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The op er a tion of power lat eral pnp tran sis tors in gamma ra di a tion field was ex am ined by de -
tec tion of the min i mum drop out volt age on heavily loaded low-drop out volt age reg u la tors
LM2940CT5, clearly dem on strat ing their low ra di a tion hard ness, with un ac cept ably low
val ues of out put volt age and col lec tor-emit ter volt age vol a til ity. In con junc tion with pre vi ous
re sults on base cur rent and for ward emit ter cur rent gain of se rial tran sis tors, it was pos si ble
to de ter mine the pos i tive in flu ence of high load cur rent on a slight im prove ment of volt age
reg u la tor LM2940CT5 ra di a tion hard ness. The high-cur rent flow through the wide emit ter
alu minum con tact of the se rial tran sis tor above the iso la tion ox ide caused in ten sive an neal ing
of the pos i tive ox ide-trapped charge, lead ing to de crease of the lat eral pnp tran sis tor's cur rent
gain, but also a more in ten sive re cov ery of the small-sig nal npn tran sis tors in the con trol cir -
cuit. The high cur rent den sity in the base area of the lat eral pnp tran sis tor im me di ately be low
the iso la tion ox ide de creased the con cen tra tion of neg a tive in ter face traps. Con se quently, the
pos i tive in flu ence of the re duced con cen tra tion of the ox ide-trapped charge on the neg a tive
feed back re ac tion cir cuit, to gether with the fa vour able ef fect of re duced in ter face traps con -
cen tra tion, ex ceeded neg a tive in flu ence of the an nealed ox ide-trapped charge on the se rial
pnp tran sis tor's for ward emit ter cur rent gain.

Key words: for ward emit ter cur rent gain, lat eral pnp tran sis tor, volt age reg u la tor, cur rent den sity,
ox ide-trapped charge, in ter face trap, gamma ra di a tion, line reg u la tion char ac ter is tic

IN TRO DUC TION

Low-drop out volt age reg u la tors are widely used
in an a logue in te grated cir cuits, be ing ex ten sively im -
ple mented in mod ern nu clear tech nol ogy and aero -
space en gi neer ing [1-9]. Pre vi ously pre sented data on
drop out volt age, base cur rent and for ward emit ter cur -
rent gain in mod er ately loaded volt age reg u la tors has
en abled new in sights into the op er a tion of these de -
vices ir ra di ated with min i mum in put volt age [10],
some what dif fer ent from the data pro cured from the
ex am i na tion of max i mum out put cur rent, pub lished
sev eral years ago [11]. But, one ques tion on the ra di a -
tion tol er ance of the ex am ined de vices could not be an -
swered only from the ex am i na tion data of the drop out
volt age of mod er ately loaded de vices. Al though the
ear lier ex am i na tions pointed to the low ra di a tion hard -
ness of volt age reg u la tors LM2940CT5 with lat eral
round pnp power tran sis tors [12], data on the se rial
tran sis tor's drop out volt age and the de rived char ac ter -
is tics ob tained from ex am i na tions of mod er ately

loaded de vices were not enough to con firm the
con clu sions pre sented pre vi ously [10]. Also, the pe cu -
liar re sponse of volt age reg u la tors LM2940CT5 ir ra -
di ated with high load cur rent, which dif fered from all
the other bi ased and un bi ased sam ples, re mained in -
suf fi ciently clar i fied. How the high cur rent den sity of
the se rial pnp tran sis tor's emit ter cur rent ex actly af -
fected the op er a tion of the volt age reg u la tor
LM2940CT5 re mained am big u ous. So, be side the
need to in ves ti gate if the change of drop out volt age on
se rial pnp tran sis tors of the tested volt age reg u la tors is
re ally ac cept able in the en tire op er at ing area, there is
also a need to de ter mine the el e men tary func tional cor -
rect ness of the ex am ined de vices in a ra di a tion en vi -
ron ment.

These ar gu ments led to an ex am i na tion of the
drop out volt age of heavily loaded de vices, with min i -
mum op er a tive in put volt age and high out put cur rent.

This pa per pres ents re sults re lated to the change
of the se rial tran sis tor's drop out volt age and for ward
emit ter cur rent gain in heavily loaded volt age reg u la -
tors as a func tion of the to tal ab sorbed gamma ra di a -
tion dose.
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THE ORY

In semi con duc tor de vices, the ion is ing ra di a tion
dam age is caused mainly by charges trapped near the
sur faces of their in su lat ing lev els and in ter faces. In
junc tion de vices, such as bi po lar tran sis tors, trapped
charges in their sur face lay ers pro duce in ver sion lay -
ers that ex pand the ef fec tive sur face area. This re sults
in in creased sur face state gen er a tion-re com bi na tion
cur rents that re duce the life time of the mi nor ity car rier
and, con se quently, the cur rent gain of bi po lar tran sis -
tors. These spu ri ous cur rents have a spe cial im pact on
the gain of bi po lar tran sis tors at low op er at ing cur rents 
[13]. 

A de vice's sus cep ti bil ity to ra di a tion-in duced
charge pro duc tion for a given dose de pends strongly
on its ox ide layer qual ity. For bi po lar tran sis tors, the
de creased cur rent gain and in creased leak age cur rent
are the two most im por tant pa ram e ters de graded by
ion is ing ra di a tion. The prin ci pal fac tors that de grade
per for mance due to ion is ing ra di a tion are trapped pos -
i tive charge build-up in their ox ides near sil i con sur -
faces, build-up of neg a tive charge at Si-SiO2 in ter -
faces and the cor re spond ing cre ation of sur face states
at these in ter faces [13].

The sur face re com bi na tion is the ef fect in bi po -
lar tran sis tors af fected by ion is ing ra di a tion that has
the great est in flu ence on the deg ra da tion of the tran sis -
tor's for ward emit ter cur rent gain. For the bi po lar tran -
sis tor with cir cu lar emit ter-base and base-col lec tor
junc tions, an ap prox i ma tion of the change of the sur -
face-re com bi na tion-af fected cur rent gain, bS, can be
pre sented in the fol low ing for mula [13]
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where, IS is the sur face re com bi na tion cur rent, IE – the
emit ter cur rent, Db/W

2 = wT = 2pfT, Re – the emit ter ra -
dius, W – the base width, Dg – the to tal ion is ing dose, s
and s(Dg) – the sur face re com bi na tion ve loc ity, Db –
the dif fu sion base con stant, Ae = pRe

2 – the emit ter
area, fT – the gain-band width prod uct (the cut-off fre -
quency), and wT – the cut-off an gu lar fre quency.

Since the cur rent gain deg ra da tion in a ra di a tion
en vi ron ment, D(1/b), is pro por tional to the ex cess base 
cur rent (DIB) for not too large DIB, the fol low ing equa -
tion may be writ ten [13]
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where, Ds(Dg) = s(Dg) – s(0) is the change in the sur -
face re com bi na tion ve loc ity dur ing the ir ra di a tion and
bs0 – the sur face-re com bi na tion-af fected for ward
emit ter cur rent gain prior to ir ra di a tion.

