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Abstract: A SIT-BJT model is proposed for static induction thyristors (SITh) operation in the blocking state. On the basis

of the physical mechanism,this model is presented analytically in terms of governing equations that link the electrical pa-

rameters to the structural parameters. The model is verified by numerical simulation and theoretical analysis. Based on the

model,the variations of the electrical parameters such as the potential barrier, the anode junction voltage drop,and the

current amplification factor are studied and discussed.
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1 Introduction

SITh is a power switch device capable of high
current and high voltage'' ~*'. Most works discuss the
fabrication process, measurement of I-V characteris-
tics, and the anode current performance. However,
few works are devoted to the gate and the cathode
currents, and few models for SITh working in the
blocking-state have been reported. Therefore,a prac-
tical physical model to describe the operating mecha-
nism of SITh is required.

A silicon-based surface-gate normally-off SITh is
chosen as the device prototype in this work. This de-
vice is easier to fabricate than buried-gate devices'"
and is capable of avoiding the latch-up effects during
the switching process more easily than its normally-on
counterpart. In addition,the gate-cathode is negative-
ly biased to exploit the blocking capabilities.

A new model in terms of governing equations
showing the main ideas is presented. The model is ver-
ified extensively by numerical simulation and theoret-
ical analysis. The simulated values agree well with the
experimental results. The variations of the electrical
parameters of SITh are examined in view of device
physics,aiming to give insights into the model.

2 SIT-BJT model for SITh operating in
blocking state

Figure 1 schematically shows the structural dia-
gram of a unit in SITh. When the device operates in
the forward blocking state,the holes are injected into
the drift region from the anode,and are collected by
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the gate. Meanwhile, the electrons inject into the drift
region from the cathode, which are controlled by the
channel barrier, and are combined with the holes in
the drift region. Thus, this structure can be regarded
as a combination of two parts:a SIT part, which in-
cludes the n* -cathode region,the p* -gate region,the
n -channel region,and the n™ -base region and a BJT
part.which includes the p* -anode region.the n™ -base
region,and the p’-gate region. In the BJT,the p” -an-
ode region and the p” -gate region act as the emitter
and the collector.respectively (assuming the gate-base
junction is reverse biased). The n~ -base region and
the p"-gate (collector) region are common to both
the SIT and the BJT,i.e. ,there are mutual effects be-
tween the SIT and the BJT. Thus,a SITh can be re-
presented by the “SIT-BJT model” shown in Fig. 2.
Furthermore, as there is a similar operation mecha-
nism in the buried-gate SITh, the “SIT-BJT model”
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cation of the “saddle point” of the potential barrier, L, is the

Structural diagram of a unit in SITh,where yj is the lo-

channel length, W, is the minimum physical width of the chan-
nel,and L, is the thickness of the base region
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Gate(Collector) Table 1 Structural parameters of the SITh under investigation
] e / Parameter Symbol Value
V<0 ¢ Surface doping of the Anode Na 1X10¥cm~?
Surface doping of the Gate Na 5x10¥em ™3
l Cathode Surface doping of the Cathode Nk 1X10%cm~*
T =k " Doping of the Base Ng 5X10%¥cm~3
V>0 SIT BIT Pitch depth D 15,m
Anode junction depth D 40pm
l OAnode(Emitter) Gate junction depth Dg 7pm
I, Cathode junction depth Dx lpym
Pitch width w 15pm
Fig.2 Conceptual diagram of the SIT-BJT model for SITh op- Window width of the Gate Wa 1pm
eration in the blocking state The base region is shared by the Window width of the Cathode Wi 1pm

SIT and the BJT.

can also describe its mechanism.
In this model, the cathode current I from the
cathode in the SIT part provides the base current for
the BJT. On the other hand, the holes injected from
the anode (emitter) junction are collected by the gate
(collector) ,constituting the gate current /. The total
current, I 5 ,1s the sum of the cathode current I and
the gate current Ig:
Iy = Ix + I = (1 + Bar) Ik @D)
where
Is = BBJT I (2)
and fgr is the current amplification factor of the BJT.
The key factor limiting the cathode current (/)
is the height of the barrier (¢5r) in the channel®*!;
I = IK()exp<— %) (3)
where Iy, is nearly a constant and the other symbols
have their conventional meanings. On the other hand,
the key factors limiting the gate current (I5) are Sy
and Vygr. Here, Vg is the forward voltage drop in
the anode-base junction:
ﬁBn' I\ = BB.I'I'
1+ BBJT 1+ ﬁBJT

