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Sam ples of four types of low-drop out volt age reg u la tors, with both se rial pnp and npn tran -
sis tors, were ex am ined in room-tem per a ture iso ther mal gamma ra di a tion an neal ing. Af ter
un in ter rupted ex po sure to a to tal ion is ing dose of 500 Gy, bi ased and loaded volt age reg u la -
tors were ex am ined in room-tem per a ture an neal ing within the first 30 min utes af ter the ex -
po sure. Be side the on-line mea sure ment of out put volt age and qui es cent cur rent dur ing the
thirty-min ute pe riod im me di ately af ter ir ra di a tion, also re sults were pro cured af ter 10-year
room-tem per a ture spon ta ne ous re cov ery. Data ob tained dur ing the ir ra di a tion and rapid an -
neal ing were fit ted with lin ear, ex po nen tial, and power-law re gres sion func tions. A sim ple
pro ce dure was pro posed, based on the qui es cent cur rent an neal ing fac tor, for the quick es ti -
ma tion of the in te grated volt age reg u la tor's ra di a tion sen si tiv ity dur ing the post-ir ra di a tion
iso ther mal an neal ing. In or der to es ti mate the cir cuit's ra di a tion sen si tiv ity, im me di ately af ter
ir ra di a tion, tested de vices have to be left in the same op er at ing con di tions as dur ing the ex po -
sure. If a clear trend of the qui es cent cur rent re cov ery can be ob served, fur ther ex am i na tions
have to be im ple mented to es ti mate if a cir cuit is ac cept ably ra di a tion-tol er ant. If no re cov ery
trend can be ob served within the first hour af ter ir ra di a tion, or even fur ther deg ra da tion is
no ticed, then the ex am ined volt age reg u la tor is a ra di a tion-sen si tive de vice and can not be
used in ra di a tion en vi ron ments. The de scribed pro ce dure is based on the mac ro scopic ef fects
of the ra di a tion-in duced charge-trap ping in field ox ides and in ter faces.
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IN TRO DUC TION

An a logue bi po lar in te grated cir cuits (ICs) are
very im por tant com po nents in any elec tronic equip -
ment used in nu clear or space ra di a tion en vi ron ments.
The main ef fects ob served in lin ear bi po lar cir cuits are
re lated with the loss of the bi po lar tran sis tor's for ward
emit ter cur rent gain, as well as the es tab lish ment of ra -
di a tion-in duced leak age cur rents [1, 2]. These ef fects
are pri mar ily cre ated ow ing to the gen er a tion of ra di a -
tion-in duced in ter face traps and the ox ide-trapped
charge in el e men tary bi po lar tran sis tors [1]. How ever,
the ef fects of the de scribed trapped charge may be sig -
nif i cantly re duced dur ing the cir cuit's re cov ery, yet
their neg a tive in flu ence may also in crease the dam age
cre ated dur ing the ir ra di a tion pro cess [2]. Ac cord -
ingly, it is very im por tant to es ti mate the de vices' re -
cov ery al ready dur ing the tests of in te grated cir cuits,
prior to their im ple men ta tion in elec tronic de vices
made for a ra di a tion en vi ron ment.

The elec tronic de vices re cov ery pro cess af ter ir -
ra di a tion is usu ally de scribed with the term “an neal ing”

[1]. De spite this word's sug ges tion that the re cov ery
pro cess must be ex e cuted in an el e vated am bi ent tem -
per a ture, in fact this is not the case. Ir ra di ated cir cuit an -
neal ing may be per formed at tem per a tures both high
above and far be low room tem per a ture (usu ally 20 °C)
[2]. There fore, if the an neal ing is per formed at a con -
stant tem per a ture, this pro cess can be de scribed as iso -
ther mal an neal ing [1]. On the other hand, re cov ery in a
pre de fined time in ter val, with var i ous am bi ent tem per a -
tures, rep re sents the isochronal an neal ing pro cess [1, 2].

In pre vi ous years, many au thors have ana lysed
an neal ing in sil i con semi con duc tor de vices [3-17].
The main fo cus was on re search of an neal ing in MOS
tran sis tors and in te grated cir cuits [4-7, 11-15], yet
con sid er able at ten tion was also paid for the time-de -
pend ent ra di a tion ef fects in bi po lar de vices and re lated 
field ox ides [3, 8, 10]. Ra di a tion re sponse of an in te -
grated cir cuit is very com plex, be ing af fected by the
char ac ter is tics of its tran sis tors (MOSFET or bi po lar,
sil i con or heterojunction, etc.), mu tual in flu ence of its
el e men tary cir cuits, as well as a type of im ple mented
ion is ing ra di a tion, its dose rate, then tem per a ture, bias
con di tions, load, etc. While MOSFET in in te grated
cir cuits are pri mar ily af fected by the ra di a tion re -
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sponse of their thin, high-qual ity gate ox ides, bi po lar
tran sis tors are strongly af fected by the ra di a tion ef -
fects in thick and con tam i nated field ox ides. Thus,
while an in te grated cir cuit's re sponse is strongly af -
fected by the el e men tary mech a nisms of charge trap -
ping in ox ides and in ter faces, their in flu ence can not be 
sim ply pre dicted.

For the va ri ety of ap pli ca tions, from space to nu -
clear and mil i tary, it is very im por tant to per form pre -
lim i nary tests in lab o ra tory con di tions, in or der to de -
ter mine the elec tronic de vices' ra di a tion tol er ance. Yet
lab o ra tory con di tions dif fer sig nif i cantly from the real
ex ploi ta tion con di tions, par tic u larly in terms of the
ion is ing ra di a tion dose rate (from mGys–1 in the Earth
or bit, up to MGys–1 in a mil i tary nu clear en vi ron ment
[2]). Also, lab o ra tory tests usu ally last for sev eral
hours or, at most, sev eral weeks [1]. This is in sharp
con trast to the ex ploi ta tion pe riod of ap prox i mately
100,000 hours that is com mon for elec tronic com po -
nents de signed for op er a tion in space or an ac cel er a tor
ra di a tion en vi ron ment [1]. There fore, in or der to prop -
erly es ti mate the ra di a tion dam age, it is very im por tant
to nor mal ise the re sults of lab o ra tory tests on the real
ex ploi ta tion in ter val and the en vi ron ment. In a long
ex ploi ta tion pe riod, not only in stant ra di a tion ef fects
would be pres ent, but also dose-rate and time-de pend -
ent post-ir ra di a tion ef fects. These time-de pend ent ef -
fects may lead to both the cir cuit's re cov ery and its fur -
ther deg ra da tion. So, it is not enough only to es ti mate
the de vice's ra di a tion tol er ance dur ing the ion is ing ra -
di a tion  ex po sure,  but  also  its  post-ir ra di a tion trend,
i. e., an neal ing or de te ri o ra tion.