In cir cu lar bi po lar tran sis tors, deg ra da tion of
cur rent gain caused by the sur face re com bi na tion can

be re duced by in creas ing the emit ter ra dius. Nev er the -
less, bi po lar power tran sis tors are in ten tion ally
de signed with max i mally large emit ter per im e -
ter-to-area ra tios, in or der to re duce the base spread ing
re sis tance and, con se quently, emit ter crowd ing.
There fore, bi po lar power tran sis tors are ex tremely
sus cep ti ble to com mon emit ter cur rent gain from ion -
is ing ra di a tion [13]. 

The deg ra da tion of gain due to the ion is ing ra di -
a tion is min i mal at the col lec tor cur rent level cor re -
spond ing to the max i mum gain op er at ing point prior to 
ir ra di a tion. For higher cur rents, the sen si tiv ity to ion -
is ing ra di a tion in creases. For high-cur rent den sity lev -
els, an in crease in the base cur rent re quired to main tain 
con stant col lec tor cur rent dur ing ir ra di a tion leads to
an ef fec tive in crease in the base width be cause of the
Kirk ef fect. The re sult is a di rect ex pan sion of the
base-col lec tor de ple tion re gion from the base into the
col lec tor, thus in creas ing the ef fec tive base width, and
con se quently lead ing to a de crease of the bi po lar tran -
sis tor's for ward emit ter cur rent gain [14].

EX PER I MENT

An in te grated 5-volt pos i tive volt age reg u la tor
LM2940CT5 was 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 cir cuits LM2940CT5
were from the batch PM44AE, made by the Na tional
Semi con duc tor's sub con trac tor in China. Cir cuits
were in plas tic TO-220 cases, pack aged in Malacca,
Ma lay sia [15].

As a source of g-ra di a tion 60Co was used and it
was sit u ated in a de vice for the re al iza tion of g-field,
IRPIK-B. The ac cepted mean en ergy of g-pho tons is
Eg = 1.25 MeV. The mea sure ment of the ex po sure
doses was per formed with the cav ity ion is ing cham -
ber “Dosimentor” PTW M23361, with a vol ume of
3×10–5 m3. With the cav ity ion is ing cham ber, the
reader DI4 was used [11].

The de vices were ir ra di ated un til the pre de ter -
mined to tal doses were reached. The de vices in the g-ra -
di a tion field were ex posed to a to tal dose of 500 Gy,
with a dose rate of 4 cGy/s. The sam ples of the volt age
reg u la tors were sup plied by flat ca bles 10 m long.
Along side the power sup ply ca bles, sense ca bles of the
same length were laid. To avoid the ef fects of re com bi -
na tion in semi con duc tors 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 ex po sure.

Cur rent and volt age mea sure ments were car ried
out with lab o ra tory in stru ments; a “Fluke” 8050A and
a “Hewlett-Packard” 3466A. Mea sure ment un cer tain -
ties for the spec i fied in stru ments were 0.03% and
0.05%, re spec tively. All mea sure ments and the ir ra di -
a tion of the com po nents were per formed at a room
tem per a ture of 20 °C. For anal y sis of the data ob tained
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from four sam ples of volt age reg u la tors LM2940CT5,
the type A mea sure ment un cer tainty was used. The
cal cu lated com bined mea sure ment un cer tainty for the
im ple mented ex per i men tal pro ce dure was ap prox i -
mately 0.6% [10].

The prin ci pal quan ti ties used for the de tec tion of
the volt age reg u la tor's deg ra da tion due to ex po sure to
ion is ing ra di a tion were the se rial tran sis tor's for ward
emit ter cur rent gain and the col lec tor-emit ter (drop -
out) volt age. The mea sured elec tri cal val ues were the
volt age reg u la tor's in put and out put volt ages and qui -
es cent cur rent. The se rial pnp tran sis tor's for ward
emit ter cur rent gain was cal cu lated un der the as sump -
tion that the base cur rent (IB) of the se rial pnp tran sis -
tor in the volt age reg u la tor can be found as the dif fer -
ence be tween the en tire volt age reg u la tor's qui es cent
cur rent and the con trol cir cuit's in ter nal con sump tion
cur rent [10, 11, 15].

Dur ing the ir ra di a tion, the ex am ined bi ased de -
vices were sup plied with the same in put volt age, 8 V,
while the load cur rents had three dif fer ent val ues: 1 mA, 
100 mA, and 500 mA. The fourth group of ir ra di ated
de vices were un bi ased volt age reg u la tors with out an in -
put sup ply volt age.

Ex am i na tion of the change in the min i mum col -
lec tor-emit ter (drop out) volt age on the se rial tran sis tor
was per formed in the fol low ing way: the in put volt age
was in creased un til the out put volt age dropped to 4.9 V,
for a con stant out put cur rent of 400 mA. The dif fer ence
be tween the in put and out put volt age rep re sents the
drop out volt age on the se rial tran sis tor for the cor re -
spond ing cur rent.

Ow ing to the de crease of the tran sis tor's com -
mon emit ter cur rent gain af ter ex po sure to ion is ing ra -
di a tion, the out put volt age value tended to fall be low
4.9V; there fore, in or der to ac quire com plete data re -
gard ing the de vice's func tion ing abil ity af ter ir ra di a -
tion, it was also nec es sary to ob tain the in for ma tion
about the change of the max i mum out put volt age as a
func tion of the to tal ion is ing doze (TID). The next step 
was mea sure ment of the out put volt age and qui es cent
cur rent for an un loaded volt age reg u la tor, with in put
volt age equal to the value mea sured on the de vice
loaded with 400 mA, as low as nec es sary to re duce the
out put volt age to 4.9 V. In volt age reg u la tors with a se -
rial pnp power tran sis tor, a qui es cent cur rent (IQ) rep -
re sents the sum of the con trol cir cuit's in ter nal con -
sump tion cur rent and the se rial tran sis tor's base
cur rent. The qui es cent cur rent of the un loaded volt age
reg u la tor (IQ0), with the con stant in put volt age, was as -
sumed to be ap prox i mate to the value of the loaded
volt age reg u la tor's in ter nal con sump tion. Sub trac tion
of the un loaded cir cuit's qui es cent cur rent from a qui -
es cent cur rent of de vices loaded with 400 mA, for the
same in put volt ages, gave the value of the se rial tran -
sis tor's base cur rent [10, 11, 15].

The se rial tran sis tor's for ward emit ter cur rent
gain was de ter mined as a quo tient of the volt age reg u -

la tor's out put cur rent (i. e. the se rial tran sis tor's col lec -
tor cur rent on the re sis tor) and the cal cu lated value of
the base cur rent.

All the men tioned mea sure ments were per formed 
in the in cor po rated ex per i ments on volt age reg u la tors,
fo cused on the max i mum out put cur rent [11], the min i -
mum drop out volt age for mod er ately loaded de vices
[10] and, in this chap ter on the study of com mer cial
low-drop out volt age reg u la tors LM2940CT5, the drop -
out volt age for heavily loaded sam ples. All three kinds
of mea sure ments were per formed in the same con di -
tions, in or der spec i fied in this para graph. These re sults
were ob tained as a part of the sec ond se ries of ex per i -
ments per formed on low-drop out volt age reg u la tors in
2007.

