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Abstract: Based on a new semi-empirical analytical method, namely equivalent doping transformation, the break-

down voltage and the peak field of the epitaxial-diffused punch-through junction have been obtained. The basic

principle of this method is introduced and a set of breakdown voltage and peak field plots are provided for the opti-

mum design of the low—voltage power devices. It shows that the analytical results coincide with the previous nu-—

merical simulation well.
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1 Introduction

Punch-T hrough

(EDPT) junction structure has been widely applied

Vertical Epitaxial-Diffused
in various devices, such as diode, bipolar junction
DMOS, IGBT and IGCT'" ™.

pared with the non-punch-through junction, as

transistor, Com—

long as a device is built on an epitaxial layer, which
is thin enough, the punch-through junction is very
useful in reducing the forward resistance, power
loss and the switch speed.

Various first-order equations and design fig—
ures are available for 1D calculation of the break-
under a punch-through condi-

down voltage

[5—7)

tion with detailed analyses having been given
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by He Jin et al'* "', However, no analytical meth-
ods at present are suitable for the EDPT junction,
because though generally, the doping-dependent
critical field at breakdown is used''”, all the contri-
bution to the breakdown voltage has been neglect—
ed. The numerical analysis proves that due to the
strong dependence of the breakdown voltage of
EDPT junction on the junction depth and the sur-
face concentration, the diffused side contribution
to the breakdown voltage can not be neglect—

[10,11]
ed .

merical analysis, nor has any analytical method

So far, little effect has been made on nu-

been proposed to characterize the breakdown volt-
age and the peak electrical filed at breakdown of
this EDPT junction.

The purpose of this paper is to propose an
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analytical method to predict the breakdown voltage
and the peak field of the EDPT junction to optimize
the device design, based on the equivalent doping
transformation presented by He Jin et al'™ '"'. The
breakdown voltage and the peak field are expressed
as a function of the substrate doping, the junction
depth and the surface concentration. The analyti-
cal results are in excellent agreement with the pre—
vious simulation, showing the validity of the e-
quivalent doping profile method, which has been
used in the design of breakdown voltage for the
epitaxial-diffused punch-through junction struc-

tures.

2 Equivalent Doping Profile Trans-
formation of EDPT Junction

The cross-section view of the diffused epitaxi-
al punch-through p" n™ n junction is shown in Fig.
I, which is formed from a Gaussian distribution
applied on the uniformly doping epitaxial layer.
The substrate-to-epitaxialtransition profile is as—
sumed to be an abrupt form that is a proper ap-
proximation of the practical process. The charac—
terization of the epitaxial-diffused junction doping
profile using the parameters of Ny, N, xj, toi, is

also defined in Fig. 1.
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FIG. 1 Schematic of Epitaxial Diffused Punch-

Through Junction

For the sake of simplicity, the contribution of
the substrate side to the breakdown voltage is ne—

glected; the voltage can sustain the diffused side

and the punch—through epitaxial layer. From Gaus-
sion function, the diffused side doping—gradient is

. . 15
easily obtained as'"'

_2N. _ In(N./N,)
Gloy= X NN (1)

Similar to the equivalent doping transforma-
tion methods in References[ 12—14], the uniform
profile of the punch-through layer approximates to
the equivalent single-sided linearly graded junction
with an effective gradient constant Ge. In another
word, the uniform doping profile of the epitaxial
layer is represented by a linear doping profile. T he
breakdown voltage of the epitaxial-diffused punch-
through junction can be obtained by using the the-
ory of the asymmetric linearly graded junction'"”,

which can be re-written as

BV = 5.284 X 10°Gu™” (2)
where
=- = = (3)
[ Gt [Ga [G e

However, Geis un-known at present.

[n order to calculate G, three conditions are
assumed to keep the electrical characteristics dur-
ing the transformation constant''”.

(1) Total net charge in the space charge re—
gion at breakdown is a constant.

(2) Breakdown voltage at breakdown is a con—
stant.

(3) The epitaxial punch-through junction and
the effective single-sided linearly graded junction
are both in an avalanche breakdown case.

