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(54) IMPROVEMENTS IN OR RELATING TO 
TRANSISTOR CIRCUITS 

(71) I, THE SECRETARY OF STATE FOR DEFENCE, London, England, do 
hereby declare the invention, for which I pray that a patent may be granted to me, and the 
method by which it is to be performed, to be particularly described in and by the following 
statement:-

5 This invention relates to transistor circuits and in particular to integrated transistor cir- 5 
cuits formed on a substrate of semi-conductor material such as silicon. The invention is 
concerned with providing integrated circuits in which malfunctions caused by the effects of 
ionising, eg nuclear, radiations is reduced. 

It is known that such radiations can, for example, corrupt the operation of semi-
10 conductor logic circuits by generating charges in the semi-conductor junctions. These 10 

induced charges appear as currents in the circuits, and these currents may be of sufficient 
magnitude to produce an output condition which is the opposite of what it would be in the 
absence of the radiation. For equipment required to function correctly in an ionising envi-
ronment, this is clearly a serious disadvantage. 

15 In the case of integrated circuits formed on semi-conductor chips for example, a major 15 
source of such unwanted currents is the substrate isolation junctions. As is known, the 
collector of each transistor on the chip is normally formed in contact with a grounded silicon 
substrate common to all the transistors. The junction between the substrate and each 
collector is normally reverse-biased in use so that no currents flow, but under ionising 

20 conditions charges are generated at these junctions and the resulting currents can cause 20 
malfunctioning of the integrated circuits. 

According to the present invention in an integrated circuit comprising at least one junc-
tion liable, in the presence of ionising radiation, to draw a current which can cause malfunc-
tioning of the circuit, there is incorporated a compensating sub-circuit arranged, in the 

25 presence of said radiation, to provide at least a substantial part of the current drawn by said 25 
junction (said provided current hereinafter being termed the compensating current), but 
said sub-circuit presenting a high impedance to the remainder of the circuit in the absence 
of said radiation. Said junction may be a substrate isolation junction, though the invention is 
also applicable to junctions of other kinds. 

30 From one aspect the sub-circuit constitutes a variable-impedance circuit connected be- 30 
tween the junction and a current supply, the sub-circuit being arranged to be substantially 
non-conducting in the absence of radiation but to reduce in impedance in the presence of 
radiation. 

Preferably the sub-circuit comprises transistor means for amplifying a photocurrent 
35 induced by radiation in at least one semi-conductor junction included in the sub-circuit, said 35 

amplified current constituting at least a substantial part of said compensating current. Such 
transistor means is an efficient arrangement, in terms of retaining a small chip area, for 
providing the compensating current. Further, the transistor means may be brought into 
operation by the photocurrents of the transistor or transistors themselves. In this form the 

40 invention has particular application to compensating substrate isolation junctions, because 40 
of its ability to generate relatively large currents from relatively small areas. 

The sub-circuit may include a first transistor having its emitter connected to said first-
mentioned junction, its collector to a current supply, and a bias resistor connected between 
base and emitter, whereby, as a result of said radiation, a bias current flows in said resistor 

45 which turns on said first transistor to provide substantially said compensating current. The 45 
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bias current may be the radiation-generated base-collector photocurrent of the first transis-
tor, the compensating current being amplified therefrom by the current gain of said first 
transistor. 

Instead of relying on the photocurrent of the aforesaid first transistor to turn on the 
5 compensating current, it is preferred to include a second transistor having its emitter con- 5 

nected to the base of the first transistor and its collector to a current supply, the base of the 
second transistor being connected to a photocurrent source arranged to generate, in the 
presence of radiation, a larger photocurrent than the base-collector photocurrent of the 
second transistor. This arrangement utilises the current gain of the second transistor, as well 

10 as of the first transistor, to generate the compensating current. The photocurrent source 10 
may be a third transistor having its emitter and collector connected to a common current 
supply and its base to the base of the second transistor, the third transistor being physically 
larger than the second transistor. 

