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Abstract　By using the defin it ion of effect ive dop ing concen trat ion gradien t and dep let ion ap2
p rox im ation, an analyt ical exp ression fo r avalanche b reakdow n vo ltage of doub le2sided asymm et2
ric linearly graded junction,w h ich is a p roper app rox im ation to the p ract ical single2diffu sed junc2
t ion, has been derived. Based on the sem iemp irical exp ressions of the substra te side concen tra2
t ion gradien t of the diffu sed junction, th is effect ive dop ing gradien t param eter, being determ ined

by the concen trat ion gradien ts of bo th sides of the junction, together w ith the pub lished b reak2
dow n vo ltage fo rm at fo r common symm etric linearly graded junctions, imm ediately gives the

b reakdow n vo ltage of the diffu sed junction. A ll resu lts co incide w ell w ith the p revious conclu2
sion ob tained by num ericalm ethod. M eanw h ile, the analyt ical so lu t ion of the b reakdow n vo ltage

of the single2sided linearly graded junction has been also ob tained.

EEACC: 1260L , 2560R

1　 In troduction

It is w ell know n tha t the dop ing p rofile of the d iffu sed junct ion (DJ ) is a Gau ssian o r

a com p lem en tary erro r funct ion, and it is im po ssib le to ob ta in clo sed2fo rm analyt ica l so lu2
t ion s of b reakdow n vo ltage fo r these com p lex p rofiles[ 1 ]. In o rder to ca lcu la te the avalanche

b reakdow n crit ica l quan t it ies fo r DJ , in addit ion to the fu ll num erica l techn iques[ 2～ 4 ] , ana2
ly t ica l m ethods such as the sing le2sided ab rup t junct ion (SSA J) and the symm etric linear2
ly2graded junct ion (SL GJ ) app rox im at ion s have been w idely u sed. T heir deficiencies are

obviou s due to the fact tha t SSA J app rox im at ion on ly p rovides a descrip t ion fo r sha llow 2DJ

and the classica l SL GJ app rox im at ion is on ly reasonab le fo r deep 2DJ. How ever, the charac2
terist ics of the DJ depend on bo th the d iffu sed side dop ing grad ien t and the sub stra te con2
cen tra t ion in m any cases. A s a resu lt, th is k ind of junct ion is comm on ly con sidered to be an



asymm etrica l doub le2sided p 2n junct ion; the first ana lyt ica l so lu t ion w as derived by

B rook [ 5 ] based on the m ain assuonp t ion of doub le2sided ab rup t p 2n junct ion. In fact, th is

im po rtan t assum p tion is a lso in doub t due to the very strong dependence of the im pu rity

d ist ribu t ion on the p roperty of the d iffu sion im pu rity and the fab rica ted p rocess. O n the

o ther hand, the concep t of the sing le2sided linearly graded junct ion (SSL GJ ) is a lso u sed in

som e papers[ 6, 7 ] , in w h ich b reakdow n vo ltage is a lw ays believed to be one half of the AL GJ

on the basis of the in tu it ive judgem en t. How ever, there has no t been developed any theo ry

tha t cou ld suppo rt the above view.

T h is w o rk is a theo ret ica l ana lysis of the b reakdow n vo ltages of the asymm etric d if2
fu sed junct ion (ADJ ) based on the assum p tion of doub le2side asymm etric linearly graded

junct ion (D SAL GJ ) w h ich is a p roper app rox im at ion to the above typ ica l DJ. In th is pa2
per, it w ill be show n tha t the b reakdow n vo ltage of such a D SAL GJ m ay be ob ta ined accu2
ra tely from pub lished fo rm at of b reakdow n vo ltage again st the im pu rity grad ien t fo r

SSL GJ by u sing the defin it ion of the effect ive dop ing grad ien t and the dep let ion app rox i2
m ation. A ll resu lts a re verif ied by p reviou s repo rts g iven by the num erica l ana lysis. M ean2
w h ile, the conclu sion of the SSL GJ from in tu it ion w ill be p roved inco rrect.

2　Theory

F igu re 1 show s the schem atic, the electric f ield p rofile, the charge den sity d ist ribu t ion,

and the electro sta t ic po ten t ia l a t b reakdow n in an idea l D SAL GJ w ith un ifo rm grad ien t GA

( in cm - 4 ) and GD ( in cm - 4 ) and dep let ion reg ion w id th w 1 ( in cm ) and w 2 ( in cm ). T he

m ax im um field EM ( in V öcm ) at b reakdow n occu rs a t x = 0.

