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(54) SEMI-CONDUCTOR SWITCHES 

(71) We, G E N E R A L ELECTRIC 
COMPANY, a corporation organised and 
existing under the laws of the State of New 
York, United States of America, of 1 River 

5 Road, Schenectady, 12305. State of New 
York, United States of America, do hereby 
declare the invention, for which we pray 
that a patent may be granted to us, and the 
method by which it is to be performed, to be 

10 particularly described in and by the follow-
ing statement:-

This invention relates in general to 
bidirectional thyristors and more particular-
ly to a method for improving certain elec-

15 trical characteristics of bidirectional thyris-
tors. 

One of the important characteristics of 
thyristors is the dv/dt capability thereof. The 
dy/dt capability of a thyristor includes the 

20 static dv/dt. reapplied dv/dt. and commutat-
ing dv/dt; It is known in the art that the 
dv/dt of thyristors may be modified by 
modifying the carrier lifetime in the base 
region of the device. In accordance with the 

25 prior art, the dv/dt of thyristors has been 
improved by the introduction of gold or 
platinum into all or part of the device, for 
example bv diffusion. See. for example. 
U .S. Patent No. 3.943.013 (Kennedy, et al). 

30 While the foregoing patent describes a 
device and a method for the fabrication 
thereof which provides certain advantages 
over theretofore existing devices, it is never-
theless oftentimes desirable to modify the 

35 characteristics of a thyristor after the manu-
facture of the device has been substantially 
completed and such characteristics have 
been identified by preliminary testing. 
Further, gold doping is a difficult process to 

40 control precisely in order to achieve the 
desired results. Insofar as the commutating 
dv/dt of a device, for example, may be 
adequately tested only after the device is 
substantially completed and the electrodes 

45 have been formed thereon, it is too late at 

that point to improve the commutating dv/dt 
of devices which fail to meet the specifica-
tion by the selective diffusion of gold as 
described in the foregoing patent. It is 
precisely at that point, however, the invest- 50 
ment in the device having reached substan-
tially the ultimate investment, that modifi-
cation of the dv/dt characteristics of devices 
which fall below specification would be most 
desirable. Clearly, devices may thereby be 55 
produced fully meeting specifications that 
would otherwise be rejected and, therefore, 
either rendered useless or relegated to 
inferior ratings. 

In accordance with one aspect of the 60 
present invention there is provided a 
method for improving the characteristics of 
bi-directional semiconductor switches of the 
type including a first current conducting 
region for conducting in a first direction, a 65 
second current conducting region for con-
ducting in a second direction opposite said 
first direction, said second current conduct-
ing region laterally spaced apart from said 
first current conducting region and forming 70 
a first boundary therebetween., and a gate 
region spaced apart from and having a 
common boundary with both said first and 
said second current conducting regions, said 
method comprising: selectively irradiating 75 
said first boundary lo form lifetime reducing 
defects therealong. 

In accordance with a further aspect of the 
present invention there is provided a 
method for improving the electrical charac- 80 
teristics of bi-directional thyristors of the 
type including first and second current 
carrying regions in a single semiconductor 
body separated by a first boundary region, 
each said first and second regions having 85 
first, second, third, and fourth alternating 
conductivity type layers therein, at least one 
of said layers comprising a base layer and 
first and second electrodes for providing 
ohmic contact to said regions, said method 90 
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comprising: irradiating said boundary re-
gion with semiconductor crystal lattice-
damaging high energy particles for forming 
additional charge carrier recombination 

5 sites at least in said base layer in said 
boundary region. 

The selective irradiation is preferably 
accomplished by shielding that portion of 
the thyristor device not to be irradiated. The 

10 shielding material must be of a thickness 
and composition such that substantially no 
particles pass therethrough which are suffi-
ciently energetic to cause lattice damage. 
Specifically, a mask may be employed which 

15 is characterized by a first thickness in those 
areas where lattice defects are desired, and, 
a second, greater thickness in those areas 
where no such defects are desired. 

