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A method of on-line monitoring of the low-dropout voltage regulator's operation in a radia-
tion environment is developed in this paper. The method had to enable detection of the cir-
cuit's degradation during exploitation, without terminating its operation in an ionizing radia-
tion field. Moreover, it had to enable automatic measurement and data collection, as well as
the detection of any considerable degradation, well before the monitored voltage regulator's
malfunction. The principal parameters of the voltage regulator's operation that were moni-
tored were the serial pnp transistor's base current and the forward emitter current gain. These
parameters were procured indirectly, from the data on the voltage regulator's load and quies-
cent currents. Since the internal consumption current in moderately and heavily loaded de-
vices was used, the quiescent current of a negligibly loaded voltage regulator of the same type
served as a reference. Results acquired by on-line monitoring demonstrated marked agree-
ment with the results acquired from examinations of the voltage regulator's maximum output
current and minimum dropout voltage in a radiation environment. The results were particu-
larly consistent in tests with heavily loaded devices. Results obtained for moderately loaded
voltage regulators and the risks accompanying the application of the presented method, were

also analyzed.
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INTRODUCTION

A recently presented method of examining the
characteristic of a voltage regulator in a radiation field
has presented us with the possibility of tracing the
changes in a serial pnp transistor's forward emitter cur-
rent gain without performing direct measurements on
the chip [1]. For the forward emitter current gain to be
calculated, it was necessary to procure data on the se-
rial transistor's base current (/), as well as on its col-
lector current (/). Measurements of the quiescent cur-
rent for an unloaded voltage regulator (/) provided
the value of the integrated circuit's internal consump-
tion. The subtraction of the unloaded circuit's quies-
cent current from the quiescent current of the device
loaded to the maximum (/,), for same input voltages,
gave a value of the serial transistor's base current [1].
Once the load current of the voltage regulator, i. e. the
serial transistor's collector current is known, the serial
transistor's forward emitter current gain can be calcu-
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lated [1]. The serial transistor's current gain is found as
the ratio of its collector current to its base current.

However, this method cannot be applied if the
examined device requires an uninterrupted operation
in a radiation environment. Moreover, even when it is
possible to terminate the irradiation, measurements at
specified points require significant time and labor. The
need for the acceleration or automation of the experi-
ment put aside, the necessity for constantly monitoring
operating voltage regulators in a radiation environ-
ment is reason enough for considering a novel method
of determining the serial transistor's parameters in a
low-dropout voltage regulator.

THEORY

Voltage regulators are widely used as compo-
nents that receive fluctuating dc input voltage and turn
it into a constant, well specified output voltage, with
variations in the supply voltage essentially eliminated
[2]. A common type of a voltage regulator is the series
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regulator, which has the output voltage controlled by a
power transistor connected in series with the output.
The power transistor is the last stage of a high-gain
voltage amplifier and may be of the npn, super-3, Dar-
lington, or pnp type. If a low-dropout voltage is re-
quired on the serial transistor, a pnp power transistor is
usually used.

An important characteristic of low-dropout volt-
age regulators with a serial pnp power transistor is the
relatively high quiescent current. This current is com-
prised of the serial transistor's base current and the
control circuit's internal consumption current. The se-
rial transistor's base current is calculated by subtract-
ing an unloaded device's quiescent current from the
quiescent current of an operating device. Another im-
portant fact is that the values of quiescent currents in
low-dropout voltage regulators are relatively high
(usually from 5 mA up to 50 mA). This characteristic
enables direct measurement of the voltage regulator's
quiescent current with ordinary laboratory equipment.
Since serial pnp power transistors are usually assem-
bled of many elementary pnp transistors connected in
parallel, it is easy to calculate the values of base cur-
rents even for elementary transistors by dividing the
calculated serial transistor's base current with the
number of elementary pnp transistors.

The aforementioned characteristics of the quies-
cent current in low-dropout voltage regulators are im-
portant for establishing a method of on-line monitor-
ing of the serial pnp transistor's operational status.
Some authors have concluded that the main reason for
the radiation-induced degradation of low-dropout
voltage regulators was the collapse of the forward
emitter current gain in lateral serial pnp power transis-
tors [3, 4]. Others identified the decrease of the current
gain of multicollector pnp transistors with lateral emit-
ters in the start-up circuit as the weak point in irradi-
ated voltage regulators [5, 6]. These results suggest
that if the most sensitive elements in voltage regulators
are monitored, the detection of considerable degrada-
tion may be possible, well before these devices fail ina
radiation environment.

EXPERIMENT
Materials and methods

Integrated 5-volt positive commercial-off-the-shelf
voltage regulators LM2940CT5 and L4940VS5 were
tested at the Vinca Institute of Nuclear Sciences, Belgrade,
Serbia.

LM2940CT5 circuits were from the PM44AE
batch made by the “National Semiconductor's” subcon-
tractor in China. The circuits were packaged in Malacca,
Malaysia. The L[4940V5 devices were from the
WKOOGO 408 batch made by “STMicroelectronics” in
China [1].

%0Co was used as a y-ray source, positioned
within the IRPIK-B device for gamma field realiza-
tion. The adopted mean energy of y photons was E, =
= 1.25 MeV. The samples were irradiated at the mouth
of the collimator.

Measurements of the exposure were performed
with a "Dosimentor" PTW M23361 ionization cham-
ber with a volume of 3-10~ m?® and a DI4 reader at-
tached to it [7].

