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Samples of four types of low-dropout voltage regulators, with both serial pnp and npn tran-
sistors, were examined in room-temperature isothermal gamma radiation annealing. After
uninterrupted exposure to a total ionising dose of 500 Gy, biased and loaded voltage regula-
tors were examined in room-temperature annealing within the first 30 minutes after the ex-
posure. Beside the on-line measurement of output voltage and quiescent current during the
thirty-minute period immediately after irradiation, also results were procured after 10-year
room-temperature spontaneous recovery. Data obtained during the irradiation and rapid an-
nealing were fitted with linear, exponential, and power-law regression functions. A simple
procedure was proposed, based on the quiescent current annealing factor, for the quick esti-
mation of the integrated voltage regulator's radiation sensitivity during the post-irradiation
isothermal annealing. In order to estimate the circuit's radiation sensitivity, immediately after
irradiation, tested devices have to be left in the same operating conditions as during the expo-
sure. If a clear trend of the quiescent current recovery can be observed, further examinations
have to be implemented to estimate if a circuit is acceptably radiation-tolerant. If no recovery
trend can be observed within the first hour after irradiation, or even further degradation is
noticed, then the examined voltage regulator is a radiation-sensitive device and cannot be
used in radiation environments. The described procedure is based on the macroscopic effects

of the radiation-induced charge-trapping in field oxides and interfaces.

Key words: voltage regulator, gamma radiation, quiescent current, annealing factor,
isothermal annealing, post-irradiation effect, regression analysis

INTRODUCTION

Analogue bipolar integrated circuits (ICs) are
very important components in any electronic equip-
ment used in nuclear or space radiation environments.
The main effects observed in linear bipolar circuits are
related with the loss of the bipolar transistor's forward
emitter current gain, as well as the establishment of ra-
diation-induced leakage currents [1, 2]. These effects
are primarily created owing to the generation of radia-
tion-induced interface traps and the oxide-trapped
charge in elementary bipolar transistors [1]. However,
the effects of the described trapped charge may be sig-
nificantly reduced during the circuit's recovery, yet
their negative influence may also increase the damage
created during the irradiation process [2]. Accord-
ingly, it is very important to estimate the devices' re-
covery already during the tests of integrated circuits,
prior to their implementation in electronic devices
made for a radiation environment.

The electronic devices recovery process after ir-
radiation is usually described with the term “annealing”
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[1]. Despite this word's suggestion that the recovery
process must be executed in an elevated ambient tem-
perature, in fact this is not the case. Irradiated circuit an-
nealing may be performed at temperatures both high
above and far below room temperature (usually 20 °C)
[2]. Therefore, if the annealing is performed at a con-
stant temperature, this process can be described as iso-
thermal annealing [1]. On the other hand, recovery in a
predefined time interval, with various ambient tempera-
tures, represents the isochronal annealing process [ 1, 2].

In previous years, many authors have analysed
annealing in silicon semiconductor devices [3-17].
The main focus was on research of annealing in MOS
transistors and integrated circuits [4-7, 11-15], yet
considerable attention was also paid for the time-de-
pendent radiation effects in bipolar devices and related
field oxides [3, 8, 10]. Radiation response of an inte-
grated circuit is very complex, being affected by the
characteristics of its transistors (MOSFET or bipolar,
silicon or heterojunction, etc.), mutual influence of its
elementary circuits, as well as a type of implemented
ionising radiation, its dose rate, then temperature, bias
conditions, load, efc. While MOSFET in integrated
circuits are primarily affected by the radiation re-
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sponse of their thin, high-quality gate oxides, bipolar
transistors are strongly affected by the radiation ef-
fects in thick and contaminated field oxides. Thus,
while an integrated circuit's response is strongly af-
fected by the elementary mechanisms of charge trap-
ping in oxides and interfaces, their influence cannot be
simply predicted.

For the variety of applications, from space to nu-
clear and military, it is very important to perform pre-
liminary tests in laboratory conditions, in order to de-
termine the electronic devices' radiation tolerance. Yet
laboratory conditions differ significantly from the real
exploitation conditions, particularly in terms of the
ionising radiation dose rate (from uGys™' in the Earth
orbit, up to MGys™ in a military nuclear environment
[2]). Also, laboratory tests usually last for several
hours or, at most, several weeks [1]. This is in sharp
contrast to the exploitation period of approximately
100 000 hours that is common for electronic compo-
nents designed for operation in space or an accelerator
radiation environment [ 1]. Therefore, in order to prop-
erly estimate the radiation damage, it is very important
to normalise the results of laboratory tests on the real
exploitation interval and the environment. In a long
exploitation period, not only instant radiation effects
would be present, but also dose-rate and time-depend-
ent post-irradiation effects. These time-dependent ef-
fects may lead to both the circuit's recovery and its fur-
ther degradation. So, it is not enough only to estimate
the device's radiation tolerance during the ionising ra-
diation exposure, but also its post-irradiation trend,
i. e., annealing or deterioration.

For estimation of the post-irradiation effects,
one approach is to repeat the analysis of the laboratory
samples after their 10-year storage, and compare it
with the initial annealing data set. The purpose of the
implemented procedure is to estimate the circuit re-
sponse after exposure and evaluate its post-irradiation
trends, related to the trapped charge in oxides and in-
terfaces. An idea derived in this paper was to evaluate
the alternative method for procurement of the anneal-
ing factor in integrated low-dropout voltage regula-
tors, with both serial pnp and npn power transistors.