When the thyristor includes a gate region 
20 which is separated from both the first and 

second main current carrying regions by a 
second boundary, both the first and second 
boundaries are preferably irradiated for 
increasing the dv/dt rating of the device. 

25 Irradiation of the thyristor may be per-
formed after the application of contacts 
thereto. The contacts of the device may 
overlie the first and second main current 
carrying regions and gate region of the 

30 thyristor, and may comprise high lead solder 
which acts as an irradiation mask. In this 
way, the necessity for a separate mask is 
eliminated. 

Irradiation may be employed as a reme-
35 dial method to bring within specifications 

certain thyristors which are determined af-
ter the application of contacts thereto to be 
below an established minimum dv/dt charac-
teristic. 

40 Thyristors irradiated in accordance with 
the invention may exceed the otherwise 
obtainable characteristic trade-off between 
gate trigger current.(lot) and commutating 
dv/dt. Commutating dv/dt may be improved 

45 without degrading IGl through the use of 
carefully chosen irradiation energy levels 
and dosages. Thyristors are sometimes pro-
duced which, although the dv/dt characteris-
tics thereof are below specifications, never-

50 theless. have desirably low ln i . These thyris-
tors may advantageously be irradiated in 
accordance with the invention to provide 
devices which have a combination of low IG, 
and high commutating dv/dt. 

55 Alternatively, thyristors which have nor-
mal Int and normal commutating dv/dt 
characteristics may be irradiated to provide 
normal I(;, and higher than normal com-
mutating dv/dt characteristics. 

60 The invention may best be understood by 
reference to the following examplarv de-
scription taken in connection with the 
accompanying drawings in which: 

Figure I is a top view of a thyristor of the 
65 type to which this invention may be benefi-

cially applied. 
Figures 2 and 3 are section views of the 

device of Figure 1. 
Figure 4 is a top view of a mask for use 

with this invention, 70 
Figure 5 is a section view of thyristor and 

mask as employed during irradiation of the 
transistor in accordance with this invention, 

Figure 6 is a section view of a thyristor 
wherein high lead solder masking is em- 75 
ployed. 

Referring now to Figure 1, a thyristor 
indicated generally at 10 includes first and 
second main current carrying portions 12 
and 14. Conveniently, current carrying por- 80 
tion 12 is of p-conductivity type semiconduc-
tor material while current carrying portion 
14 is of n-conductivity type material. It will 
be understood by those skilled in the art that 
thyristor 10 conventionally includes an elec- 85 
trode 16 which is illustrated in Figures 2 and 
3 but which is omitted from Figure 1 in 
order to show current carrying regions 12 
and 14. Thyristor 10 further includes gate 
region 18, also of n-conductivity type semi- 90 
conductor material. 

Referring now to Figure 2, thyristor 10 
may conveniently be formed in a wafer of 
semiconductor material 20 of n-conductivity 
type. P-conductivity type regions 22 and 24 95 
are conveniently formed by diffusion from 
an impurity source into wafer 20. Subse-
quently, n-conductivity type regions 14 and 
28 along with gate region 18 are similarly 
formed. Electrode 26 provides ohmic con- 100 
tact to gate region 18. Main current portions 
12 and 14 are laterally spaced apart and 
separated one from the other by boundary 
region 30 which is indicated in phantom in 
Figure 1. Similarly, regions 12 and 14 are 105 
separated from gate region 18 by second 
boundary region 32 which is likewise indi-
cated in phantom in Figure 1. Thyristor 10 
of Figures 1. 2. and 3 is conventionally 
formed as one of a number of such devices 110 
on a large semiconductor wafer. After 
formation, the wafer is divided into a 
number of semiconductor pellets for indi-
vidual packaging. While only a single pellet 
is illustrated in the drawing, it will be 115 
understood by those skilled in the art that 
the processes described herein are prefer-
ably performed on the semiconductor be-
fore the division thereof individual devices. 
In that way. a large number of devices 120 
having substantially identical processing his-
tories may be fabricated at one time and 
may receive the benefits in accordance with 
this invention at an extremely low cost. 