Be sides the ex am i na tion of the min i mum drop out
volt age and re lated pa ram e ters, ex am i na tion of the line
reg u la tion char ac ter is tics of the volt age reg u la tors
LM2940CT5 was also per formed. In this ex per i ment,
the val ues of the out put volt age were mea sured for con -
stant out put cur rent (0 A, 100 mA, 300 mA, 500 mA, 
and 700 mA), while the in put volt age had val ues of up
to 15 V (spe cif i cally 6.5 V, 8 V, 10 V, 12 V, and 15 V)
[12]. Five sam ples were used for each type of the volt -
age reg u la tors LM2940CT5 ex am i na tion. The re sult ing 
di a grams rep re sent the dif fer ence be tween the val ues of 
the  out put  volt age  re corded  prior  to  ir ra di a tion and
af ter  ex po sure  to  the to tal  dose  of  gamma  ra di a tion 
of 300 Gy(SiO2). The line reg u la tion char ac ter is tics
were ob tained dur ing the pri mary ex am i na tions of the
low-drop out volt age reg u la tors LM2940CT5, per -
formed in 2005. There fore, the ion is ing ra di a tion dose
rate dif fers slightly, hav ing a value of 5.5 cGy(SiO2)/s
[12]. How ever, all the other mea sure ment equip ment,
sources of ra di a tion, do sim e try and ex per i men tal set-up 
were the same.

A sche matic cir cuit di a gram of the volt age reg u -
la tor LM2940CT5 is pre sented in fig. 1. 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 the lat eral pnp
tran sis tor can be found in [10-12, 15-18]. A de tailed
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Fig ure 1. Cir cuit di a gram of the volt age reg u la tor
“Na tional Semi con duc tor” LM2940CT5 [10, 15, 19]



de scrip tion of the LM2940CT5 in te grated cir cuit is
pre sented in [19].

RE SULTS AND DIS CUS SION

A few words are needed on the im ple mented
tech no log i cal pro cess and char ac ter is tics of el e men -
tary pnp tran sis tors in the volt age reg u la tor
LM2940CT5. The se rial tran sis tor is com posed of 350
el e men tary lat eral pnp tran sis tors with a round emit ter, 
con nected in el e men tary groups of 18 and 24 el e ments
[16]. The driver pnp tran sis tor has 70 el e men tary pnp
tran sis tors, oc cu py ing 0.5 mm2 of the volt age reg u la -
tor's chip area, while the se rial tran sis tor com pris ing
the 350 el e ments oc cu pies 2.4 mm2. Al to gether, power 
pnp lat eral tran sis tors oc cupy ap prox i mately two
thirds of the volt age reg u la tor's chip [12, 16, 17]. 

Nom i nal pa ram e ters are fT = 2.5 MHz,  BVCB0 =
=.94 V [18], for ward emit ter cur rent gain of the se rial
power tran sis tor is b = 24 for I = 1 mA and b = 15-20 for
Imax = 1050 mA [12, 16, 17]. The di am e ter of the round
emit ter of the el e men tary pnp tran sis tor is 13 mm. The
thick ness of the iso la tion sil i con-ox ide layer is 500 nm
[17]. 

From the data on the col lec tor-base plane break -
down volt age and an ex am ple from the lit er a ture (NC =
= 1015 cm–3 for BVCE0 = 36 V and BVCB0 = 90 V) [14],
the con cen tra tion of im pu ri ties in the col lec tor area
may be es ti mated as nearly NC = 1015 cm–3. From the
data on the gain-band width prod uct, fT, and the ta ble
for cal cu la tion of base width from ap prox i mate
gain-band width prod uct in ref er ence [20], the ac tive
base width in the lat eral pnp tran sis tor may be es ti -
mated as 12.6 mm (slightly less than the emit ter di am e -
ter). As can be seen from eq. (1), com pre hen sion of the
gain-band width prod uct, for ward emit ter cur rent gain
and emit ter ra dius (for round lat eral pnp tran sis tors)
may lead to es ti ma tion of the sur face re com bi na tion
ve loc ity. Un for tu nately, the pa ram e ter fT is heavily de -
pend ent on the to tal ab sorbed dose of ra di a tion, so pre -
cise cal cu la tion of the sur face re com bi na tion ve loc ity
is not pos si ble with out cal cu lat ing the gain-band width
prod uct at ev ery mea sure ment point.

Ex am i na tions of volt age reg u la tors LM2940CT5
with var i ous load cur rents pre sented a some what dif fer -
ent pic ture of the de vice's ra di a tion hard ness. If re sults
were only ob tained from ex am i na tions of the min i mum
drop out volt age with a load cur rent of 100 mA, it might
be wrongly con cluded that the tested cir cuit is ra di a tion
tol er ant for doses up to 500 Gy [10]. The older re sults
would cer tainly con test this con clu sion [11, 12, 15], but
the ra di a tion sen si tiv ity of volt age reg u la tors
LM2940CT5 be came ob vi ous af ter ex am i na tion of the
min i mum drop out volt age with higher load cur rents.
From fig. 8 it is clear that none of the volt age reg u la tors
LM2940CT5 dem on strated ac cept able ra di a tion hard -
ness suf fi cient to ob tain an out put volt age  of  at  least

4.9 V, which is the low est value for proper op er a tion of
the sup plied 5 V elec tronic cir cuits. The de cline in the
out put volt age be low the ac cept able limit was great est
for the un bi ased de vices, smaller for bi ased sam ples
with neg li gi ble cur rent and even smaller for bi ased de -
vices with a mod er ate load cur rent. The least deg ra da -
tion of the out put volt age was dem on strated by heavily
loaded bi ased de vices ir ra di ated with an in put volt age
of 8 V and load cur rent of 500 mA. These heavily
loaded de vices dem on strated a mi nor de cline in the out -
put volt age at only one test point (fig. 8).

The data on out put volt ages are very im por tant
for  proper in ter pre ta tion of the se rial tran sis tor's drop -
out volt age char ac ter is tics in volt age reg u la tors
LM2940CT5. The drop out volt age char ac ter is tics, es -
pe cially for un loaded and heavily loaded sam ples, are
quite anom a lous, of ten with out any no tice able trend,
as may be seen in fig. 2. The main rea son is the op er a -
tion with a proper volt age of 4.9 V at some test points,
while at other points the max i mum out put volt age was
be tween 4.7 V and 4.9 V (fig. 8). Ef forts to pro cure
proper re sults with the max i mum avail able out put
volt age were not sim ple, since very in tense re cov ery
of the ir ra di ated sam ples was ob served dur ing the
mea sure ments. There fore, this ef fect led to the sig nif i -
cant vari a tions of the in put volt age for max i mum out -
put volt ages less than 4.9 V. This pro cess was clearly
ex pressed in all the volt age reg u la tors LM2940CT5,
par tic u larly dur ing the ex per i ments with a high out put
cur rent. There fore, the change in drop out volt age in
this ex per i ment does not fol low the trends of the pre vi -
ously re corded char ac ter is tics of mod er ately loaded
de vices [10]. 