THEORY

Radiation annealing represents the partial or to-
tal removal of the ionising radiation effects on elec-
tronic devices. After irradiation, most of the defects
generated in the semiconductor recombine at room
temperature after several hours [1]. On the other hand,
annealing of the oxide-trapped charge may vary sig-
nificantly, in the range from hours to years [4]. The ox-
ide-trapped charge concentration may increase rapidly
with total ionising dose, having the dominant effect in
the initial phase of irradiation. On the other hand, in-
terface trap generation is much slower, and, during the

irradiation, may significantly compensate the effects
of the oxide-trapped charge. While the oxide-trapped
charge may anneal significantly even at room temper-
ature, particularly during the initial phase of recovery,
build-up of the interface states may continue during
longer periods after irradiation [17]. As many authors
have written before [4, 12, 17], positive charge in the
oxide, particularly radiolytic hydrogen-related ions
and species, as well as the hydrogen molecules exist-
ing in the electronic device package well before irradi-
ation, tend to move toward the Si-SiO, interface. On
that interface, positive charge may react with atoms of
silicon, creating bonds and increasing the concentra-
tion of interface traps [4]. In n-channel MOS transis-
tors (and parasitic MOS structures in field oxides of
bipolar circuits), interface traps have negative signs,
being opposite to the total oxide-trapped charge [7].

The principal differences in radiation effects in
electronic devices are based on the great variations in
the dynamics of the interface traps and the ox-
ide-trapped charge generation [4]. Depending on the
device type, geometry, technological process imple-
mented and materials, macroscopic radiation effects
may differ significantly. This is also the case with radi-
ation annealing.

Beside the temperature and total ionising dose,
as well as the type of ionising radiation, bipolar tran-
sistor annealing is strongly affected by the technologi-
cal parameters, such as the oxide quality, concentra-
tion of impurities and the geometry of the elementary
transistors. Isothermal annealing was thoroughly ana-
lysed in MOSFET. Detailed experiments pointed to
the dominant influence of tunnel annealing at room
temperature, while for elevated temperatures (above
75 °C-100 °C) thermal emission dominates the anneal-
ing in oxides [4]. The influence of the interface traps
and the oxide-trapped charge differs significantly.
While the oxide-trapped charge anneals according to
the natural logarithm as a function of time (Inf) [16],
interface traps, in general, hardly anneal at room tem-
perature, and may even build up further as the anneal-
ing process progresses with time [13, 17]. Neverthe-
less, integrated circuit recovery can never be complete
(i. e., it is not possible to completely recreate the state
that existed before irradiation), owing to the lasting ra-
diation effects on the crystal structures of both semi-
conductor and oxide [1].

For bipolar transistors, a time-dependent anneal-
ing factor, F(¢), may be expressed [1, 10, 18]

_ B (0)-B7(0)
B (4)-p70) 1)
F(1)<0, F(0+)>1, F(4)=1

F(t)

where B(f) is the forward emitter current gain after
elapse of time t after irradiation, 3(0) — the transistor's
current gain before irradiation, B(4) — the forward
emitter current gain after an infinite recovery period.
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Originally, the annealing factor was defined for the
variations of the forward emitter current gain in bipolar
junction transistors [18]. In order to procure reliable re-
sults, the current gain has to be recorded for constant val-
ues of the base-emitter voltage. Since all the examined
circuits in the presented research are three-terminal volt-
age regulators, output voltage, as well as output and qui-
escent currents are the only output parameters that can be
directly measured. Therefore, all other important param-
eters can only be recalculated or estimated, by either the
use of other experimental results or the integrated circuit
computer simulation.

In integrated circuits, the quiescent current usu-
ally represents the current of their internal consump-
tion. In the voltage regulator, there are two basic cir-
cuit topologies that may affect the quiescent current.
One is related to the serial pnp transistor and, for cir-
cuits with positive output voltage, quiescent current,
IQ, is the sum of the serial transistor's base current /g,
and the internal control circuit supply current /o, [19]

Ig=1Ig+1g, )

The other important topology is based on the serial
npn power transistor. If this kind of voltage regulator has
positive output voltage, the serial transistor's base current
is superimposed with the serial transistor's emitter cur-
rent and is therefore not related to the voltage regulator's
quiescent current. Yet, if the voltage regulator with serial
npn transistor has negative output voltage, the serial tran-
sistor's base current is superimposed on the internal cir-
cuit's consumption current. These differences are very
important since the ionising radiation may affect the in-
ternal supply current and the serial transistor's base cur-
rent in various ways [20].

Internal consumption of the control circuit in a
voltage regulator may be a particularly useful measure
of the voltage regulator's radiation sensitivity, since it
is not affected by the circuit's negative feedback reac-
tion, contrary to the serial power transistor's base cur-
rent at a particular operation point. Usually, the inter-
nal supply current decreases with the total dose, while
the serial transistor's base current increases during the
exposure [20]. Nevertheless, these scenarios may vary
in different devices, both qualitatively and quantita-
tively, compensating or superimposing each other's
variation.

The idea of this research is to use the quiescent
current annealing factor in order to estimate the inte-
grated circuit's degradation. Based on relation (1), an
analogy was implemented in order to create the quies-
cent current annealing factor, F' I

1,7\ ()-1,7'(0)
I, @)-1,70) 3)
F, (0020, F; (4)=1

where /(?) is the voltage regulator's quiescent current
after elapse of time t after irradiation, /o(0) — the quies-

Flg(t):

cent current before irradiation, /o(4) — the quiescent
current after an infinite recovery period (85 000 hours
in the experiment described in this paper).

Thus, it is very important to examine if the volt-
age regulator's quiescent current can be a reliable indi-
cator of the circuit's degradation or recovery affected
by radiation or post-irradiation effects. Also, it is nec-
essary to find if the proposed alternative annealing
factor can be used for the examination of both rapid
and long-term post-irradiation effects.

