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Analytical Calculation of Avalanche Breakdown Voltage of
the Single-D iffused Junction Based on D ouble-sided
AsymmetricL inearly Graded Approximation
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Abstract By using the definition of effective doping concentration gradient and depletion ap-
proximation, an analytical expression for avalanche breakdow n voltage of double-sided asymm et-
ric linearly graded junction,w hich isaproper approximation to the practical single-diffused junc-
tion, has been derived Based on the samiempirical expressions of the substrate side concentra-
tion gradient of the diffused junction, this effective doping gradient param eter, being detem ined
by the concentration gradientsof both sidesof the junction, together w ith the published break-
down voltage format for common symmetric linearly graded junctions, mmediately gives the
breakdow n voltage of the diffused junction A Il results coincidew ell w ith the previous conclu-
sion obtained by numerical method M eanw hile, the analytical olution of the breakdow n voltage

of the single-sided linearly graded junction has been al obtained

EEACC: 126Q., 2560R
1 Introduction

It iswell know n that the doping profile of the diffused junction (DJ) isa Gaussian or
a complanentary error function, and it is impossible to obtain closed-form analytical olu-
tions of breakdow n voltage for these complex profiles*. In order to calculate the avalanche
breakdow n critical quantities for DJ, in addition to the full numerical techniques’ *, ana-
lytical m ethods such as the single-sided abrupt junction (SSAJ) and the symmetric linear-
ly-graded junction (. GJ) approximations have been widely used T heir deficiencies are
obvious due to the fact that SSA J approximation only provides a description for shallow DJ
and the classical 9. GJ approximation isonly reasonable for deegp-DJ How ever, the charac-
teristics of theDJ depend on both the diffused side doping gradient and the substrate con-
centration inmany cases A sa result, thiskind of junction iscommonly considered to be an
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asymmetrical double-sided p-n junction; the first analytical solution was derived by
B rook'® based on the main assuonption of double-sided abrupt p-n junction In fact, this
mportant assumption is al® in doubt due to the very strong dependence of the mpurity
distribution on the property of the diffusion mpurity and the fabricated process On the
other hand, the concept of the single-sided linearly graded junction (S GJ) isals used in
omepapers®”), inw hich breakdow n voltage is a ays believed to be one half of theAL GJ
on the basisof the intuitive judgeanent How ever, there has not been developed any theory
that could support the above view.

Thiswork is a theoretical analysis of the breakdow n voltages of the asymmetric dif-
fused junction (ADJ) based on the assumption of double-side asymmetric linearly graded
junction (DSAL GJ) which is a proper aproximation to the above typical DJ In thispa-
per, itw ill be shown that the breakdow n voltage of such aD SAL GIJmay be obtained accu-
rately from published format of breakdown voltage against the mpurity gradient for
S4. GJ by using the definition of the effective doping gradient and the depletion app roxi-
mation A Il results are verified by previous reports given by the numerical analysis M ean-
w hile, the conclusion of the S3. GJ from intuition w ill be proved incorrect

2 Theory

Figure 1 show s the schem atic, the electric field profile, the charge density distribution,
and the electrostatic potential at breakdow n in an ideal D SAL GJw ith uniform gradient Ga
(inan™*) and Go (in an” *) and depletion region width w: (in an) and w2 (in an). The
maximum field Ex (inV /am) at breakdow n occurs at x= Q
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Fig 1 DSAL GJ (a) Schamatic (b) Charge density (c) Electric Field (d) Electrostatic potential
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In Fig 1, the built-in potential ¢?(in V) isaugmented by the applied reverse biasV r,
and the total voltage across the junction is (4?+ Vr). The built-in potential % can be given
in the follow ing fom

(l?: V 11N (GaGow 10v 2o/ni2) , (1)
whereV = kT /& 26mV at 300K, the quantity ni is the intrinsic carrier concentration in a
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pure sample of the samiconductor and n= 1 5x 10an” °at 300K for silicon,w 10,w 20 are de-
pletion layers at themal equilibrium case, $is commonly neglected for smplicity.
If the depletion region penetrates a distancew 1 into the p-type region and w 2 into the
n-type region, then w e require, based on the Gaussian’ law,
Ev = CW%GA/ZEZ CW%GD/ZE, (2)
w here q is the electron charge (1 6x 10 *°C), and € is the pemittivity of silicon (1 04x
10 *F/am).
Transfoming Eq (2), one can obtain
w iGa = W 5Gp. (©)]
It show s that the total chargeper unit areaon either side of the junctionmust be equal
in magnitude but opposite in sign
Poison’s equation in one dimension requires that

