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Closed Analytical Solution of Breakdown Voltage
for Planar Junction and L ateral Curvature Effect”
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Abstract The effect of the lateral curvature upon the breakdow n voltage for aplanar junction
is investigated in this pagper. Based on the goproximation of the effective junction curvature
w hich is detem ined by the junction depth and the lateral curvature, the analytical olution of
breakdow n voltage for the planar junction can be found, and the resultsagreew ith the numerical
sinulated and experimental results very well
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1 Introduction

It iswell know n that the breakdow n voltage for aplanar junction dependson the radii
of the edge and of the corners to a great extent Baliga and Ghandhi have established an
analytical lution of the breakdow n voltage for cylindrical or gherical abrupt junctions, i
e an gpproximation of the curved portionsof the planar junction™ .
proach to the values derived from computer by Sze and Gibbons'”. How ever, the experi-
mental results>*® demonstrate that the above lutions are not fit for all the actual situa-
tions, such as the breakdow n voltage for the curved junction is higher than one for the
gherical junction but low er than for the cylindrical junctionw hen the junction isunder the
patterning mask Basavanagoud et al. "*'drev a conclusion that this phenomena for the
curved junction was caused by the effects of lateral curvature radius on the breakdow n
. alo derived a 3D analytical expression of the breakdow n voltage for
the planar junction The above results could be achieved either through the numerical sim-
ulation or by the complicated inserting methods Obviously, amore complete analysison
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the breakdow n voltage should take not only the effect of the cylindrical and /or gherical
curvature into consideration but al of the lateral radius By such 3-D numerical analysis
lution, an ideal expression of breakdow n voltage for aplanar junction could be given ac-
curately.

In the literature', the difference existing in breakdow n voltagesof themain junction
and of the Floating Field limited Ring (FFR) isexplained as the effect of the lateral curva-
ture on the junction curvature In thispaper,w e introduce the concept of the effective junc-
tion curvature in order to explain the effect of the lateral curvatureon the breakdow n volt-
age In fact, either the side diffusion or the curvature of the lateral radius could cause the
oconcentration of the field distribution at the junction edge T he curvature radius at the
junction edge is the sum of the junction depth and the curvature radius of the lateral w in-
dow . Therefore, the effective junction curvature at the edge is detem ined by both junc-
tion depth and lateral radius, and it is affected by the cylindrical and gpherical curvature
A saresult, the junction is gherical in shape if the lateral radius is extremely snall On
the contrary, it iscylindrical at the edge if the lateral radius isvery large In fact, compar-
ingw ith the depletion w idth of device at a high bias voltage, the lateral radius is usually
Imitedw ithin a finite value, = the planar junction often includes a quasi-herical edge
Now based on the gpproximation of the effective junction curvature radius, w e can obtain
a closed analytical olution of the breakdow n voltage for the planar junction, w hich agrees
w ith the numerical smulation and the experiments very well

2 Theory

In Fig- 1, we can see a circular geometry junction, whereRm (in an) is the radius of
the window through which a p”*-
diffusion have done T hisparameter

isnamed lateral curvature radius rqd

7 - e ",'. (in an) is the curvature radius of
‘ p* | N 47 /' the external boundary of a deple-
_ P /// tion-layer. The obvious xx'-axis
! ra\7 symmetry in structure indicates
S~ !____/// that the electrical field E (r) in the
! !DePletiOﬂLayer Boundé}\rfy depletion layer is radial and practi-

5

2 cally is independent on the angular
positions around the junction It is
in complete agreement w ith the ap-

proximations of the filed distribu-

FIG.1 Structureof an abrupt planar p* -n junction

tion at the cylindrical and herical junctions™?.
Gauss lav, w hich applies to the curved portion of an abrupt planar p” -n junction, can
bew ritten as the equation (1) with the background doping concentration N &'



9 HelJinetal : Closed A nalytical Solution of B reakdow nV oltage 755

=z foe T
- E(r]'e::ZTr(Rm+ rcosd) rd8= [%ﬂIJ&SZW(Rm+ rcoso) rd@dr (1)

Integrating and rearranging the relational expression, the electrical field can be expressed
as the follow ing equation w hen r> r;

IT 2 2
(rd+ )+ JRm(ri- 19
E(rRn) = - SeEx 2 2 )
rLr+ 2R"J

The maximum of the electrical field at the metallurgical interface can be calculated
through equation (3) as follow ed

'2(r3+ ) + ‘ERm(rS- r?)
_ WMNs 2
Em(rijm) - - 366) X 1 (3)
ntn+ ZRJ

The expression (2) and (3) are the universal formulationsof the electrical field at the
curved portion of depletion layer for an abrupt planar junction In fact, when Rm= 00r Rm
—o , Eg- (2) and (3) can be abbreviated into the expressions for the pherical and cylin-

drical field repectively, w hich have been reported in literature'™

. Thus, by introducing the
lateral curvature radiusRm, two different effects by cylindrical and spherical curvatures can
be unified into one equation (2) or (3).