EXPERIMENT

Experiments were performed on four types of
low-dropout voltage regulators, with various pass
transistors and implemented technological processes.
Integrated 5-volt commercial off-the-shelf (COTS)
low-dropout voltage regulators were tested at the
Vinca Institute of Nuclear Sciences, Belgrade, Serbia,
in the Metrology-dosimetric laboratory. The follow-
ing devices were examined in py-radiation fields:
LM2940CTS5,  L4940V5, LM2990T-5  and
LT1086CTS5. All the examined circuits had different
serial power transistors: LM2940CTS5 is a classical bi-
polar integrated circuit with a serial lateral pnp transis-
tor with round emitters, L4940V5 is a BICMOS device
with a serial vertical pnp transistor, LM2990T-5 is a
negative voltage regulator with a serial super-8 npn
transistor, while LT1086CTS5 is a quasi-low-dropout
positive voltage regulator with a serial npn transistor.
The LM2940CTS5 circuits were from the batch
PM44AE, made by National Semiconductor's subcon-
tractor in China [20]. The L4940V devices were from
the WKOOGO 408 batch, made by ST Microelectron-
ics in China [19]. The LM2990T-5 is from batch
JM45AB, made in the National Semiconductor facil-
ity in United Kingdom [21]. Finally, LT1086CT5 is a
circuit made by Linear Technology, from batch
3529013. All circuits were in plastic TO-220 cases.

As a source of y-radiation, ®°Co was used. The
measurement of the exposition doses was performed
with the cavity ionising chamber “Dosimentor” PTW
M23361, using the reader D14 [19, 20]. All currentand
voltage measurements, as well as the irradiation of the
components, were performed at a room temperature of
20 °C [22, 23].

All devices were continuously exposed to y-ra-
diation, without cessation of the irradiation. The de-
vices were irradiated until the predetermined total
doses of 500 Gy were reached (with a dose rate of
4 ¢Gys™"). Therefore, irradiation in the ®°Co field
lasted continuously for approximately three and a half
hours. In order to record the annealing process imme-
diately after irradiation, all measurements were per-
formed within a time interval of half an hour after the
exposure.

The principal quantities used for the detection of
the continuously irradiated voltage regulator's degra-
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dation due to exposure to ionising radiation were the
voltage regulator's output voltage and quiescent cur-
rent [20]. During irradiation, the tested biased devices
were supplied with the same input voltage, 8 V, whilst
the load currents had the same value: 100 mA. During
this experiment, there were no interruptions to the irra-
diation, with testing of additional circuits with various
input voltages and output currents. Therefore, this set
of data was the control ensemble, prearranged for the
most faithful possible approximation of the exploita-
tion conditions in the real radiation environment. Im-
mediately after cessation of the exposure, the devices
were tested with the same operating conditions as dur-
ing the primary experiment. Every minute, the values
of the voltage regulator's output voltage and quiescent
current were recorded. The examined circuits re-
mained under the same bias conditions for thirty min-
utes after irradiation, with the same values of input
voltage and output current as was the case during the
circuit's radiation exposure.

For the next 10 years after the irradiation, all the
tested circuits were kept stored in the office locker, at a
room temperature in the range of 15 °C-25 °C for all
the intervening time. After nearly 10-year room-tem-
perature annealing (precisely, in January 2017, 85 000
hours after the y-radiation exposure), current and volt-
age measurements were done again, on exactly the
same samples that were exposed to radiation with the
specified bias and load.

Further details about the experiment, the imple-
mented technological process and construction of
voltage regulators can be found in [19-23].

RESULTS

After the first series of experiments on
low-dropout voltage regulators, performed in 2005,
data on the maximum output current and minimum
dropout voltage were procured after 168-hour
room-temperature recovery. Initial results pointed to a
significant recovery of the maximum output current
for circuits LM2940CTS5, reaching 80-90 % of the
pre-irradiation values [24]. Loaded voltage regulators
L4940V5 and LM2940CTS5 (from the 2007 series of
experiments) also demonstrated recovery of the output
voltage, as recorded during the control measurements
several years later, being briefly described in refer-
ences [19] and [22]. Thus, the author expected that,
following the same trends in the years to come,
10-year room-temperature annealing would lead to the
recovery of most of the oxide-trapped charge and, con-
sequently, to the predominant recovery of the irradi-
ated low-dropout voltage regulators to their pre-irradi-
ation parameters. Successful recovery was in
particular expected for the L4940V5 devices, which
are proven radiation-tolerant circuits [19, 20], and that
also demonstrated fast recovery in the initial period of
post-irradiation room-temperature annealing.

However, detailed examinations performed after
the 10-year room-temperature storage of the irradiated
samples did not justify the initial expectations.

Figures 1-4 present the change in the voltage
regulator's output voltage (left y-axis) and quiescent
current (right y-axis) during the continuous irradiation
up to the dose of 500 Gy. In the same figures, data were
also presented that followed during the rapid isother-
mal annealing period (biased samples for the first 30
minutes after exposure) and, finally, data on the output
voltage and quiescent current recorded after 10-year
room-temperature annealing of unbiased samples. In
order to present such a diverse ensemble, the x-axis is
presented (linearly) as time dependence (in hours),
rather than as a function of a total ionising dose
(in Gy). For a dose rate of 4 cGy/s, irradiation of all
samples lasted for approximately 3.5 hours, followed
by the annealing period, lasting up to 85 000 hours. In
figs. 1-4, the break in the x-axis is placed between 4
and 80 000 hours from the beginning of irradiation.
The second part of the x-axis, after the break, is pre-
sented in logarithmic scale.

