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Abstract: The failure of a bipolar static induction transistor (BSIT) often occurs in the transient process between
the conducting-state and the blocking-state, so a profound understanding of the physical mechanism of the switch-
ing process is of significance for designing and fabricating perfect devices. The dynamical characteristics of the
transient process between conducting-state and blocking-state BSITs are represented in detail in this paper. The in-
fluences of material, structural and technological parameters on the dynamical performances of BSITs are discussed.
The mechanism underlying the transient conversion process is analyzed in depth. The technological approaches are
developed to improve the dynamical characteristics of BSITs.
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1. Introduction

The bipolar static induction transistor (BSIT) is a new type
of power semiconductor device constructed by the comprehen-
sive effects of a static induction transistor (SIT) and a bipolar
transistor. In recent years, BSITs have attracted a great deal
of attention from scientists and engineers. However, they are
mainly interested in steady performances, such as the basic
operating mechanism, /—V characteristics, electrical poten-
tial distribution in channel and critical fabrication technolo-
gies!! 111, However, BSITs are mainly used in switching ap-
plication fields. For example, in power frequency conversion,
a BSIT turns between the conducting-state and blocking-state
frequently. The switching state means a transient process from
one steady state to another. It was proved by practice that the
failure of devices often occurs neither in the conducting-state
nor in the blocking-state, but in the switching state, i.e. the
transient process between two steady states. A profound un-
derstanding of the physical mechanism of the switching pro-
cess is of significance for designing and fabricating perfect de-
vices. In this paper, dynamical parameters, such as switching-
off time, power consumption, di /df and dv/dz capabilities, are
physically discussed in depth, and the processes of turn-on and
turn-off of BSITs are studied in detail. Methods to improve the
dynamical performances of power BSIT have also been repre-
sented.

2. Device structure descriptions

To research the dynamical performances of BSIT, an n-
type Si single crystal doped with phosphorus of 1 x 101% cm™3
is used as an original wafer to manufacture BSIT samples. The
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doping concentrations of the channel, source, drain and gate re-
gions are Npcy = 1 x 101 cm™3, Npg = 1 x 10'° em™3, Npp
=1x10' em™3 and Nag = 1 x 10!° cm™3, respectively. The
channel width (Lp) is 750 um, channel length or gate length
(Lg) is 8 um, gate-to-gate space, called channel thickness, is
9 pum and repeated period is 25 um, as shown in Fig. 1. The
impurity concentration (Npcy) of the channel region and the
gate-to-gate space is so designed that the channel can be com-
pletely pinched off by a built-in potential barrier of the gate-
channel pn junction. In other words, the channel width must
be equal to or smaller than two times of depletion layer width
of zero biased gate-channel PN junction, so that the channel
can be adequately pinched off. The lightly doped region desig-
nated with (n™) between the gates and drain is referred to as the
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Fig. 1. Cross-section of a segment of BSIT with buried gate structure.
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drift region. The point at the end of the channel near the drain
is called the intrinsic drain. In order to research the dynamical
electrical performances of BSITs, the active region of the BSIT
is designed to be surrounded with a deep trench of which the
width is 200 pum, and depth is 60 um, to cut off the various
probable parasitical current effects that may degrade the per-
formance of the BSIT (not shown in figure). The technological
processes for fabricating the BSIT sample were described in

our previous paper!!2].

3. Mechanism underlying the dynamical opera-
tion of BSIT

A BSIT is a normally-off device, due to the very lightly
doped concentration of the epitaxial layer, and very small gate-
to-gate space. The channel of the BSIT is pinched off at zero
gate bias. It operates in the blocking state when a negative volt-
age is applied to the gate. With the increase in drain voltage,
there is a very small majority carrier current in the device, dom-
inated by the potential barrier in the channel. At this moment,
the BSIT operates in single polar mode and exhibits triode-like
I-V characteristics with a certain shift along the voltage Vp
axis. A potential barrier is established in the channel by the
built-in electric field of gate-channel pn junction. The channel
of the BSIT is entirely occupied by the depletion region. The
width of channel is determined by geometric and technologi-
cal parameters such as gate-to-gate space, diffusion depth and
doping concentration of the epitaxial layer. Most of the elec-
trons can not cross the potential barrier, to form the significant
drain current Ip by only the effect of drain voltage Vpg, when
the forward voltage is not applied to the gate. The channel is
pinched off completely. The height of potential barrier is in-
creased and the device operates in the blocking state when a
negative voltage is biased to the gate. The blocking voltage for
a given gate voltage represents the voltage capability.