The main rea son is op er a tion close to the lim its
of the out put volt age and load cur rent in a high-cur rent
den sity mode of the se rial pnp tran sis tor op er a tion and, 
con se quently, emit ter crowd ing of the se rial tran sis tor.
There fore, emit ter in jec tion ef fi ciency once again be -
comes an im por tant pa ram e ter hav ing the in flu ence on
the se rial tran sis tor's for ward emit ter cur rent gain, by
con trast with the tests with lower load cur rents, where
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Fig ure 2. Change in the mean se rial tran sis tor's drop out
volt age in volt age reg u la tor LM2940CT5 un der the in -
flu ence of g-ra di a tion (Vout = 4.9 V, Iout = 400 mA)



the low per im e ter-to-area ra tio was not of great im por -
tance. More over, the neg a tive feed back re ac tion and
rapid re cov ery of the ir ra di ated volt age reg u la tors dur -
ing the ex am i na tions with high cur rents ad di tion ally
af fected the se rial tran sis tor's drop out volt age.

The mea sured val ues of the se rial tran sis tor's
for ward emit ter cur rent gain (fig. 3) and cur rent gain
deg ra da tion (fig. 4) showed a sim i lar de creas ing trend
to that noted dur ing the ex am i na tions of the mod er -
ately loaded de vices (the mea sured de crease of the for -
ward emit ter cur rent gain was 30%-40%), but the ab -
so lute val ues of b were slightly higher than in all
pre vi ous tests [10, 11], ex ceed ing 50. Op er a tion with
greater val ues of cur rent gain than in the cases of max i -
mum and mod er ate loads led to the con clu sion that the
se rial power tran sis tors of the ex am ined volt age reg u -
la tors in this case op er ated near the max i mum of char -
ac ter is tic b(IC).

Due to the con sid er able rise in the se rial tran sis -
tor's base cur rent (by 3-5 mA), the to tal qui es cent cur -
rent (fig. 5) could not re main  al most un af fected by ir -
ra di a tion, as was the case dur ing the ex am i na tion of

the drop out volt age of the mod er ately loaded de vices,
where the in crease of the base cur rent was com pen -
sated by the de cline in the in te grated cir cuit's in ter nal
con sump tion cur rent [10]. Sim i lar de scend ing trends
in the mea sured val ues of for ward emit ter cur rent gain
in the mod er ately and heavily loaded de vices nec es -
sar ily led to sim i lar in creases in the se rial tran sis tor's
base cur rents. The rise in the volt age reg u la tors base
cur rents ex am ined with 400 mA was from 7.5-9 mA up 
to 11.5-13 mA (fig. 7), with the larg est in crease in the
base cur rent of the heavily loaded bi ased de vices dur -
ing ir ra di a tion (60%), and the small est base cur rent
rise in the neg li gi bly loaded bi ased de vices (45%). As
was ex pected, the char ac ter is tics of the in ter nal cir -
cuit's con sump tion cur rent were sim i lar in both ex per i -
ments (fig. 6). 

How ever, a very im por tant dif fer ence is that dur -
ing the ex am i na tions of drop out volt age with a load cur -
rent of 100 mA, all sam ples re mained func tional, while
dur ing the tests of the same de vices with a high load cur -
rent of 400 mA, in all cases the out put volt age fell be low 
the thresh old. The heavily loaded de vices (bias con di -
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Fig ure 3. Change in the mean se rial tran sis tor's for ward
emit ter cur rent gain in the volt age reg u la tor LM2940CT5
un der the in flu ence of. g-ra di a tion.(Vout = 4.9 V, Iout = 400 mA)

Fig ure 4. Change in the mean se rial tran sis tor's cur rent gain
deg ra da tion in the volt age reg u la tor LM2940CT5
un der the in flu ence of  g-ra di a tion (Vout = 4.9 V, Iout = 400 mA)

Fig ure 5. Change in the mean qui es cent cur rent in the
volt age reg u la tor LM2940CT5 un der the in flu ence of
g-ra di a tion (Vout = 4.9 V, Iout = 400 mA)

Fig ure 6. Change in the mean qui es cent cur rent in the
volt age reg u la tor LM2940CT5 un der the in flu ence of
g-ra di a tion (Vin = VCE(400 mA) + 4.9 V, Iout = 0 A)



tions: Vin = 8 V, I = 500 mA) mostly pre served an out put
volt age at the ref er ence value of 4.9 V, but in the neg li -
gi bly loaded and un bi ased de vices (Vin = 8 V, I = 1 mA)
the out put volt age fell be low 4.9 V im me di ately af ter
the be gin ning of ir ra di a tion.

We re turn now to the data on out put volt age in
fig. 8 and some com ments have to be made on the re -
sults ob tained. Un bi ased bi po lar de vices with lat eral
pnp tran sis tors are ex pected to show the great est deg -
ra da tion of char ac ter is tics due to the great est rise in the 
con cen tra tion of in ter face traps, as the main deg ra da -
tion mech a nism of for ward emit ter cur rent gain in lat -
eral pnp tran sis tors [21]. Since the ex is tence of elec tric 
field in ox ide sup presses the con cen tra tion of in ter face 
traps [22], it is clear that un bi ased de vices are more af -
fected by in ter face traps. On the other hand, the
trapped charge in the ox ide above the lat eral pnp tran -
sis tors im proves the ra di a tion hard ness of these tran -
sis tors due to a de crease in re com bi na tion across the
base-emit ter junc tion, which con se quently re duces the 
base cur rent [23]. 

Since the iso la tion ox ide of pnp tran sis tors is
very thick (ap prox i mately 500 nm, as al ready men -

tioned), a very high con cen tra tion of the ox ide-trapped 
charge is ex pected, since the in duced build-up of the
ox ide-trapped charge is higher in thicker ox ides [24].
How ever, the pos i tive ef fect of trapped charge in the
ox ide may be re duced if the lat eral pnp tran sis tor op er -
ates with high-cur rent den sity, pri mar ily due to a re -
duc tion of the emit ter in jec tion ef fi ciency and the ap -
pear ance of emit ter crowd ing ow ing to the small
per im e ter-to-area ra tio of the base-emit ter junc tion.
There fore, a rise in the load cur rent may af fect both in -
ter face traps and the ox ide trapped charge.

From figs. 4 and 7 it can be seen that the rise in
the load cur rent has a neg a tive ef fect on the se rial tran -
sis tor's ra di a tion hard ness, con trib ut ing to an in crease
in deg ra da tion of the cur rent gain and the base cur rent
of the power lat eral pnp tran sis tor. How ever, when the
ra di a tion tol er ance of the com plete volt age reg u la tor
was ana lysed, pri mar ily on the abil ity of the neg a tive
feed back re ac tion to pre vent the out put volt age fall ing
be low the thresh old of 4.9 V, the com pletely op po site
sit u a tion could be seen. Re gard less of the small dif fer -
ences in the in crease of the base cur rents, the higher
load cur rents dur ing ir ra di a tion caused the out put volt -
age to ap proach closer to the ref er ence of 4.9 V (for a
test load cur rent of 400 mA af ter ir ra di a tion).

The ra di a tion hard ness of the volt age reg u la tor's
se rial lat eral pnp tran sis tor rises as the ra tio of the in -
ter face traps above the base area and the ox ide-trapped 
charge con cen tra tions (Nit/Not) de creases. An other im -
por tant pa ram e ter for the ra di a tion hard ness of the
com plete volt age reg u la tor is a gain of the neg a tive
feed back loop [8]. More over, the im ple mented bias
volt age re duces the in ter face traps con cen tra tion in
iso la tion ox ide [25]. Fi nally, the cur rent flow through
the power lat eral pnp tran sis tor dur ing ir ra di a tion also
af fects the trapped charge. There fore, the char ac ter is -
tics of the out put volt age can not alone be used to de ter -
mine the in flu ence of load cur rent on the volt age reg u -
la tor's ra di a tion hard ness.

