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Abstract: The internal behavior of a typical n-p-n"-n" high-voltage power transistor is presented for several specific steady-state op-
erating conditions obtained from a two-dimensional mathematical model. Internal self-heating and avalanche multiplication effects are
taken into account. Poisson’s equation, electron and hole continuity equations, and the heat flow equation are solved numerically in a
two-dimensional region with the input parameters of device dimensions, doping profile, boundary conditions for external contacts, and
various material constants for silicon. The collector n™-n" interface is the region of high electrical and thermal stress that causes sec-
ond breakdown failure at high-voltage and high-current operating conditions. The combined effects of various high-injection levels are

illustrated.

Introduction

The second breakdown failure mode, which has been
known for some time [1], continues to be the major
cause of failure of bipolar transistors in high-power cir-
cuits. Nonuniformity of temperature and current density
distributions within the device [2] and the avalanche
injection from the collector n™-n" interface [3] are be-
lieved to be the cause of second breakdown. In many
switching applications of high-voltage n-p-n -n* power
transistors, second breakdown failures have been ob-
served in turn-off and turn-on transients where the de-
vice is subjected to high-voltage and high-current operat-
ing conditions for a part of the switching time. A clear
understanding of the internal behavior of transistors is
important for their proper circuit applications as well as
for the development of new transistor designs for im-
proved power handling capability. An analytical solution
of transport equations governing the internal behavior of
semiconductor devices cannot be obtained easily with-
out making various assumptions and simplifying approx-
imations. Recently, numerical methods [4-11] have
been used to analyze the internal behavior of bipolar
transistors. Previous analyses by the author [6, 9, 11]
have taken into account internal self-heating effects by
assuming that the charge carriers are in thermal equilib-
rium with the lattice, which has a nonuniform tempera-
ture distribution, and assuming also the generation of
carriers due to avalanche multiplication.

The purpose of this paper is to present the internal
behavior of a typical high-voltage power transistor at
operating conditions obtained by an existing mathemati-
cal model [6, 9]. Poisson’s equation, electron and hole
continuity equations, and the heat flow equations are

solved numerically in two dimensions. Input parameters
required are device dimensions, doping profile, and
boundary conditions for external contacts; various mate-
rial constants for silicon are also specified. The results
are presented for a power transistor structure with a cur-
rent capability of about 5 A and a breakdown voltage
{BV,) of about 900 V. Computed electric field, current
density, and temperature distributions within the device
are presented for various time-independent operating
conditions, providing an insight into the electrical and
thermal stresses causing transistor failure. Predictions
from this mathematical model compare favorably with
failure analysis observations of stressed transistors, indi-
cating that the damage in n-p-n"-n" high-voltage power
transistors does begin at the n -n” interface. The com-
bined influence of various high injection level effects
[12-15] is predicted.

Theory
The set of equations used to obtain the steady-state be-
havior of high-voltage power transistors for specified
operating conditions is listed in Table 1. Internal self-
heating is taken into account by solving the heat flow
equation to obtain nonuniform lattice temperature distri-
bution, and by assuming that the charge carriers are in
thermal equilibrium with the lattice. Avalanche multipli-
cation is represented by the carrier generation resulting
from the electric field and current density which have
different ionization coefficients for electrons and holes.
Equation (1), in Table 1, is Poisson’s equation relat-
ing the electrostatic potential () to the mobile hole (p)
and mobile electron (n) and ionized impurity density
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Table 1 Equations.

Vi =—2[p—n+nN] (1
V-J,=q(G—R) (2)
V-J,=—q(G—R) (3)
V-KVT+ Q=0 (4)

with auxiliary equations:
Jo=—ap,pNV¥ — qD Vp (5)
J, =—qu nVi+qD Vn (6)
D,/u,=D,/u,=kT/q (7)
G = [a,(E) W |+, (E) [1,11/q (8)

2
pn—n;

R ToolD + 1) + 1 0(n+n) 9
Q=J, E (10)
JT=JD+Jn (1])
==V (12)
n=n exp [q(y —,)/kT] (13)
p=n exp [q(d, — ) /kT] (14)
n(T)=3.88 X 10"°T"* exp (—7000/T) (15)
a,(E)=2.25x 10" exp (—3.2 x 10°/|E}) (16)
a,(E) =3.80 x 10° exp (—1.75 x 10°/|E]) (17)

480\ N

(u,,> s (N/81) + 4 x 10"

(E/6.1 X 10°)*
(E/6.1x 10°) + 1.6
(1400)2 —1+ N
(N/350) + 3 x 107

+ (E/2.5 x 10M? (18)

n

(E/3.5 x 10°)*
(E/3.5 % 10°) + 8.8

K=3110/T3 (20)

+

+ (E/7.4 X 10°)? (19)

(N = N} ~ N;). The impurity atom distribution N is
obtained from a two-dimensional solution of the diffusion
equations [ 16]. Table 2 gives the impurity atom density
at the emitter, base, and collector contacts and in the
epitaxial collector region of the transistor design used in
the present analysis.