The gate-channel pn junction is forwardly biased and the
minority carrier holes are injected into the channel when a high
positive voltage (Vgs = 0.45 V) is applied to the gate. The
operating mechanism of the BSIT has been changed radically
by the participation of minority carrier holes. With an increase
in the gate voltage, more holes are continuously injected into
the channel and the corresponding electrons are injected from
the source. Electron-hole plasma with a high concentration is
formed in the channel and long drift region, generating a promi-
nent conductance modulation effect. The electric field and the
voltage drop are very low in this region. A small increase in
drain voltage will result in a rapid increase in drain current.
The device operates in the conducting state and can conduct
a high drain current with a very low voltage drop, referred to
as the saturation state. The magnitude of the drain current is
modulated by the minority carrier holes being injected from the
source region, it is a current controlled device, called bipolar
mode, exhibiting pentode-like characteristics.

When a small positive voltage (0 < Vs < 0.45 V) is biased
to the gate, the device operates in the transient process between
the single polar and bipolar modes, called the sub-threshold re-
gion. Although the gate is positively based, the concentration
of minority carrier holes injected from the source region is very
low. The drain current I is mainly predominated by the po-

tential barrier in the channel.

The current of BSIT is mainly predominated by the po-
tential barrier in the channel in single polar mode biased with
reverse gate voltage. With the gradual variation in gate voltage
from the negative value to the positive, the control mechanism
of drain current is transferred from the potential barrier in the
channel to the minority carrier injection. The concentrations of
minority carrier holes injected from the gate into the channel
and the electrons injected from the source are both very low for
the forwardly biased small gate voltage (0 < Vs < 0.45 V),
due to the blocking effect of potential barrier. The electrons
drift towards the drain along the channel by the effect of drain
voltage. There are very few electrons moving into the gate be-
cause of the built-in potential of gate-channel pn junction. The
ionized impurity charges in the channel are compensated with
the injected electrons from the source, equivalent to a decrease
in doping concentration in channel. Therefore, the gate volt-
age required to pinch off the channel, called pinch-off voltage,
is decreased. With the increase in gate voltage, a number of
holes accumulate near the source end of the channel, reduc-
ing the height of potential barrier due to the reflecting effect
of ntn™ junction. The injected minority carrier holes partic-
ipate in the drain current modulation of the potential barrier.
When the positive gate voltage is increased to a critical high
level (Vgs = 0.5 V), the potential barrier vanishes completely.
A conductance modulation region is built in the channel by the
injected holes from the gate and the electrons injected from the
source, increasing the gate current. A high density plasma of
electrons and holes is established in the channel and a certain
realm of epitaxial layer, generating a significant conductance
modulation effect at the electrical quasi-neutral region where
the electric field is very low. At present, it can conduct a high
current with very low voltage drop, the BSIT works in the con-
ducting state, realizing the transformation from off-state to on-
state.

There are a large number of majority and minority carri-
ers in lightly doped n™ epitaxial layer in conducting state. The
holes near the gate are swept into the gate region, whereas, a
portion of the electrons in the channel enter the source region,
when a negative voltage is biased to the gate. Most of the car-
riers in the n™ layer are swept out the channel through the gate
region (p*) and the source region (n). When the height of po-
tential barrier increases to high enough to block the electrons
injected from the source, the drain current is abruptly cut off.
The device begins to operate in the blocking state.

4. Switching-off characteristics

The switching-off time 7. is the main factor limiting the
frequency performance of BSITs. The dynamical equilibrium
between a large number of electrons and holes injected from
the source and drain regions, respectively, is kept in the chan-
nel in the conducting state. The accumulation of carriers in the
channel gives rise to the disappearance of the potential barrier,
forming the conditions for current transportation. The effec-
tive charge neutrality is built in the channel. With the increase
in drain voltage Vpg, the increased accumulation of carriers in-
jected will leading to much heavier conductance modulation
effect and a rapid increase in drain current. The switching-off
of drain current is realized by the drawing-out process of ac-
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Fig. 2. Dependence of switching-oft time #¢r on Vg and Vp.

cumulation carriers in the channel due to a negatively applied
gate voltage. With the decrease in accumulated carriers, the po-
tential barrier is gradually established again and the current is
cut. The rapid transient process from the conducting state to the
blocking state determines the switch frequency performance.