For es ti ma tion of the post-ir ra di a tion ef fects,
one ap proach is to re peat the anal y sis of the lab o ra tory
sam ples af ter their 10-year stor age, and com pare it
with the ini tial an neal ing data set. The pur pose of the
im ple mented pro ce dure is to es ti mate the cir cuit re -
sponse af ter ex po sure and eval u ate its post-ir ra di a tion
trends, re lated to the trapped charge in ox ides and in -
ter faces. An idea de rived in this pa per was to eval u ate
the al ter na tive method for pro cure ment of the an neal -
ing fac tor in in te grated low-drop out volt age reg u la -
tors, with both se rial pnp and npn power tran sis tors.

THE ORY

Ra di a tion an neal ing rep re sents the par tial or to -
tal re moval of the ion is ing ra di a tion ef fects on elec -
tronic de vices. Af ter ir ra di a tion, most of the de fects
gen er ated in the semi con duc tor re com bine at room
tem per a ture af ter sev eral hours [1]. On the other hand,
an neal ing of the ox ide-trapped charge may vary sig -
nif i cantly, in the range from hours to years [4]. The ox -
ide-trapped charge con cen tra tion may in crease rap idly 
with to tal ion is ing dose, hav ing the dom i nant ef fect in
the ini tial phase of ir ra di a tion. On the other hand, in -
ter face trap gen er a tion is much slower, and, dur ing the

ir ra di a tion, may sig nif i cantly com pen sate the ef fects
of the ox ide-trapped charge. While the ox ide-trapped
charge may an neal sig nif i cantly even at room tem per -
a ture, par tic u larly dur ing the ini tial phase of re cov ery,
build-up of the in ter face states may con tinue dur ing
lon ger pe ri ods af ter ir ra di a tion [17]. As many au thors
have writ ten be fore [4, 12, 17], pos i tive charge in the
ox ide, par tic u larly radiolytic hy dro gen-re lated ions
and spe cies, as well as the hy dro gen mol e cules ex ist -
ing in the elec tronic de vice pack age well be fore ir ra di -
a tion, tend to move to ward the Si-SiO2 in ter face. On
that in ter face, pos i tive charge may re act with at oms of
sil i con, cre at ing bonds and in creas ing the con cen tra -
tion of in ter face traps [4]. In n-chan nel MOS tran sis -
tors (and par a sitic MOS struc tures in field ox ides of
bi po lar cir cuits), in ter face traps have neg a tive signs,
be ing op po site to the to tal ox ide-trapped charge [7].

The prin ci pal dif fer ences in ra di a tion ef fects in
elec tronic de vices are based on the great vari a tions in
the dy nam ics of the in ter face traps and the ox -
ide-trapped charge gen er a tion [4]. De pend ing on the
de vice type, ge om e try, tech no log i cal pro cess im ple -
mented and ma te ri als, mac ro scopic ra di a tion ef fects
may dif fer sig nif i cantly. This is also the case with ra di -
a tion an neal ing. 

Be side the tem per a ture and to tal ion is ing dose,
as well as the type of ion is ing ra di a tion, bi po lar tran -
sis tor an neal ing is strongly af fected by the tech no log i -
cal pa ram e ters, such as the ox ide qual ity, con cen tra -
tion of im pu ri ties and the ge om e try of the el e men tary
tran sis tors. Iso ther mal an neal ing was thor oughly ana -
lysed in MOSFET. De tailed ex per i ments pointed to
the dom i nant in flu ence of tun nel an neal ing at room
tem per a ture, while for el e vated tem per a tures (above
75 °C-100 °C) ther mal emis sion dom i nates the an neal -
ing in ox ides [4]. The in flu ence of the in ter face traps
and the ox ide-trapped charge dif fers sig nif i cantly.
While the ox ide-trapped charge an neals ac cord ing to
the nat u ral log a rithm as a func tion of time (lnt) [16],
in ter face traps, in gen eral, hardly an neal at room tem -
per a ture, and may even build up fur ther as the an neal -
ing pro cess pro gresses with time [13, 17]. Nev er the -
less, in te grated cir cuit re cov ery can never be com plete
(i. e., it is not pos si ble to com pletely rec re ate the state
that ex isted be fore ir ra di a tion), ow ing to the last ing ra -
di a tion ef fects on the crys tal struc tures of both semi -
con duc tor and ox ide [1].

For bi po lar tran sis tors, a time-de pend ent an neal -
ing fac tor, F(t), may be ex pressed [1, 10, 18]
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where b(t) is the for ward emit ter cur rent gain af ter
elapse of time t af ter ir ra di a tion, b(0) – the tran sis tor's
cur rent gain be fore ir ra di a tion, b(4) – the for ward
emit ter cur rent gain af ter an in fi nite re cov ery pe riod.
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Orig i nally, the an neal ing fac tor was de fined for the 
vari a tions of the for ward emit ter cur rent gain in bi po lar
junc tion tran sis tors [18]. In or der to pro cure re li able re -
sults, the cur rent gain has to be re corded for con stant val -
ues of the base-emit ter volt age. Since all the ex am ined
cir cuits in the pre sented re search are three-ter mi nal volt -
age reg u la tors, out put volt age, as well as out put and qui -
es cent cur rents are the only out put pa ram e ters that can be
di rectly mea sured. There fore, all other im por tant pa ram -
e ters can only be re cal cu lated or es ti mated, by ei ther the
use of other ex per i men tal re sults or the in te grated cir cuit
com puter sim u la tion. 

In in te grated cir cuits, the qui es cent cur rent usu -
ally rep re sents the cur rent of their in ter nal con sump -
tion. In the volt age reg u la tor, there are two ba sic cir -
cuit to pol o gies that may af fect the qui es cent cur rent.
One is re lated to the se rial pnp tran sis tor and, for cir -
cuits with pos i tive out put volt age, qui es cent cur rent,
IQ, is the sum of the se rial tran sis tor's base cur rent IB,
and the in ter nal con trol cir cuit sup ply cur rent IQ0

[19]

I I IQ B Q0
= + (2)

The other im por tant to pol ogy is based on the se rial
npn power tran sis tor. If this kind of volt age reg u la tor has
pos i tive out put volt age, the se rial tran sis tor's base cur rent 
is su per im posed with the se rial tran sis tor's emit ter cur -
rent and is there fore not re lated to the volt age reg u la tor's
qui es cent cur rent. Yet, if the volt age reg u la tor with se rial
npn tran sis tor has neg a tive out put volt age, the se rial tran -
sis tor's base cur rent is su per im posed on the in ter nal cir -
cuit's con sump tion cur rent. These dif fer ences are very
im por tant since the ion is ing ra di a tion may af fect the in -
ter nal sup ply cur rent and the se rial tran sis tor's base cur -
rent in var i ous ways [20]. 

In ter nal con sump tion of the con trol cir cuit in a
volt age reg u la tor may be a par tic u larly use ful mea sure
of the volt age reg u la tor's ra di a tion sen si tiv ity, since it
is not af fected by the cir cuit's neg a tive feed back re ac -
tion,  con trary to the se rial power tran sis tor's base cur -
rent at a par tic u lar op er a tion point. Usu ally, the in ter -
nal sup ply cur rent de creases with the to tal dose, while
the se rial tran sis tor's base cur rent in creases dur ing the
ex po sure [20]. Nev er the less, these sce nar ios may vary 
in dif fer ent de vices, both qual i ta tively and quan ti ta -
tively, com pen sat ing or su per im pos ing each other's
vari a tion. 