The in flu ence of the se rial tran sis tor's cur rent on
the volt age reg u la tors ra di a tion tol er ance, or in gen eral,
of the bi po lar in te grated cir cuits, has sel dom been ana -
lysed in lit er a ture. In a study on the en hanced
low-dose-rate sen si tiv ity of low-drop out volt age reg u -
la tors [2], Pease and co-work ers no ticed that op er a tion
of the volt age reg u la tor 29372 with a mod er ate load
cur rent of 250 mA dur ing ir ra di a tion sig nif i cantly sup -
pressed the to tal-dose dam age. The au thors con cluded
that mit i ga tion of the dam age was pro por tional to the
load cur rent and was not a strong func tion of tem per a -
ture or in put volt age dur ing the ir ra di a tion. The mech a -
nism for the mit i ga tion of dam age was iden ti fied as the
cur rent-den sity-de pend ent passivation of in ter face and
bor der ox ide traps by mo bile hy dro gen-re lated spe cies,
hav ing the worst-case sys tem ap pli ca tion in un bi ased
sam ples [2]. The au thors ac cepted a space charge
model, hav ing in ter face and bor der ox ide traps com -
posed of ox y gen va cancy com plexes, con trib ut ing to
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Fig ure 7. Change in the mean se rial tran sis tor's base
cur rent in the volt age reg u la tor LM2940CT5 un der the
in flu ence of  g-ra di a tion (Vout = 4.9 V, Iout = 400 mA)

Fig ure 8. Change in the mean out put volt age in the
volt age reg u la tor LM2940CT5 un der the in flu ence of
g-ra di a tion (Vin = VCE(400 mA) + Vout, Iout = 400 mA)



re duced sur face re com bi na tion ve loc ity [2]. These
com plexes may be pas si vat ed by var i ous hy dro gen-re -
lated spe cies such as H, OH–, and H+ [2]. The high cur -
rent den sity along the Si-SiO2 in ter face may ac ti vate
hy dro gen-re lated spe cies near the in ter face and cause
passivation of the in ter face and bor der traps [2].

How ever, the use ful in for ma tion on the ra di a tion 
re sponse of the volt age reg u la tors LM2940CT5 was
pro cured also from pre vi ous ex am i na tions of the max -
i mum out put cur rent (data on for ward emit ter cur rent
gain and base cur rent, figs. 2 and 5 in ref er ence [11]).
In these di a grams, an ex plicit dif fer ence can be seen
be tween the heavily loaded sam ples and all other de -
vices dur ing ir ra di a tion. The heavily loaded de vices
did not show an abrupt de crease in the base cur rent or
an ini tial rise in the for ward emit ter cur rent gain. The
an nounced in ter pre ta tion [11] pointed to the dom i nant
in flu ence of the ini tial ox ide-trapped charge in thick
iso la tion ox ide above the se rial pnp tran sis tor. In the
case of heavily loaded de vices, high-den sity cur rent
flow cer tainly had a con sid er able in flu ence on the
trapped charge and, in di rectly, on the volt age reg u la -
tor's ra di a tion hard ness.

The cor re la tion pre vi ously no ticed be tween the
high load cur rent (fig. 5 in ref er ence [11]) and the ris -
ing trend of the base cur rent [11], as well as the data on
out put volt age pre sented in this pa per (fig. 8), led to
the con clu sion that high-den sity cur rent flow through
the se rial pnp tran sis tor and the iso la tion ox ide dur ing
ir ra di a tion had a strong in flu ence on re com bi na tion of
the trapped charge. Re duc tion of the trapped charge
may be in ter preted as ei ther a de crease of in ter face
traps or con cen tra tion of ox ide traps. Since the mi nor -
ity car ri ers in the n-type base area are holes, it is cer tain 
that the high con cen tra tion of holes in the base area led
to passivation of some neg a tive in ter face traps, thus
in creas ing the ra di a tion hard ness of the se rial pnp tran -
sis tor, as men tioned in ref er ence [2].

How ever, if other data on base cur rent are ana -
lysed in the ex per i ment on the max i mum out put cur -
rent (fig. 5 in ref er ence [11]), with un bi ased and un -
loaded sam ples, the hy poth e sis on the in flu ence of the
high-cur rent-den sity on the re com bi na tion of in ter -
face traps as a pri mary re cov ery mech a nism for the
volt age reg u la tors LM2940CT5 is hardly ten a ble. The
prin ci pal rea son is the in ter face traps con cen tra tion in -
crease dur ing the ir ra di a tion. Also, in a weak elec tric
field it was no ticed that the rise in the in ter face traps
con cen tra tion is pro por tional to the to tal ion is ing dose
(Nit ~ ~.D) [26]. Thus, fast gen er a tion of in ter face
traps that would af fect a rapid de crease of base cur rent
in un bi ased and mod er ately loaded de vices (fig. 5 in
ref er ence [11]) was not pos si ble. There fore, af ter the
ini tial pe riod of ir ra di a tion, the main in flu ence on the
de crease of the se rial tran sis tor's base cur rent orig i -
nated from the abrupt rise in the ox ide-trapped charge
con cen tra tion, pri mar ily af fect ing the base area ow ing
to the de creased re com bi na tion in the base.

Con se quently, it may be con cluded that, in to tal,
the con cen tra tion of the ox ide-trapped charge in the
volt age reg u la tor LM2940CT5 sig nif i cantly de -
creased due to the high-cur rent-den sity flow in the
prox im ity of the iso la tion ox ide. Re com bi na tion of the 
ox ide-trapped charge no ta bly de creased its pos i tive
in flu ence on the ra di a tion hard ness of the lat eral pnp
power tran sis tor. But, on the other hand, ox ide-trapped 
charge had a neg a tive ef fect on npn tran sis tors, so re -
duc tion of the ox ide-trapped charge con cen tra tion in -
creased the ra di a tion hard ness of a num ber of
small-sig nal npn tran sis tors in the con trol cir cuit of the 
volt age reg u la tor LM2940CT5.

The men tioned ar ti cle [11] pub lished the con clu -
sion that volt age reg u la tors LM2940CT5 failed to op -
er ate re li ably in a gamma ra di a tion en vi ron ment due to 
the sig nif i cant deg ra da tion of the er ror am pli fier cir -
cuit, re gard less of the mod er ate deg ra da tion of the se -
rial lat eral pnp tran sis tor. Firm con fir ma tion of the
well state of the volt age ref er ence in the volt age reg u -
la tor LM2940CT5 af ter ab sorp tion can be seen from
the line reg u la tion char ac ter is tics re corded dur ing the
first se ries of ex per i ments on the volt age reg u la tors
LM2940CT5, af ter ab sorp tion of the to tal ion is ing
dose of 300 Gy. 

