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A Time- and Temperature-Dependent 2-D
Simulation of the GTO Thyristor
Turn-Off Process

AKIO NAKAGAWA, MEMBER, IEEE, AND DAVID H. NAVON, SENIOR MEMBER, IEEE

Abstract—-GTO thyristor turn-off process is analyzed for a resistive
load case by performing an exact two-dimensional time- and tempera-
ture-dependent numerical simulation. A newly defined concept “on-
region” is introduced to help understanding of the simulation resul’s.

Excess carrier plasma (on-region) in the p-base is squeezed finally to
as narrow as 60 um wide, accompanying a large current density increase
at the center of the middle junction. The carriers in the n-bas: are
found not to be greatly affected by the initial plasma squeezing in the
p-base. After the on-tegion width in the p-base reaches its final limit,
the excess carriers around the middle junction of the final on-region is
rapidly reduced, resulting in complete anode current turn-off,

I. INTRODUCTION

ECENT advances in GTO thyristor development have en-
abled the devices to be operated at more than 1000 A

and 2500 V [1], [2]. These devices can be realized by a1 ap-
propriate combination of reduced p-base sheet resistance [3],
thicker n-base layer [4], increased gate-cathode breakcown
voltage [5], anode short circuit [6], etc. All these parameters
affect the maximum interruptable anode current, which ceter-
mines the current rating of the device directly because¢ im-
proper turn-off behavior may cause fatal damage to the device.
In contrast to reparts of advances in the device fabrication,
there have been only a small number of publications on the
failure mechanism analysis [4]. It was also very recent that
the numerical technique was applied to a thyristor {7], [8],
[9]. There were only several papers published regarding a
GTO thyristor. In 1979, Naito ef al. [10] analyzed a GTO
turn-off process making use of a 1-D model. In 1981, Waka-
gawa [11] analyzed the abnormal characteristic that a GTO
with a heavily doped p-base exhibits as sudden forward voltage
increases over a critical current density. The same author [12]
also analyzed the current concentration during the turn-off
process, using a 1-D model, which included the effects of the
conduction region squeezing as well as the temperature in-
crease. In 1981, a 2-D model was presented by Shimizu e? al.
[13] for analyzing the steady-state characteristics. Such a 2-D
model is inevitable for the accurate GTO turn-off simu ation
because it is accompanied by the squeezing of the “on-region”
(see Section III for the definition). Moreover, the model
should deal with 4 basic device equations [14], [15], includ-
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ing the heat equation, which is necessary for the GTO turn-off
failure analysis. In the present paper, such a 2-D model with
4 equations is applied to a GTO turn-off process to obtain new
insight into the squeezing of the “on-region.”

II. MATHEMATICAL MODEL

In order to simulate exact device characteristics, various
higher order effects such as heavy doping effects (H.D.E.),
Fermi statistics, carrier-carrier scattering, Auger recombina-
tion etc., have to be included. As for heavy doping effects,
bandgap narrowing modeling was first introduced by De Man
{16] in 1971. Since then, there have been numerous publica-
tions on this effect [16], [17], [18], [19], [20], [21].
There are two different methods proposed to formulate the
current equations under position-dependent bandgap variation.
One is expressed in terms of the two band edge changes, AV,
AV, [17], and the other is in terms of the intrinsic concentra-
tion, n; [18].

on 0
Jp = anTg)—c ~ Qlph a_x‘ W+ AV,). 5]
on 0 kT
Jn=unkTa-qunn5;(¢+—£I—lnni+w>. )

These two equations are equivalent only under the Boltzmann
statistics approximation and isothermal conditions. However,
for a heavily doped silicon, Boltzmann statistics are not valid;
neither is the following equation which offers the basis for the
equivalence of the two equations.
q

nf =Nyo - Ngo exP—ﬁ(VG - AV, - AV,). (3)
Nyo and N, denote effective density of states for nondoped
silicon. The following method, proposed in [21], enables an
efficient simultaneous inclusion of both H.D.E. and Fermi sta-

tistics. The two characteristic parameters, w, and w, or n;
and w, are defined by (4)-(7).
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where -qV,, and -qV,, represent the conduction band and
valance band edge energies for nondoped silicon, respectively.
These definitions, together with (8), lead to the Boltzmann-
like equations (9) to (11) for the case of isothermal conditions
in spite of the degeneracy.