The invention is not limited to the foregoing sub-circuit arrangements. 
15 Although integrated circuits usually employ N-P-N transistors, the invention is also 15 

applicable to integrated circuits employing P-N-P transistors. 
The invention has a principal application in logic circuits, eg in NAND gates, but is also 

applicable to other circuits where a minor mismatch between the radiation-induced and 
compensating currents can similarly be tolerated. 

20 It will be understood that the, or each, compensating sub-circuit is fabricated on the 20 
integrated current chip by the normal processing procedure during the fabrication of the 
remainder of the circuit. Preferably each sub-circuit is located in the immediate vicinity of 
the junction it is provided to compensate, in order that both shall be subjected to substan-
tially the same radiation environment, minimising "shadowing" and package-related 

25 effects. 25 
To enable the nature of the present invention to be more readily understood, attention is 

directed, by way of example, to the drawings accompanying the Provision Specification 
wherein: 

Fig 1 is a circuit diagram of a transistor NAND circuit incorporating a sub-circuit in 
30 accordance with the present invention. 30 

Fig 2 is a diagrammatic section through part of an integrated circuit chip showing a typical 
substrate isolation junction. 

In Fig 1 the components within the area bounded by the interrupted line constitute a 
compensating sub-circuit in accordance with the present invention. Disregarding this sub-

35 circuit for the present, Fig 1 otherwise shows a conventional NAND circuit whose operation 35 
is briefly as follows. Base current to transistor Q2 is supplied from a supply line + V via a 
resistor R1 by transistor Q l . Q1 conducts in the inverse mode when the input I/P to Q1 
emitter is raised in potential towards V, ie when there is a " 1" input condition. The collector 
current from Q l flows into the base of Q2 to turn Q2 ON, and the Q2 emitter current flows 

40 through R3. The potential developed across R3 turns transistor Q4 ON to give a low 40 
voltage or "0" output condition at O/P. (Transistor Q3, diode D1 and associated resistors 
R3 and R4 are included to reduce the response-time of the circuit as will be familiar to 
those skilled in the electronic art, and are not germane to the present invention). 

Conversely, with a "0" input condition, ie with I/P grounded, Q l is saturated in the 
45 normal mode, and draws current from Q2 base to turn Q2 and Q4 OFF. O/P is then in a 45 

high-voltage or "1" condition. 
In the absence of ionising radiation, the above-described circuit functions satisfactorily. 

In the presence of such radiation difficulty can arise with the substrate isolation junction 
between the collector of Q l and the grounded silicon substrate common to all the transis-

50 tors. This junction is represented in Fig 1 by the diode DCSQ1. 50 
The nature of the difficulty is illustrated by Fig 2. As is known, in fabricating integrated 

circuits it is usual to start with a silicon substrate P on which is formed an epitaxial layer 
N-Si of N-type silicon. This layer forms the transistor collectors C, the collectors of indi-
vidual transistors being isolated by surrounding boundaries of P+ silicon which penetrate to 

55 the substrate as shown. P-type material is formed within the boundary to produce the base 55 
B, within which N+ material is formed to produce the emitter E. Transistors formed in this 
way are of the N-P-N type. 

It will be seen that a substrate isolation junction exists at J between the N-type collector 
material and the P-type substrate material. Normally the substrate is grounded and is 

60 negative with respect to the collectors, so that these substrate isolation junctions are 60 
reverse-biased. Under irradiation, however, charges are generated in these junctions, 
resulting in the flow of unwanted currents. 

Referring again to Fig 1, under irradiation the charge induced in DCSQ1 flows as a 
photocurrent 'ppDCSQl. This current has to be drawn from somewhere, and comes from 

65 the collector of Q l , thereby reducing the base current to Q2. At some critical radiation 65 
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level, 'ppDCSQl is sufficiently large to reduce the latter base current to a value which turns 
Q2 OFF. Q4 is thus also turned OFF since current no longer flows through R3. Hence the 
O/P condition is now "1" instead of "0" for a "1" I/P condition, ie the operation of the 
NAND circuit has been corrupted. 