The idea of this re search is to use the qui es cent
cur rent an neal ing fac tor in or der to es ti mate the in te -
grated cir cuit's deg ra da tion. Based on re la tion (1), an
anal ogy was im ple mented in or der to cre ate the qui es -
cent cur rent an neal ing fac tor, FI Q
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where IQ(t) is the volt age reg u la tor's qui es cent cur rent
af ter elapse of time t af ter ir ra di a tion, IQ(0) – the qui es -

cent cur rent be fore ir ra di a tion, IQ(4) – the qui es cent
cur rent af ter an in fi nite re cov ery pe riod (85 000 hours
in the ex per i ment de scribed in this pa per). 

Thus, it is very im por tant to ex am ine if the volt -
age reg u la tor's qui es cent cur rent can be a re li able in di -
ca tor of the cir cuit's deg ra da tion or re cov ery af fected
by ra di a tion or post-ir ra di a tion ef fects. Also, it is nec -
es sary to find if the pro posed al ter na tive an neal ing
fac tor can be used for the ex am i na tion of both rapid
and long-term post-ir ra di a tion ef fects.

EX PER I MENT

Ex per i ments were per formed on four types of
low-drop out volt age reg u la tors, with var i ous pass
tran sis tors and im ple mented tech no log i cal pro cesses.
In te grated 5-volt com mer cial off-the-shelf (COTS)
low-drop out volt age reg u la tors were tested at the
Vin~a In sti tute of Nu clear Sci ences, Bel grade, Ser bia,
in the Me trol ogy-dosimetric lab o ra tory. The fol low -
ing de vices were ex am ined in g-ra di a tion fields:
LM2940CT5, L4940V5, LM2990T-5 and
LT1086CT5. All the ex am ined cir cuits had dif fer ent
se rial power tran sis tors: LM2940CT5 is a clas si cal bi -
po lar in te grated cir cuit with a se rial lat eral pnp tran sis -
tor with round emit ters, L4940V5 is a BiCMOS de vice 
with a se rial ver ti cal pnp tran sis tor, LM2990T-5 is a
neg a tive volt age reg u la tor with a se rial super-b npn
tran sis tor, while LT1086CT5 is a quasi-low-drop out
pos i tive volt age reg u la tor with a se rial npn tran sis tor.
The LM2940CT5 cir cuits were from the batch
PM44AE, made by Na tional Semi con duc tor's sub con -
trac tor in China [20]. The L4940V5 de vices were from 
the WKOOGO 408 batch, made by ST Mi cro elec tron -
ics in China [19]. The LM2990T-5 is from batch
JM45AB, made in the Na tional Semi con duc tor fa cil -
ity in United King dom [21]. Fi nally, LT1086CT5 is a
cir cuit made by Lin ear Tech nol ogy, from batch
3529013. All cir cuits were in plas tic TO-220 cases.

As a source of g-ra di a tion, 60Co was used. The
mea sure ment of the ex po si tion doses was per formed
with the cav ity ion is ing cham ber “Dosimentor” PTW
M23361, us ing the reader DI4 [19, 20]. All cur rent and 
volt age mea sure ments, as well as the ir ra di a tion of the
com po nents, were per formed at a room tem per a ture of 
20 °C [22, 23]. 

All de vices were con tin u ously ex posed to g-ra -
di a tion, with out ces sa tion of the ir ra di a tion. The de -
vices were ir ra di ated un til the pre de ter mined to tal
doses  of  500  Gy  were  reached  (with  a  dose  rate  of 
4 cGys–1). There fore, ir ra di a tion in the 60Co field
lasted con tin u ously for ap prox i mately three and a half
hours. In or der to re cord the an neal ing pro cess im me -
di ately af ter ir ra di a tion, all mea sure ments were per -
formed within a time in ter val of half an hour af ter the
ex po sure.

The prin ci pal quan ti ties used for the de tec tion of
the con tin u ously ir ra di ated volt age reg u la tor's deg ra -
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da tion due to ex po sure to ion is ing ra di a tion were the
volt age reg u la tor's out put volt age and qui es cent cur -
rent [20]. Dur ing ir ra di a tion, the tested bi ased de vices
were sup plied with the same in put volt age, 8 V, whilst
the load cur rents had the same value: 100 mA. Dur ing
this ex per i ment, there were no in ter rup tions to the ir ra -
di a tion, with test ing of ad di tional cir cuits with var i ous
in put volt ages and out put cur rents. There fore, this set
of data was the con trol en sem ble, pre ar ranged for the
most faith ful pos si ble ap prox i ma tion of the ex ploi ta -
tion con di tions in the real ra di a tion en vi ron ment. Im -
me di ately af ter ces sa tion of the ex po sure, the de vices
were tested with the same op er at ing con di tions as dur -
ing the pri mary ex per i ment. Ev ery min ute, the val ues
of the volt age reg u la tor's out put volt age and qui es cent
cur rent were re corded. The ex am ined cir cuits re -
mained un der the same bias con di tions for thirty min -
utes af ter ir ra di a tion, with the same val ues of in put
volt age and out put cur rent as was the case dur ing the
cir cuit's ra di a tion exposure. 

For the next 10 years af ter the ir ra di a tion, all the
tested cir cuits were kept stored in the of fice locker, at a
room tem per a ture in the range of 15 °C-25 °C for all
the in ter ven ing time. Af ter nearly 10-year room-tem -
per a ture an neal ing (pre cisely, in Jan u ary 2017, 85,000 
hours af ter the g-ra di a tion ex po sure), cur rent and volt -
age mea sure ments were done again, on ex actly the
same sam ples that were ex posed to ra di a tion with the
spec i fied bias and load. 

Fur ther de tails about the ex per i ment, the im ple -
mented tech no log i cal pro cess and con struc tion of
volt age reg u la tors can be found in [19-23]. 

RE SULTS

Af ter the first se ries of ex per i ments on
low-drop out volt age reg u la tors, per formed in 2005,
data on the max i mum out put cur rent and min i mum
drop out volt age were pro cured af ter 168-hour
room-tem per a ture re cov ery. Ini tial re sults pointed to a
sig nif i cant re cov ery of the max i mum out put cur rent
for cir cuits LM2940CT5, reach ing 80-90 % of the
pre-ir ra di a tion val ues [24]. Loaded volt age reg u la tors
L4940V5 and LM2940CT5 (from the 2007 se ries of
ex per i ments) also dem on strated re cov ery of the out put 
volt age, as re corded dur ing the con trol mea sure ments
sev eral years later, be ing briefly de scribed in ref er -
ences [19] and [22]. Thus, the au thor ex pected that,
fol low ing the same trends in the years to come,
10-year room-tem per a ture an neal ing would lead to the 
re cov ery of most of the ox ide-trapped charge and, con -
se quently, to the pre dom i nant re cov ery of the ir ra di -
ated low-drop out volt age reg u la tors to their pre-ir ra di -
a tion pa ram e ters. Suc cess ful re cov ery was in
par tic u lar ex pected for the L4940V5 de vices, which
are proven ra di a tion-tol er ant cir cuits [19, 20], and that
also dem on strated fast re cov ery in the ini tial pe riod of
post-ir ra di a tion room-tem per a ture an neal ing. 