Equations (2) and (3) are the hole and electron conti-
nuity equations under steady-state conditions. Hole cur-
rent density J, and electron current density J_ are given
by Eqgs. (5) and (6) respectively. Equation (7) gives the
Einstein relations between hole and electron mobilities
(@, w,) and diffusion coefficients (D, D, ). The depen-
dence of the carrier mobilities on the electric field and
the impurity atom density is taken into account by utiliz-
ing the empirical expressions (18) and (19) from Refer-
ence [17]. It has been pointed out [ 18] that the validity
of the empirical relations to describe the field depen-
dence of the mobility in the vicinity of a forward-biased
emitter-base junction may be questionable. For the pres-
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Figure 1 Two-dimensional n-p-n_-n" transistor structure.
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Figure 2 Mobile hole and electron concentration distributions
along the line x =0 in Fig. 1 (curves a and b respectively), along
the line x =300 um (curves c and d respectively) and hole con-
centration distribution along the line x = 185 um (curve ¢) for
Veg=45Vand V=09V,

Table 2 Device design parameters.

1.0x 10* cm™

n" collector surface impurity concentration
1.1x 10" em™

n~ collector bulk impurity concentration

) . . Base surface impurity concentration 6.0 x 10" cm™
ent analysis, therefore, the carrier mobilities are as- Emitter surface impurity concentration 1.0 X 102‘6 cm™
sumed to be independent of the electric field in the for- Lithtime parameter 7, %g x }8 , Sec
. . : : : : Lifetime parameter 7, O X107 sec
ward-biased emm.er-base Junctllon regxon.. Term G in Emitter area n 0.065 cm?
Egs. (2) and (3) is the generation of carriers due to the 307

JULY 1977 POWER TRANSISTORS




308

S. P. GAUR

300

240

180

%)

120

60

Longitudinal electron current density, Jny (A/cm

|
(]
S

-

75 150 225 300

Distance ( um)

Figure 3 Longitudinal electron current density distribution
along the collector contact (curve a), along the n-n" interface
(curve b), along the base-collector junction (curve ¢), and along
the emitter-base junction (curve d) for V ,=4.5Vand V., =
0.9 V. The total collector current is 2.8 A/cm.

electric field and current density as given by Eq. (8).
Hole and electron ionization coefficients used in the pres-
ent analysis are given by Eqs. (16) and (17) respec-
tively [17]. The generation-recombination term R is
assumed to follow the Shockley-Read-Hall steady-state
recombination law [19] corresponding to uniformly dis-
tributed recombination centers with a single energy level
in the center of the band gap [Eq. (9)]. The parameters
T, and 7, are electron and hole lifetimes and #, is the
intrinsic carrier concentration. The temperature depen-
dence of n, for silicon used in this analysis is given by
Eq. (15), of {20].

Equation (4) is the heat flow equation that determines
the lattice temperature 7' under steady-state conditions.
The temperature dependence of the thermal conductivi-
ty K for silicon [21] is approximated by Eq. (20). Term
Q in Eq. (4) is the heat generated per unit volume
and is represented in Eq. (10) by the dot product of
total current density J. [Eq. (11)] and the electric field
E [Eq. (12)], neglecting the heat generation due to

carrier recombination. In the vicinity of the forward-
biased emitter-base junction, Q becomes negative and is
assumed to be zero.

Equations (13) and (14) are Boltzmann approxima-
tions of Fermi statistics between the potential and car-
rier densities. Quantities ¢, and ¢, are hole and elec-
tron quasi-Fermi potentials.

The effect of heavy doping on the transport equations
[22, 23] has not been included in the present analysis. It
has been pointed out [24] that this effect may not be
important for large power transistor structures.