5 In order to alleviate this effect, the compensating sub-circuit bounded by the interrupted 5 
line in Fig 1 is incorporated in the logic circuit. This sub-circuit provides the required 
current to DCSQ1 (the aforementioned compensating current) from an alternative source, 
so that the base drive to Q2 base from Q1 collector is substantially unaffected. Moreover 
this sub-circuit provides the compensating current only under irradiation conditions; other-

10 wise this current does not flow and the sub-circuit presents a high impedance to the remain- 10 
der of the circuit. 

The sub-circuit operates as follows. Transistor QC (constituting the aforesaid first transis-
tor) has its emitter connected to the collector of Q l , ie to the substrate isolation junction 
DCSQ1 which is liable to cause malfunctioning under irradiation. The collector of QC is 

15 connected to the positive supply (constituting the aforesaid current supply) and a resistor 15 
RA is connected between base and emitter. The sub-circuit as so far described will itself 
provide a compensating current, since QC is normally OFF but, when irradiated, generates 
a photocurrent at its collector-base junction. This current, 'ppBCQC, flows through RA and 
produces a voltage which, provided RA is sufficiently large, will turn QC ON, viz when this 

20 voltage exceeds about 0.7 volts. Moreover the current gain of QC produces an amplified 20 
emitter current which, together with the current through RA, constitutes the compensating 
current for the isolation junction. 

It is preferred, however, not to rely solely on the photocurrent generated in the 
collector-base junction of QC, which requires an awkwardly high value of RA. Additionally 

25 QB (constituting the aforesaid second transistor) and QA (constituting the aforesaid third 25 
transistor) are connected as shown. The emitter and collector of QA are both connected to 
the positive supply, and its base-emitter and base-collector junctions are thus both reverse 
biased. QB is maintained ON but in a quiescent state (ie only just ON) by the leakage 
currents of QA and QB. QC is normally OFF (the current from QB being insufficient to 

30 bring it ON), and the entire sub-circuit presents a high impedance at QC emitter to the 30 
remaining circuitry. Under irradiation, photocurrents are generated in every transistor 
junction. QA is made physically larger than QB (ie occupies a greater area of the chip) and 
hence its emitter-base photo-current 'ppEBQA (arrow 1) and its base-collector photocur-
rent 'ppBCQA (arrow 2) are larger than the base-collector photocurrent 'ppBCQB of QB 

35 (arrow 3). The two former currents oppose the latter as shown and result in a net inflow of 35 
current to the base of QB. This current is multiplied by the normal-mode current gain^N of 
QB so that the emitter current of QB is 
IEQB= IspQB='3NQB( IppEBQA+ IppBCQA- IppBCQB) (1) 
(rsp represents a secondary photocurrent, ie one resulting from amplification of a primary 

40 photocurrent !pp). 40 
'EQB flows through the emitter load of QB, which is RA. In so doing a potential is 

developed across RA which is increased by the aforementioned flow of primary photocur-
rent from QC, 'ppBCQC. 

The potential across RA is thus 
4 5 v B E Q C = R A ( i S P Q B + I P P B C Q C ) ( 2 ) 4 5 

This potential will turn QC ON when VBCQC& 0.7 volts. 
Compensating current 'C will then be supplied from the supply line + V as emitter current 
from QC: 

50 I E ^ N Q C I E S ' e x p e N v B E Q C ( 3 ) 
(*ES is the emitter-base leakage current). 
The condition for proper compensation is 
IC= IE+ IspQB+ IppBCQC s ^ p D C S Q l ( 4 ) 

55 The value of 'C is adjusted to match equation (4) by suitable design, in particular by 55 
making the area of QA appropriately larger than that of QB. For compensating a typical 
substrate isolation junction, the former area may be about twice the latter, and RA may 
have a value of about 20 k ohms. 