The devices were irradiated up to a total dose of
500 Gy, at a dose rate of 4 cGy/s. The reader showed
values of exposure in units of roentgen (R) which were
then converted to the absorbed dose in silicon dioxide
(Si0,) by using the mass, energy-absorption coeffi-
cients for silicon dioxide and air [8]. The practice of
converting all dose values to Gy(SiO,) enables a direct
comparison of gamma and X-ray data. The main argu-
ment for this approach is that radiation-induced dam-
age in the oxide is the primary cause of degradation in
an integrated circuit. Exposure to ionizing radiation
leads to the creation of oxide trapped charge and inter-
face traps which have a dominant influence on irradi-
ated electronic components. However, since all of the
presented results were obtained in a gamma radiation
field, there is practically no difference between the
doses absorbed in silicon and silicon dioxide (Gy(Si)
and Gy(Si0,), respectively). The reason is that mass
energy-absorption coefficients for silicon and silicon
dioxide have approximately the same values at the
photon energy of 1.25 MeV [9].

Samples of LM2940CT5 and L4940V voltage
regulators were irradiated in groups of four. Cables ten
meter long powered the devices. Beside the power
supply cables, sense cables of the same length were
laid. To suppress the negative influence of long supply
cables, 33 uF electrolytic capacitors were mounted at
the input contacts of the integrated circuits. According
to the manufacturer's recommendation, capacitors of
the same kind were mounted on the integrated circuit
output contacts as well, in order to maintain operation
stability of the low-dropout voltage regulators. None
of the previous experiments showed any malfunction-
ing of the mounted electrolytic capacitors [7]. More-
over, data specified in literature suggest that the total
dose effects in electrolytic capacitors are negligible
below an absorbed dose of about 100 kGy [9, 10].
There were, therefore, no attempts to use other kinds
of capacitors with more radiation tolerant dielectric
materials.

Current and voltage measurements were carried
out with laboratory instruments “Fluke” 8050A and
“Hewlett-Packard” 3466A. Both the measurements
and the irradiation of components were performed at a
room temperature of 20 °C.

The principal quantities used for detecting the
degradation of the voltage regulator due to exposure to
ionizing radiation were the forward emitter current
gain and the base current of the serial transistor. Elec-
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trical quantities measured in these experiments were
the voltage regulator's output voltage and quiescent
current. The serial pnp transistor's forward emitter
current gain was calculated under the assumption that
the base current (/) of the serial pnp transistor in the
voltage regulator can be found as the difference be-
tween the entire voltage regulator's quiescent current
and the control circuit's internal consumption current
[1]

Iy :IQ (I ¢ =10aa) _[Qo Uc=0) M

In low-dropout voltage regulators that operate
with a load current of 1 mA, the serial transistor's base
current is negligible. It was, therefore, assumed that
the entire quiescent current of the low-current device
is approximately equal to the quiescent current of the
unloaded voltage regulator. In other words, a quies-
cent current of negligibly loaded devices was assumed
to be equal to the internal control circuit's consump-
tion current in voltage regulators with load currents
equal to 100 mA and 500 mA. This approximation was
based on the fact that load currents of virtually un-
loaded devices differ by two orders of magnitude from
those of moderately and heavily loaded devices.

Irradiation tests were performed on devices with
the same input voltage of 8 V and three different values
of load currents: 1 mA, 100 mA, and 500 mA. The
method established for on-line detection of the serial
pnp transistor's base current was the subtraction of the
quiescent current of circuits loaded with 1 mA from
the quiescent current of devices with load currents
equal to 100 mA and 500 mA. In that way, it was possi-
ble to calculate the serial transistor's base current for
samples loaded with 100 mA and 500 mA. Measure-
ments of output voltages and quiescent currents were
performed once the predetermined gamma radiation
total doses of 10 Gy were reached, i. e. every 250 sec-
onds, at the dose rate of 4 cGy/s. The serial transistor's
forward emitter current gain (8) was determined as the
ratio between the output current of the voltage regula-
tor and the calculated value of the base current [1]

p=de e @
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The output current of the low-dropout voltage
regulator is, actually, its serial transistor's collector
current. All of the previously stated facts have pro-
vided us with the possibility of performing simple
measurements on irradiated devices and calculating
the forward emitter current gain of the serial transistor
without a need to interrupt the irradiation.

Voltage regulators were loaded with variable re-
sistors with a total resistance of 50 Q2. Constant output
current was maintained by changing the potentiome-
ter's resistance, according to the variations of the out-
putvoltage. In the experimental setup, instead of an or-
dinary variable resistor, a programmable load may
also be used. Since the manufacturer requires the use

of minimum output electrolytic capacitors of 22 uF
[11, 12], both in the case of LM2940CT5 and
L4940VS5 circuits, voltage regulators always operate
with a combined, resistive — capacitive (RC) load.
However, the output parameters of a low-dropout volt-
age regulator are of a direct voltage and current, with a
very small ripple. Therefore, since the output value is
not an alternate current, the load type is not significant
as far as static characteristics are concerned. Only if
the transient responses of the low-dropout voltage reg-
ulators were to be analyzed, connected passive ele-
ments, as well as the stray capacitances and induc-
tances, would be of consequence. Yet, since the topic
of this paper is on-line monitoring of a serial power
transistor's static characteristics, the analysis of vari-
ous load types, such as LC or RLC, are not of primary
interest. Consequently, the experimental setup repre-
sents a faithful simulation of real electronic devices,
such as microcontrollers with additional integrated
circuits and their passive components.

