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(54) Reducing the reverse recov-
ery charge of thyristors by nu-
clear irradiation 

(57) The reverse recovery charge of 
thyristors is reduced wi thout sub-
stantially increasing forward voltage 
drop by irradiation w i th particles of 
molecular weight greater than one, 
preferably proton or alpha particles, 
at an energy level such that the 
m a x i m u m defect generat ion ( 2 5 ) is 

produced adjacent the anode PN 
junct ion ( 2 0 ) . Preferably the depth 
of m a x i m u m defect generat ion lies 
in the anode base region ( 1 6 ) 
wi th in 2 0 micrometers of the anode 
P N junct ion ( 2 0 ) or in the anode 
emit ter region ( 1 7 ) w i th in 1 5 micro-
meters of the anode PN junct ion 
( 2 0 ) , but spaced f rom the junct ion 
itself. T h e required energy level of 
the radiation source is determined 
f rom measurements on test devices. 
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SPECIFICATION 

Reducing the reverse recovery charge of thyristors by nuclear irradiation 

5 The present invention relates to the manufacture of semiconductor devices and particularly 5 
thyristors. 

This application is considered an improvement on the method described and claimed in 
United States Patent No. 4 , 0 7 5 . 0 3 7 , granted February 21 , 1 9 7 8 and assigned to the same 
assignee as the present application. 

10 It has recently been demonstrated to irradiate semiconductor devices to modi fy the electrical 10 
/ characteristics in various ways. See, e.g.. United States Patent Nos. 3 , 8 0 9 , 5 8 2 ; 3 , 8 4 0 , 8 8 7 ; 

3 , 8 5 2 , 6 1 2 ; 3 , 8 7 2 , 4 9 3 ; 3 , 8 7 7 , 9 7 7 ; 3 , 8 8 1 , 9 6 3 ; 3 , 8 8 1 , 9 6 4 ; 3 , 9 9 0 , 0 9 1 ; 4 , 0 4 0 , 1 7 0 ; 
" 4 , 0 5 6 , 4 0 8 ; 4 , 0 7 5 , 0 3 7 ; 4 , 0 7 6 , 5 5 5 and United States Patent Appl icat ions Serial Nos. 

9 2 9 , 6 2 4 (filed Ju ly 31 , 1978) ; 9 7 2 , 3 0 2 (filed December 22 , 1978) and 0 0 0 , 9 3 6 (filed 
15 January 4, 1979) , all of wh ich are assigned to the same assignee as the present application. 15 

Certain semiconductor devices must be switched f rom a high current forward conduct ing 
mode to a high voltage reverse blocking mode dur ing their operation. The most common of 
these is thyristors. More complex semiconductor devices containing a thyristor component 
include diacs, triacs, reverse swi tching rectifiers and reverse conduct ing thyristors. 

2 0 When a thyristor and particularly a power thyristor is in the forward conduct ing state excess 2 0 
carrier concentrations and corresponding excess charge are present in the base regions, and 
particularly the anode base region wh ich generally has a lower impur i ty concentration than the 
cathode base region. During reverse recovery of the thyristor, the excess charge called the 
reverse recovery charge (Qrr) must be removed by carrier recombinat ion and di f fusion, l imi t ing 

2 5 the reverse blocking characteristics of the thyristor. The amount of the reverse recovery charge is 2 5 
a funct ion of the devices' parameters, most notably, the minori ty carrier l i fet ime in the base 
regions and the current gain across the anode base region. 

For many thyristor applications it is desirable to have the reverse recovery charge (Qrr) as low 
as possible or tai lored to a particular value. In United States Patent No. 4 , 0 7 5 , 0 3 7 , it is 

3 0 proposed to reduce the excess charge by reducing the minor i ty carrier l i fet ime in the base 3 0 
regions and particularly in the cathode base region by irradiating the device preferably w i th 
electron radiation. Al though this method has been successful, the dosage must be carefully 
control led wi th this technique because the reduction minori ty carrier l i fet ime and reduction in 
excess charge is accompanied by an increase in forward voltage drop (VTM) and leakage current. 

