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A general analysis of the difference between avalanche breakdown -voltages !l:U s of complementary semiconductor p-n junctions, when; the ratio ri.,;/tJ.:11 '0f coefficientsof electron (otn) and hole (exp) ionization is the function; of electric field (E) andtemperature ( T) is presented. The numerical results· for . A Us ( T, 'N, P) are mven for Si complementary abrupt junctions. A particul"r \attention is paid to tempera­ture dependences : the dependence of the difference llU8 of breakdown voltage on temperature was given and it was shown that changes can be considerable (up to 30 %) especially for lower impurity concentratio�s. 

1. Introduction_

 The problem of the avalanche -�reakdowri of. as��mq. apnipt �omplemen­tary p-n semiconductor junctions has been dealt with by· Urgell1 • 2>, Urgell and Leguerre3> and Leguerre and Urgell4>, where the difference between breakdown voltages of the above structures was pointed out. The proof derived by Urgell2>, starting from the breakdown conditions. . 1 
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hold for one-sided abrupt p-n complementary junctions only, where an > 1 forap silicon, and U a P�N < Us N+_P. Urgell O has numerically obtained for Si Us N+_P = ( 1.07 ± 0.01) Us P+__N. In material having an < 1 (for example Ge) we have U 8 N+_P < Us P�N· In papers
aPby Urgell and Leguerre3> and by Leguerre and Urgell4> it was found that there is a difference in the multiplication factor M of complementary structures and the values of Miller's exponent are determined. In calculation of Us and M by Urgel11 • 2>, Urgell and Leguerre (1974), and Leguerre and Urgell4> the following expression for the ionization coefficients was used 

an.p = A · e - ( 1;,r , (3) where A, b and m are constants. · This expression does not include explicitly the temperature dependence, so that it . is not suitable for numerical analysis of tempe­rature influence on Us· This paper will present a more general proof of the difference of avalanche breakdown voltages existing in complementary semiconductor p-n junctions, based on an arbitrary profile of impurities in the depletion region. Starting from the expression for the ionization coefficients of electrons and holes, which in a suitable way includes the field and temperature dependence (see Ref. 4J the results of a numerical analysis· . of· ·the difference of breakdown voltages in function of temperature and concentration will be presented for the case of complementary Si abrupt p+ - n and n� � p .junctions with a uniform distribution of impurities. 
2. Theoretical model

Let us observe the p - n jµnction with an arbitrary profile of the charge density (! and electric field E in the depletion region (see Fig. l b  and l a). The- best way is to substitute variable x in the breakdown condition relation by electric fiel4 E giveri by Tjapkin and Petkovic1 0>. Starting from Poisson's equation dE (} (x) dx = s • eo' and using the relative variable 
with arbitrary E0, or � =·:.. (�- = !:), 

(4) 

E = ( 3/i mo • W, th Ii m0) 112 o 4q2 12 • co 2kT
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Fig. 1 .  a) Charge density distribution e (x) in  space cherge region. b) Field distribution

E (x); x,, - Xa = W. 

and with 

D0 = e0 eE0 ; e,, (x) < O; (!n (x) > 0, 

where Ii w0 is the optical phonon energy, W, - ionization energy, E8 - electric
field when the breakdown occurs, ,1 - the mean free-path of carriers, the breakdown 
condition (1 ) and (2) could be written in the form 1 0> 

(5 )

where the first and second term in the brackets represent contributions of p- and
n-regions, respectively> and . 

'Im 

fw = Dof (:. + ,:.I ) a · d,j', a =  an - ap. (6) 
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If 'fJm tends to rJ s = !: i. e. when Z tends to unity the values of avalanchebreakdown field Ea of p - n junctions are obtained. Using (5) and (4) we can calculate the breakdown voltage dependence on the junction profile and on the ratio of coefficients of electron ionization an and hole ionization a,,, i. e. indirectly on carrier concentration and temperature. In that sense condition ( 5) is general. From ( 5) we see that the temperature dependence of the breakdown results not only from an, ,,  (T) but from the dependence of dielectric constant* e (T) appearing in D0 (which cannot be explicitly seen from ( 1 )  and (2)).Complemeniary p - n junctions are defined as junctions for which the trans­formations 
enc Cx) = le" (x) I ,
l e,,c (x) I = en (x),

are valid, where e pc and f!nc are charge densities in the complementary junction. So, condition ( 5) remains valid for the complementary junction upon the substi­tution: Z -+  Zc; l e"I --+ en; ,in -+ h�"'' while 1Jm and f.;. remain unchanged (twoparticular equations were dealt.with by Urgell2>). In the case of one-sided abrupt junctions condition ( 5) can be substituted by 
'Im '1 Z _ D f a,, hv-Do J -1 « 1 d11'

