v(x)=uE(x)

w
1,=9qD,N;Z —I:-exp[—

9. ., A
1 ps :’é'vus.ues,'eo'L? (11)
and for a large electrical field v(x)= const
A
- 2‘/DS .mrgSIEO —l—:z— (12)

where L is the channel length and v, = 10''um/s is the
carrier saturation velocity. In practical devices the current-
voltage relationship is described by an exponential
relationship (12) for small currents, a quadratic
relationship (14), and finally for large voltages by an
almost linear relationship (15).
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Fig. 3. Potential distributions in SIT (a) traditional and (b) with
sharp potential barrier.

Static Induction Transistor (SIT)

One of the disadvantages of SIT is the relatively flat
shape of the potential barrier (Fig. 3(a)). This leads to
slow, diffusion based transport of carriers in the vicinity
of the potential barrier. The carrier transit time can be
estimated using the formula:

2
- lfff
transit ~ D

where leﬂ is the effective length of the channel and

t

(13)

D=pV; is the diffusion constant. In the case of a
traditional SIT transistor this channel length is about 2um
while in the case of SIT transistors with sharper barriers
(Fig. 3(b)) the channel length is reduced to about 0.2 um.
The corresponding transient times are 2ns and 20ps
respectively.
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Punch-Through Emitter

There are two well known emitters: (1) p-n junction
(Fig. 4(a)) and (2) Schottky junction (Fig. 4(b)). For
silicon devices p-n junctions have a forward voltage drop
of 0.7-0.8 volts while Schottky emitters have 0.2-0.3 V
only. Since the Schottky diode is a majority carrier device,
the carrier storage effect is negligible.

Another interesting emitter structure is shown in Fig.
4(c). This emitter has all the advantages of the Schottky
diode even though it is fabricated out of p-n junctions.

{c)

Fig. 4. Various structures of emitters: (a) p-n junction including
heterostructure with SiGe materials, (b) Schottky junction, (c)
punch-through emitter (in normal operation condition the p
region is depleted from carriers).

The concept of static induction devices can be used
independently of the type of emitter shown in Fig. 4. This
way the quality of each emitter can be further enhanced by
the static induction effect as shown in Fig. 5.

Bipolar Mode Operation of SI devices (BSIT)

The bipolar mode of operation of SIT was first
reported in 1976 by Nishizawa and Wilamowski [8][9].
Several complex theories for the bipolar mode of
operation were developed [2][5]{6][10][23][24], but
actually the simple formula (5) works well not only for the
typical mode of SIT operation, but also for the bipolar
mode of SIT operation. Furthermore, the same formula
works very well for classical bipolar transistors.

For example, in the case of npn bipolar transistors the
potential distribution across the base in reference to
emitter potential at the reference impurity level N.=N; is
described by

o(x) =V, ln{N"—(’?N—SJexp[-%J (14)
n

T

i

After inserting (14) into (5) one can obtain the well-
known equation for electron current injected into the base

_] - anni2 CXP(K‘B’E—"] ( 15)

jNB(x)dx T
If equation (5) is valid for SIT and BJT then one may
assume that it is also valid for the bipolar mode of
operation of the SIT transistor.

Static Induction Diode (SID)

The bipolar mode of operation of SIT can be also used
to obtain diodes with low forward voltage drop and
negligible carrier storage effect [2][5][13][23][24]. A
static induction diode can be obtained by shorting a gate
to the emitter of the static induction transistor. Such diode
has all the advantages of the static induction transistor
such as thermal stability, and short switching time. The
cross section of such diode is shown in Fig. 5.

SIT

(a)

| anode

n

AAVAVAVAVANS VA

an emitter

I cathode
(b)

Fig. 5. Static Induction Diode: (a) circuit diagram and (b) cross
section

The quality of the static induction diode can be further
improved with more sophisticated emitters (Fig. 4(b) and
4(c)). The SI diode with Schottky emitter was described
by Wilamowski in 1983 [17] (Fig. 6). An improved
structure was later published by Baliga [1].

SIT

Schotty
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Fig. 6. Schottky diode with enlarged breakdown voltages: (a)
circuit diagram, (b) and (c) two cross section of possible
implementation
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Fig. 7. Electrical field distribution in n*pn'n* diode for forward
and reverse directions

n’pn'n* Diode

If the punch-through emitter is used (Fig. 4(c)) thena a
very interesting diode can be developed. Fig. 7 shows the
electrical field distribution for forward and reverse
directions using step junction approximation. The voltage
drop on the device is proportional to the area under the
curve and the ratio.between forward and reverse directions
can be very large. Let us assume the impurity
concentration in p layer N,=10'%; thickness of n layer
=100pm, thickness of p layer 0.01pum. The peak electrical
field can be found as
_ gNx - 1.6E-19-1E18-1E-6 _ 1.5E5L= 15_V_

£5,€, 12-8.86E —14 cm um
and the forward and reverse voltages are

EMAX

T TRy ("21’ ) oasv

Vieeverse = Evax X,

VF ORWARD

=1500V

If the p-layer has a uniform impurity distribution then
E\uxr and E,x are equal. When, instead of the constant
doping profile in the p region, the nonuniform doping is
used then the value E,,y; can be much larger than Ej .