In our research, the operation of voltage regula-
tors LM2940CTS5 and L4940V 5 was also analyzed with
different dose rates, as well as with various sources of
radiation [7, 13, 14]. Low-dropout voltage regulators
were examined with a dose rate of 5.5 cGy/s, ina ®Co
field. Moreover, the X-radiation source of the mean
photon energy of 150 keV was used, with the dose rate
of 11.6 cGy/s [14]. In above cited experiments, samples
of voltage regulator LM2940CTS5 were irradiated up to
the total ionizing dose of 3 kGy [ 7], while some samples
of integrated circuits L4940V5 were even exposed to
a dose of 11 kGy [14]. Therefore, an extremely wide
range of tests were carried out, with various types of ra-
diation, total ionizing doses and dose rates. The irradia-
tion of the tested voltage regulators LM2940CT5 and
L4940V with higher dose rates did not lead to signifi-
cantly different responses. This is particularly true of
voltage regulators of the L4940V5 type which demon-
strated high radiation hardness in relation to various
types of radiation environment and different dose rates.
Yet, examinations of specified integrated circuits with
lower dose rates was of less interest, especially in cases
of very low dose rates. The reason was the detailed anal-
ysis of the low-dose-rate data published in literature.
This was particularly true of low-dropout voltage regu-
lators (“National Semiconductor”, LM2941 ) [15, 16],
variable voltage regulators created in the same techno-
logical process as the five-volt LM2940CTS5 regulators.
As in the case of research on low-dropout voltage regu-
lators of the LM2940CT5 type with me-
dium-dose-rates, tests of LM2941 devices with
low-dose-rates exhibited high radiation sensitivity typi-
cal of this family of voltage regulators. Likewise, the
implemented ‘“National Semiconductor” process for
the creation of monolithic bipolar integrated circuits
proved to be radiation sensitive.

A low-dropout voltage regulator, “STMic-
roelectronics” 14913 [17], was also examined in the
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Figure 1. Schematic circuit diagram of the experimental set-up used for the examination of voltage regulators

LM2940CTS and L4940VS

low-dose-rate field of ®°Co. This voltage regulator
demonstrated very high radiation hardness [17], as did
the circuit of the same manufacturer, L4940V5, in
%0Co and X-radiation fields [13, 14]. In general, it was
accepted that the operation of bipolar integrated cir-
cuits in a low-dose-rate y-radiation environment sig-
nificantly reduces radiation tolerance of the irradiated
devices [9].

In fig. 1, a schematic diagram of the experimen-
tal setup used for examining voltage regulators
LM2940CTS5 and L4940VS5 in the y radiation field is
presented.

Characteristics of examined
integrated circuits

LM2940CT5 and L4940VS are three-terminal
low-dropout voltage regulators, packaged in standard
TO-220 cases. During irradiation and tests, all voltage
regulators were operated with heatsinks whose ther-
mal resistance was 14 K/W. The main electrical and
thermal characteristics of these linear bipolar inte-
grated circuits are presented in tab. 1.

Voltage regulator ‘“National Semiconductor”
LM2940CTS5 is an analog integrated circuit created in
a conventional process of manufacturing mono-
lithic-silicon junction-isolated integrated circuits [ 18].
The main area of the chip is occupied by a pnp pass

Table 1. Characteristics of voltage regulators
LM2940CTS5 and L4940VS5 [11, 12]

Parameter

Unit

Conditions

LM2940CT5

L4940V5

Output
voltage (Vour)

v

Vin=10V,
I1<1A

4.85-5.15

4.9-5.1

Maximum
input voltage

v

26

17

Line
regulation

mV

SmA

10ul =

20

Load
regulation

mV

50 mA < Joy
<1A

35

Dropout
voltage

Lw=1A

0.5

0.5

Quiescent
current (1y)

mA

10

Short circuit
current

1.6

1.5

Ripple
rejection

dB

72

68

Minimum
output
capacitor

puF

22

22

Minimum
input
capacitor

uF

0.47

0.1

Thermal
resistance
junction-to-
-ambient
(case TO-220)

°C/W

53

50

Temperature
range

°C

0:125

—40: 150
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transistor and its driver transistor. The serial pnp tran-
sistor consists of 350 parallelly connected pnp transis-
tors and provides a maximum output current of about
1050 mA for B = 15-20, with a quiescent current of
50-60 mA [11, 19]. Each transistor can provide a cur-
rent of 3 mA, while greater current capacity is
achieved by their parallel connection in structures
with ballasting resistors. For the applied bipolar pro-
cess, the values of a single pnp transistor are: f = 24
(for/=1mA), BVp,=94 V (collector-emitter break-
down voltage with the base open), f; = 2.5 MHz
(cut-off frequency) [18].

The pass pnp transistor consists of smaller
groups, comprised of 18 and 24 basic pnp transistors,
where the major group counting 24 transistors is closer
to the input base terminal, while the minor group is sit-
uated between the collector and emitter pads. The area
of a pnp power transistor is about 2.4 mm?, while the
area of a pnp driver transistor, assembled from 70 ba-
sic pnp transistors, is about 0.5 mm?. Altogether, these
power transistors occupy about two thirds of the chip
area [19].