Equations (1) - (4) are normalized into dimensionless
form [6] and are solved for variables ¢, p, n and T by
the finite difference for a two-dimensional region shown
in Fig. 1. The set of equations (1)-(4) is solved in a
cyclic manner, individually, for one unknown with the
known values of the other three variables from previous
iterations. A nonuniform rectangular grid covering the
region of analysis shown in Fig. 1 is chosen, and the
difference approximations associated with each of the
equations (1)-(4) are written for every node with its
four nodal neighbors. The resulting set of algebraic
equations is of the form

A6 =b, (21)

where A4 is a five-diagonal matrix, 6 is one of the four
unknowns, and & is a column vector [6]. Equation (21)
is solved by an iterative method of Stone [25].

e Boundary conditions

The boundary conditions assumed for the variables ¢, p,
n and T for a typical high-voltage power transistor struc-
ture as shown in Fig. 1 are as follows:

axp_ap_an_aT_

dx dx odx Ox

along the lines x = 0 and x = 300 um (axes of sym-
metry),

aT/ay=0

along the line y = 205 um,

aw_ap_a_n
ay—ay dy

along the line y = 205 pm between the emitter and base
contact metallization, and

T = constant
along the line y = 0.

The emitter, base, and collector contacts are assumed to
be ideal ohmic contacts. The semiconductor is in thermo-
dynamic equilibrium at these contacts and charge
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Figure 4 Longitudinal electric field distribution along the line
x=20in Fig. 1 for V,;, = 0 and V; = 0.5 V (curve a), 0.6 V
(curve b), 0.7 V (curvec), 0.8 V (curve d),and 0.9 V (curve e).

neutrality conditions are valid. Under these assumptions,
the normalized carrier concentrations at the emitter and
collector contacts are specified as

n=N/2+[(N/2)"+ r]3, and (22)
p=n;/n, (23)

where N is the net donor density. The carrier concentra-
tions at the base contact are given by

p=—(N/2) + [(N/2)*+ rn’]?, and (24)
n=nf/p, (25)

where the net donor density N is negative. From Eqgs.
(13), (14), (22), and (24), the electrostatic potentials at
the emitter, base, and collector contacts under zero bias
conditions are obtained as

y=In(n,/p) = (In(n/n), (26)
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Figure 5 Longitudinal electric field distribution along the line
x=0inFig. 1for V;; =09 Vand V=45V (curve a), 2.5V
(curve b), and 0.5 V (curve c¢).

where the value of the Fermi potential level is arbitrarily
assumed to be zero. In order to specify certain operating
conditions, the applied voltage values at the emitter,
base, and collector contacts are added to their zero bias
potential values.

Results and discussion

The geometric structure of the analyzed bipolar n-p-n"-n*
silicon high-voltage power transistor is shown in Fig.
1. Some of the design parameters assumed for this struc-
ture are listed in Table 2. The breakdown voltage
BV, for this structure is about 900 V. BV, of this
transistor is about 425-450 V, and the current capabil-
ity is about 5 A. Lifetime parameters 7, and 7, are cho-
sen in such a manner that the predicted I, — V;, charac-
teristic correlates well with experimental observations.
Figures 2- 7 depict the internal behavior of the transistor
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Figure 6 Longitudinal electric field distribution along the line
x = 0in Fig. 1 for V., =400 V and V. = 0.6 V (curve a),
0.7 V {curve b), and 0.8 V (curve ¢).

for various operating conditions, after assuming a con-
stant temperature of 300 K everywhere within the device.
Figure 2 shows the distribution of electron and hole
concentrations from the emitter contact to the collector
contact along the lines x = 0 and x = 300 um (Fig. 1),
and the distribution of hole concentration along the
emitter edge (x = 185 pm in Fig. 1) for V., = 4.5 V and
Var = 0.9 V. At this operating condition, the electrical
base region extends into the n~ collector region right up
to the n -n" interface under the emitter finger as illus-
trated by the stored hole charge in the n™ region in Fig. 2
(curves a and e). The extent of base widening in the in-
active base region under the base contact is illustrated
by curve c in Fig. 2.

Figure 3 shows the distribution of the longitudinal
electron current density along the collector contact,
n -n' interface, base-collector junction and emitter-base
junction at V., =4.5 Vand V ;= 0.9 V. At the emitter-
base junction, the crowding ratio of the longitudinal elec-
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Figure 7 Longitudinal electron current density distribution
along the collector contact (curve a), along the n_-n" interface
(curve b), along the base-collector junction (curve c), and
along the emitter-base junction (curve d) for V., = 400 V and
Ve = 0.8 V. The total collector current is 5.57 A/cm.

tron current densities at the emitter edge and at the emit-
ter center is about 2.5 (curve d in Fig. 3). Curves ¢, b,
and a show the reduction in this crowding ratio due to
current spreading effects. Curve d in Fig. 2 shows that
there is an appreciable amount of injected electron
charge stored in the base region under the base contact.
It is seen from curve d of Fig. 3 that the longitudinal
electron current density under the base contact is in the
negative y direction, implying that some of the injected
electrons from the emitter are being collected at the base
contact. This causes an increase in the base current and
the subsequent degradation of current gain with increas-
ing total current [7].