The first se ries of ex per i ments on volt age reg u -
la tors LM2940CT5 was also per formed on the sam -
ples from the batch PM44AE, yet these de vices were
in de pend ent from those used to ob tain the re sults pre -
sented in figs. 2-8. Both sam ples, which were un bi ased 
and bi ased dur ing the ex am i na tion of the line reg u la -
tion char ac ter is tics, were ana lysed af ter the ab sorp tion 
of a to tal gamma ra di a tion dose of 300 Gy(SiO2). Line
reg u la tion char ac ter is tics ob tained with out bias dur -
ing the ir ra di a tion are pre sented in fig. 9, while fig. 10
shows the line reg u la tion char ac ter is tics of de vices
that op er ated with in put volt age Vin = 7 V and out put
cur rent Iload = 100 mA in a gamma ra di a tion en vi ron -
ment. The data shown in figs. 9 and 10 point to mi nor
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Fig ure 9. Rel a tive line reg u la tion char ac ter is tics of the
un bi ased volt age reg u la tor LM2940CT5 af ter de po si tion 
of the to tal dose of  g-ra di a tion of 300 Gy(SiO2)
(bias con di tions: Vin = 0 V, I = 0 A)



vari a tions in the out put volt age for load cur rents up to
100 mA, lead ing to the con clu sion that the volt age ref -
er ence re mained rel a tively un af fected by the in flu ence 
of gamma ra di a tion. How ever, when the load cur rent
reached 300 mA and more, an un ac cept able run away
from the ref er ent volt age oc curred. It can also be seen
that the line reg u la tion char ac ter is tics of the bi ased de -
vices were more af fected by the ion is ing ra di a tion (de -
crease of the out put volt age up to 700 mV from the
pre-ir ra di a tion val ues (fig. 10), in com par i son with ap -
prox i mately 500 mV (fig. 9) for un bi ased de vices).
The data from figs. 9 and 10 re gard ing the line reg u la -
tion char ac ter is tics for the load cur rent of 700 mA are
par tic u larly in ter est ing. In both cases there is a sim i lar
out put volt age de cline of 400 mV, but also a sig nif i cant 
re cov ery is re corded for the max i mum in put volt age
and high load cur rent. As men tioned be fore, un til the
end of the nearly two-hour ex per i ment on line reg u la -
tion char ac ter is tics, the ex am ined sam ples of volt age
reg u la tors LM2940CT5 sig nif i cantly re cov ered, es pe -
cially dur ing the op er a tion with high load cur rents.
This was not the case with any other ex am ined volt age
reg u la tors, such as the L4940V5 [27].

How ever, one im por tant de tail must be dis cussed. 
In the ex per i ment on the max i mum out put cur rent [11],
it was con cluded that the high cur rent flow through the
lat eral pnp tran sis tor could not lead to sig nif i cant re -
com bi na tion of the trapped charge in iso la tion ox ide
above the tran sis tor, since the mi nor ity car ri ers in the
n-type base area are holes [11]. Protracted anal y sis of
the ra di a tion ef fects in low-drop out volt age reg u la tors
LM2940CT5 led to a con clu sion on the re duced in flu -
ence of the ox ide-trapped charge caused by the de vice's
op er a tion with high cur rent den si ties.

Nev er the less, the so lu tion to this di lemma came
from an un ex pected side. A care ful anal y sis of the im -
ple mented tech no log i cal pro cess of lat eral pnp power
tran sis tors with round emit ters in volt age reg u la tors
(fig. 11) leads to an aware ness of very large emit ter
alu minum con tacts above the base, the emit ter and

even the col lec tor ar eas of the power tran sis tor, cov er -
ing ap prox i mately half of the power tran sis tor's
sur face (fig. 12). These large emit ter metallizations are 
sit u ated above the 500 nm iso la tion ox ide. There fore,
it may be hy poth es ised that not the high-den sity hole
cur rent in the lat eral pnp tran sis tor, but rather the
high-den sity elec tron cur rent in the alu minum con -
tacts had the de ci sive in flu ence on the re com bi na tion
of the ox ide-trapped charge above the power tran sis -
tor. Since the iso la tion ox ide was highly con tam i nated, 
with a low di elec tric loss fac tor [12], this as sump tion
may be valid.

The sim u la tions of ba sic phys i cal mech a nisms in 
semi con duc tors and in su la tors led to the hy poth e sis
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Fig ure 10. Rel a tive line reg u la tion char ac ter is tics of the
bi ased volt age reg u la tors LM2940CT5 af ter de po si tion
of the to tal dose of g-ra di a tion of 300 Gy(SiO2)
(bias con di tions: Vin = 7 V, I = 100 mA)

Fig ure  11. To pol ogy of the lat eral pnp power tran sis tor
[12, 15, 16]

Fig ure 12. Metal con tacts of the lat eral pnp power
tran sis tor [12, 16]



that the dom i nant in flu ence on pro cesses in tran sis tors
is that of the ox ide charge (pri mar ily holes) trapped up
to 20 nm from the Si-SiO2 in ter face [20]. On the other
hand, in the trans port pro cesses of hy dro gen ions, par -
ti cles sit u ated all over the ox ide par tic i pate. Other ef -
fects are the ex ter nal and in ter nal elec tric field in the
ox ide, ad di tion ally con trib ut ing to the trans port pro -
cesses in the ox ide. There fore, the high-den sity cur -
rent flow through the wide con duc tor above the
low-qual ity in su la tor may lead to the in ten sive elec -
tron-trap ping and re com bi na tion of a sig nif i cant por -
tion of the pos i tive trapped charge in the ox ide (holes
and hy dro gen ions).

It has to be re peated that this in ten sive ox -
ide-trapped charge an neal ing was ob served only dur -
ing op er a tion with very high cur rents and with cur rent
den si ties ex ceed ing 1 A/mm2. This sit u a tion is not ex -
pected in metal-ox ide-semi con duc tor (MOS) tran sis -
tors since their gate con tacts are de signed for op er a -
tion above the in su lat ing gate ox ide, with out in put
cur rent, im ply ing the ab sence of even mi nor cur rent
den si ties. Also, an other fac tor that would pre vent this
ef fect in MOS de vices is the higher ox ide qual ity and
its low thick ness (dox). Iso la tion ox ides in bi po lar in te -
grated cir cuits are of mar ginal in ter est, gen er ally cre -
ated by the de po si tion from a vapour phase and con se -
quently lead ing to high ox ide con tam i na tion [20]. On
the other hand, MOS ox ides are usu ally care fully
grown in di lute dry ox y gen [20], with great care in the
re duc tion of im pu ri ties con cen tra tion in the gate ox -
ide. Also, the thick ness of MOS ox ides is usu ally de -
ter mined in tens of nanometers, not in hun dreds of
nanometers or even mi crom e ters. Since the ox -
ide-trapped charge con cen tra tion is a di rect con se -
quence of the ox ide thick ness (in bi po lar ox ides pro -
por tional up to dox

3) [20], the ox ide-trapped charge
would have a much higher in flu ence in bi po lar in te -
grated cir cuits than in their MOS coun ter parts.

There fore, re gard less of the neg a tive in flu ence
of high load cur rent, af fect ing the se rial tran sis tor's
for ward emit ter cur rent gain and base cur rent, high
cur rent den sity in the prox im ity of iso la tion ox ide in -
creased the ra di a tion hard ness of the volt age reg u la -
tors LM2940CT5 ow ing to the par tial re cov ery of
small-sig nal npn tran sis tors. Re duced npn tran sis tors
deg ra da tion im proved the ra di a tion hard ness of the
volt age reg u la tor's con trol cir cuit.