35 A trade off must be effected particularly between reduction in excess charge and an increase in 3 5 
forward voltage drop. 

The present invention overcomes these diff icult ies and provides a method of reducing the 
reverse recovery charge (Qrr) of a thyristor w i th minimal changes in forward voltage drop (VTM) 
and leakage current. 

4 0 In United States Patent No. 4 , 0 5 6 , 4 0 8 , a method is described and claimed for reducing the 4 0 
switching t ime of semiconductor devices, including thyristors, by irradiating wi th nuclear 
radiation and preferably protons or alpha particles. The energy level f rom the radiation source is 
adjusted to provide defect generation adjacent a blocking PN junct ion. It teaches, contrary to the 
present invention, that the max imum defect generation should be adjacent the blocking PN 

4 5 junct ion, between the cathode base and anode base regions. 4 5 
The principal object of the present invention is to provide a method of reducing the reverse 

recovery charge of thyristors wi thout substantially increasing the forward voltage drop. 
The invention resides broadly in a method of making thyristors by reducing the reverse 

recovery charge wi thout substantially increasing forward voltage drop compris ing the steps of: 
5 0 determining the depth of an anode PN junct ion f rom a major surface adjoining a cathode-emitter 5 0 

region of a thyristor; determining the depth of max imum defect generation in the thyristor on 
irradiation through said major surface wi th a given radiation source radiating particles w i th 
molecular weight of at least one; adjust ing the energy level at said major surface of the thyristor 

* f rom said radiation source to provide the depth of max imum defect generation adjacent the 
55 anode PN junct ion of the thyristor; thereafter irradiating the thyristor through said major surface 55 

w i th said energy level f rom said radiation source to a given dosage to reduce the reverse 
- recovery charge of the thyristor. 

A method is provided for reducing the reverse recovery charge of thyristors wi thout 
perceptibly affecting other electrical characteristics and particularly the forward voltage drop and 

6 0 leakage current of the thyristors. The switching t ime (tq) is also reduced somewhat in the usual 6 0 
devices. 

The method comprises the steps of determining the depth of an anode PN junct ion f rom a 
major surface adjoining a cathode-emitter region of a thyristor. The depth of max imum defect 
generation in the thyristor f rom the major surface is then determined uti l izing a given, preferably 

65 monoenergetic, radiation source radiating particles w i th a molecular we ight of at least one. 65 
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Preferably, such nuclear radiation source is a proton or alpha particle radiation source because 
such radiation sources can be produced relatively inexpensively and are substantially chemically 
and electrically inactive on irradiation into silicon semiconductor bodies as explained in more 
detail hereafter. There are certain embodiments where higher molecular weight particles, such as 

5 nitrogen ions, may be more desirable because of the need for defect generation distributions 5 
w i th narrower half-width, i.e., the wid th of the distribution curve at one-half the maximum 
defect generation. See Fig. 1 in United States Patent No. 4 , 0 5 6 , 4 0 8 for a better understanding 
of "ha l f -w id th . " 

The energy level at the major surface of the thyristor f rom the radiation source is then 
10 adjusted to provide the depth of maximum defect generation adjacent the anode PN junction, 10 

but preferably it is in the anode base region adjacent the anode junction. The maximum defect 
generation is preferably wi th in 2 0 micrometers in the anode base region or 10 to 1 5 1 

micrometers f rom the anode junct ion in the anode emitter region. The positioning of the 
maximum defect generation can be readily located because the range of such nuclear particles is 

15 easily determined knowing the semiconductor material and the energy level. The maximum 15 
defect generation occurs near the end of the range of penetration of the radiation into the 
semiconductor material. 

At least one and preferably a plurality of thyristors are then positioned wi th the major surface 
of them to be exposed to the radiation source wi th the energy level adjusted at the major 

2 0 surface. The thyristors then irradiated wi th the adjusted radiation source to a dosage level 2 0 
reducing the reverse recovery charge of the thyristor wi thout significantly affecting the forward 
voltage drop and leakage current. 