Figure 1 describes relatively wide variations of
output parameters in the National Semiconductor
LM2940CTS5 circuit, a low-dropout voltage regulator
with a lateral serial pnp power transistor. Figure 2 indi-
cates the stable output voltage and clear exponential
increase in the quiescent current of the L4940V5 volt-
age regulator, a BICMOS circuit with a vertical serial
pnp power transistor. At first sight, fig. 3 is nearly the
same as fig. 1, but there is a big difference in the output
voltage trend, since LM2990T-5 is a negative voltage
regulator, and, therefore, the output voltage absolute
value does not have a rising trend (as in fig. 1), but a
sharply declining one. The output parameters of the
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Figure 1. Change in the output voltage and quiescent
current in the biased and loaded (V;,=8 YV, I, =100 mA)
voltage regulator LM2940CTS5, under the influence of
y-radiation (area I), followed by the first half an hour af-
ter the exposure to y-radiation (area II), complemented
with additional data on 85 000-hour room-temperature
annealing without bias (area III); variations of the out-
put voltage during irradiation were successfully fitted
with the allometric power-law regression function, eq.
(4); variations of quiescent current during irradiation
were successfully fitted with a linear regression function,

eq. (5)
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Figure 2. Change in the output voltage and quiescent
current in the biased and loaded (V;, =8V, I,y =100 mA)
voltage regulator L4940VS5, under the influence of
y-radiation (area I), followed by the first half an hour
after the exposure to y-radiation (area II), complemented
with additional data on 85 000-hour room-temperature
annealing without bias (area III); both irradiation and
the first ensemble of annealing data for quiescent current
were fitted with exponential functions, eqs. (6) and (7)
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Figure 3. Change in the output voltage and quiescent
current in the biased and loaded (V;, =8V, I, =100 mA)
voltage regulator LM2990T-5, under the influence of
y-radiation (area I), followed by the first half an hour
after the exposure to y-radiation (area II),
complemented with additional data on 85 000-hour
room-temperature annealing without bias (area III);
irradiation processes were fitted with nearly equal
success with both exponential and power-law functions,
eqs. (8) and (9)

quasi-low-dropout circuit, LT1086CTS5, presented in
fig. 4, have a clear declining trend. Both figs. 3 and 4
indicate the operation of moderately loaded voltage
regulators LM2990T-5 and LT1086CT5 with a rela-
tively low output voltage, close to the minimum ac-
ceptable value of 4.9 V. Whenever it was possible,
curves were fitted with linear, exponential or
power-law functions.

Data on the output voltage and quiescent current
were separated into three parts, in order to unify the
data on the irradiation and annealing processes. The
first area (I) describes the irradiation period, while the
second area (II) in figs. 1-4 is based on data recorded
during the initial 30-minute period of the room-tem-

Time, t[h]

Figure 4. Change in the output voltage and quiescent
current in the biased and loaded (V;, =8V, I,,:= 100 mA)
voltage regulator LT1086CTS, under the influence of
y-radiation (area I), followed by the first half an hour af-
ter the exposure to y-radiation (area II), complemented
with additional data on 85 000-hour room-temperature
annealing without bias (area III); irradiation processes
were successfully fitted with complex exponential-linear
functions, eqs. (10) and (11)

perature annealing, starting immediately after
irradiation of the voltage regulators. During the rapid
annealing period, variations of the output voltage were
negligible and random, without a noticeable trend.

As reported in previously published articles, the
LM2940CT5 is a very radiation-sensitive circuit,
prone to severe output voltage degradation even after
the absorption of relatively low total doses [20, 22,
23]. Yet, this conclusion cannot be drawn from fig. 1,
since the increase in output voltage of 0.6%, following
the absorption of the total dose of 500 Gy, represents
its minor variation. Also, the 10 % decline in the quies-
cent current for the same dose of 500 Gy is not a suffi-
cient sign of severe degradation. Yet, significant deg-
radation in LM2940CT5 circuits was observed only
for much higher output currents, closer to the regula-
tor's nominal current of 1 A [20, 22].

Initial rapid annealing data cannot lead to any
clear conclusions on the LM2940CTS5 circuit's recovery
(fig. 1). Variations in the output voltage of only 2 mV
(between 4.986 V and 4.988 V; less than 0.05 % of the
nominal output voltage), followed by the variations of
quiescent current in the range of just 60 pA (between
9.51 mA and 9.57 mA; nearly 0.6 % of the initial quies-
cent current at the end of irradiation) are really minor,
being comparable with the influence of thermal noise
on the variations of the measured parameters. Conse-
quently, the data procured during the 30-minute
room-temperature annealing of LM2940CTS5 circuits is
really insufficient to draw any considerable conclusion.

In order to estimate the circuit's characteristics
during the irradiation, it was necessary to implement
interpolation for the available data set. Variations of
the output voltage during irradiation were successfully
fitted only with the allometric power-law regression
function (being the extension of the classical
Freundlich model), presented in the following
equation.
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V32 (1)= 495842 + 00131567

2 @)
(R2,, =098414)

In the LM2940CTS5 voltage regulator, quiescent
current was successfully fitted with both a linear and a
first order exponential function. Nevertheless, the fol-
lowing linear regression function gave slightly better
goodness of fit

15%(1)=10515-0288¢

. 6)
(R2, =099848)

As aprimary measure of the goodness of fitin all
cases, the adjusted coefficient of determination (R?)
was used [25]. The adjusted coefficient of determina-
tion was presented in parenthesis, behind all the pre-
sented regression functions in the paper. In the previ-
ous, as well as all the following equations, variations
of the measured electrical values were presented as a
function of time, expressed in hours. During the irradi-
ation period, time has values between 0 and 3.47222
hours, whilst in the rapid-annealing period, variable t
changes between 3.47222 and 3.97222.