In order to obtain a closed analytical solution, it is necessary to smplify both Eq. (2)
and Eqg. (3) first Considering the effectsof the lateral radiusRm of w indow curvature and
the expression (3) for themaximum of the electrical field, a smple expression of electrical
field can be obtained Definitions are stipulated as follow ing

= Ra AV U (4)
ra= We+ T (5)
w hereW . is thew idth of the depletion layer of an ideal parallel-plane junctionw ith a dop-
ing concentration N &; Rm is the lateral curvature radius Generally eaking, thew idth of
depletion layer of actual planar junction, inmany cases, islessthanW. However, Eg.
(5) isals an expression in the first-order approximations
Consequently, Eg. (3) can be conveniently rew ritten as

RN« -
Em(rj,c) = - 36&6[:? (6)
w here
1+ ¢
C= V“ n1°  _am 3L 7)
1+ N 41+ 1) 4@+ M@+ N2

In order to verify the above analysis,w hen Rm /T is 5,w e compare the nom alized m ax-
mum electrical fields derived from Eq. (6) with one from Eq. (3) (see Fig.2). Figure 2
show s that w hen Rm /I is equal to 5, the results derived from simplified expression agree
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quitew ell w ith the ones from the exact equation The same is true for all the value of Rm
ranging from 0. 01 to 100Q

Lo W e stipulate the effective curvature radius

of the planar junction as below

- et = Crij (8)
A fter substituting some paraneters in EQ-

(6) by our definition, themaximum field can be

expressed as Eq. (9)

0.8

3
r
Em (rjer) = - %:) X r_jZ:f; (9)

It isvery interesting that the Eq. (9) isjust
the expression of the sherical junction pro-
posed by Baliga™. In the case of a pherical
junction, in order to obtain the breakdow n volt-
age for aplanar junction, it is necessary to get
the ionization integration by calculating the
electrical field distribution through Eg- (2).
Based on the fact that the mpact ionization oc-
cursprimarily at a high electrical field and close
Dl to themetallurgical interface, a closed solution
can be obtained by means of the gpproximation
of the electric field distribution from Eq. (10)

E (rar) = k/ré (10)
W ith Fulop’sformula for the ionization in-

E/E.,
exactDE (ryRu) /E (rjs Rm)

0.4

ri/ra=0.17r/W.=0.2

0.2~

Metallurgical Interface

vl ry

FIG.2 Nomalizedmaximum electrical field

from the exact Eg. (3), being a very close . _
approximation to those from Eg. (6) in tegral equation,w e can get an expression for the

each position critical electrical field at breakdow n by integrat-
ing from rjer to infinity
1/7
Ec(rjer) = ['A_‘B_J (11)
I jett

whereA = 1.8x 100 *

The Ecw hich isnomalized to the parallel plane case, can be obtained by the follow ing
equation:
o (- [
E oo 8 rjet 81
w here rleff: rjeff/W G
It proves that an universal expression of the critical field for the planar junction has
nothing to dow ith the specificRm and r; W ith the critical field at breakdow n, an exp ression
for the breakdow n voltage can be derived It also can be nomalized to the breakdow n volt-

age of aparallel-plane case as follow ed
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BV (rjt)
BV = rfeff + 2 1410 - (rfeff + rte:?fﬁ) /3 (13)
Pp

A coording to the expression of the BV op, the breakdow n voltage, BV (rj, C) for the

planar junction can al be rew ritten as

BV (r,C) = 5 34x 10"™N & ¥*{ (Cr/V c)?

+214CHAV )Y - [Crvo®+ Criv )17

(14)

Equations (13) and (14) can be abbreviated to a sphere junction casew hen Ru is zero
and to a cylindrical junction casew hen Rm goes to infinity.

3 D iscussion

To get a breakdow n voltage for the planar junction, Rm and rimust be nomalized to

thew  Thepublished result and our
analytical slution of the nomalized
breakdow n voltages are described as a
function of Th and Tin Fig-3 The lat-
eral curvature Rm affects the value of
the breakdow n voltage greatly. It lim-
its the breakdow n voltage for the pla-
nar junction within a range of ecial
valuesw hich are low er than one of the
cylindrical junction but higher than of
the sphere junction

Table 1 is the comparion of the
breakdow n voltagesobtained from (A)
experiment, (B) numerical result and
(C) analytical solution described in

thispaper regectively.

Normalized Breakdown Voltage

0.8

0.6

0.4

0.2

Rn/W.=0(spherical case)
1

0
107¢

107! 10°
ri/We

FIG-3 Nomalized breakdow n voltage for the

planar junction as a function of the
lateral radiusof w indow curvature

(Note Ne= 1.3x 10°an %, BV cee= 7800V, andW = 895um)

Table 1 Camparison of exper mental, numerical resultsand analytical solution

B reakdow n voltage A/

ri/um Rm/um Theory
Experiment!4!
N umerical(”] A nalytical
12 130 722 718 796
26 75 1015 988 981
26 200 1200 1146 1131

The resultsof the analytical model are in a complete agreementw ith the literature'*.

Comparing these resultsfrom the experimentsof Yabutaetal ), the breakdow n volt-

ages in the analytical expression acts as a function of the lateral radius of w indow curva-
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FIG.4 The comparison of the breakdow n voltages
obtained by the analytical expressionw ith the
resultsof experiments and quasi-3 device

simulation!”

tureRm (see Fig.4). The background
doping and the junction depth are 1.4
x 10"an” ° and 5um regectively, and
Rm varies from 5um to 100um. In
Fig. 4, the breakdow n voltage decreas
es significantly as Rm lessening due to
the effect of window curvature The
breakdow n voltages derived from the
analytical olution are rather close to
the experimental results Therefore,
the analytical slution we discussed
above can be used to wlve the 3D
problem about the planar junction

4 Conclusions

In this article, w e analyze and dis-

cuss the effect of lateral radiusof w indow curvature on the breakdow n voltage for an pla-

nar junction Based on the smplification of the 3-D

electrical field distribution and the defi-

nition of the effective junction curvature, a closed analytical olution of planar junction can

be obtained w hich is affected by the lateral curvatu

reon the breakdown A Il analytical re-

sults are in agreementw ith the expermental and smulative dataw hich have been reported
in the literatures T herefore, thismethod can be used to analyze the breakdow n phenomena
of planar junctionw hen the junction tem ination design has to be taken into consideration
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