How ever, de tailed ex am i na tions per formed af ter 
the 10-year room-tem per a ture stor age of the ir ra di ated 
sam ples did not jus tify the ini tial ex pec ta tions. 

Fig ures 1-4 pres ent the change in the volt age
reg u la tor's out put volt age (left y-axis) and qui es cent
cur rent (right y-axis) dur ing the con tin u ous ir ra di a tion
up to the dose of 500 Gy. In the same fig ures, data were 
also pre sented that fol lowed dur ing the rapid iso ther -
mal an neal ing pe riod (bi ased sam ples for the first 30
min utes af ter ex po sure) and, fi nally, data on the out put
volt age and qui es cent cur rent re corded af ter 10-year
room-tem per a ture an neal ing of un bi ased sam ples. In
or der to pres ent such a di verse en sem ble, the x-axis is
pre sented (lin early) as time de pend ence (in hours),
rather   than   as   a  func tion  of  a  to tal   ion is ing  dose
(in Gy). For a dose rate of 4 cGy/s, ir ra di a tion of all
sam ples lasted for ap prox i mately 3.5 hours, fol lowed
by the an neal ing pe riod, last ing up to 85,000 hours. In
figs. 1-4, the break in the x-axis is placed be tween 4
and 80 000 hours from the be gin ning of ir ra di a tion.
The sec ond part of the x-axis, af ter the break, is pre -
sented in log a rith mic scale.

Figure 1 de scribes rel a tively wide vari a tions of
out put pa ram e ters in the Na tional Semi con duc tor
LM2940CT5 cir cuit, a low-drop out volt age reg u la tor
with a lat eral se rial pnp power tran sis tor. Fig ure 2 in di -
cates the sta ble out put volt age and clear ex po nen tial
in crease in the qui es cent cur rent of the L4940V5 volt -
age reg u la tor, a BiCMOS cir cuit with a ver ti cal se rial
pnp power tran sis tor. At first sight, fig. 3 is nearly the
same as fig. 1, but there is a big dif fer ence in the out put
volt age trend, since LM2990T-5 is a neg a tive volt age
reg u la tor, and, there fore, the out put volt age ab so lute
value does not have a ris ing trend (as in fig. 1), but a
sharply de clin ing one. The out put pa ram e ters of the
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Fig ure 1. Change in the out put volt age and qui es cent
cur rent in the bi ased and loaded (Vin = 8 V, Iout = 100 mA)
volt age reg u la tor LM2940CT5, un der the in flu ence of
g-ra di a tion (area I), fol lowed by the first half an hour af -
ter the ex po sure to g-ra di a tion (area II), com ple mented
with ad di tional data on 85,000-hour room-tem per a ture
an neal ing with out bias (area III); variations of the out -
put volt age dur ing ir ra di a tion were suc cess fully fit ted
with the allometric power-law re gres sion func tion, eq.
(4); variations of qui es cent cur rent dur ing ir ra di a tion
were suc cess fully fit ted with a lin ear re gres sion func tion, 
eq. (5)



quasi-low-drop out cir cuit, LT1086CT5, pre sented in
fig. 4, have a clear de clin ing trend. Both figs. 3 and 4
in di cate the op er a tion of mod er ately loaded volt age
reg u la tors LM2990T-5 and LT1086CT5 with a rel a -
tively low out put volt age, close to the min i mum ac -
cept able value of 4.9 V. When ever it was pos si ble,
curves were fit ted with lin ear, ex po nen tial or
power-law func tions. 

Data on the out put volt age and qui es cent cur rent
were sep a rated into three parts, in or der to unify the
data on the ir ra di a tion and an neal ing pro cesses. The
first area (I) de scribes the ir ra di a tion pe riod, while the
sec ond area (II) in figs. 1-4 is based on data re corded
dur ing the ini tial 30-min ute pe riod of the room-tem -

per a ture an neal ing, start ing im me di ately af ter
ir ra di a tion of the volt age reg u la tors. Dur ing the rapid
an neal ing pe riod, vari a tions of the out put volt age were 
neg li gi ble and ran dom, with out a no tice able trend. 

As re ported in pre vi ously pub lished ar ti cles, the
LM2940CT5 is a very ra di a tion-sen si tive cir cuit,
prone to se vere out put volt age deg ra da tion even af ter
the ab sorp tion of rel a tively low to tal doses [20, 22,
23]. Yet, this con clu sion can not be drawn from fig. 1,
since the in crease in out put volt age of 0.6%, fol low ing
the ab sorp tion of the to tal dose of 500 Gy, rep re sents
its mi nor vari a tion. Also, the 10 % de cline in the qui es -
cent cur rent for the same dose of 500 Gy is not a suf fi -
cient sign of se vere deg ra da tion. Yet, sig nif i cant deg -
ra da tion in LM2940CT5 cir cuits was ob served only
for much higher out put cur rents, closer to the reg u la -
tor's nom i nal cur rent of 1 A [20, 22]. 

Ini tial rapid an neal ing data can not lead to any
clear con clu sions on the LM2940CT5 cir cuit's re cov ery 
(fig. 1). Vari a tions in the out put volt age of only 2 mV
(be tween 4.986 V and 4.988 V; less than 0.05 % of the
nom i nal out put volt age), fol lowed by the vari a tions of
qui es cent cur rent in the range of just 60 mA (be tween
9.51 mA and 9.57 mA; nearly 0.6 % of the ini tial qui es -
cent cur rent at the end of ir ra di a tion) are re ally mi nor,
be ing com pa ra ble with the in flu ence of ther mal noise
on the vari a tions of the mea sured pa ram e ters. Con se -
quently, the data pro cured dur ing the 30-min ute
room-tem per a ture an neal ing of LM2940CT5 cir cuits is 
re ally in suf fi cient to draw any con sid er able con clu sion.