In the rapid-annealing period (area Il in fig. 1) no
noticeable trend (recovery or degrading) could be per-
ceived during the initial 30-minute recovery of biased
circuits after irradiation. Finally, after the 85 000-hour
room-temperature recovery (area III), while the quies-
cent current slightly increased, the voltage regulator's
output voltage significantly degraded (fig. 1). It is
clear that the LM2940CT5 voltage regulator endured
high degradation during the 10-year room-tempera-
ture annealing, with a nearly critical decline of its out-
put voltage, being only slightly above the minimum
acceptable value of 4.9 V.

By contrast with the data for the LM2940CT5
device, from fig. 2 it can be seen that during the irradi-
ation of the L4940V 5 voltage regulator, the quiescent
current nearly doubled, while the circuit's negative
feedback reaction kept an output voltage in close prox-
imity to its initial voltage of 5.05 V. Figure 2 indicates
an 80% rise in the quiescent current, with a clearly ex-
pressed exponential characteristic, precisely indicat-
ing the trend of the quiescent current change. During
the irradiation, the output voltage of the L4940V5
voltage regulator was nearly constant, and the same
may be said also for the initial 30-minute annealing pe-
riod (variations of up to 5-6 mV, i. e., only 1 %o of the
nominal output voltage). Therefore, data on the output
voltage are not useful for estimation of the L4940V5
circuit's recovery after the exposure (nevertheless, sta-
ble output voltage in all the operating areas is a sign of
the voltage regulator's potential high radiation toler-
ance). On the other hand, a completely different re-
sponse can be seen in fig. 2, describing the quiescent
current change during the initial room-temperature an-
nealing. Both the irradiation data and the first 30 min-
utes of quiescent current annealing were successfully

fitted with exponential functions. The exponential ap-
proximations were nearly ideal, since the adjusted
coefficients of determination for both rising and de-
clining curves were close to 1. Neither polynomial nor
power-law functions could provide such high good-
ness of fit. Relation (6) presents the first order expo-
nential regression function for the period of irradiation
(area I in fig. 2), while eq. (7) describes the annealing
period for the L4940V5 voltage regulator (area II)
t

4940 ;N _ 5045
154 (1)=8379-4185¢ 2245 ©)
(R2, =099985)

exp
t

4940 ; \ _ ]
I5% (1)=7185-4502¢ 03¢l o
(R, =099613)

exp

The implemented approximation of the rapid an-
nealing process (eq. 7) indicates the very fast recovery
of the L4940V5 voltage regulator, decreasing the ex-
cess quiescent current by nearly 7 % after only 30 min-
utes of the room-temperature recovery of biased sam-
ples. Furthermore, it was expected that the irradiated
circuits would be significantly recovered after the
elapse of 10 years, regardless of the absence of the in-
put bias voltage. In order to examine said hypothesis,
circuits L4940V5 (as well as all the other examined
voltage regulators) were tested after 85 000 hours of
the room-temperature recovery.

As can be clearly seen from fig. 2, circuit
L4940V5 only partially recovered from irradiation,
leaving the excess quiescent current of only 17 % less
than immediately after irradiation. Nevertheless, the
devices were completely functional during both the ir-
radiation and annealing periods.

The data in figs. 3 and 4 indicate similar effects
of irradiation and rapid room-temperature annealing
on these devices, which are significantly different in
terms of construction and circuit topology. Neverthe-
less, the data describing the influence of long-term an-
nealing on these circuits were completely different,
needing further analysis.

Figure 3 presented data on the output voltage
and quiescent current in the negative voltage regulator
LM2990T-5, with power-law and exponential regres-
sion functions for the irradiation process. As in the
case of circuit LM2940CT5 and contrary to voltage
regulator L4940V 5, the rapid-annealing process in the
LM2990T-5 circuit could not be fitted with any func-
tion, since there was no trend in the primary room-tem-
perature annealing process. On the other hand, data on
both the output voltage and quiescent current, pro-
cured during the uninterrupted irradiation, were nearly
ideally fitted with either linear, exponential or
power-law functions. Yet, for the output voltage, ex-
ponential model was marginally better than others,
while power-law model gave the best goodness of fit
for variations of the quiescent current. The first-order
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exponential regression functions, describing varia-

tions of the output voltage during irradiation of the

LM2990T-5 voltage regulator, is presented in eq. (8)
t

Va2 (1)=-5093+0118¢ 753 ®)
(R2, =099353)

exp

Allometric power-law function, i. e., extension
of the classical Freundlich model (y = a + bx ©), being
the most successful approximation of the quiescent
current variations, is presented in eq. (9)

157 (1) =1072794 — 178744 #4519
(R%, =099798)

pow

)

The long-term annealing process described in
fig. 3 indicates a moderate recovery of the output volt-
age, but further decline of the quiescent current. The
negative voltage regulator LM2990T-5 has very low
quiescent current (see fig. 3), primarily owing to its se-
rial super-8 npn power transistor. Therefore, the sig-
nificant decline in the quiescent current may indicate
the critical decline in the serial transistor's base cur-
rent, which may further lead to a complete failure of
the circuit [21]. Nevertheless, the decline recorded in
fig. 3 was not critical for the voltage regulator's proper
operation.

