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The operation of power lateral pnp transistors in gamma radiation field was examined by de-
tection of the minimum dropout voltage on heavily loaded low-dropout voltage regulators
LM2940CTS5, clearly demonstrating their low radiation hardness, with unacceptably low
values of output voltage and collector-emitter voltage volatility. In conjunction with previous
results on base current and forward emitter current gain of serial transistors, it was possible
to determine the positive influence of high load current on a slight improvement of voltage
regulator LM2940CTS5 radiation hardness. The high-current flow through the wide emitter
aluminum contact of the serial transistor above the isolation oxide caused intensive annealing
of the positive oxide-trapped charge, leading to decrease of the lateral pnp transistor's current
gain, but also a more intensive recovery of the small-signal npn transistors in the control cir-
cuit. The high current density in the base area of the lateral pnp transistor immediately below
the isolation oxide decreased the concentration of negative interface traps. Consequently, the
positive influence of the reduced concentration of the oxide-trapped charge on the negative
feedback reaction circuit, together with the favourable effect of reduced interface traps con-
centration, exceeded negative influence of the annealed oxide-trapped charge on the serial
pnp transistor's forward emitter current gain.

Key words: forward emitter current gain, lateral pnp transistor, voltage regulator, current density,
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INTRODUCTION

Low-dropout voltage regulators are widely used
in analogue integrated circuits, being extensively im-
plemented in modern nuclear technology and aero-
space engineering [1-9]. Previously presented data on
dropout voltage, base current and forward emitter cur-
rent gain in moderately loaded voltage regulators has
enabled new insights into the operation of these de-
vices irradiated with minimum input voltage [10],
somewhat different from the data procured from the
examination of maximum output current, published
several years ago [11]. But, one question on the radia-
tion tolerance of the examined devices could not be an-
swered only from the examination data of the dropout
voltage of moderately loaded devices. Although the
carlier examinations pointed to the low radiation hard-
ness of voltage regulators LM2940CT5 with lateral
round pnp power transistors [12], data on the serial
transistor's dropout voltage and the derived character-
istics obtained from examinations of moderately
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loaded devices were not enough to confirm the
conclusions presented previously [10]. Also, the pecu-
liar response of voltage regulators LM2940CTS irra-
diated with high load current, which differed from all
the other biased and unbiased samples, remained in-
sufficiently clarified. How the high current density of
the serial pnp transistor's emitter current exactly af-
fected the operation of the voltage regulator
LM2940CT5 remained ambiguous. So, beside the
need to investigate if the change of dropout voltage on
serial pnp transistors of the tested voltage regulators is
really acceptable in the entire operating area, there is
also aneed to determine the elementary functional cor-
rectness of the examined devices in a radiation envi-
ronment.

These arguments led to an examination of the
dropout voltage of heavily loaded devices, with mini-
mum operative input voltage and high output current.

This paper presents results related to the change
of the serial transistor's dropout voltage and forward
emitter current gain in heavily loaded voltage regula-
tors as a function of the total absorbed gamma radia-
tion dose.
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THEORY

In semiconductor devices, the ionising radiation
damage is caused mainly by charges trapped near the
surfaces of their insulating levels and interfaces. In
junction devices, such as bipolar transistors, trapped
charges in their surface layers produce inversion lay-
ers that expand the effective surface area. This results
in increased surface state generation-recombination
currents that reduce the lifetime of the minority carrier
and, consequently, the current gain of bipolar transis-
tors. These spurious currents have a special impact on
the gain of bipolar transistors at low operating currents
[13].

A device's susceptibility to radiation-induced
charge production for a given dose depends strongly
on its oxide layer quality. For bipolar transistors, the
decreased current gain and increased leakage current
are the two most important parameters degraded by
ionising radiation. The principal factors that degrade
performance due to ionising radiation are trapped pos-
itive charge build-up in their oxides near silicon sur-
faces, build-up of negative charge at Si-SiO, inter-
faces and the corresponding creation of surface states
at these interfaces [13].

The surface recombination is the effect in bipo-
lar transistors affected by ionising radiation that has
the greatest influence on the degradation of the transis-
tor's forward emitter current gain. For the bipolar tran-
sistor with circular emitter-base and base-collector
junctions, an approximation of the change of the sur-
face-recombination-affected current gain, g, can be
presented in the following formula [13]
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where, /s is the surface recombination current, [ — the
emitter current, Dy/W* = w1 = 2nft, R. — the emitter ra-
dius, W —the base width, D, —the total ionising dose, s
and s(D,) — the surface recombination velocity, Dy, —
the diffusion base constant, 4. = nR.> — the emitter
area, fr — the gain-bandwidth product (the cut-off fre-
quency), and ot — the cut-off angular frequency.