Is = aprla =

Twexp (S

€Y)
where agr = Bar/ (1 + Byr) represents the base current
transfer ratio of the BJT, I 5 is nearly constant,and n
is the ideality factor depending the injection level.
All the parameters,e.g. s$psirs VigrsBur-and n,
vary with the device operating conditions. In particu-
lar,both the potential barrier ($sqr) and the junction
voltage ( V,gr) float with, but are not directly de-
pendent on,the applied voltages ( Vg and V). This
differentiates SITh from many other devices. Another
important feature of SITh is that ¢ggr and Vg have
an interdependent relationship,such that the SIT and
BJT can accommodate each other. This feature be-
comes clearer if we insert Egs. (3) and (4) into Eq.
(2) ,yielding:

_ q‘}SB.srT _ 1o qVJ-BJT =
Toexp( =~ £220) = T+ for (L) ©

The left- and right-hand sides concern the SIT
and BJT,respectively. This equation reveals the mutu-
al effects and interplay between the SIT and the BJT.
Obviously, #sgr and Vigr cannot vary independently.
Moreover, this equation relates the two active parts by
various parameters such as structural parameters and
electrical parameters. Thus,the operation of the SITh
in the blocking state is governed by Eq. (5).

3 Analysis and discussion

This section is intended to examine the above
model by means of numerical simulation and theoreti-
cal analysis. We performed 2D simulations on device
properties. For the purpose of comparison, we used
the same geometric and doping parameters in all sim-
ulations. The device under investigation is a normally-
off device,i.e. ,the channel is already pinched off at
zero bias and a potential barrier is built in the chan-
nel'”'") . The gate- and anode-cathode biasing voltages
(Vsk and V) are set to be negative and positive,re-
spectively, to examine the blocking capabilities. The
doping and structural parameters of the device are
given in Table 1.

3.1 Verification of the SIT-BJT model

Focusing on the governing equation for the bloc-
king state, equation (5) can be rewritten in the fol-
lowing form:

(foor + @)— KT 101 + ) = E1n(ﬂ) (6)

n q q Iao

where all the electrical parameters are on the left-
hand side,and all the characteristic parameters are on
the right-hand side. Figure 3 shows the numerical re-
sults of the variations of the potential barrier ($pgr)
and the junction voltage ( V,g1),where the gate bias
is fixed at Vgx = — 2V .¢pgr and Vg vary in inverse
directions with the applied anode bias ( Vg ): Vigr
increases while ¢5 g1 decreases. This manifests the in-
terplay between the SIT and BJT. Thus, the increasing
anode bias exerts influence on the electric field in the
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0.8 moved the meaningless data in the “dead region”. Bur
L6f changes dramatically with the varying operating con-
1ol 0.6 ditions. Beyond the “dead region”, Bgr increases due
> > to the raised injection level of the BJT when the de-
7 0.8 404 % vice is driven into the recombination-dominated re-
< w gime. Byt increases to a maximum when the device is
041 402 driven into the injection-dominated regime in which
ok the role of BJT is enhanced. Byr decreases, however,
L L ! L L I when the high-level injection effect becomes domi-
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Fig.3 Variations of potential barrier ($s.5r) and junction volt-
age (V) with the applied bias ( V¢ ) in the blocking state

vicinity of the gate region (including the channel re-
gion) , resulting in the lowering of $ggr. In turn, the
increased base current (Ix) due to the lowering of
$s.sir 1s amplified by the BIT.and the anode (emitter)
junction must increase the injection level, resulting in
the increase of V,gr. This is in accordance with the i-
dea of the SIT-BJT model.

A special region of V= 0~30V exists where
the potential barrier is sufficiently high and the junc-
tion voltage is sufficiently low such that neither of
them can allow notable currents in the device. As seen
from the I-V characteristics in Fig. 6, the currents in
this region are negligibly small due to the thermal
generation of carriers in the space charge region of
the gate junction. In other words, the reciprocity of
SIT and BJT is not activated in this region and the de-
vice operates in a “dead region” because the currents
are limited by the thermal generation. In the other
vast range of Vg ,the reciprocity of SIT and BJT is
present until the device is switched into the conduc-
ting state. As demonstrated below, the width of the
“dead region” is responsible for the magnitude of the
breakover voltage.

The variations of the current amplification factor
(Bwr) are shown in Fig. 4, from which we have re-
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Fig.4  Variations of the current amplification factor of the
BJT (Bsr) with applied biases ( Vgk and Vac)  The lines de-
note the variations in the forward blocking state.

nant. These variations are also depicted in the I-V
characteristics (Fig. 6(a)). Interestingly,at all break-
over voltages, By drops to approximately 1 regardless
of the varying gate biases.