While the diffusion of gold or a similar 125 
impurity into the boundary region or re-
gions of a device as indicated in Figure 1 has 
been suggested by the prior art. several 
difficulties attach to the gold diffusion pro-
cess. First, a diffusion may not generally be 130 
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performed after the formation of metal 
contacts on the device. This is due to the 
elevated temperatures which are typically 
required not only for the diffusion process 

5 itself, but for the growth of an oxide layer as 
is typically employed for masking selective 
diffusion. Secondly, gold diffuses into sili-
con devices at an extremely rapid rate and 
does so, as is well known, not only vertically 

10 but also laterally. For this reason, the 
selective diffusion of gold in the boundary 
regions of a device results in the reduction 
of lifetime not only in the desired regions, 
but also in a part of the device wherein 

15 lifetime reduction is not desired and, in fact, 
is detrimental. This causes an increase in 
forward voltage drop of the device and a 
decrease in gate sensitivity. Selective irra-
diation substantially overcomes these diffi-

20 culties. Irradiation is employed in accord-
ance with the teachings hereof to provide 
for the reduction of lifetime in an area which 
is essentially vertical and which does not 
substantially affect laterally adjacent areas. 

25 For this reason, those parameters of the 
device which were adversely affected by 
diffusion of lifetime-killing impurities (for-
ward voltage drop and gate sensitivity) are 
not adversely affected by electron irradia-

30 tion. Further, irradiation may be performed 
in substantially fewer additional steps than 
the selective diffusion of a lifetime killing 
impurity and at correspondingly reduced 
cost. Still further, electron irradiation may 

35 be performed after preliminary testing of 
the device which may occur only after 
electrical contacts have been formed there-
on. In this way. irradiation may be applied 
only to those devices which will benefit 

40 thereby at an even further decrease in cost 
which is increasingly important where a 
large number of devices are being fabri-
cated. 

Electron irradiation is employed primari-
45 lv to improve the commutating dv/dt of the 

thyristor. As is well known, when a thyristor 
is employed in an alternating current appli-
cation. the two conducting portions of the 
device - those portions which are substan-

50 tially coextensive with regions 12 and 14 of 
Figure 1 and portions of the device there-
under - are in alternating conducting and 
voltage blocking states. As one conducting 
section switches off and the other switches 

55 on. it is desirable to minimize, to the extent 
possible, the effect of one current-carrying 

' region on another. In the worst case, where 
one portion of the device switches rapidly, 
enough charge will spill over to the other 

60 portion of the device to prematurely turn it 
on. This effect, of which commutating dv/dt 
is a measure, reduces the speed at which the 
device may operate and consequently the 
effective frequency limitation thereof. In 

65 order to increase the commutating dv/dt 

capability of the device to provide a faster 
device and one which may operate at a high 
frequency, the interaction between thyristor 
sections must be reduced. To this end, the 
lifetime in the boundary region between 70 
current carrying portions of the thyristor is 
reduced by the irradiation of the boundary 
region by lattice damaging radiation. 

While irradiation of the entire device will 
have the desired effect on commutating 75 
dv/dt, it will also produce the undesired 
effects of raising the forward voltage drop 
and decreasing the gate sensitivity. Accord-
ingly, only the boundary region between 
current-carrying portions of the device and 80 
the boundary region surrounding the gate 
portion of the device are irradiated, isolat-
ing the gate from the main current carrying 
regions. 

