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Analytical Solutions for the Breakdown Voltages of 
Punched-Through Diodes  Having  Curved 

Junction Boundaries at the Edges 

Absrract-Analytical  expressions  are derived for  the  breakdown  volt- 
ages of punched-through  diodes having a  plane  structure  terminated 
with  cylindrical  and  spherical  curved  boundaries  at  the edges, through 
the use  of suitable  approximations  for  the  electric field in  the  depletion 
layer. The  expressions derived include  both p+-i-n+ and p+-p-n+ (or 
p+-n-n+)  types  and  are given in  terms of the  middle-region (i-layer or 
player)  width,  the  radius of curvature of the  junction edge, the  punch- 
through voltage, and  the  plane parallel breakdown voltage of p+-i-n+ 
diodes. 

The  results  obtained  include  a  correlation  between  the  middle-region 
(player)  width  and  the  width of the  depletion  layer  in  the curved 
portions of the  junction when the  applied reverse bias across  the  diode 
is just  sufficient so that  punchthrough  takes  in  the  portions  where  the 
junction is plane parallel. These  results  are  made use of in the  break- 
down voltage calculations. 

I. INTRODUCTION 

I T IS VERY WELL KNOWN that  the junctions fabricated 
by diffusing impurities through windows in an impervious 

masking layer, to form a "planar" junction in the  substrate 
material, result in a plane structure terminated with cylindrical 
curved boundaries at  the window edge, and that this curvature 
takes spherical shape if the window has sharp corners. Theo- 
retical design  curves relating the breakdown voltage to the 
radius of curvature and substrate doping, experimental verifi- 
cation of the results, and  the extension of the results to  dif- 
fused junctions have been discussed in detail in  the literature 
[ l ]  -[9] for  the case  of  p-n junction diodes. Recently [ lo] ,  
analytical solutions for  the breakdown voltages of abrupt 
cylindrical and spherical junctions using simplified expressions 
for the ionization integral [ 111  have been published. How- 
ever, in  literature,  no  attempt has been made to obtain closed- 
form solutions or computer solutions to give design  curves 
which ease the calculation of the breakdown voltage  of 
"punched-through diodes" with cylindrical and spherical 
boundaries. 

The purpose of  the present paper is to extend  the concepts 
[ 101 of curvature-limited breakdown voltages of cylindrical 
and spherical p-n junctions to obtain analytical solutions for 
the breakdown voltage  of "punched-through diodes" namely 
p+-i-n+ diodes and p+-p-n' (or p+-n-n+) diodes with  abrupt 
junctions. The structure of the diode considered for the pres- 
ent analysis is shown in Fig. l(a). The depletion layer in  this 
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Fig. 1. (a)  The  structure of the  punched-through  diode. (b) Punched- 

through  diode  with  plane-parallel  junctions. 

structure punches through the middle layer (p layer or n layer) 
at voltages  below the breakdown voltage. The breakdown 
voltage  is described by the avalanche  multip1.ication at the 
curved boundaries. As done earlier [ 101 , a sim.ple one-dimen- 
sional approach of integration along a radius vector is carried 
out for determining the voltages  across the depletion layer in 
the curved portions and by equating this to the punchthrough 
voltage V p  of the plane portion of the  diode,  the  width W; of 
the depletion layer at  the curved portions [see  Pig. l(a)] for a 
voltage equal to Vp, is related to the  width Wz of the middle 
region  in the plane parallel portion of the diode. If ri is the 
radius of curvature of the  junction  at  the edge, it is shown that 
W;/rj is decided by the Wz/ri ratio and the Wj/q ratio is  cal- 
culated as a  function of Wz/ri for cylindrical and spherical 
curvatures separately. The analytical solutions for the break- 
down voltages  are given in terms of W;/rj ra.tio, the plane- 
parallel punchthrough voltage Vp,  and the breakdown voltage 
BVppz of  the  p+-i-n+  structure having plane-parallel junctions 
and i-layer width  of W'. 