Another advantage of the n*pn'n* diode is the very fast
switching time because this is basically a device with
majority carrier transport. Since the current flow in both
directions is controlled by a potential barrier in both
directions, the current voltage characteristics can be
described by equations (5) and (8).

Lateral Punch-Through Transistor (LPTT)

Fabrications of SI transistors usually require very
sophisticated technology. It is much simpler to fabricate a
lateral punch through transistor, which operates on the
same principle and has similar characteristics [I
cross section of the LPTT is shown in Fig. 8.

5. The

Drain Gate Emitter Gate Orain

Orain Gate Emitter Gate Dratn

(b)
Fig. 8. Several structures of the lateral punch-through transistors:
(a) simple and (b) with sharper potential barrier.

Fig. 9. Cross-section of SIT logic
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Fig. 10. Diagrams of SIT logic
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Static Induction Transistor Logic (SITL)

The SITL was proposed by Nishizawa and
Wilamowski [8][9]. This logic circuit has almost 100
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times better power-delay product than its I’ competitor.
Such drastic improvement of the power-delay product is
possible because the SITL structure has significantly
smaller junction parasitic capacitance and also the voltage
swing was reduced by half. Fig. 9 and 10 illustrate the
concept of SITL.

BJT Saturation Protected by SIT

The SI transistor can be also used instead of a
Schottky diode to protect a bipolar junction transistor
against saturation[20]. The concept is shown in Fig. 11
and 12.

Schottky C

E E
(a) (b)

Fig. 11. Protection of bipolar transistor against deep saturation
(a) using Schottky diode, and (b) using SIT.

Fig. 12. Cross sections of bipolar transistors protected against
deep saturation using SIT.
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Fig. 13. MOS controlled punch-through transistor (a) transistor
in the off state for the negative gate potential and (b) transistor in
the on state for the positive gate potential.

Static Induction MOS Transistor (SIMOS)

The punch-through transistor with MOS Controlled
Gate was described in 1983 [18][19]. In the structure in
Fig. 13(a) current can flow in a similar fashion as in the
lateral punch-through transistor[15]. In this mode of
operation, carriers are moving far from the surface with a
velocity close to the saturation velocity. The real
advantage of such structure is the very low gate
capacitance.

n* /n* ;
depletion
Emitter P implant  p- Drain

(a)
Gate

Drain

Emitter

(b)
Fig. 14. Static Induction MOS structure (a) cross section and (b)
top view

Another interesting structure is shown in Fig. 14. The
buried p* layer is connected to the substrate, which has a
large negative potential. As a result the potential barrier is
high and the emitter-drain current cannot flow. The punch
through current may start to flow when the positive
voltage is applied to the gate and in this way the potential
barrier is lowered. The p-implant layer is depleted and due
to the high horizontal electrical field under the gate there
1s no charge accumulation under this gate. Such a
transistor has several advantages over the traditional MOS
transistor.

(1) The gate capacitance is very small, since there is no
accumulation layer under the gate.

(2) Carriers are moving with a velocity close to saturation
velocity.

(3) Much lower substrate doping and the existing
depletion layer lead to much smaller drain capacitance.

The device operates in a similar fashion as MOS
transistor in subthreshold conditions, but this process
occurs at much higher current levels. Such "bipolar mode”
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of operation may have many advantages in VLSI
applications.

Space Charge Limiting Load (SCLL)

Using the concept of the space-charge limited current
flow (Egs. (11) and (12)} it is possible to fabricate very
large resistors on a very small area. Moreover these
resistors have a very small parasitic capacitance. The
50kS2 resistor requires only several square m using 2pum
technology [22].

Fig. 16. Space Charge Limiting Load (SCLL)
References

[1] Baliga B. J. "The pinch rectifier: A low froward-drop,
high-speed power diode," [EEE Electron Device
Letters, vol. 5, pp. 194-196, 1984.

[2] Kim C. W., M. Kimura, K.Yano, A. Tanaka, and T.
Sukegawa,  "Bipolar-Mode  Static  Induction
Transistor: Experiment and Two-Dimensional
Analysis,” IEEE Trans. on Electron Devices, vol. 37,
No. 9, pp. 2070-2075, September 1990.

[3] Lewandowski, D. and B. M. Wilamowski, "On the
dynamic properties of SITL inverter", Electron
Technology, vol.14, no. 3/4, pp. 19-26, 1981.