The data in fig. 4 were procured during examina-
tion of the quasi-low-dropout voltage regulator
LT1086CTS5 in the p-radiation field. Unlike all the
other tested circuits, these voltage regulators ex-
pressed obvious saturation of both the output voltage
and quiescent current after absorption of the total dose
of 300 Gy (fig. 4). Therefore, none of these values
could be successfully fitted using pure exponential
functions. Also, neither linear nor power-law regres-
sion functions could provide satisfactory goodness of
fit. So, variations of both the output voltage and quies-
cent current in the y-radiation field were nearly ideally
fitted with mixed exponential-linear functions. The
complex linear-exponential regression functions, de-
scribing variations of the output voltage and quiescent
current during irradiation of the LT1086CTS5 voltage
regulator, are presented in eqgs. (10) and (11)

t

Vo (1)=—-32193+0901¢+37204¢ %1% |
(Ripy-exp =099745)

t

5 (1)=-2118+07541+26121¢ 327 ()
(Rji-exp =099873)

In the rapid-annealing area after irradiation, the
devices LT1086CT5 were not an exception to most of
the other examined low-dropout voltage regulators:
there was no expressed recovery of a degradation
trend during the first 30 minutes after irradiation.

Yet the data in fig. 4 on the long-term room-tem-
perature annealing clearly demonstrated that the 10-year
storage period of the LT1086CTS5 circuits was certainly
not a recovery, since a sharp degradation of both output
voltage and quiescent current was recorded. This was
particularly important for the output voltage, since the
circuits' output voltage was below the acceptable mini-
mum of 4.9 V even for a moderate load of only 100 mA.
Therefore, for amoderate load of some 10 % of the nom-
inal output current, the quasi-low-dropout voltage regu-
lators LT1086CT5 demonstrated the greatest gamma-ra-
diation sensitivity among the four examined types of
low-dropout voltage regulators.

In order to evaluate the examined circuits' radia-
tion tolerance, the quiescent current annealing factor
was used (eq. 3), being based on the measured values
of quiescent current. Therefore, fig. 5 presented data
on the quiescent current annealing factor for all four
types of examined circuits (LM2940CTS5, L4940VS5,
LM2990T-5 and LT1086CTS5). All the data necessary
for calculation of the quiescent current annealing fac-
tors were presented in figs. 1-4.

Decreasing values of the annealing factor indi-
cate the circuit's recovery, while the increasing value
of F;,, is an indicator of the circuit's further degrada-
tion. Thus, fig. 5 is a good illustration of the great dif-
ferences between the four types of tested voltage regu-
lators. Particularly the long-term annealing process
demonstrated completely different responses of
low-dropout circuits with serial pnp transistors, on the
one hand, and voltage regulators with serial npn tran-
sistors, on the other.

Nevertheless, the data in fig. 5 cannot be used for
obvious demonstration of the rapid annealing process.
So, in fig. 6 the data on the quiescent current were nor-
malised and magnified in order to enable the clear
graphical presentation of the first half-hour of the
room-temperature annealing process of biased cir-
cuits. Figure 6 indicates a decreasing trend of the qui-
escent current in circuit L4940VS5, opposite to the
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Figure 5. The quiescent current annealing factors in
low-dropout voltage regulators during the first 30
minutes after exposure to y-radiation, as well as
following the 10-year room-temperature annealing
process
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Figure 6. Normalised quiescent current annealing
factors in low-dropout voltage regulators, procured
during the first 30 minutes after the exposure to
y-radiation

nearly random variations of the other circuits' quies-
cent current, pointing to the great difference between
voltage regulator L4940V 5 and all the other examined
circuits. The normalised quiescent current annealing
factor in the L4940V5 voltage regulator was success-
fully fitted with the following exponential function

t

F{2%(1)=0946+ 534596 ¢ 0378 (12)
(R2, =099617)

exp

Therefore, figs. 5 and 6, observed together, are a
good illustration of both the long-term and rapid anneal-
ing processes in all the examined circuits. While in the
long-term 10-year period there is a clear difference be-
tween devices with pnp and npn serial power transistors,
in the short-term half-hour period the circuit L4940V5
distinguishes itself among other devices.

In order to analyse the mentioned differences,
now it is necessary to start the additional discussion in
order to analyse the perceived radiation and post-irra-
diation effects.

DISCUSSION

Several different irradiation and annealing peri-
ods implemented in the described experiment enabled
broad introspection on the radiation and post-irradia-
tion effects in low-dropout voltage regulators. Since
the irradiation and annealing were uninterrupted, there
were no disruptions in the charge-trapping processes
affected by the variations of chip temperature, bias
voltage or load current.

Temperature and bias conditions (directly af-
fecting the electric field in the isolation oxide) have a
significant influence on the bipolar transistor anneal-
ing. The existence of the output voltage at terminals or
elevated temperature leads to increase of the carrier
mobility, caused by the presence of an electric field or

the thermal excitation. High-quality, thin MOSFET
oxides, in general, have the potential for a rapid an-
nealing after irradiation. On the other hand, the thick,
field oxides used in bipolar integrated circuits are
much more contaminated during the initial processing
and therefore tend to trap a much greater quantity of
the electric charge. It is generally assumed that field
oxides are very radiation-sensitive, while the
MOSFET gate oxides are radiation-tolerant. This may
not always be true, since recent research indicates that
in thick oxides, with low electric fields and at low tem-
perature, the charge yield may be relatively low, since
most of the oxide would be a “dead layer” [26],
scarcely affected by the radiation-induced charge trap-
ping. Thus, as a consequence, the oxide-trapped
charge concentration will be lower than the expected
square of oxide thickness [26]. In high-quality
MOSFET oxides, with thin gates and, consequently,
high electric fields, the concentration of the ox-
ide-trapped charge will be nearly proportional to the
square of the oxide thickness (N, ~ d_2) [2, 4, 7] or
even its third degree (N, ~ d,,>) [4]. Nevertheless, due
to the much lower volume, the total quantity of the ox-
ide-trapped charge in the thin gate oxide will be signif-
icantly lower, thus leading to its faster recovery from
the influence of ionising radiation. High oxide thick-
ness and impurities contamination clearly point to the
potential of a very large quantity of trapped charge in
field oxides, especially at higher temperatures and
electric fields [26].