The layout of a pnp power transistor is shown in
fig. 2, the cross-sections (area no. 5 in fig. 2) in fig. 3
[19]. In fig. 2, transistors are grouped in sections of six
and nine elements, divided by ballast resistors. Emit-
ters are round, approximately 13 um in diameter. Be-
tween the emitters and the collector diffusion region
are the base rings, which belong to the n-type epitaxial
layer [19].

Schematic circuit diagram of the voltage regula-
tor LM2940CTS5 is presented in fig. 4. More details on
the implemented technological process, the construc-
tion of the lateral pnp transistor, and on voltage regula-
tor LM2940CTS5 are to be found in [7, 8, 11, 18, 19].

The “STMicroelectronics” L4940VS5 voltage
regulator was commercially made in a 20 V

Figure 2. Topology of a lateral pnp power transistor [19]
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Figure 3. Cross-section (area no. 5) of a single pnp tran-
sistor from fig. 2 [19]

“Multipower” HDS?/P?> process (“High Density
Super Signal / Power Process™) [20]. This process
provides the possibility of creating both MOS and
bipolar components on the same wafer. It also en-
ables the synthesis of an isolated collector vertical
pnp transistor (ICV PNP), vertical npn transistor (V
NPN) and low-leakage diode (LLD) [20], as can be
seen in fig. 5. The procedure for isolating the pnp
transistor's collector was realized by junction isola-
tion, including additional lateral isolation of the
base and collector by a local oxide. The said proce-
dure, when utilized in transistor edge regions,
should have significantly reduced the integrated cir-
cuit's radiation hardness, if the synthesis of a
“nested” emitter had not been performed. The
“nested” emitter completely surrounds the emitter
area by a highly doped n-type base region [20]. The
implementation of the “Multipower” HDS?/P? pro-
cess resulted in high current densities in transistors:
J =6 A/mm? (npn transistor) and J = 2 A/mm? (pnp
transistor, for V,, =1 V and hgy = 10). The cut-off
frequency, f1, for small signal transistors in the inte-
grated circuit, was in the range of 0.5-1.5 GHz [13,
21].

A double layer polycrystalline silicon was the
basic semiconductor material used for the synthe-
sis of the integrated circuit. At the beginning of the
treatment, a p-silicon crystal was used, with a
<100> Miller index orientation and a specific elec-
trical resistance of p = 1-5 Qem [13, 20]. A 500 nm
thick insulator layer of SiO, was deposited over the
entire surface of the silicon wafer. On top of the
first SiO, layer, another oxide layer of the same
thickness was deposited, with implanted phospho-
rus and boron ions (PBSG — phosphorus boron
silicon glass). An alloy, comprised of 99% alu-
minium and 1% silicon, was deposited above the
PBSG layer [13, 20].

Block-diagram of the voltage regulator
LM2940CTS is presented in fig. 6. Further details on
the implemented technological process, construction
of the isolated collector vertical pnp transistor and the
L4940VS5 voltage regulator are presented in [8, 12, 13,
20, 21].
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RESULTS AND DISCUSSION

Data presented in figs. 7-12 were obtained from
tests with LM2940CTS5 circuits. Figures 7 and 8 show
complete data provided by on-line monitoring of the
output voltage and the quiescent current of
LM2940CTS5 voltage regulators. The output voltage
was most stable for samples with a negligible load cur-
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rent and slightly less stable in devices loaded with
100 mA. Even at the outset of irradiation, voltage reg-
ulators with a load current of 500 mA couldn't reach
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Figure 12. Change of the relative serial transistor's base
current in voltage regulator LM2940CTS5 under the in-
fluence of y-radiation

the 4.9 V value of output voltage, remaining in an un-
acceptable range 0f 4.83-4.90 V throughout the entire
process of irradiation. These results correspond well
with previously observed drawbacks of LM2940CT5
voltage regulators, this having to do with the failure of
the error amplifier circuit and a sharp decline of emit-
ter injection efficiency immediately upon the start of
irradiation, a cause of the abrupt decrease in the maxi-
mum output current [1, 7].

While in fig. 8 there are marked differences be-
tween quiescent currents of the devices loaded with
ImA and 500 mA, it is surprising how small these dif-
ferences are between moderately and negligibly
loaded devices. The minor difference between the lat-
ter pair of quiescent currents is due to the very small
serial transistor's base current in voltage regulators
with bias and load parameters of 8 V and 100 mA. In
other words, the irradiated devices with the stated pa-
rameters operated with a large serial pnp transistor's
forward emitter current gain. This is most evident in
fig. 9, with an initial value of the forward emitter cur-
rent gain of nearly 170, while the initial current gain of
the heavily loaded devices was less than 50. As previ-
ously seen, this is a consequence of the fact that power
serial pnp transistors operated at a high level of carrier
injection into the emitter, in the far right area of the
characteristic § = f(Vgp), i. e. B = f(£g). The heavily
loaded samples worked at a much lower current gain
than the lightly loaded ones, operating in the area of
the serial pnp transistor's maximum current gain.

In calculating the serial transistor's forward
emitter current gain for devices loaded with currents
of 100 mA and 500 mA, the quiescent current of the
nearly unloaded biased device (V;, =8 V, /=1 mA)
was assumed to be approximately equal to the internal
consumption current of the loaded devices, i. e. the as-
sumed unloaded voltage regulator's quiescent current.
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Due to the considerable difference between the qui-
escent currents of devices loaded with 500 mA and
1 mA, this approximation has a minor influence on the
calculated values of base currents and forward emitter
current gains. However, due to the small differences
between moderately loaded and nearly unloaded de-
vices, the assumption of the quiescent current of an un-
loaded device being equal to the moderately loaded
circuit's internal consumption current had to be scruti-
nized.