Af ter com ple tion of ir ra di a tion, a brief iso ther -
mal an neal ing at room tem per a ture was per formed.
This an neal ing, which lasted half an hour, did not lead
clearly to a no tice able trend of re cov ery of the volt age
reg u la tor. How ever, fol low ing an ex am i na tion of the
ir ra di ated in te grated cir cuits, per formed nearly five
years later, it was found that the char ac ter is tics of the
ir ra di ated LM2940CT5 volt age reg u la tors were sim i -
lar to those prior to the ir ra di a tion. This re sult is com -
pletely in ac cor dance with data on the an neal ing of
LM2940CT5 de vices ob tained dur ing the first se ries

of ex per i ments on volt age reg u la tors in 2005. In this
ini tial ex per i ment on the min i mum drop out volt age of
LM2940CT5 volt age reg u la tors, loaded with 400 mA
dur ing ir ra di a tion, it was no ticed that ex posed de vices
re cov ered al most to the ini tial val ues of the min i mum
drop out volt age af ter 168 hours of iso ther mal an neal -
ing at room tem per a ture. There fore, a greater an ni hi la -
tion of de fects was ex pressed fol low ing the ir ra di a -
tion, than was the ap pear ance of long-term
deg ra da tion of LM2940CT5 volt age reg u la tors. The
ef fects of ion is ing ra di a tion are mostly ex pressed
through the charg ing of ir ra di ated in su la tors, cre at ing
trapped charge that is mostly tem po rary. Nev er the less, 
ir ra di ated sil i con de vices can never com pletely re -
cover from the in flu ence of gamma ra di a tion, be cause
the ion is ing ra di a tion knocks elec trons off at oms in an
in su la tor in or der to cre ate elec tron-hole pairs.

Dur ing the pre vi ous de cade there have been sev -
eral stud ies ded i cated to the anal y sis of LM2941 ad -
just able low-drop out volt age reg u la tors. These de -
vices are es sen tially the same as LM2940CT5 volt age
reg u la tors but with one dif fer ence re lated to the state
of the out put volt age. While the LM2940CT5 volt age
reg u la tor is the fixed five-volt de vice, the LM2941 has 
an out put volt age ad just able in the range 5-20 V [5,
28]. 

The first stud ies on the LM2941 volt age reg u la -
tors were pri mar ily fo cused on the en -
hanced-low-dose-rate-sen si tiv ity (ELDRS) ef fects. In 
ad di tion to the LM185 volt age reg u la tor, the ini tial ex -
am i na tions were also per formed on the LM2941J volt -
age reg u la tor [28]. These de vices were ex am ined in
the field of 60Co g-ra di a tion for to tal ion is ing doses up
to 500 Gy(SiO2). Tests were im ple mented with three
dif fer ent dose rates, i. e. low dose rate (80 mGy/s) and
high dose rate (138 cGy/s), both at room tem per a ture,
as well as an ac cel er ated test with a me dium dose rate
(1 cGy/s) at an am bi ent tem per a ture of 100 °C (el e -
vated tem per a ture ir ra di a tion) [28]. Rel a tive vari a -
tions of the out put volt age were ana lysed for an in put
volt age of 6.9 V and for load cur rents from 60 mA up
to 600 mA. Re sults pre sented in [28] in di cated that the
ac cel er ated test was not a good pre dic tor of fail ure at
low dose rates for the LM2941J volt age reg u la tor; the
out put volt age de creased by more than 2% fol low ing
de po si tion of a to tal ion is ing dose of 200 Gy(SiO2). In
to tal, the out put volt age de creased by 5% af ter de po si -
tion of a to tal dose of 500 Gy(SiO2) for a load cur rent
of up to 300 mA [28].

The next study pub lished on LM2941 volt age
reg u la tors was more ex ten sive and was ded i cated to
the anal y sis of four dif fer ent volt age reg u la tors [29].
Volt age reg u la tors from two dif fer ent pro duc tion lots
were tested in a low dose rate g-ra di a tion field with a
dose rate of 50 mGy/s and a to tal dose of up to 350
Gy(SiO2) [29]. A part of the volt age reg u la tors were ir -
ra di ated un bi ased, while the bias con di tions for other
group were Vin = 6 V, Iload = 1-10 mA. The re sults were
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mixed. Cat a strophic fail ures of un bi ased LM2941
volt age reg u la tors were ob served af ter the de po si tion
of to tal doses of 190-240 Gy(SiO2), when the out put
volt age fell to 0 V. On the other hand, re search ers re -
ported some deg ra da tion of the bi ased cir cuits; how -
ever, with out their cat a strophic fail ure [29]. Dam age
in the bi ased sam ples was two to three times less than
that for the un bi ased cir cuits [29].

In gen eral, pre vi ous re search has high lighted
some weak nesses of the tech no log i cal pro cess im ple -
mented for the cre ation of LM2941 volt age reg u la tors, 
es pe cially for un bi ased de vices in the fields of low
dose rate gamma ra di a tion [28, 29]. On the other hand,
the re sults were not so bad for bi ased LM2941 cir cuits
in the high dose rate fields [28, 29]. There fore, re -
search ers con tin ued with the anal y sis of the LM2941
volt age reg u la tor and matched bi po lar tech no log i cal
pro cess. The next study was ded i cated to the new ver -
sion of the “ELDRS-free” LM2941W volt age reg u la -
tor, rec om mended for space ap pli ca tions with an ul -
tra-low dose rate en vi ron ment and to tal doses of up to
1 kGy(SiO2) [5]. These de vices were made by the “Na -
tional Semi con duc tor” fa cil ity in Green ock, United
King dom, with the im ple men ta tion of a new tech no -
log i cal pro cess [5]. The de vices were again tested in a
g-ra di a tion en vi ron ment with low dose rate (100
mGy/s) and ul tra-low dose rate (10 mGy/s) for doses up 
to 200 Gy(SiO2) [5]. Also, a high dose rate ex per i ment
was per formed with a dose rate of 180 cGy/s and to tal
doses of up to 1 kGy(SiO2) [5]. Volt age reg u la tors
were ex posed to gamma ra di a tion both in un bi ased and 
bi ased con di tions. Bi ased cir cuits were loaded with
5-50 mA, while the in put volt age was 25 V [5]. 

In this case, the au thors re ported ex cel lent char ac -
ter is tics of all the ex am ined volt age reg u la tors. The pre -
sented re search was more thor ough than the pre vi ous
two had been and in this case, a wide range of pa ram e -
ters (out put volt age, qui es cent cur rent, line reg u la tion,
drop out volt age, rip ple re jec tion) was ex am ined [5].
None of the spec i fied pa ram e ters showed sig nif i cant
deg ra da tion, re gard less of the LM2941W volt age reg u -
la tor's op er a tion in high dose rate or low dose rate fields
or of the cir cuit's bias con di tions [5]. 