V=y+w, (U=5Veo+ Voo)) (®

Iy = Uk T g—’; - gUun % <\IJ + g In n,-> )

Jp = -upkT g—i - qQupp a% (\If - —kf In nl-> (10)
il o
n=n; expkiT ¥ - ¢,) (12)

p = n;exp 7{% (¢p - ¥). (13)

w is usually a small value, compared with the electrostatic po-
tential, as is seen in actual calculations in [18], [21]. The last
term €/q(8%w/dx?) in (11) can be ignored compared with the
term Ny - Np. Also, ¥ can be treated as if it were a pure
electrostatic potential [21]. These approximations hardly af-
fect the terminal current-voltage relationship [22] since the
usual boundary condition specifies n, p, ¢,,, and ¢p values, and
W is precisely determined through (12), (13).
Another new parameter w is introduced for later use.

w=Lw, t wp). (14)
Then, the basic equations for silicon are
on G
anﬂnkTg';'qﬂnnsz(‘I’*'W) (15)
_ op 0
Jp = -ukaé—; " aupP - (¥-w (16)
and
9%
o =n-p+(Ny - Np). (17)

These equations are extended to the non-isothermal case. If
the rigid band approximation is adopted for simplicity, a simi-
lar derivation to that in [23] gives rise to two additional cur-
rent terms to (15). The first term is so called thermal diffu-
sion [23] and is described by (18).

3 aT
Jen = (Nzn >y /Jn) kn —.

2 ox (18)
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The definition of u,, can be found in the reference and is
equal to 2u, if acoustic scattering is the major scattering phe-
nomena. It is necessary to be careful that this equation should
be added to (15).not to (9) because (9) already includes the
latter term of (18) (-3 u,kn(37/8x)) in itself. The other cur-
rent term is due to the variation in the bandgap energy with
temperature [12] and should be included within parameter w.
By denoting the value of w at room temperature by w,, the w
for temperature T will be given by

w=wy +5(T-T,), 25=2.82X 107* (V/degree) [24].
(19)

It can be shown that parameter s is the same for any impurity
concentration of less than 1 X 10'® (em™) [12].

Thus the final current equations may be expressed in the fol-
lowing way.

on 0
In = UnkT == = qunn == Ve (20)
ap 0
Tp = ~MpkT == = qupp F Ty, (2D
k
Y, =¥+w,+ —5‘(‘1‘ T (22)
\I/=\If—w—<——k—)T (23)
h 0 2a) &

The temperature dependence of the carrier mobilities is
given by the same formula as that developed in {12], which
were determined from experimental data [25].

Solution Method

If ¥ does not change rapidly, the effective electric field
0W¥,./dx and 0¥, /dx can be regarded as constant between two
grid points and the conventional discretization method can be
used by replacing ¥ by ¥, or ¥,. An independent variable
set (n, p, ¥, T) is used because of its programming feasibility.
There was almost no difference observed in the convergence
rate even if another set was chosen.

Newton’s method was used to solve the nonlinear part of
(20)-(23); SLOR (Successive Line Overrelaxation Method
[26]) and the direct method were tried to solve the large num-
ber of linearized equations. In the actual program, (n, p, ¥)
are solved simultaneously, and the temperature equation is
separately solved by Stone’s method. However, it should be
emphasized that the final complete simultaneous solutions
were reached at each time step by iterating the two solution
processes (Gummel’s method). This is one distinction from
the previous models [14], [15].