Table 2 presents the measured values of the se-
rial transistor's forward emitter current gains. Data
were acquired by on-line monitoring, as well as by ex-
aminations of the maximum output current[1]. Itis ob-
vious that there are small discrepancies between the
values of current gains, since the operating conditions
are similar for voltage regulators irradiated with bias
and load conditions of 8 V and 500 mA, on one side,
and devices used for the determination of the maxi-
mum output current, on the other. As expected, for-
ward emitter current gains of the circuits with a
maximum load are lower than the values of their coun-
terparts operating with the load current of 500 mA in a
radiation environment. This is due to high carrier in-
jection into the emitter and the negative feedback reac-
tion [1].

Data in tab. 2 serve to justify the validity of
adopting the unloaded voltage regulator's quiescent
current as the heavily loaded circuit's internal con-
sumption current. This assumption enabled us to
adopt a suitable method for on-line monitoring of the
serial transistor's forward emitter current gain and
base current yet to be established. During the examina-
tion of the maximum output current, the tested devices
operated with a load current between 400 mA and
600 mA, approximate values for the heavily loaded
samples in a p-radiation environment. However,
heavily loaded voltage regulators LM2940CT5 dem-
onstrated unacceptable values of the output voltage
(lower than 4.9 V), even before the irradiation. There-
fore, even this data disqualified voltage regulators
LM2940CTS5 for their implementation in a radiation
environment. The underlying reason was not a slight

Table 2. Change of the serial transistor's forward emitter
current gain in voltage regulator LM2940CTS as a
function of the total ionizing dose. The current gain was
determined during the examination of the maximum
output current [1] and the on-line monitoring of the
irradiated devices' output and quiescent currents

Total dose, D [Gy] B Toumax) [1] S (on-line)

0 423 46.1

50 38 443

100 35.1 40.8

200 32.2 35.9

300 31.2 34.7

400 26.2 31

500 259 29.1

variation of the output voltage, but the examined de-
vice's continuous operation with an unacceptably low
output voltage.

In the case of the irradiated samples loaded with
100 mA, it was not easy to evaluate the novel method,
since there were no similar operating conditions to be
found in previously published papers. Moreover, in
the group of four samples examined at 8 V and 100
mA, there were significant differences between the
measured quiescent currents. The four values of the
unloaded samples' quiescent currents measured before
irradiation ranged between 9.49 mA and 9.88 mA,
with the mean value of 9.76 mA. This mean value was
close to the assumed unloaded circuit's quiescent cur-
rent of 9.78 mA which is the mean value for samples
biased with 8 V and loaded with 1 mA.

The mentioned differences between the quiescent
currents become even more obvious when compared to
the calculated serial transistor's base currents. These
currents are in the range of 0.54 mA-1 mA, in case of
operation with the input voltage of 8 V and output cur-
rent of 100 mA. On the other hand, for the heavily
loaded devices (V;, = 8V, I, = 500 mA), the values of
the calculated serial transistor's base currents were be-
tween 10.1 mA and 16.2 mA (fig. 11). The relative in-
crease of the heavily loaded circuit's base current is
smaller than the equivalent value in a moderately
loaded device (fig. 12). Accordingly, degradation of the
forward emitter current gain is also less expressed in the
heavily loaded voltage regulators (fig. 10). Yet, very
small absolute values of the base current, in comparison
with the values of the entire quiescent current, may give
rise to a large measurement uncertainty if the assumed
values are used instead of the real ones. However, the
exact values of the base currents are impossible to de-
tect using the on-line monitoring method, if this is to be
done without interrupting the irradiation process.

This example makes it clear that the selection of
samples to be examined can have a crucial influence
on the calculated base current and forward emitter cur-
rent gain. The selection of the tested devices was of
particular importance when the proposed on-line mon-
itoring method was used on moderately loaded voltage
regulators. On the other hand, in cases of heavily
loaded voltage regulators, the values of the serial tran-
sistors' base currents were too large to be affected by
the minor differences between the quiescent currents
of the chosen samples.

There is another significant comment to be made
regarding LM2940CTS5 voltage regulators with a lat-
eral pnp power transistor. Ramachandran and cowork-
ers identified the Brokaw band-gap reference as one of
the main causes for the observed degradation of the
low-dropout voltage regulator “Micrel” 29372 [6].
The output voltage of the 29372 regulator increased
slightly during the operation. As seen from fig. 7, the
output voltage of both negligibly and moderately
loaded devices increased slightly. Moreover, the rise
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of the output voltage in moderately loaded devices
was more prominent than in the negligibly loaded
ones. These characteristics point to a degradation
mechanism similar to that of the voltage regulator
29372. The source of the referent voltage in
LM2940CT5 devices ceased to operate, invariably.
However, the degradation of LM2940CT5 voltage
regulator's band-gap reference was much less ex-
pressed than the loss of the serial transistor's current
gain.