The switching-off process includes three stages. Firstly,
a large reverse drawing-off gate current produced by the de-
crease in gate potential extracts the accumulated charges from
the channel, keeping drain current I, constant. The potential
barrier is gradually generated again in the channel due to the
vanishing of accumulated charges, resulting in a quick decrease
in drain current /p. Accompanying the continuous recombina-
tion of excess carriers in the channel and the drift region, drain
current /p decays exponentially and vanishes eventually.

The switching-off time #,¢ is defined as the time required
for the drain current to decrease to 10% of it original value.
The switching-off time ff is intimately dependent on the
gate drawing-off current, recombination rate and the magni-
tude of accumulated charges. The degeneration of accumulated
charges in the channel can be described with the equation:

~ZE = g = (1)

where t.gr is the effective life of carriers in the channel, Q is
the magnitude of accumulated charges, Q /s is the recombi-
nation current of carriers and Igp is the maximum gate current.
Integrating the above equation, the switching-off time 7,4 can
be expressed as

Q
0 dQ IGP + _L__O
loff = — ———— = Tegln———1
0 QO IGP
O Igp + P
eff
I
— i (14 22). @

where Qy is the original charges in the channel at # = 0, and
Ip = Qo/tesr is the drain current. The dependence of #,¢ on the
drain current Ip, drain voltage Vps and gate voltage Vs are
experimentally shown in Fig. 2. The switching off time 7y is
logarithmically dependent on the drain current I, as shown in
Fig. 3. The frequency of the BSIT is mainly determined by the
switching-off time #,¢. With the increase in the maximum gate
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Fig. 3. Dependence of switching-off tome on /p and V.

drawing current /gp, the switching-off time #,¢ is decreased. It
is an effective method to increase the maximum gate drawing
current /gp for improving the frequency performance of the
BSIT. In order to acquire a high gate current /gp, it is necessary
to decrease the sheet resistance of gate region by increasing
its boron doping concentration. The switching time 7, can be
effectively reduced by decreasing the lifetime ¢ of carriers as
demonstrated in Eq. (2).

5. Theoretical analyses on di/d¢ and dv/d¢ ca-
pacities

A large varying rate of current (di /dz) will be produced in
the transient process from the blocking state to the conducting
state, since the operating frequency of the BSIT is very high.
The di/dz capacity is an important parameter to describe dy-
namical performance and it is determined both by the vanishing
speed of the potential barrier and by establishing the velocity
of the conducting channel, determined by the contracting speed
of the depletion layer in the channel. The profiles of the deple-
tion layer in the conducting and blocking states are shown in
Figs. 4(a) and 4(b), respectively. The width of the conducting
channel between the gates can be written as

\q1/2
=219 _ [2880(VG5 + ¢>m)i| , 3)
2 qNpcn

where a is the gate-to-gate space, Npcy is the doping concen-
tration in the channel, Vg is the voltage biased to the gate and
¢ is the built-in potential of the gate-channel pn junction.

The width of a BSIT’s conducting channel is determined
by the doping concentration of the epitaxial layer for a given
VGs- A non-uniform channel doping profile will result in a dif-
ferent channel width on chip. The region with a low channel
doping concentration, implying wide depletion layer, results
in a narrow conducting channel. The current concentration will
occur in this region due to the local channel conducting prior
to other region, which may degenerate the performance of a
BSIT. Furthermore, since the gate stripe has some resistance
along the length, even though it is heavily doped with boron
impurities, there is a rather voltage drop along the gate stripe
from the contact hole to the distant place. Even though the dop-
ing concentration is uniform everywhere, the gate voltage Vs
can not be biased to the whole gate region at the same time.
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Fig. 4. Profile of the depletion layer at (a) forwardly conducting state
and (b) forwardly blocking state.

The BSIT channels can not be switched to the conducting state
contemporarily, because of the RC delaying effect. The chan-
nel near the contact hole will be conducted prior to the other re-
gions. The conducting current concentrates on the local region
near the contact hole at the beginning of conducting process
and this may cause catastrophic damage to the BIST.