Other details, objects and advantages of the invention wi l l become apparent as the fol lowing 
description of the presently preferred embodiments and presently preferred methods of 

2 5 practicing the same proceeds. 25 
In the accompanying drawings the preferred embodiments of the invention and preferred 

methods of practicing the invention are illustrated in which: 
Figure 1 is an elevational v iew in cross section of a center-fired thyristor being irradiated in 

accordance wi th the present invention; 
3 0 Figure 2 is an elevational v iew in cross section of a center-fired thyristor being alternatively 3 0 

irradiated in accordance wi th the present invention; 
Figure 3 is a graph il lustrating the spatial distribution of radiation defects in the thyristor as 

shown in Fig. 2 on irradiation wi th alpha particles; 
Figure 4 is a graph showing the relationship between reverse recovery charge (Qrr) and 

3 5 forward voltage drop (VTM) on irradiation of thyristors wi th protons of different energy levels; 35 
Figure 5 is a graph showing the relationship between switching t ime (tq) and forward voltage 

drop (VTM) on irradiation the same of thyristors measured in connection wi th Fig. 4 ; and 
Figure & is a graph showing the relationship between switching t ime (tq) and reverse recovery 

charge (Qrr) on irradiation of the same thyristors measured in connection wi th Fig. 4 . 
4 0 Referring to Fig. 1, center-fired thyristor semiconductor body 10 being irradiated in accor- 4 0 

dance w i th the present invention has opposed major surfaces 11 and 12 and curvilinear side 
surfaces 13. The thyristor body 10 has cathode emitter region 14 and anode emitter region 17 
of impurit ies of opposite conductivity type adjoining major surfaces 11 and 12, respectively, 
and cathode base region 15 and anode base region 16 of impurit ies of opposite conductivity 

4 5 type in the interior of body 10 between emitter regions 14 and 17. Also cathode emitter region 4 5 
14 and cathode base region 15 are impurit ies of opposite conductivi ty type, and anode base 
region 16 and anode emitter region 17 are impurities of opposite conductivi ty type. Preferably, 
cathode base and anode emitter regions 15 and 17 are simultaneously formed by diffusion of, 
for example, gal l ium a n d / o r a luminum through major surfaces 11 and 12 by standard 

5 0 techniques, typically to a surface concentration between 1 X 1017 and 1 X 1019 a toms/cm 3 . 50 
Cathode emitter region 14 is thereafter formed by selective diffusion of, for example, 
phosphorus through major surface 11 by standard technques. By this arrangement, thyristor 
body 10 is provided w i th a four-layer inpurity structure in which three PN junctions 18, 19 and 
2 0 are formed: Cathode PN junction 18, blocking PN junct ion 19 and anode PN junct ion 20 . ; 

55 The thyristor is provided w i th a center-fired gate by adjoining cathode base region 15 to 55 
major surface 11 at center portions of body 10. Cathode base region 15 also adjoins major * 
surface 11 intermittently of cathode emitter region 14 to form shunts conventional in high 
power thyristors. To provide electrical contact to thyristor body 10, metal electrodes 21 and 2 2 
make ohmic contact to cathode base region 11 and cathode emitter region 14, respectively, at 

6 0 major surface 11. Preferably, gate electrode 21 and cathode electrode 22 , typically of about 6 0 
4 0 , 0 0 0 Angstroms in thickness, are deposited by selective metallization of a suitable metal such 
as a luminum, or alternatively, indiscriminate metallization of such a metal fol lowed by selective 
removal of the deposited metal by standard photolithographic and etch techniques. Support ing 
metal electrode 2 3 makes ohmic contact to anode emitter region 17 at major surface 12 

65 preferably by al loying electrode 23 of a suitable metal such as molybdenum, of 8 0 mils in 65 
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thickness, to body 10. Atmosopheric effects on the thyristor operation are substantially reduced 
by coating side surfaces 13 wi th a suitable passivating resin 2 4 such as a silicone, epoxy or 
varnish composit ion. 