Figures 13-18 present the experimental results
obtained for L4940VS5 voltage regulators. As in the
case of the heavily loaded LM2940CT5 voltage regu-
lators, during the experiment, there were some varia-
tions of the output voltage. However, contrary to
LM2940CTS5 circuits, the output voltage never fell be-
low the threshold voltage 0f4.9 'V, as can be seen in fig.
13. However, as in the case of the LM2940CTS5 volt-
age regulator, the input voltage during irradiation was
not stabilized but, rather, transformed and rectified the
power line voltage of 220 V and 50 Hz. As the varia-
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Figure 18. Change of relative serial transistor's base cur-
rent in voltage regulator L4940V5 under the influence of
y-radiation

tions appeared in the power line voltage, the input
voltage also had some fluctuations that the voltage
regulator corrected, while keeping the output voltage
near the reference of 5 V. Line regulation characteris-
tics of the heavily loaded irradiated circuit, along with
the output voltage variations of nearly 100 mV, were
above the values specified by the manufacturer (which
don't pertain to the operation in a radiation environ-
ment). However, it did not affect the proper operation
of the circuit.

Figure 14 demonstrates a clear trend of quies-
cent current increase in an ionizing radiation field.
Moreover, the quick saturation of the heavily loaded
samples' quiescent current is observed, as well. The
trend was much more favorable for devices with a
100 mA load current than with the LM2940CTS5 volt-
age regulators. The reason for this was a larger differ-
ence between the quiescent currents of the nearly un-
loaded (/=1 mA) and moderately loaded (/=100 mA)
devices. The increasing difference between the serial
transistors' base currents should enable an accurate es-
timation of their forward emitter current gains during
the on-line monitoring of the irradiated devices.

The characteristics of the forward emitter cur-
rent gain for devices with load currents of 100 mA and
500 mA are presented in figs. 15 and 16. They bear re-
semblance to previous results obtained through the ex-
amination of the maximum output current [1] and,
even more so, the results of the change in the serial
transistor's dropout voltage [8]. The sharp fall in the
forward emitter current gain was, as previously re-
ported, a consequence of increased recombination in
the base area affected by the large serial transistor's
perimeter-to-area ratio. An additional cause is the re-
action of the negative feedback loop [1].

The increase in the base current in moderately and
heavily loaded devices differs, as can be seen in figs. 17

and 18. For devices loaded with 500 mA, the base cur-
rent quickly enters the saturation region (after the
absorption of a total dose of approximately 120-130
Gy). The limitation of the base current was followed by
operation with a nearly constant serial transistor's for-
ward emitter current gain. On the other hand, in devices
operating with a load current of 100 mA during irradia-
tion, the serial transistor's current gain declined steadily,
while the base current increased continually. Figures 17
and 18 show the influence of annealing during the ex-
periment, after a pause in irradiation, necessary for the
voltage regulator's maximum output current to be ex-
amined. At these points (particularly at control points of
200 Gy, 300 Gy, and 400 Gy), slight decreases of the se-
rial transistor's base current are observed as a conse-
quence of a recovery caused by the termination of irra-
diation and the recombination of the trapped charge,
due to higher currents and voltages used in our tests.
In contrast to the data presented for LM2940CT5
voltage regulators in tab. 2, the irradiated L4940V5 de-
vices loaded with a 500 mA current had significantly
different responses compared to the circuits used for ex-
amining the maximum output current, as can be seen in
tab. 3. Voltage regulators L4940V5 have demonstrated
much greater radiation hardness than their counterparts
with lateral pnp transistors. The maximum output cur-
rent remained close to the initial values detected before
irradiation, being in the range of 780 mA to 860 mA[1].
Hence, the effects of increased recombination in the se-
rial transistor's base area and, particularly the negative
feedback loop reaction, had a greater impact on the for-
ward emitter current gain. As previously reported, there
was no sevenfold decrease of the forward emitter cur-
rent gain (as the function of the base-to-emitter voltage,
B(Vgp), in the entire operating area), but the negative
feedback loop reaction, combined with the rapid in-
crease of recombination in the serial transistor's base
area, affected by its great perimeter-to-area ratio [1].
The measured and calculated values of the quies-
cent and base currents were much better for L4940V5
voltage regulators than for the LM2940CTS5 devices.
All of the examined samples of voltage regulators

Table 3. Change of the serial transistor's forward emitter
current gain in voltage regulator L4940VS as a function
of the total ionizing dose. Current gain was determined
during the examination of the maximum output current
[1] and on-line monitoring of the irradiated devices'
output and quiescent currents

Total dose, D [Gy] B Towmax) [1] p (on-line)

0 324 99.7
50 28.1 70.7
100 25.1 29.2
200 22.9 12.9
300 23.9 16.3
400 22.7 14.2
500 229 14.1
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L4940VS5 had narrow variations of the unloaded cir-
cuit's quiescent current, between 3.75 mA and 3.81 mA.
These minor variations enabled accurate data to be ob-
tained, on the assumption of equivalence between the
unloaded circuit's quiescent current and the internal
consumption current for devices loaded with 100 mA
and 500 mA. For the moderately loaded circuits, the
mean base current has risen from 0.6 mA to 3.5 mA,
while for the heavily loaded samples the assumed base
current rose from 4.8 mA to 36.4 mA. The rising trend
of'the serial transistor's base current can be noted in figs.
17 and 18, indicating a steady increase in the moder-
ately loaded device's base current.