The raising rate of the voltage at the critical blocking state
is described with the dv/d¢ parameter. The BSIT must endure
a very high dv/dt in switching off process, being equivalent
to applying a forward ramping voltage between the drain and
source electrodes of the BSIT.

A too large dv/dr will deteriorate the switching off per-
formance and operation stability of the BSIT due to the de-
bias effect of gate series resistance, even resulting in that the
device can not be switched off. Therefore, it is necessary to im-
prove the dv/dt capability of the BSIT. When a reverse current
formed by drain voltage cross the gate—drain capacitance Cgp
flows through the gate—source resistance in the switching off
process for a large dv/dt, a voltage opposite to the gate—source
voltage in polarity is generated and the switching off effect of
gate—source voltage Vs is weakened, which may even result
in miss conductance-on.

6. Analysis on power consumption in dynamical
processes

The switching power consumption in dynamical processes
can be described with the average power consumption in
the conducting period, conducting-on power and switching-
off power consumptions. The conducting-on power consump-
tion consists of two parts: delay time and rising time. The
switching-off power consumption is generated chiefly in the
dropping process and the tail stage. The conducting-on and
switching-off power consumptions that are increased with the
increase in switching currents can be easily calculated from the
switching waveform. With the increase in operation frequency,
the power consumption is increased rapidly. The percent of
various portions is determined by the operation frequency. In
low frequency, the average power consumption in the conduct-
ing period is higher than that of switching power consumption.
Whereas, in high frequency the switching power consumptions
predominate. The driving current of the gate influences the
switching power consumption. The high forward driving cur-
rent will reduce switching speed and delay storage time, giving
rise to large switching power consumption in high frequency.
The low forward driving current will increase dynamical sat-
uration voltage drop and conducting power consumption. It is
of importance to design the driving current of gate electrode
correctly.

7. Improvements on the frequency performance

The conducting and blocking states are realized by de-
creasing and increasing the heights of the potential barrier in
the channel. The difference in carrier concentration during the
conversion process is higher than 10° times. The shorter the
time required to complete the conversion process between so
different two states, the higher the switching frequency of the
BSIT is. A certain time is needed for changing the carrier con-
centration.

The height of potential barrier in the BSIT channel is low-
ered by the positive gate voltage in the conducting process.
Therefore, the electrons and holes are injected into the channel
from the source and gate regions, respectively. The injection
of electrons and holes in turn further reduces the height of po-
tential barrier and finally drives the device into the conducting
state. Obviously, the conducting time #,, is dependent on the
original state of the electric field and potential distributions. It
is also determined by the diffusion and junction capacitances
of the gate—source pn junction. Therefore, it is necessary to de-
crease the influence of diffusion and junction capacitances in
the structural design.

The switching-off time #,¢ is the main factor that influ-
ences the frequency performance of a power BSIT. In the
switching-off process, firstly, the gate potential barrier is estab-
lished and raised and then the holes in the channel are drawn
out by the negative gate voltage. With the enhancement in
the height of potential barrier, the drain electron current Ipg
quickly decreases to a certain small value Iy (referred to as the
reverse leakage current). In order to shorten the switching-off
time and improve the dynamical performance and frequency,
the following technological methods are proposed.

(1) To decrease the effects of diffusion and gate—source pn
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junction capacitances, the thickness of the gate region must be
reduced to decrease the magnitude of net deposited charges ei-
ther in the conducting state or in the blocking state. The device
can be switched off more quickly, due to the decrease in time
for holes to be drawn out.

(2) In order to decrease the number of majority carriers
in the drift region in the conducting state, the thickness of the
epitaxial layer should be properly reduced. So, the electrons in
the drift region can be quickly drawn out by the drain voltage,
forming the blocking state.

(3) The establishment and enhancement of the potential
barrier in the channel can be promoted with the reverse strong
electric field created by increasing the negative gate voltage.
The switching-off process can be accelerated by the fast draw-
ing out of electrons and holes.

8. Conclusion

The switching performances of a BSIT, such as di/dt,
dv/dt capabilities and switching power consumption, are the
important dynamical parameters of BSITs. The operating fre-
quency is mainly determined by the switching-off time #,
which can be much improved by the proposed technological
approaches. The switching-off time #,¢ was reduced from 1 to
0.1 us by using the technological methods proposed in this pa-
per.
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