In or der to es ti mate the cir cuit's char ac ter is tics
dur ing the ir ra di a tion, it was nec es sary to im ple ment
in ter po la tion for the avail able data set. Vari a tions of
the out put volt age dur ing ir ra di a tion were suc cess fully 
fit ted only with the allometric power-law re gres sion
func tion (be ing the ex ten sion of the clas si cal
Freundlich model), pre sented in the fol low ing
equation.
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Fig ure 2. Change in the out put volt age and qui es cent
cur rent in the bi ased and loaded (Vin = 8 V, Iout = 100 mA)
volt age reg u la tor L4940V5, un der the in flu ence of
g-ra di a tion (area I), fol lowed by the first half an hour
af ter the ex po sure to g-ra di a tion (area II), com ple mented 
with ad di tional data on 85 000-hour room-tem per a ture
an neal ing with out bias (area III); both ir ra di a tion and
the first en sem ble of an neal ing data for qui es cent cur rent 
were fit ted with ex po nen tial func tions, eqs. (6) and (7)

Fig ure 3. Change in the out put volt age and qui es cent
cur rent in the bi ased and loaded (Vin = 8 V, Iout = 100 mA)
volt age reg u la tor LM2990T-5, un der the in flu ence of
g-ra di a tion (area I), fol lowed by the first half an hour
af ter the ex po sure to g-ra di a tion (area II),
com ple mented with ad di tional data on 85,000-hour
room-tem per a ture an neal ing with out bias (area III);
ir ra di a tion pro cesses were fit ted with nearly equal
suc cess with both ex po nen tial and power-law func tions,
eqs. (8) and (9)

Fig ure 4. Change in the out put volt age and qui es cent
cur rent in the bi ased and loaded (Vin = 8 V, Iout = 100 mA)
volt age reg u la tor LT1086CT5, un der the in flu ence of
g-ra di a tion (area I), fol lowed by the first half an hour af -
ter the ex po sure to g-ra di a tion (area II), com ple mented
with ad di tional data on 85 000-hour room-tem per a ture
an neal ing with out bias (area III); ir ra di a tion pro cesses
were suc cess fully fit ted with com plex ex po nen tial-lin ear
func tions, eqs. (10) and (11)
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In the LM2940CT5 volt age reg u la tor, qui es cent
cur rent was suc cess fully fit ted with both a lin ear and a
first or der ex po nen tial func tion. Nev er the less, the fol -
low ing lin ear re gres sion func tion gave slightly better
good ness of fit
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As a pri mary mea sure of the good ness of fit in all
cases, the ad justed co ef fi cient of de ter mi na tion (R 2 )
was used [25]. The ad justed co ef fi cient of de ter mi na -
tion was pre sented in pa ren the sis, be hind all the pre -
sented re gres sion func tions in the pa per. In the pre vi -
ous, as well as all the fol low ing equa tions, vari a tions
of the mea sured elec tri cal val ues were pre sented as a
func tion of time, ex pressed in hours. Dur ing the ir ra di -
a tion pe riod, time has val ues be tween 0 and 3.47222
hours, whilst in the rapid-an neal ing pe riod, vari able t
changes be tween 3.47222 and 3.97222.

In the rapid-an neal ing pe riod (area II in fig. 1) no 
no tice able trend (re cov ery or de grad ing) could be per -
ceived dur ing the ini tial 30-min ute re cov ery of bi ased
cir cuits af ter ir ra di a tion. Fi nally, af ter the 85 000-hour
room-tem per a ture re cov ery (area III), while the qui es -
cent cur rent slightly in creased, the volt age reg u la tor's
out put volt age sig nif i cantly de graded (fig. 1). It is
clear that the LM2940CT5 volt age reg u la tor en dured
high deg ra da tion dur ing the 10-year room-tem per a -
ture an neal ing, with a nearly crit i cal de cline of its out -
put volt age, be ing only slightly above the min i mum
ac cept able value of 4.9 V.

By con trast with the data for the LM2940CT5
de vice, from fig. 2 it can be seen that dur ing the ir ra di -
a tion of the L4940V5 volt age reg u la tor, the qui es cent
cur rent nearly dou bled, while the cir cuit's neg a tive
feed back re ac tion kept an out put volt age in close prox -
im ity to its ini tial volt age of 5.05 V. Fig ure 2 in di cates
an 80% rise in the qui es cent cur rent, with a clearly ex -
pressed ex po nen tial char ac ter is tic, pre cisely in di cat -
ing the trend of the qui es cent cur rent change. Dur ing
the ir ra di a tion, the out put volt age of the L4940V5
volt age reg u la tor was nearly con stant, and the same
may be said also for the ini tial 30-min ute an neal ing pe -
riod (vari a tions of up to 5-6 mV, i. e., only 1 ‰ of the
nom i nal out put volt age). There fore, data on the out put
volt age are not use ful for es ti ma tion of the L4940V5
cir cuit's re cov ery af ter the ex po sure (nev er the less, sta -
ble out put volt age in all the op er at ing ar eas is a sign of
the volt age reg u la tor's po ten tial high ra di a tion tol er -
ance). On the other hand, a com pletely dif fer ent re -
sponse can be seen in fig. 2, de scrib ing the qui es cent
cur rent change dur ing the ini tial room-tem per a ture an -
neal ing. Both the ir ra di a tion data and the first 30 min -
utes of qui es cent cur rent an neal ing were suc cess fully

fit ted with ex po nen tial func tions. The ex po nen tial ap -
prox i ma tions were nearly ideal, since the ad justed
co ef fi cients of de ter mi na tion for both ris ing and de -
clin ing curves were close to 1. Nei ther poly no mial nor
power-law func tions could pro vide such high good -
ness of fit. Re la tion (6) pres ents the first or der ex po -
nen tial re gres sion func tion for the pe riod of ir ra di a tion 
(area I in fig. 2), while eq. (7) de scribes the an neal ing
pe riod for the L4940V5 volt age reg u la tor (area II)
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The im ple mented ap prox i ma tion of the rapid an -
neal ing pro cess (eq. 7) in di cates the very fast re cov ery
of the L4940V5 volt age reg u la tor, de creas ing the ex -
cess qui es cent cur rent by nearly 7 % af ter only 30 min -
utes of the room-tem per a ture re cov ery of bi ased sam -
ples. Fur ther more, it was ex pected that the ir ra di ated
cir cuits would be sig nif i cantly re cov ered af ter the
elapse of 10 years, re gard less of the ab sence of the in -
put bias volt age. In or der to ex am ine said hy poth e sis,
cir cuits L4940V5 (as well as all the other ex am ined
volt age reg u la tors) were tested af ter 85,000 hours of
the room-tem per a ture re cov ery. 

As can be clearly seen from fig. 2, cir cuit
L4940V5 only par tially re cov ered from ir ra di a tion,
leav ing the ex cess qui es cent cur rent of only 17 % less
than im me di ately af ter ir ra di a tion. Nev er the less, the
de vices were com pletely func tional dur ing both the ir -
ra di a tion and an neal ing pe ri ods.

The data in figs. 3 and 4 in di cate sim i lar ef fects
of ir ra di a tion and rapid room-tem per a ture an neal ing
on these de vices, which are sig nif i cantly dif fer ent in
terms of con struc tion and cir cuit to pol ogy. Nev er the -
less, the data de scrib ing the in flu ence of long-term an -
neal ing on these cir cuits were com pletely dif fer ent,
need ing fur ther anal y sis.