dV /dx*= - P/e= qGax/€ for- wi< x< Q (4)
Integration of Eq (4) gives
av /dx = oGax?/2€+ Cu, (5)
w here C1 is a constant How ever, the distribution of electric field E is given by
E(x) =- av/dx = - (qGax’/2€+ Cui). (6)
Since there is zero electric field outside the depletion region, a boundary condition is
E=0, forx =- wy,

and using this condition in Eq (6) gives
E(x) =- oGa/2c Wi- x%) = - av/dx for- wi< x< Q (7
Thus the dipole of charge existing at the junction gives rise to an electric field that varies
squarely w ith distance
Integration of Eq (7) gives
V (x) = qGaw ix/2€- qGax’/6€+ C» (8
If the zero potential is arbitrarily taken to be the potential of the neutral p-type re-
gion, then the second boundary condition is

V=0, forx =- wy,
and using it in Eq (8) gives
V (x) = qGa/ewi/B+ wix/2- x°/6), for- wi< x< Q (9
At x= O,we defineV =V 1and then Eq (9) gives
V1= oGaw i/3€ (10)
Combining Egs (10) and (2), Em can be rew ritten as
Ev = qGaw 1/2¢ (12)

The above equations are the relationship of the single-side linearly graded junction
w ith field strength, electrostatic and depletion w idth
If the potential difference between x= 0 and x= w2 isV 2, smilarily, it follow s that
V2= qGow3/3€ (12)
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and then the total voltage across the junction is
B+ Ve= Vit Vo= qGawi+ Gow?)/3e (13)
Substitution of Eq (3) in Eq (13) gives

3
_ aviGa Ga
b+ ve= F 2 [1+ /GD . (14)

From Eq (14), the penetration of the depletion layer into the p-type region is
[ _3e(R+ ve) |

Wi1-= qGA 1+ Ga . (15)
L Gp) -
Similarly,
3e(B+ V). | V2
W2 = qGD 1+ Gp . (16)
L Ga)

The total depletionw idthw T is

e e Alef s @] [oloe ]

(17)
If the definition of effective doping concentration gradient Ger is in the follow ing form

1 _ 1 + 1 (18)
Y Gt \ Ga y Go
then Eq (17) can be smplified as follow s
W= |:3£“£E + V )] 1/3
T — .

0Gert (19)
Smilarly, combining Egs (1), (15) and (19) gives
_ 0Gaw?i _ oviGe
Bu= Toe T e (20)
Then transforming Eqg (18), one can obtain
Ger = Galo (21)

Ga + Gp + 24 GaGp
It has been show n that the relationships betw een Ger and Ev andw 7, and (B+ V=) are
the same as those in SS. GJ Equivalent diagram is shown in Fig 2 If Go isequal to Ga, the

Ey .
| E potential
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Fig 2 Equivalent diagran from DSAL GJw ith gradient Ga and Go to
S9. GJw ith doping gradient Get

0 | WT=W1+W2
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follow ing relationship s exist

Ger= Ga/4= Gop/4, (22)
_ oGawi  oGowi
Ew = Tge T Tge (23)
_ oGawi  oGow?
(l?+ Vg = 12 - 12 (24)

The above conclusion leads to the useful results that the breakdow n voltage of a
DSAL GJ can bepredicted from the published form at of voltage against doping gradient for
9 GJ, if we smply read off that voltage correponding to the calculation value of Ger
Firstly, the breakdow n voltage of S3. GJ can be derived from 9. GJ A ccording to Ref. [8]

BV = 9 2x 10°%Ga” %~ (25)
wr= 9Q1x 10°Ga” /%, (26)
for & GJ with the gradient Ga and Go (notel Ga= Go).

Transfoming Eqs (26) and (25), based on Eq (22),0ne can give

BV = 5 284x 10%Gar *°, (27)
wr= 4 8x 10°Ga ", (28)
for DSAL GJw ith the effective doping gradient Ge

Then, if there existsa S GJw ith a concentration gradient Gs, based on the sm ilarity
to theD SAL GJ, breakdow n voltage of SS_ GJ can bew ritten as

BV = 5 284x 10°Gs *°, (29)
wr= 4 8x 10°Gs " (30)

In fact, breakdow n voltage of SS. GJ could be obtained by integrating ionization inte-
gral equation for breakdow n condition based on Flop’s expression for the ionization rate
How ever, the deduction is very difficult and complicated compared w ith the above meth-
ods