As was mentioned in the analysis of the voltage
regulator's maximum output current, the main reason
for the radiation sensitivity of the examined vertical se-
rial pnp transistor being higher than expected was the
implementation of the interdigitated emitter [1]. An
interdigitated emitter with very high perimeter-to-area
ratio was applied in order to increase the emitter's injec-
tion efficiency during operation with high currents.
Consequently, the positive oxide trapped charge had a
great impact on emitter injection efficiency and spread
of the space-charge region [1]. The spread of the
space-charge region along the high-perimeter
base-emitter contact increased recombination in the
base area, affecting the rise of the serial power transis-
tor's base current. After the initial rapid decrease, the
forward emitter current gain remained in saturation for
higher total doses. It may be seen from figs. 17 and 18
that both moderately and heavily loaded devices ex-
pressed a considerable rise of the base current, while the
heavily loaded voltage regulators were more affected.

The pnp transistors are especially sensitive to the
influence of interface traps on the degradation of the
forward emitter current gain which is directly affected
by the rise of the base current [22]. On the other hand,
the positive oxide trapped charge above the base area
suppresses the negative influence of interface traps,
increasing the irradiated pnp transistor's radiation
hardness [22]. During mentioned examinations of the
low-dropout voltage regulator 29372, the rise in inter-
face traps concentration was identified as the primary
cause of the serial transistor's excess base current [6].

Apart from the expected influence of the inter-
face traps and oxide trapped charge, the collector
(load) current is another important parameter of the se-
rial pnp transistor of the voltage regulator L4940VS5.
From figs. 17 and 18, it is obvious that the operation
with a very high load current had a direct influence on
the rise of the serial transistor's base current.

Seeing the previous discussion and characteris-
tics of the base current in figs. 17 and 18, a hypothesis
that radiation effects in the base area of the serial pnp
transistor and in the isolation oxide above the base area
had a dominant influence on the radiation response of
the voltage regulator L4940V5 may be put forward.
Oxide trapped charge generation in the two-layer oxide,

1000 nm thick [20], strongly suppressed the generation
of interface traps in the initial phase of irradiation. An
additional influence on the suppression of interface
traps formation is to be attributed to the positive input
bias voltage, which reduced interface traps concentra-
tion proportionally to the square root of the electric field
intensity in the oxide [23]. Having the presented argu-
ments in mind, it is justifiable to accept that the load cur-
rent had a crucial influence on the base current through
the recombination of the oxide trapped charge above
the base area, reducing its positive effect on radiation
hardness of the serial pnp transistor.

The operation of the heavily loaded samples of
voltage regulators L4940V5 was analyzed before irra-
diation, as well as after the exposure. Since the input
voltage of circuit L4940V5 was not stabilized, mani-
festing itself instead as a rectified line voltage, the
heavily loaded voltage regulator L4940V5 did not have
as good load regulation characteristics as was the case
with moderately loaded devices. Therefore, even out-
side the radiation environment, slight variations of the
output voltage were found to exist. Our measurements
were performed on heavily loaded L4940V5 devices, in
three-hour procedures equivalent to laboratory condi-
tions shielded from radiation. Yet, measured variations
of the output voltage in voltage regulators L4940V5
were much smaller, not exceeding 0.6% of the nominal
value (about 30 mV). The exposure of the heavily
loaded voltage regulators L4940V5 to y-radiation cer-
tainly affected their load regulation characteristics, in-
creasing the output voltage variations up to 2% of the
nominal voltage. However, since during the entire time
of irradiation the output voltage was above the thresh-
old of 4.9 V (that is 2% less than the nominal voltage of
5 V), the operation of heavily loaded voltage regulators
L4940VS5 in radiation environment was acceptable.
Even the most sensitive electronic device may tolerate
variations of supply voltage up to 2% of its nominal
value. As it was noted in previous articles [ 13, 14], volt-
age regulator L4940VS5 is a radiation tolerant circuit,
suitable for operation in a ®®Co environment for total
deposited doses exceeding 500 Gy.

Although the data related to the serial transistor's
forward emitter current gain and base current didn't
have similar responses to those pertaining to maxi-
mum output current examinations, other tests of
L4940VS5 voltage regulators had analogous responses.
This was particularly true of the examinations of the
serial transistor's minimum dropout voltage [8] which
validated the results of the on-line method of monitor-
ing the serial pnp power transistor's base current and
forward emitter current gain.

CONCLUSIONS

A novel method of on-line monitoring of the se-
rial pnp transistor's base current and forward emitter
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current gain in voltage regulators has provided us with
data from devices operating in a radiation environ-
ment without the need of interrupting their operation.
With the data comprised of the voltage regulator's out-
put voltage, output current and quiescent current, the
operating status of the monitored device can be pre-
cisely determined. On the other hand, this method re-
quires a referent, unloaded device placed inside the ra-
diation field, used only to provide data on the
quiescent current, necessary for calculating the prop-
erties of the other devices. Moreover, the input volt-
ages of loaded and unloaded devices have to be ap-
proximated, which may complicate the measurement.
This requires more unloaded referent devices if there
are more loaded circuits with different input voltages.

Although the on-line monitoring method pro-
vided for the reliability of results in all examined cases,
data obtained from the moderately loaded samples of
LM2940CTS5 voltage regulators pointed to the risks of
considering results from the other sample to be approxi-
mately equal to original results. This assumption may
be wrong, primarily when the serial transistor's base
current is small compared to the internal circuit's con-
sumption current. This indicates that the application of
the on-line monitoring method is not recommendable
for voltage regulators operating with loads lower than
those of 10% of the nominal current. On the other hand,
heavily loaded devices, operating with 50% of the nom-
inal current, both in cases of lateral and vertical serial
pnp transistors, gave reliable results.