It was found that if the number of grid points for either of
the two directions is small enough, then the direct method
reaches convergence in less computer time than SLOR. Com-
paring the number of multiplications between the two pro-
grams, a criteria for the superiority of direct method over
SLOR was found

Npin <V14f 4
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where Npi, represents the smaller number of the grid lines in
either of the two directions and f represents the number of
SLOR iterations. In the present paper,a 7 X 55 (X X Y) grid
structure was adopted for the GTO turn-off process calcula-
tion. Thus the criteria becomes /> 35. Usually, as 1 Newton
cycle requires 30 or 35 SLOR iterations, then the direct

_method gives convergence in almost the same time as SLOR.
Moreover, the direct method is free of the relaxation parame-
ter. The method referred to as the direct method actually
means Gaussian elimination, which is used to obtain the U-
matrix out of the original Jacobian matrix. This method can
reduce the memory size to half that required by the LU-
decomposition method. The numbering of grid points was
done in such a way that adjacent grid points in the x-direc:ion
have consecutive numbers. This numbering method makes for
an easier Gaussian elimination than the other.

The derivatives of mobilities as a function of electric poten-
tial should be included to attain rapid convergence. However,
this is not an easy task because electric field magnitude at
point M in Fig. 1 should be calculated by using the 6 Y va'ues
for the points A, B, C, G, E, and I. It follows that the current
equation associated with point B must involve the 9 adjacent
points, resulting in a large amount of memory size and com-
puter time. In the present paper, this situation was improved
by using only 7 grid points without F and I. The electric mag-
nitude for point M is calculated by (25).

2 _(YE - WB)z (llfc - l1/E>2 .
EM ( XM + YJ . (2))

As the mobility slowly changes with electric field £y, the er-
ror associated with this is relatively small.

Initial Values

It was found very important to obtain initial values as close
to the next solution as possible. In the model, the latest 3
solutions (last 3 time steps) were used to determine the trial
values for the next solutions. These efforts can reduce the
number of the Newton iterations. One way of doing this is to
use 2nd order polynomials fitted to the last 3 solutions, whare
the variables are expressed in terms of ¥, In n, In p, and T.

Boundary Conditions

Fig. 2 shows the whole device structure and the modeled re-
gion, which is actually a part of the real GTO device. There is
no difference in the doping concentration in the x-direction
and only 7 grid points are assigned to that direction. A special
boundary condition is assumed for the gate contact so that the
change in the carrier densities in the gate contact is allowed to
closely simulate the actual device. The adopted boundary con-
dition is of a current control type, where only gate current
value is specified and the electric potential is automatically de-
termined according to the operating condition. Thus it is pos-
sible that even the surface where the gate contact is formed
has the same doping profile as that of the interior and repre-
sents one section of the device. The actual formulation will be
interpreted, making use of Fig. 3. For example, current con-
tinuity equation for the point (4, 1) is given by the following
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Fig. 2. (a) Actual device structure and modeled region, (b) Schematic
diagram for the analyzed system.
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equation if Gauss’s integral is applied to the boundary denoted
by the dotted lines.

[JY(4, 1) - JY(3,1)] - 0.5 - X(1)
+JX(4,1)- 0.5 - [Y(3) + Y(4)]
- JG(@4)=-q-R(4,1)-0.25 - X(1) - [Y(3) + Y(4)]

(26)
JG(4)=(-¢,(4, 1) + V)/r(4) 27
1r(f) = a- u(, 1) NG, 1) - [Y(G)+ Y- D]. (28)

<a is given from 2 1/r({) = I/Rg>

N: Impurity Concentration

In deriving (26), the symmetry condition is assumed along the
surface for simplicity. As important turn-off phenomena oc-
cur in the center of the device area, this approximation does
not affect the results presented in the present paper. Gate cur-
rent density JG(?) is determined by (27), where resistance #(7)
represents the sliced p-base resistance outside the modeled re-
gion. Total gate resistance R, is chosen to be 1 £ in the pres-
ent calculation. Gate source voltage V), is raised at the rate of
~-8.0 X 10% V/s to simulate the effect of the stray inductance
in the gate circuit. :

As for the boundary condition for the heat equation, a fixed
heat sink temperature of 300 K is assumed at the surfaces
(metal contacts and the dotted lines in Fig. 2).