The mentioned mechanisms of charge-trapping
are fundamental to the observed annealing process,
presented in figs. 2 and 6. In the initial phase, anneal-
ing of the oxide-trapped charge is dominant in the
L4940V5 circuit. The rapid annealing process ob-
served in the L4940V5 voltage regulator is affected by
the quality of the implemented field oxide; thus, eq. (7)
is the most important regression function obtained in
the presented research.

Using the quiescent current as the primary mea-
sure of the integrated circuit's radiation tolerance was
particularly useful for the rough estimation of the in-
fluence of the trapped charge. As stated in the theory
section, trapped charge may be divided into interface
traps and the oxide-trapped charge. A rise in the con-
centration of interface traps increases excess base cur-
rent both in npn and pnp transistors, while in the pnp
transistors the interface traps affect the base current
rise (and, therefore, the pnp transistor's degradation),
whence the oxide-trapped charge (above the base
area) suppresses the negative effects of the interface
traps [27]. Since the concentration of the ox-
ide-trapped charge increases exponentially with the
total dose [28] (contrary to the interface traps concen-
tration, which increases linearly with the absorbed
dose [28]), it will cause a sharp exponential rise in the
excess base current of the affected npn transistors.
Therefore, the quiescent current, as a summary supply
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current of all the elementary transistors in the voltage
regulator control circuit, will directly replicate the
summary effects of the trapped charge in the oxide and
at interfaces.

According to the data observed in figs. 1-4 and
eq. (7), aprocedure for a quick identification of the po-
tential radiation-tolerant voltage regulators may be
proposed: after exposure to the total dose of ionising
radiation, irradiated circuits have to be left opera-
tional, out of the ionising radiation field, at room tem-
perature and with the same bias and load as during the
irradiation. The output voltage and quiescent current
have to be measured for up to one hour, with time inter-
vals of 60 seconds or less. If the absolute value of the
output voltage falls below the threshold of acceptable
operation (98 % of the nominal output voltage or a
similar value), the voltage regulator is not sufficiently
radiation-tolerant. If the output voltage is above the
specified threshold and a clear trend of the quiescent
current recovery can be observed, a circuit may later
prove to be acceptably radiation-tolerant. If no recov-
ery trend can be observed in the quiescent current, or
even further degradation is noticed, then the examined
voltage regulator is certainly a radiation- sensitive de-
vice and cannot be used in radiation environments.

This procedure may also be used in control
points, after the absorption of lower doses (i. e.,
10-20 % of the predetermined total dose). The pro-
posed up to one-hour time interval is enough for im-
plementation with the existing standards, MIL STD
1019.8 [29] and ESCC 22900 [30], since they sched-
ule up to two-hour intervals between two successive
irradiations. The described procedure would be more
suitable for a quick identification of the radiation-sen-
sitive components, rather than a sufficient tool for the
qualification of potential rad-hard devices. Analogue
bipolar integrated circuits, successfully passing the
initial rapid-annealing check, should be further ana-
lysed according to some of the standards mentioned in
this paragraph.

CONCLUSIONS

Low-dropout voltage regulators, integrated cir-
cuits with both pnp and npn serial power transistors,
were exposed to a total ionising dose of 500 Gy, with-
out cessation of irradiation until the total determined
dose was absorbed. Immediately after irradiation, the
output voltage and quiescent current of biased and
loaded samples were monitored for 30 minutes. In the
next step, all the irradiated samples were left in storage
for the next 10 years and thereafter tested for the ef-
fects of room-temperature annealing.

Circuit LM2940CTS5 did not show any rapid-an-
nealing trend, yet demonstrated significant degrada-
tion in the output voltage after the 10-year room-tem-
perature annealing. Just as in the case of circuit
LM2940CT5, the negative voltage regulator

LM2990T-5 expressed a significant decline in the qui-
escent current, but the opposite trend of the (absolute
value of) output voltage. The quasi-low-dropout volt-
age regulator LT1086CT5 expressed a clear decline in
both the output voltage and quiescent current. Both
circuits with serial npn transistors, LM2990T-5 and
LT1086CTS5, demonstrated a significant decline in the
output voltage, approaching the minimum acceptable
(absolute) value of output voltage, being 4.9 V. The
positive voltage regulators L4940V5 did not express
significant variations in the output voltage either dur-
ing exposure to ionising radiation or during any phase
of the annealing process. Nevertheless, the increase in
the quiescent supply current was sharp, although it did
not affect the circuit's proper operation.

Whenever existed significant change in voltage
regulators' output voltage and quiescent current, these
variations were successfully fitted with exponential,
power-law and linear regression functions. During the
rapid-annealing period of biased circuits, only devices
L4940V5 demonstrated any trend that could be fitted
with a regression function, and were, nearly ideally,
fitted with the first-order decreasing exponential func-
tion. Immediately after exposure to ionising radiation,
all the other voltage regulators expressed indetermi-
nate variations in the quiescent supply current. In all
cases, the implemented regression functions were
nearly ideal, since the adjusted coefficient of determi-
nation (R? )always had values exceeding 0.984.