Fig ure 3 pre sented data on the out put volt age
and qui es cent cur rent in the neg a tive volt age reg u la tor
LM2990T-5, with power-law and ex po nen tial re gres -
sion func tions for the ir ra di a tion pro cess. As in the
case of cir cuit LM2940CT5 and con trary to volt age
reg u la tor L4940V5, the rapid-an neal ing pro cess in the 
LM2990T-5 cir cuit could not be fit ted with any func -
tion, since there was no trend in the pri mary room-tem -
per a ture an neal ing pro cess. On the other hand, data on
both the out put volt age and qui es cent cur rent, pro -
cured dur ing the un in ter rupted ir ra di a tion, were nearly 
ide ally fit ted with ei ther lin ear, ex po nen tial or
power-law func tions. Yet, for the out put volt age, ex -
po nen tial model was mar gin ally better than oth ers,
while power-law model gave the best good ness of fit
for vari a tions of the qui es cent cur rent. The first-or der
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ex po nen tial re gres sion func tions, de scrib ing vari a -
tions of the out put volt age dur ing ir ra di a tion of the
LM2990T-5 volt age reg u la tor, is pre sented in eq. (8)
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Allometric power-law func tion, i. e., ex ten sion
of the clas si cal Freundlich model (y = a + bx 

c), be ing
the most suc cess ful ap prox i ma tion of the qui es cent
cur rent vari a tions, is pre sented in eq. (9)
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The long-term an neal ing pro cess de scribed in
fig. 3 in di cates a mod er ate re cov ery of the out put volt -
age, but fur ther de cline of the qui es cent cur rent. The
neg a tive volt age reg u la tor LM2990T-5 has very low
qui es cent cur rent (see fig. 3), pri mar ily ow ing to its se -
rial super-b npn power tran sis tor. There fore, the sig -
nif i cant de cline in the qui es cent cur rent may in di cate
the crit i cal de cline in the se rial tran sis tor's base cur -
rent, which may fur ther lead to a com plete fail ure of
the cir cuit [21]. Nev er the less, the de cline re corded in
fig. 3 was not crit i cal for the volt age reg u la tor's proper
op er a tion.

The data in fig. 4 were pro cured dur ing ex am i na -
tion of the quasi-low-drop out volt age reg u la tor
LT1086CT5 in the g-ra di a tion field. Un like all the
other tested cir cuits, these volt age reg u la tors ex -
pressed ob vi ous sat u ra tion of both the out put volt age
and qui es cent cur rent af ter ab sorp tion of the to tal dose
of 300 Gy (fig. 4). There fore, none of these val ues
could be suc cess fully fit ted us ing pure ex po nen tial
func tions. Also, nei ther lin ear nor power-law re gres -
sion func tions could pro vide sat is fac tory good ness of
fit. So, vari a tions of both the out put volt age and qui es -
cent cur rent in the g-ra di a tion field were nearly ide ally
fit ted with mixed ex po nen tial-lin ear func tions. The
com plex lin ear-ex po nen tial re gres sion func tions, de -
scrib ing vari a tions of the out put volt age and qui es cent
cur rent dur ing ir ra di a tion of the LT1086CT5 volt age
reg u la tor, are pre sented in eqs. (10) and (11)
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In the rapid-an neal ing area af ter ir ra di a tion, the
de vices LT1086CT5 were not an ex cep tion to most of
the other ex am ined low-drop out volt age reg u la tors:
there was no ex pressed re cov ery of a deg ra da tion
trend dur ing the first 30 min utes af ter ir ra di a tion.

Yet the data in fig. 4 on the long-term room-tem -
per a ture an neal ing clearly dem on strated that the 10-year
stor age pe riod of the LT1086CT5 cir cuits was cer tainly
not a re cov ery, since a sharp deg ra da tion of both out put
volt age and qui es cent cur rent was re corded. This was
par tic u larly im por tant for the out put volt age, since the
cir cuits' out put volt age was be low the ac cept able min i -
mum of 4.9 V even for a mod er ate load of only 100 mA.
There fore, for a mod er ate load of some 10 % of  the  nom -
i nal out put cur rent, the quasi-low-drop out volt age reg u -
la tors LT1086CT5 dem on strated the great est gamma-ra -
di a tion sen si tiv ity among the four ex am ined types of
low-drop out volt age reg u la tors.

In or der to eval u ate the ex am ined cir cuits' ra di a -
tion tol er ance, the qui es cent cur rent an neal ing fac tor
was used (eq. 3), be ing based on the mea sured val ues
of qui es cent cur rent. There fore, fig. 5 pre sented data
on the qui es cent cur rent an neal ing fac tor for all four
types of ex am ined cir cuits (LM2940CT5, L4940V5,
LM2990T-5 and LT1086CT5). All the data nec es sary
for cal cu la tion of the qui es cent cur rent an neal ing fac -
tors were pre sented in figs. 1-4. 

De creas ing val ues of the an neal ing fac tor in di -
cate the cir cuit's re cov ery, while the in creas ing value
of FIQ

is an in di ca tor of the cir cuit's fur ther deg ra da -
tion. Thus, fig. 5 is a good il lus tra tion of the great dif -
fer ences be tween the four types of tested volt age reg u -
la tors. Par tic u larly the long-term an neal ing pro cess
dem on strated com pletely dif fer ent re sponses of
low-drop out cir cuits with se rial pnp tran sis tors, on the
one hand, and volt age reg u la tors with se rial npn tran -
sis tors, on the other. 

Nev er the less, the data in fig. 5 can not be used for 
ob vi ous dem on stra tion of the rapid an neal ing pro cess.
So, in fig. 6 the data on the qui es cent cur rent were nor -
mal ised and mag ni fied in or der to en able the clear
graph i cal pre sen ta tion of the first half-hour of the
room-tem per a ture an neal ing pro cess of bi ased cir -
cuits. Fig ure 6 in di cates a de creas ing trend of the qui -
es cent cur rent in cir cuit L4940V5, op po site to the
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Fig ure 5. The qui es cent cur rent an neal ing fac tors in
low-drop out volt age reg u la tors dur ing the first 30
min utes af ter ex po sure to g-ra di a tion, as well as
fol low ing the 10-year room-tem per a ture an neal ing
pro cess



nearly ran dom vari a tions of the other cir cuits' qui es -
cent cur rent, point ing to the great dif fer ence be tween
volt age reg u la tor L4940V5 and all the other ex am ined
cir cuits. The nor mal ised qui es cent cur rent an neal ing
fac tor in the L4940V5 volt age reg u la tor was suc cess -
fully fit ted with the fol low ing ex po nen tial func tion
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There fore, figs. 5 and 6, ob served to gether, are a
good il lus tra tion of both the long-term and rapid an neal -
ing pro cesses in all the ex am ined cir cuits. While in the
long-term 10-year pe riod there is a clear dif fer ence be -
tween de vices with pnp and npn se rial power tran sis tors,
in the short-term half-hour pe riod the cir cuit L4940V5
dis tin guishes it self among other de vices.

In or der to ana lyse the men tioned dif fer ences,
now it is nec es sary to start the ad di tional dis cus sion in
or der to ana lyse the per ceived ra di a tion and post-ir ra -
di a tion ef fects. 

DISCUSSION

Sev eral dif fer ent ir ra di a tion and an neal ing pe ri -
ods im ple mented in the de scribed ex per i ment en abled
broad in tro spec tion on the ra di a tion and post-ir ra di a -
tion ef fects in low-drop out volt age reg u la tors. Since
the ir ra di a tion and an neal ing were un in ter rupted, there 
were no dis rup tions in the charge-trap ping pro cesses
af fected by the vari a tions of chip tem per a ture, bias
volt age or load cur rent.