The actual values for the impurity profile are 1 X 102° cm™
and 15 um for the n-emitter surface concentration and depth,
1.5%X 10'® cm™ and 52 um for the p-base or p-emitter diffu-
sion surface concentration and depth and 2 X 10'* cm™ and
150 um for the n-base concentration and width, respectively.
Device dimensions are 200 um wide in the x-direction and 254
pm thick in the y-direction. The total emitter area is 200
pm X 5 mm, These parameters are chosen to closely represent
one emitter island of the Toshiba 600-V 600-A GTO.

3

[II. CALCULATED RESULTS

Fig. 4 shows the calculated waveforms of anode voltage,
anode current, and gate current. Initially, the device conducts
34 A (3400 A/cm?) anode current.

The calculated storage time and the fall time are about 1.1
and 0.35 us, respectively. Both numbers are smaller than the
experimental results [4]. The reason is that the experiment
was carried out under an inductive load condition. If a com-
parison is made as to the time required for the anode voltage
to begin to rise, the both results show good agreement: calcu-
lated 1.1 s, experimental 1.0 ~ 1.2 us. Thus a better agree-
ment can be obtained if the calculation is made under the
same condition as the experiment.

Fig. 4 also shows the current density change at the center
of the middle junction. The highest current density (17 000
A/cm?) is reached early in the fall time period at = 1.26 us
and ¥, =23.5 V. An interesting fact is that the highest cur-
rent density does not appear at the end of the storage time be-
cause a high anode voltage is required to conduct the high cur-
rent density in the reduced “on-region” (explanation is given
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Fig. 5. Electron density distribution for ¢ = 0.81 us.

later) in the p-base and middle junction, and this high anode
voltage decreases anode current because of the pure resistive
load nature. .

- Fig. 5 shows the electron density distribution for the time of
0.81 us. It is seen that only a part of the excess carriers
(which are near the gate electrode) in the p-base and the adja-
cent G+ K and middle junctions are extracted. However, all
the other parts of the carrier distribution remain almost un-
changed from the initial state.

From now on, “off-region” is defined especially for elec-
trons as the area where electron density is less than 10'¢ cm™3.
Then, “on-region” is the rest of the device area except for the
two emitter layers. The meaning of the “on-region” is that the
region has a lot of injected excess carriers (excess hole density
is almost the same as excess electron density). The meaning
of the “off-region” is the reverse. In the “off-region,” y-
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Fig. 6. Y-component of the current density distribution for ¢ = 0.81 us.

component of the current density is negligibly small, com-
pared with the “on-region.” Fig. 6 shows the y-component of
the current density J,, corresponding to Fig. 5. The defined
“off-region” coincides with the area where the y-compoaent
of the current density is almost zero except for the two emit-
ters. The definitions are valid only for the two bases anc the
three junctions as distinguishing the two regions in emlitter
layers is not meaningful.

Since the on-region in the p-base in Fig. 5 is reduced to al-
most half of the device width, the current density in the center
of the p-base is.more than twice as high as the initial value. On
the other hand, in the n-base, the on-region width as well as
current density remain the same. Before the on-region width
in the p-base reaches approximately 100 um (before 0.9 us),
the carrier density in the on-region does not change signifi-
cantly, the current density for the on-region in the p-base sim-
ply increases and anode voltage slightly increases. The present
off-region includes a part of p-base, which is near the gate elec-
trode, and the adjacent part of G - K and middle junctions.