Figure 4 depicts the electric field distribution from the
emitter contact to the coliector region along the x = 0
line as shown in Fig. 1. At a constant collector-to-base
voltage (V. = 0) and different base-to-emitter voltages
(increasing values of V. corresponding to increasing
current levels), the shift in the electric field peak from
the base-collector junction to the n -n" junction illus-
trates the base widening in the n™ collector region with
increasing current level. Figure 5 shows the electric field
distribution also along the x = 0 line, as shown in Fig. 1,
for a constant current level and different values of V..
The electric field distribution(V_, = 400 V) at different
current levels is shown in Fig. 6. Steady-state solution of
Figs. 4-6 provides some insight into the electric field
distribution within inductively loaded transistors in high-
power circuits during turn-off and turn-on transient con-
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ditions. For “on” conditions where the V., is small (a
few volts) and the current through the device is high
(4-5 A), the electric field peaks at the n™-n" interface, as
seen from Fig. 4. As the device is subjected to high-
voltage and high-current operating conditions during
turn-off transient, the electric field peak at the n -n" in-
terface increases sharply (Fig. 5 and curve ¢ of Fig. 6),
and as the current level of the device decreases, the
electric field distribution will change to that of curve a as
shown in Fig. 6. The reverse order corresponds to the
electric field distribution within the transistor during
turn-on transient where the operation of the device
changes from high-voltage low-current to low-voltage
high-current operating conditions. However, there will
be a larger and sharper peak electric field at the n -n”
interface, and for a longer duration during turn-off tran-
sient, because the electric field peaks at the n -n" inter-
face before the transient and is subjected to a higher V',
during turn-off than during turn-on transient.

Figure 7 depicts the longitudinal electron current den-
sity distributions along the collector contact, n"-n" inter-
face, base-collector junction, and emitter-base junction
at operating conditions of V., = 400 V and V;, = 0.8
V. At the emitter-base junction, the crowding ratio of
the current densities at the emitter edge and emitter cen-
ter is about 1.8 (curve d in Fig. 7). It is seen from Figs.
3 and 7 that the current density along x=0 (see Fig. 1)
remains approximately constant. The base widening in
the n~ collector region and the associated electric field
(peaking in the collector region, rather than at the base-
collector junction) begins with the increasing current
level operation of the transistor [26]. The values of cur-
rent density at the base-collector junction under the cen-
ter of the emitter for curves a, b, ¢, d, and e of Fig. 4 are
0.05, 1.93, 8.95, 30.6 and 91.8 A/cm2 respectively; for
curves a, b, and ¢ of Fig. 6, the values are 1.85, 58.1,
and 248 A /cm’ respectively.

The electric field and current density distributions
within the transistor structure suggest that at high-cur-
rent and high-voltage levels of operation, the n™-n" inter-
face is the region of high electrical stress; because of
internal self-heating, the temperature at the n -n" inter-
face may be very high. Figure 8 shows the temperature
distribution along the n-n" interface and the emitter-
base junction for steady-state operation of the device at
V=400V and V.= 0.6 V. They are obtained by the
nonisothermal analysis, and assume the temperature
along the line y = 0 (see Fig. 1) to be 300 K. Due to
higher temperature, the electron current density value at
the base-collector junction under the center of the emit-
ter, as predicted by the nonisothermal analysis, is 3.70
A/cmt’ compared to 1.93 A7cm’ of the isothermal anal-
ysis. Even at low current levels, there are significant
temperature gradients within the device.
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Figure 8 Temperature distribution along the n™-n" interface
(curve a), and along the emitter-base junction (curve b) for
V=400V and V. = 0.6 V. The temperature along the line
y=0in Fig. 1 is assumed to be 300 K.

Emitter junction
Base junction

n region

- 4+
n -n’ junction

+ .
n region

Figure 9 Cross-sectional view of power transistor chip
showing internal crystal damage.