Tem per a ture and bias con di tions (di rectly af -
fect ing the elec tric field in the iso la tion ox ide) have a
sig nif i cant in flu ence on the bi po lar tran sis tor an neal -
ing. The ex is tence of the out put volt age at ter mi nals or
el e vated tem per a ture leads to in crease of the car rier
mo bil ity, caused by the pres ence of an elec tric field or

the ther mal ex ci ta tion. High-qual ity, thin MOSFET
ox ides, in gen eral, have the po ten tial for a rapid an -
neal ing af ter ir ra di a tion. On the other hand, the thick,
field ox ides used in bi po lar in te grated cir cuits are
much more con tam i nated dur ing the ini tial pro cess ing
and there fore tend to trap a much greater quan tity of
the elec tric charge. It is gen er ally as sumed that field
ox ides are very ra di a tion-sen si tive, while the
MOSFET gate ox ides are ra di a tion-tol er ant. This may
not al ways be true, since re cent re search in di cates that
in thick ox ides, with low elec tric fields and at low tem -
per a ture, the charge yield may be rel a tively low, since
most of the ox ide would be a “dead layer” [26],
scarcely af fected by the ra di a tion-in duced charge trap -
ping. Thus, as a con se quence, the ox ide-trapped
charge con cen tra tion will be lower than the ex pected
square of ox ide thick ness [26]. In high-qual ity
MOSFET ox ides, with thin gates and, con se quently,
high elec tric fields, the con cen tra tion of the ox -
ide-trapped charge will be nearly pro por tional to the
square of the ox ide thick ness (Not ~ dox

2) [2, 4, 7] or
even its third de gree (Not ~ dox

3) [4]. Nev er the less, due
to the much lower vol ume, the to tal quan tity of the ox -
ide-trapped charge in the thin gate ox ide will be sig nif -
i cantly lower, thus lead ing to its faster re cov ery from
the in flu ence of ion is ing ra di a tion. High ox ide thick -
ness and im pu ri ties con tam i na tion clearly point to the
po ten tial of a very large quan tity of trapped charge in
field ox ides, es pe cially at higher tem per a tures and
elec tric fields [26].

The men tioned mech a nisms of charge-trap ping
are fun da men tal to the ob served an neal ing pro cess,
pre sented in figs. 2 and 6. In the ini tial phase, an neal -
ing of the ox ide-trapped charge is dom i nant in the
L4940V5 cir cuit. The rapid an neal ing pro cess ob -
served in the L4940V5 volt age reg u la tor is af fected by
the qual ity of the im ple mented field ox ide; thus, eq. (7) 
is the most im por tant re gres sion func tion ob tained in
the pre sented re search. 

Us ing the qui es cent cur rent as the pri mary mea -
sure of the in te grated cir cuit's ra di a tion tol er ance was
par tic u larly use ful for the rough es ti ma tion of the in -
flu ence of the trapped charge. As stated in the the ory
sec tion, trapped charge may be di vided into in ter face
traps and the ox ide-trapped charge. A rise in the con -
cen tra tion of in ter face traps in creases ex cess base cur -
rent both in npn and pnp tran sis tors, while in the pnp
tran sis tors the in ter face traps af fect the base cur rent
rise (and, there fore, the pnp tran sis tor's deg ra da tion),
whence the ox ide-trapped charge (above the base
area) sup presses the neg a tive ef fects of the in ter face
traps [27]. Since the con cen tra tion of the ox -
ide-trapped charge in creases ex po nen tially with the
to tal dose [28] (con trary to the in ter face traps con cen -
tra tion, which in creases lin early with the ab sorbed
dose [28]), it will cause a sharp ex po nen tial rise in the
ex cess base cur rent of the af fected npn tran sis tors.
There fore, the qui es cent cur rent, as a sum mary sup ply
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Fig ure 6. Nor mal ised qui es cent cur rent an neal ing
fac tors in low-drop out volt age reg u la tors, pro cured
dur ing the first 30 min utes af ter the ex po sure to
g-ra di a tion



cur rent of all the el e men tary tran sis tors in the volt age
reg u la tor con trol cir cuit, will di rectly rep li cate the
sum mary ef fects of the trapped charge in the ox ide and
at in ter faces.

Ac cord ing to the data ob served in figs. 1-4 and
eq. (7), a pro ce dure for a quick iden ti fi ca tion of the po -
ten tial ra di a tion-tol er ant volt age reg u la tors may be
pro posed: af ter ex po sure to the to tal dose of ion is ing
ra di a tion, ir ra di ated cir cuits have to be left op er a -
tional, out of the ion is ing ra di a tion field, at room tem -
per a ture and with the same bias and load as dur ing the
ir ra di a tion. The out put volt age and qui es cent cur rent
have to be mea sured for up to one hour, with time in ter -
vals of 60 sec onds or less. If the ab so lute value of the
out put volt age falls be low the thresh old of ac cept able
op er a tion (98 % of the nom i nal out put volt age or a
sim i lar value), the volt age reg u la tor is not suf fi ciently
ra di a tion-tol er ant. If the out put volt age is above the
spec i fied thresh old and a clear trend of the qui es cent
cur rent re cov ery can be ob served, a cir cuit may later
prove to be ac cept ably ra di a tion-tol er ant. If no re cov -
ery trend can be ob served in the qui es cent cur rent, or
even fur ther deg ra da tion is no ticed, then the ex am ined
volt age reg u la tor is cer tainly a ra di a tion- sen si tive de -
vice and can not be used in ra di a tion environments. 

This pro ce dure may also be used in con trol
points,  af ter  the  ab sorp tion of lower doses (i. e.,
10-20 % of the pre de ter mined to tal dose). The pro -
posed up to one-hour time in ter val is enough for im -
ple men ta tion with the ex ist ing stan dards, MIL STD
1019.8 [29] and ESCC 22900 [30], since they sched -
ule up to two-hour in ter vals be tween two suc ces sive
ir ra di a tions. The de scribed pro ce dure would be more
suit able for a quick iden ti fi ca tion of the ra di a tion-sen -
si tive com po nents, rather than a suf fi cient tool for the
qual i fi ca tion of po ten tial rad-hard de vices. An a logue
bi po lar in te grated cir cuits, suc cess fully pass ing the
ini tial rapid-an neal ing check, should be fur ther ana -
lysed ac cord ing to some of the stan dards men tioned in
this para graph.

CON CLU SIONS

Low-drop out volt age reg u la tors, in te grated cir -
cuits with both pnp and npn se rial power tran sis tors,
were ex posed to a to tal ion is ing dose of 500 Gy, with -
out ces sa tion of ir ra di a tion un til the to tal de ter mined
dose was ab sorbed. Im me di ately af ter ir ra di a tion, the
out put volt age and qui es cent cur rent of bi ased and
loaded sam ples were mon i tored for 30 min utes. In the
next step, all the ir ra di ated sam ples were left in stor age 
for the next 10 years and there af ter tested for the ef -
fects of room-tem per a ture an neal ing.