As time elapses, the on-region width in the p-base reduces
still further to 60 um and stays around the same value until
total anode current is turned-off, as is reported in detail in Sec-
tion IV. As the on-region width in the p-base approaches this
final value, 60 um, excess carriers in the centers of the p-tase
and the middle junction begin to be removed, resulting in an
increase in the resistance of the on-region as well as an increase
in the anode voltage. Fig. 7 shows the electron density distri-
bution for the time, 1.26 us. The on-region width in the p-
base is 64 um, whereas the width in the n-base is still the same
as the device width. The excess carriers in the middle junction
of the on-region are reduced to around 10'® cm™. On the
other hand, the excess carriers in the gate-cathode junction of
the on-region are increased to more than 2 X 10'8 cm™ from
the initial value, 1.5 X 10'® cm™ because of the significant in-
crease in current density there, which is seen in Fig. 8, whare
the y-component of the current density is plotted. The hizh-
est current density of 17 000 A/cm? is seen in the center of
the middle junction. At this stage (¢=1.26 us), the total
anode current is still in a high value and most of the current
flows in the narrow on-region in the p-base, whereas the cur-
rent in the n-base still flows uniformly. If the concept “con-
duction region” is defined as the area within which 90 percent
of the total current flows, 55 um is obtained from Fig. 8 for
the conduction region width in the p-base.
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Fig. 8. Y-component of the current density distribution for ¢ = 1.26 us.

Fig. 9 shows the electric potential distribution for r=1.26
ps. Only the gate-cathode junction of the on-region is still for-
ward biased. It is seen that a large voltage drop occurs around
the middle junction, even for the on-region, because current
density in the on-region is significantly large and the carrier
density is reduced.

After the on-region width in the p-base reaches the final
value 60 um (after 1.26 us), the excess carriers around the
middle junction of the on-region are rapidly reduced, resulting
in a substantial resistance increase for the device and rapid
anode voltage recovery. If the entire middle junction becomes
the “off-region,” the device is completely turned-off. It
should be noted that a part of the device area still remains in
the on-region because of the definition after the anode current
is shut off. (However, the concept of “conduction region” has
no meaning for this case.) Carrier density distribution in the
final on-region are seen in Fig. 10, where the electron density
for the device center (X = 100 um) is plotted versus the y-axis.
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Fig. 10. Electron density distributions for the device center along X =
100 um line.

From the time of 1.09 to 1.39 us, it is seen that a part of the
excess carriers around the middle junction begin to be ex-
tracted. In the 1.D model calculation [12], it was seen that
the high electric field region developed around the middle
junction expanded into the n-base layer as the applied voltage
increased above 100 V. However, the applied voltage is not
high enough to cause the above stated phenomenon in the
present case. After t= 1.40 us, the carrier density in the mid-
dle junction is sufficiently reduced and the anode current is
rapidly shut off. At t=1.47 us, the depletion layer (n <Np:
2% 10'* ¢cm™®) appears around the middle junction. Large
excess carriers in the G - K junction of the final on-region are
removed as the entire middle junction is depleted. Figs. 11
and 12 shows the 2-D electron density distributions just after
the complete device turn-off for the time of 1.46 u and 1.53
us, respectively. The carrier density gradient along the x-axis
in the p-base becomes less steep, corresponding to the decrease
in the gate current.
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Fig. 12. Electron density distribution for ¢ = 1.53 us.

Fig. 13 shows the lateral carrier density distribution in the p-
base (Y = 19 um) for the various time steps. The electron den-
sity gradient at the edge of the on-region is very steep. This is
because a large lateral hole gate current must flow through the
p-base from the inside of the on-region while the electron cur-
rent is almost negligible at the edge of the on-region. The lat-
erdl hole and electron current density changes with position X
along the Y = 19 um line are shown in Fig. 14,

Fig. 15 shows the temperature distribution for the time of
1.47 us. A 20-degree temperature increase is observed in the
center of the middle junction. The whole distribution well re-
flects the current density distribution (Fig. 8) as the heat dissi-
pation occurs almost adiabatically within 1 us.

Fig. 16 shows the change of the on-region edge. Actually,
the line represents the trace of the 10'* cm™ electron density
location on the Y= 19 um line. It is found that the squeezing
speed of the on.region is approximately 90 pm/us for the pres-
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Fig. 14. Lateral current density distribution along ¥ = 19 um line.