The results hold good for  p+-p-n+ (or p+-n-n+) diodes, which 
punchthrough before breakdown, for any radius of curvature, 
p-layer width, and for  the doping concentrations of practical 
interest. The results are plotted and can be used  very con- 
veniently for  the breakdown-voltage calculations in the design 
of punched-through diodes. 
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Fig. 2. Breakdown voltage of abrupt planeparallel  junction p+-i-n+ diodes. 

11. PARALLEL-PLANE  PUNCHED-THROUGH  JUNCTION 
This section considers the breakdown voltage  of p+-i-n+ 

diodes with plane-parallel abrupt  junctions. Referring to 
Fig. l@), when the applied voltage  is equal to the  punch- 
through voltage Vp, the electric field El (x) is  given by 

where 

NI is the doping concentration in the middle layer, e,  is the 
relative permittivity, eo is the free-space dielectric constant, 
and 4 is the electronic charge. 

When the applied voltage Vis greater than V p ,  the additional 
voltage ( V -  Vp) drops uniformly over the i layer and hence 
the electric field E(x) takes the  form 

E(x)  = 2vp (1 - e) + w , .  v- vp 
WI 

Using the concepts of average ionization coefficient, the break- 
down voltage  is obtained by solving the  ionization integral 

where .(x) depends on E@), as  given by  Fulop [l 11 

(4) 

a = AE7 cm-' (5 1 
where 

A = 1.8 X 10-35. 

Evaluating the integral for a p+-i-n+ diode, whose middle 
layer is purely intrinsic and Vp = 0, the plane-parallel break- 
down voltage SVppz (the suffix I denoting intrinsic) is  given by 

B VppI = (?) ' I 7 .  (7) 

This expression for  the breakdown voltage  also holds good for 
p+-p-n+ diodes having Vp << SVpp. Fig. 2 gives a  plot of 
Bvpp~ as a  function of the i-layer width Wz. This result is in 
very good agreement with  the values given by Moll et al. [12] 
for p+-i-n+ diodes. Moll's results are marked in Fig. 2 for com- 
parison. From this it is clear that Fulop's formula for ioniza- 
tion coefficient can be successfully  used to calculate break- 
down voltage  of punched-through diodes as well. Therefore, 
this form has been used in subsequent sections and SVpp1 is 
used  as the normalizing parameter. 

111. PUNCHED-THROUGH  DIODE WITH PLANE JUNCTION 

Considering the  structure  with  abrupt  junctions, shown in 
Fig. l(a), when the applied voltage  is Vp, the depletion layer 
reaches the p+-p boundary in the plane-parallel portions and 
the  width of the depletion layer in the cylindical portions is 

TERMINATED WITH CYLINDRICAL BOUNDARY 
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Fig. 3. Plot of the ratio of the width Wi of depletion layer at  punchthrough voltage Vp, to the radius 
of curvature rj against the  ratio of middle layer width W, to rk 

W;. Now the electric field EICY(r) in the cylindrical portion 
of the diode is  given by  the Gauss’  law  as follows: 

and the voltage  across the depletion layer Vp is 

(9) 

Substituting  for Vp from (2) in (9)’ we get the relation be- 
tween Wr and W; 

( y = ( l t y l n ( l t T )  

- 1 2 [(1+ :)z - 11% 

The Wr/rj ratio is calculated as a  function of Wj/rj ratio and 
plotted in  Fig. 3 (curve (a)) for cylindrical curvature ease. 

When the applied voltage V exceeds Vp, the electric field at 
the p+-p boundary becomes nonzero  and  the depletion region 
widens in the curved portions. In order to simplify analytical 
calculations, we  assume that  the additional voltage ( V -  Vp)  
drops completely across the depletion layer which existed at 

voltage Vp. While this is strictly  true only for  the  structure 
where the  p+-p  boundary has the shape of the depletion-layer 
boundary corresponding to voltage V =  Vp, as discussed  in the 
Appendix, most of the voltage drops within  the  width W; in 
the curved portions of the  junction for the  structure shown in 
Fig. 1 (a). Therefore, we can write 

v- vp= 

By applying Gauss’  law 

Using  (1 2) in (1 1) 

V -   V p  = EzCy(r ) r ln  1 + - ( ;) 
and 

The total electric field Ecy(r) at any r, is given by 

ECY ( 9  = E l C Y  (r)  + EZCY (r) (15) 
where Elcy(r )  is due to Vp alone as  given by (8). Using (2), 
(8), and (1 4) in (1 5) 
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Fig. 4. Design  curves for the  determination of breakdown voltage  of abrupt-cylindrical  and  spherical  junction p+-i-n+ 

diodes. 