Cir cuit LM2940CT5 did not show any rapid-an -
neal ing trend, yet dem on strated sig nif i cant deg ra da -
tion in the out put volt age af ter the 10-year room-tem -
per a ture an neal ing. Just as in the case of cir cuit
LM2940CT5, the neg a tive volt age reg u la tor

LM2990T-5 ex pressed a sig nif i cant de cline in the qui -
es cent cur rent, but the op po site trend of the (ab so lute
value of) out put volt age. The quasi-low-drop out volt -
age reg u la tor LT1086CT5 ex pressed a clear de cline in
both the out put volt age and qui es cent cur rent. Both
cir cuits with se rial npn tran sis tors, LM2990T-5 and
LT1086CT5, dem on strated a sig nif i cant de cline in the
out put volt age, ap proach ing the min i mum ac cept able
(ab so lute) value of out put volt age, be ing 4.9 V. The
pos i tive volt age reg u la tors L4940V5 did not ex press
sig nif i cant vari a tions in the out put volt age ei ther dur -
ing ex po sure to ion is ing ra di a tion or dur ing any phase
of the an neal ing pro cess. Nev er the less, the in crease in
the qui es cent sup ply cur rent was sharp, al though it did
not af fect the cir cuit's proper op er a tion.

When ever ex isted sig nif i cant change in volt age
reg u la tors' out put volt age and qui es cent cur rent, these
vari a tions were suc cess fully fit ted with ex po nen tial,
power-law and lin ear re gres sion func tions. Dur ing the
rapid-an neal ing pe riod of bi ased cir cuits, only de vices
L4940V5 dem on strated any trend that could be fit ted
with a re gres sion func tion, and were, nearly ide ally,
fit ted with the first-or der de creas ing ex po nen tial func -
tion. Im me di ately af ter ex po sure to ion is ing ra di a tion,
all the other volt age reg u la tors ex pressed in de ter mi -
nate vari a tions in the qui es cent sup ply cur rent. In all
cases, the im ple mented re gres sion func tions were
nearly ideal, since the ad justed co ef fi cient of de ter mi -
na tion ( )R 2  al ways had val ues ex ceed ing 0.984.

Ten-year room-tem per a ture an neal ing showed
up the cir cuit deg ra da tion of the mod er ately loaded de -
vices LM2940CT5 and LT1086CT5, which was not
clearly no tice able im me di ately af ter ab sorp tion of the
to tal dose of 500 Gy. Long-term an neal ing also in di -
cated the LM2990T-5 cir cuit's mar ginal ra di a tion tol -
er ance and, fi nally, the high ra di a tion-hard ness of the
L4940V5 volt age reg u la tor for to tal ion is ing doses up
to 500 Gy.

The qui es cent cur rent an neal ing fac tor (FI Q
)

was in tro duced as an al ter na tive mea sure of the volt -
age reg u la tor's re cov ery from the in flu ence of g-ra di a -
tion. For all four types of volt age reg u la tors, val ues of
the qui es cent cur rent an neal ing fac tor were pre sented,
for both the rapid and long-term an neal ing pe ri ods.

Wide vari a tions of the qui es cent cur rent in the
L4940V5 volt age reg u la tor led to iden ti fi ca tion of a
new pro ce dure for es ti ma tion of the ra di a tion-hard -
ness of the ex am ined in te grated volt age reg u la tors,
planned for op er a tion in the ra di a tion en vi ron ment. In
short, af ter ex po sure to the to tal dose of ion is ing ra di a -
tion, the ir ra di ated cir cuits have to be left op er a tional,
out of the ion is ing ra di a tion field, with the same tem -
per a ture, bias and load as dur ing the ir ra di a tion. If a
clear trend of the qui es cent cur rent's re cov ery can be
ob served, a cir cuit may later prove to be ac cept ably ra -
di a tion-tol er ant. If no re cov ery trend can be ob served
within the first hour af ter ir ra di a tion, or even fur ther
deg ra da tion is no ticed, then the ex am ined volt age reg -
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u la tor is a ra di a tion-sen si tive de vice and can not be
used in ra di a tion en vi ron ments.

The pro posed pro ce dure may also be used for
other kinds of lin ear bi po lar in te grated cir cuits, such as 
op er a tional am pli fi ers, com para tors and volt age ref er -
ences. The es sen tial idea is to use the cir cuit's qui es -
cent sup ply cur rent as the pri mary mea sure of the cir -
cuit's deg ra da tion or re cov ery in the ra di a tion
en vi ron ment.
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Vladimir \. VUKI]

BRZ  I  DUGOTRAJAN  OPORAVAK  OD  UTICAJA  GAMA-ZRA^EWA 
STABILIZATORA  SA  NISKIM  PADOM  NAPONA

Uzorci dve vrste stabilizatora sa niskim padom napona, sa rednim pnp i npn
tranzistorima, ispitani su u uslovima izotermnog oporavka od uticaja gama-zra~ewa na sobnoj
temperaturi. Nakon besprekidnog apsorbovawa ukupne doze jonizuju}eg zra~ewa od 500 Gy,
polarizovani i optere}eni stabilizatori napona su ispitani prilikom oporavka na sobnoj
temperaturi tokom prvih trideset minuta nakon prestanka izlagawa zra~ewu. Pored neprekidnog
nadzora izlaznog napona i struje prema masi neposredno nakon izlagawa zra~ewu, sprovedena su i
merewa nakon desetogodi{weg spontanog oporavka uzoraka na sobnoj temperaturi. Rezultati
dobijeni prilikom ozra~ivawa i brzog oporavka stabilizatora napona aproksimirani su
linearnim, eksponencijalnim i stepenim regresionim funkcijama. Predlo`ena je jednostavna
procedura, zasnovana na faktoru oporavka struje prema masi, namewena za brzu estimaciju
radijacione otpornosti stabilizatora napona tokom postradijacionog izotermnog oporavka. Da
bi mogla da bude procewena radijaciona otpornost integrisanog kola, odmah nakon ozra~ivawa
ispitivani uzorci treba da ostanu u istim radnim uslovima kao i prilikom izlagawa zra~ewu. Ako
se uo~ava jasan trend oporavka struje prema masi, kolo mo`e da bude podvrgnuto dodatnim
ispitivawima da bi se utvrdilo da li je dovoqna radijaciona otpornost. Ako ne mo`e da se uo~i
nikakav trend oporavka kola tokom prvog ~asa nakon ozra~ivawa, ili ako se uo~i wegova dodatna
degradacija, onda je ispitivani stabilizator napona radijaciono osetqiva komponenta i ne mo`e
da se koristi u radijacionom okru`ewu. Opisana procedura se zasniva na makroskopskim
radijacionim efektima, zahvata naelektrisawa u izolacionim oksidima i grani~nim povr{inama
integrisanih kola.

Kqu~ne re~i: stabilizator napona, gama zra~ewe, struja prema masi, faktor oporavka,
..........................izotermni oporavak, postradijacioni efekat, regresiona analiza