It will be appreciated that even with the incorporation of a compensating sub-circuit in 
60 accordance with the present invention, a radiation level may be attained at which the 60 

compensation is no longer effective, ie the current drawn by the isolating junction becomes 
too large. Alternatively the sub-circuit may eventually overcompensate (at high radiation 
levels) owing to mismatching of the induced and compensating currents, ie the LH side of 
equation (4) becoming > > the RH side, thus impairing the ability to change logic states 

65 during irradiation. 6.5 
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The purpose of the present invention is to increase the tolerance of integrated circuits to 
irradiation without malfunctioning, rather than to make them wholly radiation-proof. 

Although described by way of example with reference to an integrated logic circuit using 
N-P-N transistors, the present invention is also applicable to integrated circuits other than 

5 logic circuits, and to integrated circuits using P -N-P transistors, as previously stated. 5 
WHAT I CLAIM IS:-
1. An integrated circuit comprising at least one junction liable, in the presence of 

ionising radiation, to draw a current which can cause malfunctioning of the circuit, wherein 
there is incorporated a compensating sub-circuit arranged, in the presence of said radiation, 

10 to provide a compensating current (as hereinbefore defined), but said sub-circuit presenting 10 
a high impedance to the remainder of the circuit in the absence of said radiation. 

2. An integrated circuit comprising at least one junction liable, in the presence of 
ionising radiation, to draw a current which can cause malfunctioning of the circuit, wherein 
there is incorporated a compensating circuit arranged, in the presence of said radiation, to 

15 provide a compensating current (as hereinbefore defined), said sub-circuit being a variable- 15 
impedance circuit connected between the junction and a current supply and being arranged 
to be substantially non-conducting in the absence of radiation but to reduce in impedance in 
the presence of radiation. 

3. An integrated circuit as claimed in claim 1 or claim 2 wherein said junction is a 
20 substrate isolating junction. 20 

4. An integrated circuit as claimed in any preceding claim wherein the sub-circuit 
comprises transistor means for amplifying a photocurrent induced by radiation in at least 
one semi-conductor junction included in the sub-circuit, said amplified current constituting 
at least a substantial part of said compensating current. 

25 5. An integrated circuit as claimed in claim 4 wherein the sub-circuit includes a first 25 
transistor having its emitter connected to said first-mentioned junction, its collector to a 
current supply, and a bias resistor connected between base and emitter, whereby, as a result 
of said radiation, a bias current flows in said resistor which turns on said transistor to 
provide substantially said compensating current. 

30 6. An integrated circuit as claimed in claim 5 wherein it is arranged that the bias current 30 
is the radiation-generated base-collector photocurrent of the first transistor, the compensat-
ing current being amplified therefrom by the current gain of said first transistor. 

7. An integrated circuit as claimed in claim 5 wherein the sub-circuit includes a second 
transistor having its emitter connected to the base of the first transistor and its collector to a 

35 current supply, the base of the second transistor being connected to a photocurrent source 35 
arranged to generate, in the presence of radiation, a larger photocurrent than the base-
collector photocurrent of the second transistor. 

8. An integrated circuit as claimed in claim 7 wherein the photocurrent source is a third 
transistor having its emitter and collector connected to a common current supply and its 

40 base to the base of the second transistor, the third transistor being physically larger than the 40 
second transistor. 

9. An integrated circuit as claimed in any preceding claim wherein the transistors are 
N-P-N transistors. 

10. An integrated circuit as claimed in any preceding claim wherein the integrated 
45 circuit is a logic circuit. 45 

11. An integrated circuit as claimed in any preceding claim wherein the, or each, said 
compensating sub-current is located in the immediate vicinity of the junction it is provided 
to compensate. 

12. An integrated circuit incorporating a compensating circuit, the compensating circuit 
50 being substantially as hereinbefore described with reference to Fig. 1 of the drawings 50 

accompanvine the Provisional Specification. 
M. GREENHILL. 

Chartered Patent Agent. 
Agent for Applicant. 
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