Fig. 5. Fraction of V p  to be subtracted  from B V ~ ~ I F ~ C Y  and B V p p ~ F l s  to obtain 
B VCY and B V s ,  respectively. 
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An examination  of (16) shows that  the contribution from the 
last term, (Vp/ W j )  r ,  is  small compared to other terms and can 
be ignored, so that (16) simplifies to the form 

where 

v-  vp w; 
KCY = In (1 t W;lri) 

Using (17) and (1 8) in  the ionization integral 

ri + Wi J A E z y ( r )  dr = 1 
"i 

we obtain  the breakdown voltage BVcy as 

BVCY = FlCYBVPPI - F2CY  VP 
where 

for W;lri > 1, and 

FzCy = [ ( $ ) 2  (1 + :)' In (1 t %) - I]. 

The factors FICY and F2cy are plotted as  curves (a) in Figs. 
4 and 5, respectively, as a  function of WI/ri. (The W$rj values 
required in (22) and (23) for  a given WI/ri are obtained from 
curve (a) of  Fig. 3.) These two  plots  together  with  the value 
of BVpp1 obtained  from (7) (plotted  in Fig. 2) and of Vp from 
(2) form the design  curves for calculating the breakdown- 
voltage BVcy of p+-p-n+ diodes having the structure shown in 
Fig. l(a).  For  the case vp = 0, FICYBVppI is the BVcy of 
p+-i-n+ diodes. 

W .  PUNCHED-THROUGH  DIODE WITH PLANE JUNCTION 
TERMINATED WITH SPHERICAL BOUNDARY 

Applying Gauss'  law for the spherical case, the electric field 
Els(r) at any r for  a voltage V,, is  given by 

W; now stands for  the  depletion layer width  at  the spherical 
regions. Integrating Els(r) and equating it to Vp, as before, 
we  get 

TABLE I 
PUNCHED-THROUGH  DIODES  (HAVING  CYLINDRICAL  JUNCTION)  FABRICATED 

USING 6004 . cm p-TYPE  SILICON WAFERS 

WI (wml W 1 h j  rj (urn) 
Breakdown  Voltage  (volts) 

Measured Calculated 
- 

155 680 700 15.5 10 

90 530 500 11.25 8 

Curve (b) in  Fig. 3 gives the  plot of Wr/ri against W;/ri for this 
spherical case. 

Following the same procedure as in  the cylindrical case, for 
voltages V >  Vp,  (V - Vp)  produces an electric field EZs(r) 
given by 

and the  total electric field Es(r) is the sum of Els(r) and 
E2s(r) and approximates to 

Es(r) = Ks/rZ (27) 

where 

Using (2) and (27) in  the ionization integral, the breakdown- 
voltage BVs for  the spherical case  is  given by 

BVS = FlSBVPPI - F2s VP (29) 

where 

F l s  and F2s are plotted in curves (b) of Figs. 4 and 5, respec- 
tively. (The W$ri ratio required in (30) and (31) for  a given 
WI/ri is obtained from curve (b)  of Fig. 3 for  the spherical 
case.) As in the cylindrical case, these two  plots form the 
design  curves for  the calculation of breakdown voltages  of 
punched-through diodes having spherical junction boundary. 
For  the case Vp = 0, FISBVppI is the BVs of p+-i-n+ diodes. 