Figure 4 is a top view of a mask which 85 
provides selective irradiation of only the 
boundary regions of the thyristor of Figure 
1. The mask, indicated generally at 40, 
includes an opening 42 therein which is 
essentially coextensive with boundary re- 90 
gions 30 and 32 as illustrated in Figure 1. 
Mask 40 may be formed of any of a number 
of materials which have the property of 
reducing the energy of particles which pass 
therethrough. Conveniently, any of a num- 95 
ber of readily available material such as 
lead, molybdenum, and the like, may be 
employed. It is preferred to provide a mask 
which is as thin as possible so as to facilitate 
the easily formation therein of opening 42 100 
having a width W which is as narrow as 
possible. Preferably, opening 42 is formed 
by chemical etching of mask 40. and it may 
generally be stated that the thickness of the 
masking material is a lower limit on the 105 
width of theopening. It is preferable that the 
opening be as narrow as possible so as to 
minimize the deleterious affects of irradia-
tion on forward voltage drop and gate 
sensitivity. 110 

A mask of molybdenum having a thick-
ness of about six mils may be advan-
tageoyusly employed. Where thicker masks 
are required, it may be preferred to utilize, 
in combination, two or more relatively thin 115 
masks in order to most effectively reduce 
the cost of fabricating the masks. It will be 
understood that while the mask as hereina-
bove described may be beneficially em-
ployed. any method for forming masks 120 
known to those skilled in the art may 
equally well be employed. 

Figure 6 illustrates, in combination, mask 
40 and semiconductor device 10. As was 
hereinabove described, mask 40 is but a 125 
representative portion of a larger mask 
designed to cover an entire semiconductor 
or wafer including a plurality of thyristors 
formed thereon. 

Many types of lattice-damaging, high 130 
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energy irradiation may be employed in 
accordance with this invention. Electron 
irradiation is to be preferred insofar as it is 
readily provided and relatively inexpensive. 

5 Neutron and y irradiation are also capable 
of providing the requisite lattice damage 
although y irradiation is difficult to mask in 
order to provide selective irradiation, and 
does not result in a substantial amount of 

10 lattice damage within a device. Proton 
irradiation may also be applied, but very 
high energies are needed in order to obtain 
adequate penetration depth. 

The energy of the irradiation source to 
15 some extent depends upon the type of 

irradiation employed and determines to a 
great degree the type of masking required. 
It is preferred that the areas of the thyristor 
which are not to be irradiated be subjected 

20 to electron irradiation of, for exaple, no 
more than 300 KeV energy. It has been 
determined that electrons having energies of 
300 KeV or lower produce substantially no 
lattice damage as compared to electrons 

25 having energies of about 400 to 500 KeV 
and greater. The energy level of the electron 
irradiation source is to some extent deter-
mined by the type of making employed. 
Where masking is employed, as has been 

30 hereinabove described utilizing six mil thick 
molybdenum making material, the energy 
loss in the mask is on the order of 200 KeV. 
The amount of energy which may be ex-
pected to be lost in passing through a mask 

35 may be determined bv reference to the 
following equation: 

dE/dx = K(E.Z)ZN<)>(, 

40 wherein dE/dx is the change in energy over 
distance measured in MeV/cm. K is a 
relatively constant function of the energy 
and the element which may be determined, 
for example, by reference to Corbett. J.W.. 

45 in "Radiation Effect in Metals and Semicon-
ductors". Solid Stare Physics Supplement 7. 
Academic Press. 1966. Z is the atomic 
number of the element. N is the number of 
atoms per cnr\ and <j>(l is equal to about 6.6 

50 X U)-2- cm2. 
It is desirable that the difference in the 

damage coefficient for the radiation imping-
ing upon the mask and unmasked portions 
of the device selectively irradiated in 

55 accordance with this invention be on the 
order of 10. The damage coefficient is 
related to the energy of the particles and is 
nonlinear. Where, "for example, electrons 
having an energy of 400 KeV are utilized, a 

60 difference in damage coefficient of approxi-
mately 20 is obtained by reducing the energy 
in the masked portion of the device to 300 
KeV. Similarly, the ratio of the damage 
coefficients for electrons havina enemies of 