F ig. 1. D SAL GJ (a) Schem atic (b) Charge density (c) E lectric F ield (d) E lectro sta t ic po ten tia l

In F ig. 1, the bu ilt2in po ten t ia l <0 ( in V ) is augm en ted by the app lied reverse b ias V R ,

and the to ta l vo ltage acro ss the junct ion is (<0+ V R ). T he bu ilt2in po ten t ia l <0 can be given

in the fo llow ing fo rm

<0 = V T ln (GAGDw 10w 20ön2
i ) , (1)

w here V T = kT öq≈ 26mV at 300K, the quan t ity n i is the in trin sic carrier concen tra t ion in a
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pu re sam p le of the sem iconducto r and n i≈ 1. 5×10cm - 3 a t 300K fo r silicon,w 10,w 20 are de2
p let ion layers a t therm al equ ilib rium case, <0 is comm on ly neglected fo r sim p licity.

If the dep let ion reg ion penetra tes a d istance w 1 in to the p 2type reg ion and w 2 in to the

n2type reg ion, then w e requ ire, based on the Gau ssian’ law ,

EM = qw 2
1GA ö2Ε= qw 2

2GD ö2Ε, (2)

w here q is the electron charge (1. 6×10- 19C) , and Ε is the perm it t ivity of silicon (1. 04×

10- 12Föcm ).

T ran sfo rm ing Eq. (2) , one can ob ta in

w 2
1GA = w 2

2GD. (3)

　　 It show s tha t the to ta l charge per un it a rea on either side of the junct ion m u st be equal

in m agn itude bu t oppo site in sign.

Po isson’s equat ion in one dim en sion requ ires tha t

d2V ödx 2 = - ΘöΕ= qGA x öΕ　　　　fo r - w 1 < x < 0. (4)

　　 In tegra t ion of Eq. (4) g ives

dV ödx = qGA x 2ö2Ε+ C 1, (5)

w here C 1 is a con stan t. How ever, the d ist ribu t ion of electric f ield E is g iven by

E (x ) = - dV ödx = - (qGA x 2ö2Ε+ C 1). (6)

　　Since there is zero electric f ield ou tside the dep let ion reg ion, a boundary condit ion is

E = 0, fo r x = - w 1,

and u sing th is condit ion in Eq. (6) g ives

E (x ) = - qGA ö2Ε (w 2
1 - x 2) = - dV ödx 　　fo r - w 1 < x < 0. (7)

T hu s the d ipo le of charge ex ist ing a t the junct ion gives rise to an electric f ield tha t varies

squarely w ith d istance.

In tegra t ion of Eq. (7) g ives

V (x ) = qGAw 2
1x ö2Ε- qGA x 3ö6Ε+ C 2. (8)

　　 If the zero po ten t ia l is a rb it ra rily taken to be the po ten t ia l of the neu tra l p 2type re2
gion, then the second boundary condit ion is

V = 0, fo r x = - w 1,

and u sing it in Eq. (8) g ives

V (x ) = qGA öΕ(w 3
1ö3 + w 2

1x ö2 - x 3ö6) , 　　 fo r - w 1 < x < 0. (9)

　　A t x = 0,w e define V = V 1 and then Eq. (9) g ives

V 1 = qGAw 3
1ö3Ε. (10)

Com b in ing Eqs. (10) and (2) , EM can be rew rit ten as

EM = qGAw 2
1ö2Ε. (11)

　　T he above equat ion s are the rela t ion sh ip of the sing le2side linearly graded junct ion

w ith field st reng th, electro sta t ic and dep let ion w id th.