However, our experiment indicated that on-line
monitoring of the serial transistor's current gain and
base current cannot be an absolute replacement for
standard examinations of irradiated voltage regula-
tors. It would still be necessary to perform standard ex-
periments on test circuits and, only after the examined
low-dropout voltage regulators have been approved,
would it be possible to utilize on-line monitoring.

One of the main ideas of the proposed on-line
monitoring method was its practical implementation,
the monitoring of voltage regulators being a part of
some more complex printed circuit boards operating in
harsh conditions. The implementation of the on-line
monitoring method would not demand significant
changes in the construction of electronic devices used.
Even extremely complex electronic boards would
only need a few additional output contacts, particu-
larly when the measurement of the voltage regulator's
output voltage and current, as well as its quiescent cur-
rent, are concerned. In addition, another unloaded ref-
erent voltage regulator would have to be added to the
printed circuit board, supplied by the same input volt-
age as that of the main voltage regulator. Likewise,
output contacts for the measurement of the output volt-
age and quiescent current of the referent device would
have to be added, in order to enable the calculation of
the serial transistor's base current in the loaded device.
These minor modifications of the existing printed cir-

cuit boards for radiation-tolerant electronic equipment
would enable remote on-line monitoring of their
power supplies.

on-line monitoring of the serial transistor's cur-
rent gain and base current can be successfully applied
to the detection of the proper operation of low-dropout
voltage regulators supplying electronic devices in ra-
diation environments such as those surrounding nu-
clear reactors, accelerators and aerospace equipment.

The minimum load current of a low-dropout
voltage regulator to which the on-line monitoring
method could be applied (10% of the nominal load or
those of a similar value) has to be experimentally ob-
tained for each of the analyzed types and batches of
the examined devices.
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Baamgumup 'bB. BYKWH, Ipeapar B. OCMOKPOBHWHh

HEINNPEKUIHUN HAJ30P CTPYJE BA3E U KOEOUIINIEHTA CTPYJHOT
INIOJAYAIbA PEJHOTI IIHIT TPAH3UCTOPA CTABUIU3ATOPA
HAIIOHA Y PAIUJAIINOHOM OKPYXEILY

OcHOBHa Tema OBOT pajia je pa3Boj METofie 3a HEeMpeKuaHo npaheme pajga crabunmuzaTopa ca
HUCKVUM TIaJIOM HallOHA Y pajfiijalliOHOM OKpYXKemy. 3axTeBaHa MeToma Tpeba ma Oyae mpakTHYHA Y
eKciuioatauyju, Aajyhu mMoryhHocT 3a feTeKujy Aerpajandje MHTerpucaHor Kosa 06e3 ImpeKuama
ETOBOT' pajia y NoJby joHH3yjyher 3pauema. Takobe, Tpeba ga oMoryhm ayToMaTH30BaHO MEpeme U
IpUKYIUbAlkE TMOflaTaka, Kao W JACTEKNWjy 3HAYajHe AeTpajjalije 3HATHO Npe OTKa3a Haf3MpaHoT
crabminm3aropa HamoHa. OCHOBHE mapaMeTpH 3a npaheme paga crabuim3aTopa HaloHa OWIIN ¢y CTpyja
6a3e 1 KOe(hUIUjeHT CTPYjHOT IT0javyarba PEIHOT ITHI TpaH3ucTopa. OBU mapaMeTpH Cy TOOHjEHU MOCPETHO,
Ha OCHOBY MojjaTaka O CTPYju MOTpolllaya W CTPYju MpemMa Macu crabuimsaTopa HamoHa. Kao crpyja
COTICTBEHE TOTPOIIHE YyMEpeHO M jako onrtepeheHmx y3opaka KopuinheHa je cTpyja mpema Mach
3aHeMapJbUBO onTepehenHor crabuim3aTopa HallOHA MCTOT THUIIA, YIIOTPEOIHLEHOT § CBOjCTBY pehepeHTHE
KOMIIOHeHTe. Pe3yaTaTu jobujeHr HempeKuIHIM HaI30pOM JEMOHCTPHUPAJIH Cy 3HaYajHy CarJacHOCT ca
pe3yiaraTuMa JIO6HjeHPIM HUCIIUTUBAKLEM MAaKCUMAJIHE MU3J1a3HE Cprje 1 MUHUMAQJIHOI M3JIa3HOI' HAaIlIOHa
cTabuiau3aTopa HANOHA y pajujalluoOHOM OKpyXkewmy. [loceOHO carmacHu pe3yiaTaTd AOOUjeHH Cy
HCIUTUBAKEM jaKo oNTepeheHnx nHTerprucannx Koja. Y cIydajy ymepeHo onrepeheHnx crabummsaropa
HANOHA aHAIM3UPAHU CY TOOMjeHU Pe3yNTaTH, Ka0 U PU3NUIHU IPUMEHE IPEICTaBIbeHEe METOIE.

Kwyune peuu: koegpuyujenit citipyjro? itojauarsa, ciipyja 6ase, iHil ipaH3uciiop, HeipeKuoHUu Hao3op,
citipyja coiicitigeHe Hotipoutrse, Cilabuiu3aitiop HalloHa, 2ama 3paderse