From condition (1), the following equation is
deduced:

gNo Wy | BVer _ GG W 2,

Bra= "¢ W, 2¢ (4)
where BVer and W= tsi— xj are the breakdown
voltage and the depletion width of the punch-
through junction, respectively.

While condition (2) leads to:

qC.-.,W[:,
3¢ (3)

[t is easy to calculate the G« by solving equa—

BVer =

tions (4) and (5), providing We is known. In ad-
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dition, according to the condition (3), the deple- ~3.50
tion width of the single-sided linearly graded ap- 'g 3.45
proximation at breakdown, which is as a function > .
. . . [12] ._E_g 3.40 B
of the doping gradient, is well known as N .
Wea= 4.8 X 10°6,"" (6) §3.35
Substitute equation (6) into equations (4)—(5), 333
ar g . e
we will finally get Ge. g
% 3.2
3 It i i *3.20 : : ' .
Resu S arld D Scussion 1.0 2.0 3.0 4.0 5.0 6.0
Junction Depth/um
Based on the above derivations, the break-
down voltage of EDPT junction could be analyti— FIG. 3 Peak Field at Breakdown Versus Junction
cally obtained through eqs. (1), (2), (3) and G, Depth

which gives the epitaxial layer doping concentra—
tion and thickness. According to a complete set of
computations for the junction of this kind, the
breakdown voltage and the maximum electric field
at breakdown, being a function of the junction
depth and the surface concentration, are illustrated
in Fig. 2 and Fig. 3.
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FIG.2 Breakdown Voltage Versus Junction Depth

Not only the breakdown voltage is observed to
vary significantly according to the junction depth
and the surface doping concentration, but also the
peak electrical field at breakdown. When the junc-
tion depth increases, the diffused-side effect on the
breakdown voltage and the peak electrical field be-
comes evident. Therefore, the common calculation
methods are not accurate due to the neglected dif-
fused-side contribution to the breakdown voltage.

It is very interesting that the breakdown volt-

age of the diffused epitaxial punch-through junc-
tion has a maximum value and there are some vari-
ations in the junction depth, which are caused by
two competitive effects: (1) decrease in the volt—
age sustaining capability of the punch-through lay-
er owing to the thinning of the available width;
and (2) increase in the similar capability of the dif-
fused side owing to the lowering of the doping gra-
Both

brought by increasing the junction depth at a con-

dient there. effects are simultaneously
stant surface concentration. Same mechanism is re—
sponsible for the minimum value of the electric
field. It should be pointed out that there are two
extreme points at one identical junction depth loca-
tion.

To design low voltage power devices, it is im—
portant to obtain the maximum breakdown voltage
for the epitaxial layer with given thickness. T here-
fore, a predicted result in this analytical method is
very useful for the designers to obtain an optimum
junction depth, at which the maximum breakdown
voltage or/and the minimum electrical field are ob-
served.

The comparison between the analytical break-
down voltage and the numerical simulation'" is
shown in Fig. 4. As we expected, the results coin-
cide not only in the magnitude of the breakdown
voltage within a wide range of interest junction

depth, but also in the peak value’s location.
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FIG. 4

Analytical and Numerical Results for Break—

down Voltage Versus Junetion Depth

Besides, the comparison between the analyti-
cal peak electrical field and the previous numerical

* is also listed in Table 1. The analytical

analysis''
results are in good agreement with the numerical
ones with the error less than 5%. This is a great
improvement in the conventional first-order ap-
proximation.

Table I  Analytical and Numerical Results for Peak Elec—
trical Field Versus Junction Depth at Breakdown (N,= 5X

10%em™*, N.= 5X10"em ™%, tqi= Tum)

Junction Depth/pm 1 3.5 6
Peak Field Analytical 3.39  3.2526  3.292
SV 2 em™ ) Numerical 3.40 3.26 3.30

4 Conclusion

In this paper, based on the equivalent doping
transformation method, the breakdown voltage
and the peak electrical field of the epitaxial-dif-
fused punch-through junction have been obtained.
The analytical method correctly predicts the mag—

nitude of the maximum breakdown voltage, peak

electrical field and the location of the junction
depth, at which both extreme values appear. A set
of breakdown voltage and peak electrical field plots
are in excellent agreement with the previous nu-

merical simulation data.
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