- o ---, e  o a" ()p, d'f}, (7) 

for n + - p structure, and 
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(9) 
for p+ - n structure. So, we have for one-sided complementary junctions (,in = 

= le,, I ) 

* This dependence was ignored in our calculations.
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In order to show which breakdown voltage U 8 or U sc (the breakdown volt-age of complementary structure) is greater, in the gerteral case, it is suitable to start from (5) and carry out a partial integration, introducing 

So we get* 
an k = - = J (E). 
ap 

'Im dk f - -d71 - efw - 1 d71 fw-l In Z - k (71 = 0) - 1 + o (k - 1)2 (e p - e ), 

In,p = Do f-a- d71.
Qn,p 

0 

(11) 

(12) 

(13) 

For a complementary junction, for the same U, t e., 7/m, Zc would be obtained for !pc = In, and Inc = I,,, while fwc = fw. The difference between Zc and Z would be 
'Im dk 

LIZ Z Z 4 f - d?j 1; inh f:V - (I; + l;) · sinh l; - l; d7J
. (14) = c- = o (k - 1)2 . e . •  s 2 . . 2 .. 

Since (a --)- jal) 
'Im 

J; - (I; + 1;) = Do f jaj (-1
1 

I + _!_) d71. . Qp .  Qn 
(15) 

is always positive we get finally that th� sign of AZ ;a Zc - Z is detennined bythe signs of expressions 
(16) 

and 
dk = k'
d71 - • (17) 

* In the paper by Urgell2> the term with k (x = W) in the denominator appears inadequately. 
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Relation (14) enables, also, a more sophisticated definition of asymmetrical
(complementary) junction of the arbitrary profile : 

� 
p

+ N · · l l ' al J' .... I' . - 1or - Junction l eP (E)I < (!n (E) or quite ge.ner ,, c...... "' 1. e.

lnp < O;  

- for N+ - P junction _!_ <  -
1
-1 -

1 
or quite general lnp > 0.

(!n (!p 

A generalized symmetric junctron would be the one having In P = O, so that 
U B = U Be (Z = 0), irrespective of the fact that it is not necessaiy that (!n = l e  PI 
(for the same E), neither k' = 0. 

In Si an > a,, i. e., a >  0 and k > 1, while in Ge a <  0 and k < 1 .  

Using (14) we find that AZ = 0 when :: = 0, i. e., the difference of breakdown

voltages will exist if k [E (x)] = :: f ;�=�� � const (and if In• � 0). The sign of 

the integral on the right hand side of expression (14) determines which structure, 
n+ - p, or p+ - n, will have greater breakdown voltage at a given temperature.

For silicon ;; > 0 so that AZ > 0, i. e. Zc > Z for the same U. That means that 

the structure p+ - n will fulfill the condition Zc -+ 1 for a smaller voltage value
U = UBc, i. e. it will be 

while for Ge (dk/df/ < 0) the opposite is valid. 
In expression ( 14) the temperature appears as a parameter in 17 m> k and all

other quantities . depending on ionization coefficients. 

3. Numerical results and aoolysis 

The calculation of the avalanche breakdown voltage is performed for silicon
one-sided abrupt p+ - n and n+ - p complementary junctions with constant
proQle of impurities for concentrations of the lower doped side of the junction
from 10 1 5 to 10 1 7 cm - 3 and the temperature range of 100-460 K. For the cal­
culation of the ionization coefficient, expression of Crowell and Sze5 > is used 

1 an,p • xtp + bn,p · Xn,11 + bn,11 

an,,, = � ·  e ,,, (18) 

Since the carriers mean free path An,,, and the ionization1 energy W, are tempe­

rature dependent, the change k = � is much pronounced, especially for weak a 
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fields (see Fig. 2). This change alters the value of the difference LI U  8 of breakdown voltages. 
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Fig. 2. Temperature dependence of ionization coefficients ratio k = an for different v'aiues ofa" 
electric field for Si. The breakdown and complementary breakdown voltages ( U 8 and U ac) are detel111ined numerically from the conditions X, Y = l. (In numerical calculations it was assumed that these conditions were fulfilled when X and Y were between 0.99999 and I ). The results obtained for LI U  8 = U B n!.p - U 8 p:n in function of tempera­ture and carrier concentration of the lower doped side of abrupt one-sided p - n junction (p+ iil> n, n+ ;13> p) are graphically presented in Figs. 3 and 4 (the concen­tration dependence is contained in (!n.p i. e. e:, ,, ;  en = e · N, l eP I = e · P).On the basis of the results obtained we can conclude that 