Fig. 15. Temperature distribution for f = 1.47 us.

ent calculation. When the on-region width approaches 60 pun,
the squeezing speed suddenly reduces, and the on-region width
stays around 60 um for a while. This tendency is clearly seen
for an inductive load case, which is now under investigation.
Results will be published in the near future [27]. The squeez-
ing of the on-region stops when its width reaches a certain
value and the whole device begins to behave like a 1-D device
thereafter. It was confirmed that the half width of the final
on-region coincides with the lowest obtainable ambipolar dif-
fusion length (~25 um) in the p-base (actually at the emitter-
base junction), which is greatly reduced by carrier-to-carrisr
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Fig. 16. Change of the conduction region edge with time.

scattering due to the high injected density of carriers (>10'2
cm™3).

The idea of the final on-region width was first introduced by
Wolly [28] and was also confirmed by experiment [4], which
provided the basis for the assumption adopted in the 1-D GTO
turn-off model [12].

IV. DiscussioN

As the on-region in the p-base is reduced, the current density
in the region increases significantly, causing the high injected
carrier density in the G - K junction of the on-region as seen in
Fig. 17. However, the excess carrier density in the anode side
does not increase because the current density is still quite uni-
form there. On the other hand, the carrier density increase
was observed in both sides in experiment [4] as well as in the
1-D calculation [12]. These results indicate that there should
be a current density increase in. the both sides in actual de-
vices. Thus the on-region squeezing in the p-base has to take
place also in the emitter-length direction. This was confirmed
by the infrared observation. The squeezing in the emitter-
length direction occurs in a larger scale than that in the emitter-
width direction, which the present 2-D model is dealing with.
For example, the on-region length in the p-base may decrease
from 5 mm to less than 1 mm, whereas its width decreases
from 200 or 300 um to 60 um. Thus the anode side current
density must increase even if the n-base excess carriers remains
almost unchanged. The current density in the anode side is,
however, still lower than that in the cathode side. This results
explains the experimental results [12] better than the 1-D
model.

The most serious problem in the present calculation is the
limitation in the total number of grid points, being related to
the limitation of the computer time. If an accurate calculation
is sought, at least 5 times more grid points will be required in
the x-direction than the present number because the electron
density changes very rapidly at the edge of the conduction re-
gion. This will require about 7 h CPU time on the Cyber-175
machine for only one entire turn-off process calculation. The
present grid structure is probably the allowable minimum in
regard to the number of grid lines in the x-direction. The
authors confirmed that the resuits do not change very much
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Fig. 17. Carrier density changes with time for the centers of the two
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even if the grid separation in the x-direction is reduced to
almost half its value. The number of the grid lines in the y-
direction is as many as 55, which may be necessary for the
large applied voltage.

A second problem is that the temperature dependence is not
clear for many device parameters, such as carrier lifetime and
carrier mobility, especially for high densities of injected car-
riers and the bandgap energy for the heavily doped silicon, etc.

If it is desired to simulate device thermal degradation, more
than 20 times as much heat dissipation is needed than in the
present case, in addition to the above problems. One of the
authors is now continuing the calculation under an inductive
load condition {27], which may give more than a 100-degree
temperature increase and realize a high electtic field extension
into the n-base, which was a phenomenon seen in the 1-D
model.

V. CONCLUSION

Two-D model simulation of a GTO was carried out to ana-
lyze the on-region squeezing process. As the turn-off process
proceeds, most parts of the excess carriers in the p-base and the
adacent G - K and middle junctions are removed. However, n-
base carriers remains almost unchanged, resulting in a uniform
current distribution in the anode side in spite of the on-region
squeezing in the p-base. The relatively high anode voltage
(24 V in the present case) is necessary to sustain high current
density (17 000 A/cm?) in the reduced on-region. Thus the

" substantial anode voltage recovery is suggested for a higher
anode current turn-off case when the on-region width reaches
its final value. The final on-region width observed is 60 um.
One half of its width coincides with the ambipolar diffusion
length in the emitter-base junction, which is the lowest value
in the p-base because of carrier to carrier scattering due to the
high injected carrier density. The anode current turn-off is
accomplished by reducing the excess carriers around the mid-
dle junction of the final on-region.
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