[4] Mattson, R. H. and B. M. Wilamowski "Punch-
Through Devices Operating in Space-Charge-
Limited Modes," IEEE International Workshop on
the Physics of Semiconductor Devices, Delhi, India,
December 5-10, 1983.

[S] Nakamura Y., H. Tadano, M. Takigawa, I. Igarashi,
and J. Nishizawa "Experimental Study on Current
Gain of BSIT," [EEE Trans. on Electron Devices, vol.
33, No. 6, pp. 810-815, June 1986.

[6] Nishizawa J., T. Ohmi, and H. L. Chen, "Analysis of
Static Characteristics of a Bipolar-Mode SIT
(BSIT)," IEEE Trans. on Electron Devices, vol. 29,
No. 8, pp. 1233-1244, August 1982.

[71 Nishizawa J., T. Terasaki, and J. Shibata, "Field-
Effect transistor Versus Analog Transistor (Static
Induction Transistor)", IEEE Trans. on Electron
Devices, vol. 22, No. 4, pp. 185-197, April 1975.

[8] Nishizawa, J. and B. M. Wilamowski, "Integrated
Logic - State Induction Transistor Logic,"
International  Solid State  Circuit  Conference,
Philadelphia USA, pp.222-223, 1977.

[9] Nishizawa, J. and B. M. Wilamowski, "Static
Induction Logic - A Simple Structure with Very Low
Switching Energy and Very High Packing Density,"
International Conference on Solid State Devices,
Tokyo, Japan, pp. 53-54, 1976 and Journal of
Japanese Soc. Appl. Physics Vol. 16-1, pp. 158-162,
1977.

[10] Ohmi T., "Punching Through Device and Its
Integration - Static Induction transistor," I1EEE Trans.
on Electron Devices, vol. 27, pp. 536-545, March
1980.

[11] Plotka, P. and B. M. Wilamowski. "Interpretation of
Exponential Type Drain Characteristics of the SIT."
Solid-State Electronics, vol. 23, pp. 693-694, 1980.

[12] Plotka, P. and B. M. Wilamowski, "Temperature
Properties of the Static Induction Transistor,” Solid-
State Electronics, vol. 24, pp. 105-107, 1981.

[13] Shimizu Y., M. Naito, S. Murakami, and Y.
Terasawa "High-Speed Low-loss p-n Diode Having a
Channel Structure,” IEEE Trans. on Electron Devices.
vol. 31, No. 9, pp. 1314-1319, September 1984.

{14] Stork J. M. C. and J. D. Plummer, "Small geometry
depleted barrier bipolar transistor (BSIT), " [EEE
Trans. on Electron Devices vol. 29, pp. 1354-1363.
1982.

[15] Wilamowski, B. M. and R. C. Jaeger, "The Lateral
Punch-Through Transistor,” [EEE FElectron Device
Letters, vol. 3, no. 10, pp. 277-280, 1982.

[16] Wilamowski, B. M. and T. J. Englert, "CMT -
Conductivity Modulated Transistor”, IEEE Trans. on
Electron Devices vol. 39, no 1, pp. 2600-2606, 1992,

[17] Wilamowski, B. M., "Schottky Diodes with High
Breakdown voltage," Solid-State Electronics, vol. 26,
no. 5, pp. 491-493, 1983.

[18] Wilamowski, B. M., "The Punch-Through Transistor
with MOS Controlled Gate," Phys. Status Solidi (a),
vol. 79, pp. 631-637, 1983.

[19] Wilamowski, B. M., R. C. Jaeger, and J. N.
Fordemwalt, "Buried MOS Transistor with Punch-
Through," Solid State Electronics, vol. 27, no. 8/9. pp.
811-815, 1984.

[20] Wilamowski, B. M., R. H. Mattson, and Z. J. Staszak
"The SIT saturation protected bipolar transistor”,
IEEE Electron Device Letters, vol. § pp. 263- 265,
1984,

[21] Wilamowski, B. M., Z. J. Staszak, and R. H. Mattson,
"An Electrical network approach to the analyses of
semiconductor devices", [EEE Trans. on Education
vol. 35, no 2, pp. 144-152, 1992.

[22] Wilamowski, B.M., R. H. Mattson, Z. J. Staszak, and
A. Musallam, "Punch- through space-charge limited
loads", IEEE Electronic Component Conference,
Seattle, Washington, USA, pp. 399-404, May 5-7.
1986.

[23] Yano K., I. Henmi, M. Kasuga, and A. Shimizu,
"High-Power Rectifier Using the BSIT Operation,”
IEEE Trans. on Electron Devices, vol. 45, No. 2, pp.
563-565, February 1998.

[24] Yano K., M. Masahito, H. Moroshima, J. Morita, M.
Kasuga, and A. Shimizu, "Rectifier Characteristics
Based on Bipolar-Mode SIT Operation," [EEE
Electron Device Letters, vol. 15, No. 9, pp. 321-323,
September 1994.

— 136 —