All the above variations of $ggrs Vigr»and Ber
are, however, under the restriction of Eq. (6). To
show this,we examine the equality of Eq. (6) by let-
ting
kT Iy kT Wee o Da
7IH<I_AO) ——ln(i X

« Lo o NKJZVB

W "D, ys n’ )Ecl

T q
(7a)
and

<¢B-SIT + M)* ﬂln(l + Bur) = C, (7b)
n q

where I, and I, are!’*?,

I = gAwNG 2 (8a)
VB

D, n: L, D, n’

~ — X = — = = X —

I 5o qA A L, NBCtnh< L, ) qAa Ny
(8b)

respectively,in which
s _ 25( V/\K—BO - VGK) %

L, =1L, [ q(m + DN, } (9)

represents the quasi-neutral base thickness. A de-
notes the effective area of the channel in the SIT
part, A, denotes the anode junction area in the BIT
part, W is the effective width of the channel, yp is
the location of the peak of the potential barrier (the
“saddle point”™* measured from the top surface) ,and
D, and D, are the diffusion coefficients of electrons
and holes, respectively. m is a magnification factor
accounting for the increasing space charges due to
movable holes in the gate junction;i. e., the space
charge density should be g (m + 1) Ny rather than
gNg when in the high-level injection regime. The
meanings of the other symbols are indicated in Table
1. Thus, by checking whether C, = C,,the equality of
Eq. (10) ,and hence,the validity of the SIT-BJT mod-
el,can be examined.

Figure 5 shows the comparison between the cal-
culated C; and simulated C,. In this figure, C, is cal-
culated using Eq. (7a) and C, is simulated using Eq.
(7b) (i.e.,using the data of $sgr»> Vigrsand Ber in
Figs. 3 and 4, but the meaningless data in the “dead
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Fig.5 Comparisons between the calculated C; and the simula-
ted C, to examine the equality of Eq. (6) In calculating C,, 7
the location of the “saddle point” (yg) is assumed to decrease ' \ /BN
only in the recombination-dominated regime by moving from or > l'===
the center of the channel (yg =4.5um) to the cathode edge of 5t ?3. 3==.
the channel (yg = 1. 0um) ; The effective channel width ( W) 5 4k %ﬁ 2 gﬂﬂ.
is assumed to increase only in the injection-dominated regime § 3L é v aagg
from one-fifth of the channel physical width (W = W, /5 = E; é <, g;
. 2r °
0.64pm) to four-fifths of that (W =4 W,,/5 =2.56pm). The Vo= =~ X -50V/div
quasi-neutral base thickness (L") is calculated using Eq. (9),in 1 [ 0.0V -05V-10V -15V -20V =25
which the magnification factor (m) is assumed to increase nota- 0 =
. S . . Blocking (b)
bly only in the injection-dominated regime from O to 2 synchro- -1 , . . . \
nously with the increasing anode bias ( Vxx) until breakover oc- 0 40 80 120 160 200
curs. V!V
. . . . Fig.6 I-V characteristics of the SITh (a) In the blocking
region have been removed) . The ldeahty factor,n ,is state at fixed gate bias Vg = — 2V (in semilog scale) ; (b) Full

assumed to vary from 2 to 1 when the device is driven
from the recombination-dominated regime to the in-
jection-dominated regime. Figure 5 indicates that C,
and C, have the same varying pattern. C, is variable
because the effective channel width ( W) becomes
larger when more of the channel region is occupied by
carriers due to the raised injection level. Meanwhile,
the location of the “saddle point” of the potential
barrier (yg) also becomes smaller due to its move-
ment in the channel (closer to the cathode),and, the
thickness of the quasi-neutral base (L°,) becomes
smaller at higher biases as well. Consequently, C; is
smaller in the lower bias range than in the higher bias
range due to the increase in (kT/g@)In( WL,/ ys).
Moreover, both the calculated C, and the simulated
C, are in good agreement and the average difference
between them is less than 1%, well within the toler-
ance of numerical accuracy. This means that the e-
quality of Eq. (6) is retained regardless of the varying
biasing voltages and parameters. Therefore, the SIT-
BJT model is reliable for the SITh operation in the
blocking state.

3.2 Analysis of I-V characteristics

Figure 6 shows the [-V characteristics of the
SITh.In the blocking state (Fig. 6 (a)), the mutual
effects are evident (beyond the “dead region”) . Is>
Ix as can be explained by the SIT-BJT model with I

range [-V curves at varying gate bias (in linear scale), where
there is an inserted experimental I-V result for purpose of com-
parison (the device structures in both simulation and experiment
are the same).

= Bur I« and By >>1.In the large current region'*' ,al-

though I is still larger than Ig,the increase rate of
I; is smaller than that of I, as a result of the in-
crease in the Gummel number of the base.,as can be
inferred from Fig. 7.

4 Conclusion

The operation of static induction thyristors has
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Fig.7 Distribution of hole concentration along the device sym-
metrical line:variations with the anode bias ( Vax)
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