65 500 and 400 KeV is three. When using a 

mask of molybdenum having a thickness of 
6 mils, irradiation is accomplished using 500 
KeV electrons which pass unimpeded to the 
area desired to be irradiated and which 
electrons are attenuated to about 300 KeV 70 
in the masked portion. It will be appreciated 
that a difference in damage coefficient of 
about sixty (60) is obtained. Clearly, higher 
energy irradiation may be employed, with 
the resulting savings in time of irradiation, 75 
only if relatively thicker masks are em-
ployed. For the reasons hereinabove de-
scribed. it is desirable to be able to use as 
thin a mask as possible in order to facilitate 
the fabrication thereof. 80 

The time of irradiation depends of course 
upon the magnitude of flux. The flux is 
proportional to the beam current. Where 
high currents are utilized, the time of 
irradiation may be shortened. The degre of 85 
change in lifetime may be determined from: 

l/t 5t l/t„ 4- Kcj> 

wherein t is the lifetime after irradiation. T() 90 
is the initial lifetime. K is the damage 
coefficient, and <|> is the flux in e/cm". 
Where extremely high levels of flux are 
employed, it is oftentimes desirable to scan 
the electron beam over the masked wafer in 95 
order to pevent heating of the wafer beyond 
a desired temperature. 

Referring back now to the equation relat-
ing to flux and lifetime, it is desirable that in 
the masked area l/t,> > Kep. while in the 100 
unmasked area l/t0 is < K<)>. A relatively 
wide range of dosage may usefully be 
employed. Typically, dosages between 2 
and 10 megarad may be employed with 
dosages on the order of 4 megarad being 105 
preferred. These dosages may be readly 
obtained utilizing available irradiation tech-
niques in times well under an hour. Where 
the time span for irradiating the devices is 
not important, lower currents may be util- 110 
ized with corresponding increases in the 
time of irradiation. 

Figure 6 illustrates the application of high 
lead solder to device 10 for self-masking 
against irradiation. Since the area of the .115 
contact metallization on regions 12, 14. and 
18. corresponds essentially to those areas 
desired to be masked against the effect of 
defect-causing irradiation, it may be conve-
nient to utilize those contacts as a mask. 120 
Typically, the contacts themselves are of 
insufficient thickness to provide the neces-
sary decrease in energy for successful selec-
tive irradiation. Accordingly, a layer of 
solder which is preferably high lead solder is 125 
applied to the contacts and the device is 
then irradiated. Solder layers 44 and 46 are 
applied to electrodes 16 and 26. respective-
ly. The thickness of solder layers 44 and 46 
mav be determined bv reference to the 130 
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relationship hereinabove described for the 
attenuation of electron beams. 

In the above examples certain preferred 
ranges of energies and dosages have been 

5 set forth. It will be understood, however, 
(that within a fairly wide range, for exaple, 
from 0.4 to 12 MeV, masked selective 
irradiation may advantageously be per-
formed. Further, wherein irradiation is de-

10 sired both in the boundary region and the 
current carrying region, and where, further, 
it is desired to irradiate finished packaged 
devices, even high energies up to 25 MeV or 
more may be employed. 

15 Where selective irradiation in accordance 
with this invention is utilized to modify the 
characteristics of thyristors which have been 
rejected, it is convenient to test one or more 
devices on a semiconductor wafer and to 

20 selectively irradiate the entire wafer based 
on this sampling of devices where low 
commutating dv/dt is evident. 

WHAT WE CLAIM IS: 
1. A method for improving the charac-

25 teristics of bi-directional semiconductor 
switches of the type including a first con-
ducting region for conducting in a first 
direction, a second current conducting re-
gion for conducting in a second direction 

30 opposite said first direction, said second 
current conducting region laterally spaced 
apart from said first current conducting 
region and forming a first boundary there-
between, and a gate region spaced apart 

35 from and having a common boundary with 
both said first and said second current 
conducting regions, said method com-
prising: 

selectively irradiating said first boundary 
40 to form lifetime reducing defects there-

along. 
2. The method of Claim 1 wherein said 

selectively irradiating comprises masking 
essentially all of the said switches except for 

45 said first boundary, and exposing said 
maske- switches to defect-creating irradia-
tion. 