If the po ten t ia l d ifference betw een x = 0 and x = w 2 is V 2, sim ila rily, it fo llow s tha t

V 2 = qGDw 3
2ö3Ε, (12)
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and then the to ta l vo ltage acro ss the junct ion is

<0 + V R = V 1 + V 2 = q (GAw 3
1 + GDw 3

2) ö3Ε. (13)

　　Sub st itu t ion of Eq. (3) in Eq. (13) g ives

<0 + V R =
qw 3

1GA

3Ε 1 +
GA

GD

. (14)

F rom Eq. (14) , the penetra t ion of the dep let ion layer in to the p 2type reg ion is

w 1 =

3Ε(Υ0 + V R )

qGA 1 +
GA

GD

1ö3

. (15)

Sim ila rly,

w 2 =

3Ε(Υ0 + V R )

qGD 1 +
GD

GA

1ö3

. (16)

T he to ta l dep let ion w id th w T is

w T = w 1 + w 2 =
3Ε(Υ0 + V R )

q

1ö3

GA 1 +
GA

GD

- 1ö3

+ GD 1 +
GD

GA

- 1ö3

.

(17)

　　 If the defin it ion of effect ive dop ing concen tra t ion grad ien t G eff is in the fo llow ing fo rm

1

G eff

=
1

GA

+
1

GD

, (18)

then Eq. (17) can be sim p lif ied as fo llow s

w T =
3Ε(Υ0 + V R )

qG eff

1ö3

. (19)

Sim ila rly, com b in ing Eqs. (1) , (15) and (19) g ives

EM =
qGAw 2

1

2Ε =
qw 2

TG eff

2Ε . (20)

T hen tran sfo rm ing Eq. (18) , one can ob ta in

G eff =
GAGD

GA + GD + 2 GAGD

. (21)

　　 It has been show n tha t the rela t ion sh ip s betw een G eff and EM and w T , and (<0+ V R ) a re

the sam e as tho se in SSL GJ. Equ iva len t d iagram is show n in F ig. 2. If GD is equal to GA , the

F ig. 2. Equ ivalen t diagram from D SAL GJ w ith gradien t GA and GD to

SSL GJ w ith dop ing gradien t G eff
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fo llow ing rela t ion sh ip s ex ist

G eff = GA ö4 = GD ö4, (22)

EM =
qGAw 2

T

8Ε =
qGDw 2

T

8Ε , (23)

<0 + V R =
qGAw 3

T

12
=

qGDw 3
T

12
. (24)

　　T he above conclu sion leads to the u sefu l resu lts tha t the b reakdow n vo ltage of a

D SAL GJ can be p red icted from the pub lished fo rm at of vo ltage again st dop ing grad ien t fo r

SL GJ , if w e sim p ly read off tha t vo ltage co rresponding to the ca lcu la t ion value of G eff.

F irst ly, the b reakdow n vo ltage of SSL GJ can be derived from SL GJ. A cco rd ing to R ef. [8 ]

BV = 9. 2 × 109GA
- 2ö5, (25)

w T = 9. 1 × 105GA
- 7ö15, (26)

fo r SL GJ w ith the grad ien t GA and GD (no te: GA = GD ).

T ran sfo rm ing Eqs. (26) and (25) , based on Eq. (22) , one can give

BV = 5. 284 × 109G eff
- 2ö5, (27)

w T = 4. 8 × 105G eff
- 7ö15, (28)

fo r D SAL GJ w ith the effect ive dop ing grad ien t G eff.

T hen, if there ex ists a SSL GJ w ith a concen tra t ion grad ien t G s, based on the sim ila rity

to the D SAL GJ , b reakdow n vo ltage of SSL GJ can be w rit ten as

BV = 5. 284 × 109G s
- 2ö5, (29)

w T = 4. 8 × 105G s
- 7ö15. (30)

　　 In fact, b reakdow n vo ltage of SSL GJ cou ld be ob ta ined by in tegra t ing ion iza t ion in te2
gra l equat ion fo r b reakdow n condit ion based on F lop ’s exp ression fo r the ion iza t ion ra te.

How ever, the deduct ion is very d iff icu lt and com p lica ted com pared w ith the above m eth2
ods.

It can be seen tha t the b reakdow n vo ltages of D SAL GJ and SSL GJ can be ob ta ined

sim p ly from the pub lished fo rm at and graph ica l illu st ra t ion s of SL GJ , by u sing 4G eff o r 4G s

to rep lace the concen tra t ion grad ien t, GA o r GD of SL GJ. Fu rtherm o re, the b reakdow n vo lt2
age of SSL GJ w ith the grad ien t G s is p roved to be h igher than one half of tha t of SL GJ w ith

the concen tra t ion grad ien t G s. T he resu lt from the in tu it ive know ledge is no t su itab le fo r

the accu ra te ca lcu la t ion.