To implement the present invention, the depth of anode PN junction 2 0 into semiconductor 
5 body 10 from major surface 11 is determined using techniques which are wel l known. 5 

For irradiation, a suitable radiation source is selected which emits nuclear particles of a 
molecular weight of at least one. Preferably, the radiation source emits protons, alpha particles 
or nitrogen ions because such particles are essentially electrically and chemically inactive on 
irradiation into the semiconductor body. In this regard, a second level or preference is expressed 

10 for beryll ium ions. Other nuclear particles having a molecular weight of at least 1 may be 10 
- utilized; however, nuclear particles having a molecular weight higher than 16 are presently 

impractical because available radiation sources, e.g., Van de Graaff accelerators, do not generate 
high enough energy to cause penetration of such higher molecular weight particles into the 
semiconductor body to the desired depth as hereinafter described. Addit ionally, nuclear particles 

1 5 such as boron ions, carbon ions and oxygen ions should not be utilized because of their 15 
electrical and chemical activity on penetration into the semiconductor body. For these reasons, 
proton and alpha radiation are generally most desired, although higher molecular weight 
particles such as nitrogen ions may be more useful in certain applications where a narrower half-
width is desired for the defect generation distribution. 

2 0 Additionally, the radiation source is preferably an essentially monoenergetic source, such as a 20 
Van de Graaff accelerator, to obtain the narrowest half-width for the defect generation 
distribution. Wi th certain radiation sources, it may be appropriate to sacrifice mono-energetics to 
some degree to utilize a scattering foil to provide a more uniform particle distribution over the 
surface of the device, where the radiation beam cannot be modulated horizontally and vertically 

25 to achieve uniform particle distribution. Generally, the monoenergetics of the radiation source is, 25 
however, achieved to the extent possible to provide the narrowest half-width for the defect 
generation distribution and in turn lowest reverse recovery charge while maintaining a low 
forward voltage drop. 

On selection of a radiation source, the energy level is again adjusted to provide the depth of 
30 maximum defect generation adjacent anode PN junction 6 0 of the thyristor. The energy level is 3 0 

adjusted by experimentally selecting an energy range from a graph such as that shown in Fig. 
10 of United States Patent No. 4 , 0 5 6 , 4 0 8 , and thereafter radiating various thyristor bodies of 
the particular type of thyristor to be irradiated wi th different energy levels wi th in the selected 
energy range and mesuring the electrical characteristics and particularly the turn-off t ime, 

35 forward voltage drop and leakage current. The opt imum energy level can be selected by plott ing 35 
the relationships between the measured electrical characteristics as shown in Figs. 4, 5 and 6, 
or by processing the measured data by digital computer. The energy level is preferably adjusted 
by controll ing the energy level of the radiation source. 

Radiation is performed on the thyristor by positioning major surface 11 of body 10 for 
4 0 exposure to the selected nuclear radiation source, such as a Van de Graaff accelerator. By this 4 0 

arrangement, thyristor body 10 is positioned to be irradiated through major surface 11 adjoining 
cathode emitter region with radiation 26 at the adjusted energy level from the selected radiation 
source. Thyristors are thereafter irradiated by radiation 26 wi th the adjusted energy level f rom 
the selected radiation source to a dosage level sufficient to reduce the reverse recovery charge of 

45 the thyristor to a desired level. The opt imum dosage level is also selected experimentally along 45 
with the opt imum energy level by irradiating groups of thyristors of the same type as shown to 
various dosage levels, and graphically plotting the relationships between forward voltage drop, 
reverse recovery charge and switching t ime as shown in Figs. 4 , 5 and 6. Alternatively, the 
measured data may be processed by digital computer to select the desired dosage level. 

50 Additionally, leakage current may be plotted as part of the relationships to optimize this 5 0 
electrical characteristic. 

In any case, the maximum defect generation is provided generally at dotted line 25 as shown 
in Fig. 1 in anode emitter region 1 7 adjacent anode PN junction 20 . That is, the maximum 

; defect generation is in the anode emitter region 17 less than a fourth the width of region 17 
5.5 from anode junction 20 to major surface 12 and preferably is wi th in 10 to 15 micrometers of 55 

the anode junction in power thyristors. The maximum defect generation is, however, spaced 
- from the anode junction to reduce leakage current. As explained in detail hereafter, such 

positioning reduces the reverse recovery charge of the thyristor wi th minimal increase of forward 
voltage drop and leakage current. 