3. The method of Claim 1 further com-
prising irradiating said common boundary to 

50 form lifetime reducint defects therealong. 
4. The method of claim 3 wherein said 

selectively irradiating comprises masking 
essentially all of said semiconductor switch-
es except for said first boundary and said 

55 common boundary, and 
exposing said masked switches to a source 

of irradiation for forming defects along said 
first boundary and along said common 
boundary. 

60 5. The method of Claims 1, to 4 wherein 
said irradiating comprises irradiating with 
electrons having an energy in excess of 400 
KeV. 

6. The method of Claim 5 wherein said 
65 irradiating comprises irradiating with elec-

trons having an energy between about 400 
KeV and 12 MeV. 

7. The method of Claim 6 wherein said 
irradiating comprises irradiating to a dosage 
of between about 1012 and 1015 e/cm2. 70 

8. A method for improving the electrical 
characteristics of bi-directional thyristors of 
the type including first and second current 
carrying regions in a single semiconductor 
body separated by a first boundary region 75 
said said first and second regions having 
first, second, third, and fourth alternating 
conductivity type layers therein, at least one 
of said layers comprising a base layer and 
first and second electrodes for providing 80 
ohmic contact to said regions, said method 
comprising: 

irradiating said boundary region with 
semiconductor crystal lattice-damaging high 
energy particles for forming additional 85 
charge carrier recombination sites at least in 
saicl base layer in said boundary region. 

9. The method of Claim 8 wherein said 
particles comprise electrons. 

10. The method of Claim 9 wherein said 90 
electrons comprise electrons having ener-
gies in excess of 400 KeV. 

11. The method of Claim 10 wherein 
said thyristors further include a first gate 
region including a first gate electrode there- 95 
on separated from said first and second 
current carrying regions by a second bound-
ary region and said method further compris-
es irradiating said second boundary region 
with crystal lattice damaging electrons hav- 100 
ing energies in excess of 400 KeV. 

12. The method of Claim 10 wherein 
said irradiating comprises: 

masking said first and second current 
carrying regions; and 105 

irradiating with lttice damaging high ener-
gy particles so that essentially only said first 
boundary is impacted by said particles. 

13. The method of Claim 11 wherein 
said irradiating comprises: 110 

masking said first and second current 
carrying regions and said gate region; and 

irradiating so that essentially only said 
first and said second bounary regions are 
impacted by said high energy electrons. 115 

14. The method of Claim 12 wherein 
said masking step comprises: 

coating said first and second electrodes 
with high lead solder. 

15. The method of Claim 11 wherein 120 
said masking step comprises coating said 
first and second electrodes and said first 
gate electrodes with high lead solder. 

16. The method of Claim 12 wherein 
said masking comprises covering said first 125 
and second current carrying regions with a 
shield of sufficient' thickness to effectively 
prevent particles having sufficient energy to 
cause lattice dmaage from reaching said 
current carrying regions. 130 
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17. The method of Claim 11 wherein 
said masking comprises covering said first 
and second current carrying regions and said 
gate region with a shield of sufficient thick -

5 ness to effectively prevent particles having 
sufficent energy to cause lattice damage 
from reaching said current carrying regions 
or said gate region with a shield of sufficient 
thickness to effectively prevent particles 

10 having sufficient energy to cause lattice 
damage from reaching said current carrying 
regions or said gate regions. 

18. A method according to Claim 1 and 
substantially as herein described with refer-

15 ence to the accompanying drawings. 

Brookes & Martin 
High Holborn House, 
52-54 High Holborn. 

20 London WC1V 6SE. 
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Primed for Her Majesty's Stationery Office, 
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