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Abstract: T his report describes an equivalent doping profile transformation method with which the avalanche break—
down voltage of the asymmetric linearly graded junction was analytically predicted. The maximum breakdown volt—
age and the different depletion layer extension on the diffused side and substrate side are demonstrated in the re—
port. The report shows the equivalent doping profile method is valid to predict the breakdown voltage of the com—
plex PN junction. The analytical results agree with the experimental breakdown voltage in comparison with the

abrupt junction and symmetric linearly graded junction approximations.

Key words: P-N junction: asymmetric linearly graded junction: breakdown voltage; depletion layer extension:

equivalent doping profile transformation
EEACC: 1210: 2560R

CLC number: 047 Document code: A

1 Introduction

The doping profile of the single-diffused P-N
junction being a complex Gaussian or a Comple-
mentary-error function, it is impossible to obtain a
closed analytical solution to the breakdown volt-
age'". In addition to full numerical techniques, ana—
lytical methods, such as the single-sided abrupt
junction and the symmetric linearly—graded junc-
tion approximations, are also widely used to calcu—
late the avalanche breakdown voltage of P-N junc-
tions.

However, the P-N junction, formed by the dif-
fusion of impurity into a bulk semiconductor
through a window in an insulating film, often con-
sists of a uniform substrate part and a diffused

part. Allowing for the asymmetry of the space

charge distribution, its behavior cannot be ex-
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plained by analogy with that of the abrupt or sym-
metric linearly—graded junction'™”. In fact, a dif-
fused junction breakdown voltage is a trade-off be-
tween the two cases above mentioned' ”, whose be-
havior is like the composite junction with a linear
gradient on one side and a constant concentration
on the other side!™®. Nevertheless, it is still a com—
plicated numerical method of giving the breakdown
voltage of a composite junction.

The asymmetric linearly graded junction is a
suitable approximation to the composite junction,
whose breakdown voltage can be calculated based
on the theoretical result derived by He et al'”.
However, it is difficult to determine the equivalent
doping gradient constant on the substrate side.
T his report proposes a simple and useful equivalent
doping profile transformation method to calculate
the effective doping gradient constant on the sub-

strate as well as the breakdown voltage of the
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asymmetric linearly graded junction. The method is
a modified equivalent-doping concept proposed by
He Jin et al'™'"". We demonstrate that the trans—
formation equivalent profile gradient together with
the asymmetric linearly graded breakdown voltage
formula can significantly simplify the breakdown
voltage calculation. In addition, the various break-
down voltages are calculated based on different lin—
ear gradient constant and background doping con-
centration levels combination. Moreover, the char-
acteristics of expansion of the depletion layers have

been revealed.

2 Theoretical analysis

A composite P N junction is shown in Fig 1.
The junction has a linear gradient constant Ga on
the diffusion side and a constant substrate doping

N,

" 'T
P '
0 X '
X—
Fig. 1 Impurity distribution of the single-

diffused junction and various approximation

concentration N.b on the substrate side. W and
Wb are the maximum depletion width of the diffu-
sion side and the substrate side at breakdown, re-
spectively. Similar to the equivalent doping trans—
formation methods'® '”, the abrupt doping profile
on the substrate side is calculated approximately
using one transformed single side linearly graded
profile with the equivalent doping gradient con-
stant Ge and the maximum depletion layer width

W o at breakdown. Literatures[ 8, 9] refer to the ba-

sic principle and physics meaning of this method.
The breakdown voltage of such a double-sided

asymmetrical linearly graded P-N junction is given

us[ 7
Vi= 5.28 X 10°Gig” (1
with
I-l = I.l + r.] ( 2}
-'ICI.]l -'I(;.I \r'.G.q

where Guiis the gradient on the diffused side.

In order to calculate G., three conditions are
set to keep the breakdown voltage constant'* '";

(1) Total space charges in the right space
charge region at breakdown are constant.

(2) Breakdown voltage at breakdown is con-
stant.

(3) Both the original and the transformed junc-
tions are in the avalanche state.

to the following equation:
(;G.-.,Wﬂ,

Condition (1) leads

gN W = > (3)
condition (2) leads to:
GN hllhwslklr a(r‘mwﬁu
2 - 3e (4)

Thus Ge can be easily calculated by solving equa-—
tions (3) and (4), providing Weq is known.
However, according to condition (3), the de-
pletion width of the single side linearly graded
junction at breakdown is known as a function of
the doping gradient'”:
W= 4.8X106,"" (5)
Solving the eqs. (3) and (4) for Ge, and using
equation (3),we get
G = 1.36 X 107 "N ¢ (6)
[t is only the Ge that can approximately calecu—
late the substrate side effect on the breakdown

voltage of the composite junction.