A time-dependent solution of transport equations
provides quantitative estimates of the temperature distri-
bution within the transistor structure during switching
applications. The steady-state solution indicates the pos-
sibility of very high temperature values at the n"-n" in-
terface during switching because the time constant for
thermal conduction is much larger when compared to
the electrical carrier transport. Internal crystal damage
has been observed in a power transistor with design pa-
rameters of Table 2, after on/off switching in a circuit
with an inductive load. Infrared scanning and cross-sec-
tioning and visual inspection of the chip revealed the
crystal damage at the n"-n" interface under the center of
the emitter [27]. The transistor, however, showed no
degradation in electrical parameters after about 1000
hours of operation. Figure 9 is a cross-sectional view of
the transistor chip showing the defect location. The di-
ameter of the defect is about 38 um (1.5 mil). It is be-
lieved [27] that the crystal damage is due to local heat-
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Figure 10 Distribution of carrier generation minus recombi-
nation along the n™-n" interface (curve a), along the base-
collector junction (curve b), and along the emitter-base
Jjunction (curve ¢) for ¥, =400 Vand V,, =08 V.
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Figure 11 Distribution of carrier generation due to avalanche
multiplication along the line x = 0 in Fig. 1 for ¥, = 400 V and
Vg = 0.6 V (curve a), 0.7 V (curve b), and 0.8 V (curve c).

ing and may be an early stage of the failure. Operating
conditions that create high electrical and thermal stress-
es within the device could eventually cause its destruc-
tion.

Figures 10-12 depict the generation and recombina-
tion of carriers within the transistor structure, and ava-
lanche-generated current density at different current lev-

els as obtained by isothermal analysis. Figure 10 shows
the distribution of carrier generation minus recombina-
tion along the n -n" interface (curve a), base-collector
junction (curve b), and emitter-base junction (curve c)
at V., =400 V and V. = 0.8 V. Along the n™-n" inter-
face, generation of carriers due to avalanche multiplica-
tion is dominant under the emitter finger, while under
the base contact, the generation of carriers due to the
Shockley-Read-Hall generation-recombination term is
dominant. Along the base-collector junction (y = 180
pm in Fig. 1), the electric field is small under the emit-
ter finger (x = 0 to x = 185 um), and there is a net re-
combination of carriers. Under the base contact (x =
275 to x =300 wm), the electric field is high at the base-
collector junction (y = 180 um), and there is a net gen-
eration of carriers due to avalanche multiplication.
Along the emitter-base junction (y = 195 um), there is
also a net recombination of carriers. Figure 11 shows
the generation of carriers due to avalanche multiplica-
tion along the line x = 0 (Fig. 1) for V', = 400 V, and
Vee = 0.6 V, 0.7 V, and 0.8 V (representing different
current levels of operation). As the current level in-
creases, electric field distribution changes (Fig. 6):
Consequently, the distribution of the generation of car-
riers due to avalanche multiplication changes, peaking at
the n"-n" interface at high-current levels. Figure 12
shows the distribution of the avalanche-generated cur-
rent density [J, (x) = [¢G (x,y)dy] for V , =400 V and
Ve = 0.6 V, 0.7 V, and 0.8 V. Since the generation of
carriers depends on the electric field and current density
[Eq. (8)], increases in current level account for in-
creases in J, from Vy, = 0.6 V to 0.7 V, while a reduc-
tion in peak electric field (Fig. 6) causes a reduction in
J from V. = 0.7 V to 0.8 V. Results for even higher
reverse-bias base-collector voltages are needed to obtain
total base current in the positive y direction (Fig. 1) due
to avalanche generation of carriers and current crowding
in the center of the emitter finger [28].

The computation time required to solve Egs. (1) - (4)
(Table 1) depends on the number of nodes in the grid
and the operating conditions [6], and becomes exces-
sively large at high-current high-voltage operating condi-
tions. A multigrid method [29, 30] of solution of Eqgs.
(1)~-(4) is under consideration, where the set of equa-
tions is solved on a two-dimensional nonuniform grid
with constant interactions with a hierarchy of coarse
grids. The multigrid method of solution has been report-
ed to be very efficient and takes advantage of the rela-
tion between various discrete representations of the same
continuous problem.

Summary

A two-dimensional mathematical model, which includes
avalanche multiplication and internal self-heating effects,
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has been utilized to analyze the internal behavior of a
high-voltage power transistor at various steady-state op-
erating conditions. The magnitude and location of elec-
trical and thermal stresses within the device which cause
transistor failure have been presented.
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