60 Referring to Fig. 2, a center-fired thyristor similar to that described in connection with Fig. 1 6 0 
is irradiated in accordance with the present invention to reduce reverse recovery charge. The 
thyristor has the elements and the relation between them the same as described in connection 
with Fig. 1. Therefore, elements have been correspondingly numbered wi th a prefix " 1 " . 

The only difference is the position of the maximum defect generation 126. In Fig. 2, the 
65 maximum defect generation 126 is positioned in the anode base region 116 adjacent anode 65 
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junct ion 120. That is, the maximum defect generation is in anode base region 117 less than a 
fourth the width of the anode base region between blocking junct ion 119 and anode junction 
120, and preferably in power thyristors wi th in 2 0 micrometers of anode junct ion 120 . Again, 
the maximum defect generation is spaced from anode junct ion 120 to avoid increases in 

5 leakage current. 5 
Hence, as shown in Figs. 1 and 2 the maximum defect generation is positioned adjacent the 

anode junct ion between one-fourth the width of the anode emitter region and one-fourth the 
wid th of the anode base region, and preferably f rom within 20 micrometers in the anode base 
region to wi th in 10 to 15 micrometers in the anode emitter region. More preferably, however, 

10 the maximum defect generation is positioned in the anode base region spaced f rom the anode 10 
junct ion because it has been found that a higher dosage, as well as a higher energy, is required 
to provide the defect generation in the anode emitter region having the high impurity 
concentration. 

A preferred positioning of the maximum defect generation in a typical power thyristor is 
15 shown in Fig. 3 using 10 .2 Mev monoenergetic alpha particles f rom a Van de Graaff generator 15 

as the adjusted radiation source. As shown the maximum defect generation is positioned about 
61 micrometers into the semiconductor device from the major surface through which the 
radiation enters and about 9 micrometers f rom the anode junction in the anode base region. The 
half-width of the radiation defect is about 1.3 micrometers. 

2 0 To illustrate the operation of the invention as shown in Figs. 2 and 3 two groups of twenty 2 0 
(20) T 6 2 NBH power thyristors were irradiated as shown using 10 .2 Mev monoenergetic alpha 
particles f rom a Van de Graaff generator. Each group was indicated as shown to a dosage of 
3 . 7 2 X 101 0 alpha particles per square centimeter. One of the groups, designated "Group 2 " , 
was then irradiated in addit ion wi th 17 Mev alpha particles from the Van de Graaff generator to 

2 5 a dosage of 1 .24 X 1010 alpha particles per square centimeter. The purpose of the second dose 25 
was to determine what effect 17 Mev alpha particle defect generation had on reverse recovery 
charge. 

The reverse recovery charge of each thyristor was measured before and after irradiation in 
microcoulombs. The average values of Qrr for each group before and after irradiation wi th the 

3 0 percentage reduction in reverse recovery t ime is given in Table 1. 3 0 

TABLE 1 

Percentage 
35 Initial Qrr, fiC Final Q,r, jitC Decrease 35 

(Unirradiated) (Irradiated) 
Group 1 105 55 4 4 
Group 2 132 5 0 6 2 

4 0 4 0 

As shown in Table 1, the reverse recovery charge was reduced considerably by both 
irradiations. Moreover, the forward voltage drop (VTM) and leakage current changes for these 
energies and dosages were found to be minimal. 

4 5 To further illustrate the invention, T 7 2 NCB power thyristors were irradiated wi th proton 45 
particles f rom a Van de Graaff generator. The irradiations were performed at different energy 
levels through an 11-micrometer a luminum scattering foil. The difference in energy levels was 
selected to vary the position of maximum defect generation adjacent the anode junction in the 
anode base and anode emitter regions. 