3 Results and discussion

Based on the above derivations, the diffused
junction breakdown voltage can be analytically ob-
tained using egs. (1), (2) and (6). From a set of

computations performed for composite junction in
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the range of practical interest, the main results

were condensed in Fig. 2.
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Fig. 2 Analytical caleulation results of the breakdown
voltage of asymmetric linearly graded junction for dif-
ferent combination of a diffused side gradient constant

and substrate doping concentration

The behavior of the composite junction can be
observed. Decreasing the substrate side concentra—
tion N from 10%em™ " to 10%em ™, the breakdown
voltage of the composite junction departs markedly
from the linearly graded case (shown by the lowest
lines in Fig. 2) and tends to the value of an abrupt
junction case dictated by the composite junction. If
the gradient Ga= 5X 10”em™ ", this departure oc—
curs when Nwv= 10"¢m™ . When Ga= 5X10"¢m™*

[ 1~ 6] »”
", the fhreshold

for the typical power devices
substrate concentration is 5X10"%em™ . When N
= 5X10"em™ *, no linearly graded approximation is
suitable for any practical gradient constant.

For the combination of the substrate concen—
tration and the diffused side gradient constant,
shown as the left dash line in Fig. 2, the equivalent
doping transformation predicts a lower breakdown
voltage in comparison with the linearly graded
junction. This does not apply to the practical dif-
fused junction though it is true in the physical prin—
ciple. In this case, the symmetric linearly graded
junction is suitable for the breakdown voltage cal-
culation. Mostly, the breakdown voltage of the
asymmetric linearly graded junction given by the e-

quivalent doping profile transformation is more ac—

curate than that given by the symmetric linearly
graded junction or an abrupt junction.

In addition, the depletion width W.us on the
substrate side can be calculated through equation
(3) or (4) using the breakdown voltage obtained.
For the sake of comparison, the exact depletion
width of the diffused side at breakdown as a func-
tion of the grade constant Guis also considered. T he
result is shown in Fig. 3.
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Fig. 3 Depletion layer widths at breakdown on the
diffused side and substrate side for the composite

junction

In Fig. 3, the depletion expansion on the dif-
fused side can be found significantly increased and
surpassing the expansion on the substrate side with
the decrease of the gradient constant. At a higher

107 em™ 7, the

depletion width on the substrate is always larger

substrate concentration, i. e. , N =

than that on the diffused side, though the latter ris—
es quickly with the decrease of the gradient con-
stant. However, it is not true at an intermediate
substrate concentration, such as when N.= 10"
em” . It is very strange that the depletion width of
the substrate side at breakdown slightly decreases
with decrease of the gradient constant. It can be
concluded that the breakdown voltage is supported
on both sides of the composite junction, thereby
considerable expansion of the depletion width ap-
pearing on the diffused side.

From equation (1), in contrast with the abrupt
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or linearly graded junction, the breakdown voltage
is derived, which has taken the effect of the sub-
strate and diffused sides into account and is proved
close to the experimental value of the practical
Junction structure. For example, for a typical power
device, when N.w= 10"em™ * and the gradient con-
stant in the practical ranges between 107~ 10"
em” ', the value of the breakdown voltage, comput—
ed via equation (1),is 1738~ 2247V, i. e., close to
the experimental values recorded in the diffusion
junction'"" "' At the same gradient constant, the
classic linearly graded junction seriously underesti-
mates the breakdown voltage values: V.= 1475V
when Ga= 10"em”™ " and V= 230V when Ga= 10"
em” ' Meanwhile, at the same substrate concentra—
tion, the abrupt junction approximation also under—
estimates the breakdown voltage (1668V) in the
same way. Similar conclusions are valid for other
combination of the gradient constant and substrate

concentration.

4 Conclusion

In this paper. the breakdown voltage of the
asymmetric linearly graded junction was obtained
analytically by the equivalent doping profile trans-
formation. We examine the effect of the diffused

side gradient constant and substrate doping con-

centration on the breakdown voltage and depletion
widths. The analytical result accords with the ex-
perimental value compared to the abrupt junction
or linearly graded junction approximations, demon-
strating the validity of the equivalent doping trans—
formation method in predicting the breakdown

characteristics of a general P-N junction.
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