Re sults pre sented by Kruckmeyer in [5] were
quite dif fer ent from the pre vi ous two stud ies [28, 29];
how ever, they jus ti fied the ef forts that the au thors of
this pa per have com mit ted to the ex am i na tion of the
LM2940CT5 volt age reg u la tor as a cheap re place ment 
for spe cially de signed ra di a tion-hard com po nents
[10-12, 15]. Un for tu nately, sam ples of LM2940CT5
volt age reg u la tors from batches PM44AE and
JM41AD were pro cured in 2004, be fore the im ple -
men ta tion of the new tech no log i cal pro cess at the “Na -
tional Semi con duc tor” wa fer fa cil i ties. There fore,
they proved them selves as ut terly ra di a tion-sen si tive
com po nents. There are many data in [5] that en able
mu tual com par i son be tween the re corded char ac ter is -
tics of the LM2940CT5 in te grated cir cuits and the

LM2941W de vices. In [5], there are data on the out put
volt age, drop out volt age and qui es cent cur rent, as
there are in this manu script and in pre vi ous pa pers
[10-12, 15]; how ever, Kruckmeyer and as so ci ates did
not col lect data on qui es cent cur rent si mul ta neously
from the loaded and un loaded volt age reg u la tors.
There fore, it was not pos si ble to per form a com par i son 
with data on the se rial pnp tran sis tor's base cur rent and
for ward emit ter cur rent gain, as may be seen in the pre -
sented re search and in [10, 11, 15].

On the other hand, an ex am i na tion of the older
tech no log i cal bi po lar pro cess, used for the man u fac -
ture of the LM2940CT5 volt age reg u la tors, en abled
better in sight into the an neal ing mech a nisms of the ox -
ide trapped charge, as well as a more com pre hen si ble
un der stand ing of the high load cur rent in flu ence on the 
re cov ery of ir ra di ated low-drop out volt age reg u la tors.

CON CLU SIONS

Ex am i na tions of the col lec tor-emit ter volt age of
lat eral se rial pnp tran sis tors in the volt age reg u la tor
LM2940CT5 pro vided plain data on the low ra di a tion
tol er ance of this cir cuit, that was not ex plic itly pre -
sented dur ing the ex am i na tions of drop out volt age
with mod er ate load cur rent. Higher and vol a tile se rial
tran sis tor drop out volt age, and pri mar ily de cline of
out put volt age be low the thresh old of 4.9 V, re gard less
of the bias con di tions, led to an un equiv o cal con clu -
sion on the cir cuit's low ra di a tion hard ness. The main
rea sons for the de creased abil ity of the volt age reg u la -
tor LM2940CT5 to keep a sta ble and sat is fy ing out put
volt age were the loss of gain of the neg a tive feed back
re ac tion and, to a lesser ex tent, the de crease in the se -
rial tran sis tor's for ward emit ter cur rent gain.

The mag ni tude of the load cur rent had a sig nif i -
cant in flu ence on the ra di a tion hard ness of the volt age
reg u la tors LM2940CT5. Re gard less of the greater
deg ra da tion of the se rial tran sis tor's for ward emit ter
cur rent gain in the heavily loaded sam ples dur ing the
ir ra di a tion, to tal ra di a tion hard ness of volt age reg u la -
tors LM2940CT5 op er at ing with high load cur rents,
slightly in creased. The pri mary mech a nism for im -
prove ment of the ra di a tion hard ness of the en tire volt -
age reg u la tor LM2940CT5 was the high-cur rent-den -
sity flow through the se rial tran sis tor's emit ter con tact
im me di ately above the iso la tion ox ide. How ever, this
ox ide-trapped charge an neal ing re duced the ben e fi cial 
in flu ence of the ox ide-trapped charge on the cur rent
gain of the power pnp tran sis tors. But the high re com -
bi na tion of trapped charge with elec trons from
high-cur rent-den sity flow in the prox im ity of the iso -
la tion ox ide re duced the to tal con cen tra tion of the ox -
ide-trapped charge and there fore caused the re cov ery
of a num ber of small-sig nal npn tran sis tors in the er ror
am pli fier cir cuit. The sec ond ary mech a nism for im -
prove ment of the volt age reg u la tor's ra di a tion hard -
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ness was passivation of neg a tive in ter face traps in the
base area of the lat eral pnp tran sis tor, ow ing to the
high-den sity hole cur rent in the base im me di ately be -
low the iso la tion ox ide. The passivation of the in ter -
face traps in the se rial tran sis tor's base area im proved
the ra di a tion hard ness of the se rial tran sis tor. 

Con se quently, the pos i tive in flu ence of the re -
duced con cen tra tion of ox ide-trapped charge on the
neg a tive feed back re ac tion cir cuit, to gether with the
pos i tive in flu ence of the re duced in ter face traps con -
cen tra tion in the lat eral power tran sis tor, ex ceeded the
neg a tive in flu ence of an nealed ox ide-trapped charge
on the se rial pnp tran sis tor's for ward emit ter cur rent
gain. The over all re sult of these ef fects was a slightly
im proved ra di a tion tol er ance of the volt age reg u la tor
LM2940CT5, but be low the de mands for proper op er -
a tion of this cir cuit in a ra di a tion en vi ron ment.
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Vladimir \. VUKI], Predrag V. OSMOKROVI]

LATERALNI  PNP  TRANZISTOR  SNAGE  U  RADU  SA
VELIKOM  GUSTINOM  STRUJE  U  STABILIZATORU  NAPONA

IZLO@ENOM  ZRA^EWU

Rad lateralnih pnp tranzistora snage u poqu gama zra~ewa ispitivan je odre|ivawem
minimalnog pada napona na veoma optere}enim stabilizatorima sa malim gubicima LM2940CT5.
Demonstrirana je mala radijaciona otpornost stabilizatora napona, sa neprihvatqivo niskim
vrednostima izlaznog napona i nepostojanim naponom kolektor–emitor na rednom tranzistoru.
Zajedno sa prethodnim rezultatima o struji baze i koeficijentu strujnog poja~awa rednih
tranzistora, bilo je mogu}e odrediti pozitivan uticaj velike struje potro{a~a na izvesno
pove}awe radijacione otpornosti stabilizatora napona LM2940CT5. Proticawe struje velike
ja~ine kroz {iroki aluminijumski kontakt emitora rednog tranzistora iznad izolacionog oksida
dovelo je do intenzivne rekombinacije pozitivnog naelektrisawa zahva}enog u oksidu, izazivaju}i 
smawewe strujnog poja~awa lateralnog pnp tranzistora, ali i intenzivan oporavak npn
tranzistora za male signale u regulacionom kolu. Velika gustina struje u oblasti baze lateralnog
pnp tranzistora neposredno ispod izolacionog oksida smawila je koncentraciju negativnih
spojnih zahvata naelektrisawa. Tako je pozitivan uticaj velike struje potro{a~a na kolo
negativne povratne srege, zajedno sa povoqnim efektom smawewa koncentracije spojnih zahvata,
bio ve}i od negativnog uticaja smawewa koncentracije naelektrisawa u oksidu na koeficijent
strujnog poja~awa rednog lateralnog pnp tranzistora.

Kqu~ne re~i: koeficijent strujnog poja~awa, lateralni pnp tranzistor, stabilizator
......................... napona, gustina struje, zahva}eno naelektrisawe u oksidu, spojni zahvat
..........................naelektrisawa, gama zra~ewe, karakteristika naponske regulacije