5 0 Seven groups of the power thyristors were provided w i th 5 to 10 devices in each group. The 5 0 
anode junct ion in each thyristor was determined wi th in production limits to be at 2 3 6 
micrometers. The groups were irradiated wi th 5 .2 , 5 .4 , 5 .6 , 5 .8 , 6 .0 , 6 .2 and 6 .4 Mev protons 
through the scattering foil. The 5 .8 Mev where calculated to position the maximum defect 
generation at the anode junct ion, and the other energies to position the maximum defect = 

55 generation on opposite sides of the anode junct ion in 15 micrometer increments. 55 
The reverse recovery charge (Qrr) switching t ime (tq) and forward voltage drop (VTM) of the 

devices were measured before irradiation and after various incremental dosages during the « 
irradiation. The average measurements were then plotted as shown in Figs. 4 , 5 and 6 to 
determine the relationship of forward voltage drop (VTM) to reverse recovery charge (Qrr), of 

6 0 switching t ime (tq) to reverse recovery charge (Qrr) and of forward voltage drop (VTM) to 6 0 
switching t ime (tq). 

As shown in Fig. 4 , the reverse recovery t ime was reduced dramatically in every instance wi th 
only minimal increase in forward voltage drop. Furthermore, as shown in Fig. 4, the positioning 
of the maximum defect generation adjacent the anode junct ion either in the anode base region 

6 5 or anode emitter region caused little relative change in the electrical characteristics. Slightly 65 
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better characteristics were achieved w i th the 6 . 0 Mev energy level wh ich places the max imum 
defect generation in the anode emitter about 15 micrometers f rom the anode junct ion. However, 
Fig. 4 shows that a greater change in reverse recovery charge can be achieved w i th lesser 
dosage by posit ioning the max imum defect generation in the anode base region, wh ich makes 

5 this embodiment more practical. 5 
Referring to Figs. 5 and 6, all other th ings being equal, the energy level could also be 

selected to optimize the relation between switching t ime (tq) and forward voltage drop (VTM) or 
between switching t ime (tq) and reverse recovery t ime (Qrr). However, here again there was little 
difference, w i th the 6 . 0 Mev energy level again being only sl ightly better. 

10 As shown by Fig. 6 the switching t ime was also decreased somewhat by the irradiation but 10 
not in any substantial way. The decrease was approximately one-half over the entire dosage. 
This is believed to be because the irradiation changes the current gain across the anode base 
region very considerably w i thou t substantial ly altering the carrier l i fet ime in the cathode base 
region. 

1 5 Whi le presently preferred embodiments have been shown and described w i t h part icularity, it 15 
is dist inct ly understood that the invent ion may be otherwise variously embodied and used w i th in 
the scope of the fo l lowing claims. 

CLAIMS 
2 0 1. A method of making thyristors by reducing the reverse recovery charge w i thout 2 0 

substantial ly increasing forward voltage drop compris ing the steps of: 
determining the depth of an anode PN junct ion f rom a major surface adjoining a cathode-

emitter region of a thyristor; 
determining the depth of max imum defect generation in the thyristor on irradiation th rough 

25 said major surface w i th a given radiation source radiating particles w i th molecular weight of at 2 5 
least one; 

adjust ing the energy level at said major surface of the thyristor f rom said radiation source to 
provide the depth of max imum defect generation adjacent the anode PN junct ion of the 
thyristor; 

3 0 thereafter irradiating the thyristor through said major surface w i th said energy level f rom said 3 0 
radiation source to a given dosage to reduce the reverse recovery charge of the thyristor. 

2. A method according to claim 1 wherein: 
the depth of max imum defect generation is in an anode base region wi th in 2 0 micrometers of 

the anode PN junct ion. 
35 3. A method according to claim 1 wherein: 3 5 

the depth of max imum defect generation is in an anode emitter region wi th in 15 micrometers 
of the anode PN junct ion. 

Printed for Her Majesty's Stationery Office by Burgess & Son (Abingdon] Ltd.—1982. 
Published at The Patent Office, 25 Southampton Buildings, London. WC2A 1AY, from which copies may be obtained-

i 

t 