U B n+:_P = ( l + x) n Us /-n, (1 9) where x = 0.04 - 0.07 depending on concentration of carriers in the range from 10 1 5 cm- 3 to 101 7  cm- 3, which differs somewhat from that given by Urgell1 • 2> 
(x = 0.06 - 0.08). The numerical results of the dependence of x (T, N) are pre-
FIZIKA 18 (1986) 1, 23-33 29 



TJAPKIN ET AL,: ANALYSIS OF AVALANCHE BREAKDOWN , • •  

16 1015

12 

P,N /cm-3

8 

5·1015

10 16

1011

r/K 

0 100 200 300 400 500 Fig. 3. The dependence LI U  8 on temperature in complementary abrupt one-sided Si p - njunctions for various concentrations of lower doped side. sented 0in Table 1. They display the weak dependence of x on T. This is in agree­ment with results reported by Grehov and Serezhkin 6>. The greatest relative deviations are for the smallest U8, i. e. for the greatest N(P) and amount to about 7%. 
TABLE 1. 

N, P cm- 3 I X 

lOO K I 200 K I 300 K I 460 K 
10 1 5  0.0422 0.0422 0,0423 0,0428 

5 • 10 1 5  0.0523 0.0533 0.0530 0.0524 
10 1 6 0.0546 0.0533 0.0530 0.0524 

JO l 7 0.0688 0.0686 0.0685 0.0685 

The results of the temperature dependence LI U  8 (T) (which was not elabo­rated by other authors) should be particularly stressed because they indicate the following. For the change of T from 100 to 460 K (the full ionization of impurities was assumed even at 100 K) LI U 8 could be changed even by 30 % in Si junctions 
30 FIZIKA 18 (1986) 1, 23-:J3 
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Fig. 4. Dependence LI U  s on concentration of lower doped side (N) P) in complementary abrupt 

one-sided Si p - n junctions. of small impurity concentrations (Fig. 3). We note that in calculations an even more accurate expression was used for ionization coefficients (see (I 8)) in compa­rison with expressions used in Refs. I , 2, 3, 4, 7 and 8. On the basis of the results obtained it would be interesting to find an appro­ximate analytical dependence LJ U 8 (N, T) similary as by Ramovic and Jevtic9> for LJ U 8 (N). It would enable a simpler analysis of working conditions of semicon­ductor components in the breakdown voltage region. 
4. Conclusion

For a complementary structure of an arbitrary profile of impurities in n and p-region, it was shown generally (expression (14)) that the difference in breakdownvoltages of asymmetric p + - n and n + - p structures will exist, if k = an � const.aP The sign of derivative dk/d'f/ determines which structure has a greater breakdown voltage. Numerical results concern Si one-sided abrupt complementary junctions with a uniform distribution of impurities in the lower doped region of semiconductor in the range of impurity concentration of 10 1 5 cm -3 to 101 7 cm -3 • Making use of expressions for an and ap whicl) include temperature as a parameter, we were able to analyse LJ U 8 vs. tempera111re. It was found that the differences of break-
FIZIKA 18 (1986) 1, 23-33 31 
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down voltages increase with temperature increase, more quickly if the impurity concentration is lower. It was also found that between U 8 N'!:.P and U 8 P�N an empirical relation (19) could be established with x varying from 0.04 to 0.07. The numerical results show (Table 1) that this x depends weakly on temperature. In determining the multiplication factors Mn and M,, ( at voltages smaller than the breakdown one), the attention is to be paid to whether one has p+ - n or complementary junction, to the asymmetry degree and to the temperature. The results obtained are of particular importance for analyzing the characte­ristics of semiconductor devices where very asymmetric p-n junction (avalanche photo-diode, high voltage diode and so on) are used. 
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Originalni naucni rad U radu je izvrsena generalna analiza zavisnosti razlike izmedu probojnih napona L1 U B komplementarnih poluprovodnickih p-n spojeva u zavisnosti od odnosa koeficijenata jonizacije (an/ap) elektronima (an) i supljinama (ap), od velicine elek­tricnog polja (E) i temperature (T). Izvrsen je numericki proracun i prezentiranidobijeni rezultati za Lf U 8( T, N, P) kod Si komplementarnih spojeva sa strmim prelazom. Posebna paznja je posvecena temperaturnoj zavisnosti. Nadena je i graficki prikazana promena razlike probojnih napona LI U 8 sa promenom tempe­rature. Ta promena je dosta velika ( do 30%), narocito za nize koncentracije slabije dopirane strane p-n spoja sa strmim prelazom. 
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