Ten-year room-temperature annealing showed
up the circuit degradation of the moderately loaded de-
vices LM2940CT5 and LT1086CT5, which was not
clearly noticeable immediately after absorption of the
total dose of 500 Gy. Long-term annealing also indi-
cated the LM2990T-5 circuit's marginal radiation tol-
erance and, finally, the high radiation-hardness of the
L4940VS5 voltage regulator for total ionising doses up
to 500 Gy.

The quiescent current annealing factor (£ I )
was introduced as an alternative measure of the volt-
age regulator's recovery from the influence of y-radia-
tion. For all four types of voltage regulators, values of
the quiescent current annealing factor were presented,
for both the rapid and long-term annealing periods.

Wide variations of the quiescent current in the
L4940V5 voltage regulator led to identification of a
new procedure for estimation of the radiation-hard-
ness of the examined integrated voltage regulators,
planned for operation in the radiation environment. In
short, after exposure to the total dose of ionising radia-
tion, the irradiated circuits have to be left operational,
out of the ionising radiation field, with the same tem-
perature, bias and load as during the irradiation. If a
clear trend of the quiescent current's recovery can be
observed, a circuit may later prove to be acceptably ra-
diation-tolerant. If no recovery trend can be observed
within the first hour after irradiation, or even further
degradation is noticed, then the examined voltage reg-
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ulator is a radiation-sensitive device and cannot be
used in radiation environments.

The proposed procedure may also be used for

other kinds of linear bipolar integrated circuits, such as
operational amplifiers, comparators and voltage refer-
ences. The essential idea is to use the circuit's quies-
cent supply current as the primary measure of the cir-
cuit's degradation or recovery in the radiation
environment.
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Baapumup 'B. BYKUh

bP3 N OYITOTPAJAH OIIOPABAK O YTUIAJA TAMA-3PAYEBA
CTABUIN3ATOPA CA HUCKUM IMAJTOM HAITOHA

Ys3opuu fBe BpCcTe cTaOMIM3aTOpa ca HUCKUM MajJOM HAINOHA, Ca PEJHUM IIHO M HIH
TPaH3UCTOPUMA, UCIUTAHU Cy Y YCIOBMMAa U30TEPMHOI OIOpaBKa OJf YTHUIIaja ramMa-3pauera Ha COOHO]
TeMrnepaTypu. Hakon OecnpexkufHor amcopOoBama YKymHe fo3e joHu3yjyher 3pauemwa of 500 Gy,
MoJIapu30BaHu W onTepeheHn crabuinm3aTopu HANMOHA Cy WCIHUTAHU MPUIUKOM OMOpaBKa Ha COOHO]
TeMIepaTypHu TOKOM IIPBUX TPUAECET MUHYTA HAKOH IIPECTaHKa U3Jarama 3padewy. [lopen HenmpekugHor
HAaJ[30pa U3JIa3HOT HAIlOHA U CTPYje IpeMa Macu HEIOCPEJHO HAKOH U3J1arama 3paueky, CIIPOBEJIeHa Cy U
Mepema HAaKOH JeCeTOTOfIUIIET CIOHTAHOT ONOpaBKa y30paka Ha coOHOj TeMmepaTypu. Pesynraru
foOujeHr NPWIMKOM O3paudBamka U Op30r ONopaBKa crabuiu3aTopa HAlOHA alpOKCUMHUPAHU CY
JIMHEApHUM, €KCIIOHEHIIUjalHUM M CTENEHUM perpecMoHnM ¢yHkuujama. Ilpennoxena je jefHOCTaBHA
npolesfypa, 3acHoBaHa Ha (pakTOpY OIOpaBKa CTpyje IpeMa MacH, HaMemeHa 3a Op3y ecTUMalujy
pajpujanuoHe OTIOPHOCTH CTaOMIN3aTOpa HAllOHA TOKOM IOCTPafljalliOHOT U30TePMHOTr onopaska. [Ja
Ou Morua fa Oyje NpoLEemeHa pajujallioHa OTIIOPHOCT MHTETPUCAHOT KOJIa, OfjMaX HAKOH O3paunBamba
UCIIUTUBAHHU Y30PIM TpeOa 1a OCTaHy y UICTUM PajIHUM yCIOBAMA K0 ¥ MIPUIMKOM H3JIarama 3payewy. AKO
ce yoyaBa jacaH TPEHJ ONOpaBKa CTpyje NpeMa Macd, KOJIO Moxe fAa Oyje MOABPTrHYTO JOJATHUM
UCTIUTUBABIMA Jla 01 ce YTBPAMWIIO Aa JIU je TOBOJbHA pajijallioHa OTIOPHOCT. AKO He MOXKe Jla Ce yOuH
HHMKAKaB TPEH]| ONOPaBKa Kojla TOKOM IIPBOT Yaca HAKOH 03paviBaba, UM aKO CE yOUH HErosa JI0faTHa
flerpajanyja, OHa je UCIUTHBAHU CTAa0MIN3aTOP HAINlOHA PajiijalliOHO OCET/bIBA KOMIIOHEHTA M HE MOXKE
lla ce KOpHUCTU Yy pajujallioHOM OKpyxkewy. OmmucaHa mpolefypa ce 3aCHUBA Ha MaKpPOCKOICKHUM
panujanoHuM e(peKTUMa, 3aXBaTa HAaeIEKTPUCAHA Y U30IallMOHUM OKCHAUMA 1 'PAHUYHUM NTOBPIINHAMA
UHTErPUCAHUX KOJIa.

Kmwyune pequ: ciiabuausaiiop HAloHa, 2ama 3padere, clupyja ipema macu, paxitiop olopaska,
U3oitlepMHU OHOPABAK, HOCIUPAOUJAUUOHU epeKaill, peZpecuoHa aHaAAU3A