V. DISCUSSIONS AND CONCLUSIONS 
It is shown that  the breakdown voltage BV& and B Vs of 

punched-through diodes with cylindrical and spherical junc- 
tion boundaries can  be calculated with  the help of two curves 
Flcy and Fzcy (or Fls and F2s)  and a knowledge ofBVppI 
and Vp. Evaluation of BVpp~ and Vp are straightforward; e.g., 
BVpp1 depends only on WI and is  given in the form of a  plot. 
Vp has to be calculated using (2). 

The design  curves  cover the range of values of WI/ri to which 
most  of the practical punched-through diodes fall. A couple 
of spot checks of breakdown-voltage measurements carried out 
on punched-through diodes fabricated using a 60042 * cm re- 
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Fig. 6 .  (a) Potential plot in the p layer of p+-p-n+ diode biased beyond punchthrough voltage. (b) Potential plot in the 
i layer of reverse-biased p+-i-n+ diode. 

sistivity p-type silicon wafers are  given in Table I. It may be 
noted that these values are in good agreement with  the values 
estimated by the analytical solutions, 

As discussed  in the Appendix, the  approximations involved 
are reasonable and enable the simplifications required for the 
analytical solutions. 

APPENDIX 
POTENTIAL DISTRIBUTION IN THE MIDDLE LAYER OF 

PUNCHED-THROUGH DIODES 
In this section, the validity of approximations made in the 

previous sections regarding the voltage drop in the curved por- 
tion of the  junctions is examined with  the help of an electro- 
lytic  tank analog. 

The potential  V in the  p layer of a reverse-biased p+-p-nt 
diode is  given by 

In order to obtain  the  potential distribution in the p-layer, we 
have made use of the electrolytic tank analog similar to the 
one which we had earlier used for transistors [13],  [14]. 
Here, the n+ and pc regions  are represented by brass  electroldes 
and thin  copper pins are vertically mounted in the regions clon- 
taining the electrolyte which represents the  p regio:ns.  Re- 
sistors are connected to these pins and the  other end of the 
resistors are made common and kept  at zero potential. A 
potential is applied to the electrode representing the n’ bound- 
ary and  the electrode representing the  p+  boundary is; kept  at 
zero potential. The potential distribution @ in the analog for 
this  situation is  given by [13] , [ 141 

V 2 @ = -  @ P 
atR 

where p and t are the resistivity and thickness, respectively, of 
the  electrolyte, “a” is the elemental area from which each pin 
drains current through the resistor R. The analog is made to a 
scale factor K of 1000. Equation (Al) in the diode gets modi- 
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fied to an enlarged  scale (for the same voltage) as 

Equations (A2) and (A3) are identical if Nu is a  function of 
position as potential 4J. Since the purpose of the present study 
is to obtain an idea of the  potential  distribution in the middle 
layer, we  have taken  this  situation  of varying N,. Therefore 

By choosing a = 1 cm2, t = 1 cm, R = 1.35 Ma, and p = 2.5 
k a  cm, 4J varying from 1 V to  zero  in  the analog we have 
simulated the  p+-p-n+ diode whose Nu varies from 6 X 
cm3 to zero in the  p region . Fig. 6(a) gives the  potential  plot 
for this case for ri = 30 pm and WI = 300 p m .  The  dotted lines 
show the  boundary  of radius of curvature (ri t W;); W; being 
0.7WI as obtained from Fig. 3 curve (a). It is clear that  about 
90 percent of the voltage drops within the  width W; from  the 
junction edge. Fig. 6(b) gives the  potential  distribution  for  the 
case of  p+-i-n+ diode (middle region purely intrinsic and hence 
the  potential obeys Laplace equation. In  the analog, the re- 
sistors R are now disconnected to simulate this equation). It 
may be noted  that even in this worse case, about 70 percent 
of the voltage drops within Wj in the curved portions of the 
diode. Hence  if the doping is greater than  6 X 10’2/cm3, 
the voltage drops within W; should be very  close to the ap- 
plied voltage. The validity of this analog study should hold 
good for  other combinations of rj and WF Hence our assump- 
tion in the earlier sections that  most of the voltage drops 
within W; is reasonably good for all doping concentrations 
of practical interest, 
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