It can be seen that the breakdow n voltages of DSAL GJ and SS. GJ can be obtained
smply from the published format and graphical illustrationsof S GJ, by using 4Geit or 4Gs
to replace the concentration gradient, Ga or Go of & GJ Furthemore, the breakdow n volt-
age of S GJw ith the gradient Gsisproved to be higher than one half of that of . GJw ith
the concentration gradient Gs The result from the intuitive know ledge is not suitable for
the accurate calculation

3 D iscussion

In order to make the DSAL GJ gpproximation applicable to the calculation of break-
dow n voltage for the practical diffused junction, the concentration gradients of both sides
of DSAL GImust be detem ined before Ger is calculated, although the breakdow n voltage of
D SAL GJ can be predicted smply based on the format or graphical illustration of L GJ

The concentration gradient Ga of the diffused side of DSAL GJ can be detemined in
the commonw ay. If the mpurity distribution function of DSAL GJ isf (x), then Ga can be
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w ritten as
<= X (31

Ga = df (x)/dx |=x,
Since the substrate side concentration gradient Go (in an” °) is related to the substrate
concentration N o and the junction depth, developing a Go model is physically too cum ber-

ome to be practical How ever, the sani-anpirical expression of Go can be obtained based

on the developed equivalent theory™
Gp = GaN D/(8 78%x 10°°Ga + N D). (32)
Based on the above discussions, the breakdow n voltage of D SAL GJ in all cases can be
obtained Figure 3 show s the comparison betw een breakdow n voltages of the typical dif-
fused junction calculated from D SAL GJ, of the value obtained from 9. GJ and of the pre-
dicted value from SSAJ approximation
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Fig 3 Breakdow n voltage versus doping concentration for the typical diffused junction case

From Fig 3, it can be seen that not only do theD SAL GJ's gpproximation include the
results of the . GJ and SSA J, but al predict the breakdow n voltage of diffused junction
of mid-depth w hich could be obtained only by the numerical analysismethod In order to
compareD SAL GJ' s breakdow n voltagew ith the that of the 9. GJ and SSA J and num erical
analysis>*, all results are ssmmarized in Table 1 A n excellent agreement can be observed
betw een the results of the DSAL GJ and numerical analysis*. M eanw hile, the SSAJ' and
classical 9. GJ'results depart from the breakdow n voltage obtained from the numerical
analysis in many practical diffused cases very far.
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Tablel Camparison between the breakdown voltages obtained for SSAJ, 3 GJ,
numer ical and D SAL GJ obtained in this paper

mpurity distribution breakdow n voltageA/
Ga/am” 4 N ab/am” 3 SHAJ 94GJ numerical DSAL GJ
1x 10Y7 1x 104 1688 605 7 1938 1944
1x 10% 1x 10% 300 29 605 7 698 709
1x 10Y 1x 106 53 6 605 7 634 638
1x 10Y 1x 106 53 6 605 7 634 638
1x 10%° 1x 106 53 6 96 110 115 6
1x 10% 1x 10% 53 6 6 06 53 6 56 4

4 Conclusions

In thispaper, by using the definition of effective doping gradient for D SAL GJ and the
common depletion gpproximation, the analytical olutions for the breakdow n critical pa-
ranetersfor the double-sided asymmetric and single-sided linearly graded p-n junctions are
derived T hus the effective doping gradient, togetherw ith the published breakdow n voltage
format or graphical illustration of the symmetrical linearly graded junction can be used to
predict the breakdow n voltage of DSAL GJ The results agreew ell w ith the previous con-
clusion obtained by numerical analysis

Reference

[1] B.JBaliga,M odern Pow er Devices, Chap. 3,JohnW iley & Sons,Newv York, 1987

[ 2] Liang Sujun and L uo Jinsheng, Chinese Journal of Semiconductors, 1991, 12: 73 79
[3] R A. KokosaandR. L. Davis, IEEE Trans Electron Devices, 1966, ED-13: 874 882
[4] D. P Kennedy and R R. Brein, IRE Trans Electron Devices, 1962, ED-9: 478 481

[ 5] P Brook, IEEE Trans Electron Devices, 1970, ED-27: 730 731

[6] R M.Warner, Solid State-Electron , 1972,V ol 15: 1303 1318

[ 7] Constantin Bulucea and Santa Clara, Solid State-Electron , 1991, 34: 1433 1437.

[ 8] B.JBaliga, Power Samiconductor Devices, PV S, 1995: 77 79

[9] Heldin,Ph D theis,U ESTC, 1999