3　D iscussion

In o rder to m ake the D SAL GJ app rox im at ion app licab le to the ca lcu la t ion of b reak2
dow n vo ltage fo r the p ract ica l d iffu sed junct ion, the concen tra t ion grad ien ts of bo th sides

of D SAL GJ m u st be determ ined befo re G eff is ca lcu la ted, a lthough the b reakdow n vo ltage of

D SAL GJ can be p red icted sim p ly based on the fo rm at o r graph ica l illu st ra t ion of SL GJ.

T he concen tra t ion grad ien t GA of the d iffu sed side of D SAL GJ can be determ ined in

the comm on w ay. If the im pu rity d ist ribu t ion funct ion of D SAL GJ is f (x ) , then GA can be
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w rit ten as

GA = df (x ) ödx û x = x i
. (31)

　　Since the sub stra te side concen tra t ion grad ien t GD ( in cm - 3) is rela ted to the sub stra te

concen tra t ion N D and the junct ion dep th, develop ing a GD m odel is physica lly too cum ber2
som e to be p ract ica l. How ever, the sem i2em p irica l exp ression of GD can be ob ta ined based

on the developed equ iva len t theo ry [ 9 ]

GD = GAN D ö(8. 78 × 10+ 9GA + N D ). (32)

　　Based on the above discu ssion s, the b reakdow n vo ltage of D SAL GJ in a ll cases can be

ob ta ined. F igu re 3 show s the com parison betw een b reakdow n vo ltages of the typ ica l d if2
fu sed junct ion ca lcu la ted from D SAL GJ , of the va lue ob ta ined from SL GJ and of the p re2
dicted value from SSA J app rox im at ion.

F ig. 3　B reakdow n vo ltage versus dop ing concen trat ion fo r the typ ical diffu sed junction case

F rom F ig. 3, it can be seen tha t no t on ly do the D SAL GJ’s app rox im at ion include the

resu lts of the SL GJ and SSA J , bu t a lso p red ict the b reakdow n vo ltage of d iffu sed junct ion

of m id2dep th w h ich cou ld be ob ta ined on ly by the num erica l ana lysis m ethod. In o rder to

com pare D SAL GJ’s b reakdow n vo ltage w ith the tha t of the SL GJ and SSA J and num erica l

ana lysis[ 3, 4 ] , a ll resu lts a re summ arized in T ab le 1. A n excellen t agreem en t can be ob served

betw een the resu lts of the D SAL GJ and num erica l ana lysis[ 4 ]. M eanw h ile, the SSA J′and

classica l SL GJ′resu lts depart from the b reakdow n vo ltage ob ta ined from the num erica l

ana lysis in m any p ract ica l d iffu sed cases very far.
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Table 1　Com par ison between the breakdown voltages obta ined for SSAJ, SL GJ,

num er ica l and D SAL GJ obta ined in th is paper

Impurity distribu tion

GA öcm - 4 N suböcm - 3

breakdow n vo ltageöV

SSA J SL GJ num erical D SAL GJ

1×1017 1×1014 1688 605. 7 1938 1944

1×1017 1×1015 300. 29 605. 7 698 709

1×1017 1×1016 53. 6 605. 7 634 638

1×1017 1×1016 53. 6 605. 7 634 638

1×1020 1×1016 53. 6 96 110 115. 6

1×1023 1×1016 53. 6 6. 06 53. 6 56. 4

4　Conclusion s

In th is paper, by u sing the defin it ion of effect ive dop ing grad ien t fo r D SAL GJ and the

comm on dep let ion app rox im at ion, the analyt ica l so lu t ion s fo r the b reakdow n crit ica l pa2
ram eters fo r the doub le2sided asymm etric and sing le2sided linearly graded p 2n junct ion s are

derived. T hu s the effect ive dop ing grad ien t, together w ith the pub lished b reakdow n vo ltage

fo rm at o r graph ica l illu st ra t ion of the symm etrica l linearly graded junct ion can be u sed to

p red ict the b reakdow n vo ltage of D SAL GJ. T he resu lts agree w ell w ith the p reviou s con2
clu sion ob ta ined by num erica l ana lysis.
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