Since the current gain degradation in a radiation
environment, A(1/8), is proportional to the excess base
current (Al) for not too large Alj, the following equa-
tion may be written [13]
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where, As(D,) = s(D,) — 5(0) is the change in the sur-
face recombination velocity during the irradiation and
Bso — the surface-recombination-affected forward
emitter current gain prior to irradiation.

In circular bipolar transistors, degradation of
current gain caused by the surface recombination can

(1)

be reduced by increasing the emitter radius. Neverthe-
less, bipolar power transistors are intentionally
designed with maximally large emitter perime-
ter-to-area ratios, in order to reduce the base spreading
resistance and, consequently, emitter crowding.
Therefore, bipolar power transistors are extremely
susceptible to common emitter current gain from ion-
ising radiation [13].

The degradation of gain due to the ionising radi-
ation is minimal at the collector current level corre-
sponding to the maximum gain operating point prior to
irradiation. For higher currents, the sensitivity to ion-
ising radiation increases. For high-current density lev-
els, an increase in the base current required to maintain
constant collector current during irradiation leads to
an effective increase in the base width because of the
Kirk effect. The result is a direct expansion of the
base-collector depletion region from the base into the
collector, thus increasing the effective base width, and
consequently leading to a decrease of the bipolar tran-
sistor's forward emitter current gain [14].

EXPERIMENT

An integrated 5-volt positive voltage regulator
LM2940CTS5 was tested at the Vinca Institute of Nu-
clear Sciences, Belgrade, Serbia, in the Metrol-
ogy-dosimetric laboratory. The circuits LM2940CT5
were from the batch PM44AE, made by the National
Semiconductor's subcontractor in China. Circuits
were in plastic TO-220 cases, packaged in Malacca,
Malaysia [15].

As a source of y-radiation ®°*Co was used and it
was situated in a device for the realization of y-field,
IRPIK-B. The accepted mean energy of y-photons is
E, =125 MeV. The measurement of the exposure
doses was performed with the cavity ionising cham-
ber “Dosimentor” PTW M23361, with a volume of
3-107 m?. With the cavity ionising chamber, the
reader DI4 was used [11].

The devices were irradiated until the predeter-
mined total doses were reached. The devices in the y-ra-
diation field were exposed to a total dose of 500 Gy,
with a dose rate of 4 cGy/s. The samples of the voltage
regulators were supplied by flat cables 10 m long.
Alongside the power supply cables, sense cables of the
same length were laid. To avoid the effects of recombi-
nation in semiconductors after irradiation, all measure-
ments were performed within a time interval of half an
hour after exposure.

Current and voltage measurements were carried
out with laboratory instruments; a “Fluke” 8050A and
a “Hewlett-Packard” 3466 A. Measurement uncertain-
ties for the specified instruments were 0.03% and
0.05%, respectively. All measurements and the irradi-
ation of the components were performed at a room
temperature of 20 °C. For analysis of the data obtained
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from four samples of voltage regulators LM2940CTS5,
the type A measurement uncertainty was used. The
calculated combined measurement uncertainty for the
implemented experimental procedure was approxi-
mately 0.6% [10].

The principal quantities used for the detection of
the voltage regulator's degradation due to exposure to
ionising radiation were the serial transistor's forward
emitter current gain and the collector-emitter (drop-
out) voltage. The measured electrical values were the
voltage regulator's input and output voltages and qui-
escent current. The serial pnp transistor's forward
emitter current gain was calculated under the assump-
tion that the base current (/g) of the serial pnp transis-
tor in the voltage regulator can be found as the differ-
ence between the entire voltage regulator's quiescent
current and the control circuit's internal consumption
current [10, 11, 15].

During the irradiation, the examined biased de-
vices were supplied with the same input voltage, 8 V,
while the load currents had three different values: 1 mA,
100 mA, and 500 mA. The fourth group of irradiated
devices were unbiased voltage regulators without an in-
put supply voltage.

Examination of the change in the minimum col-
lector-emitter (dropout) voltage on the serial transistor
was performed in the following way: the input voltage
was increased until the output voltage dropped to 4.9 V,
for a constant output current of 400 mA. The difference
between the input and output voltage represents the
dropout voltage on the serial transistor for the corre-
sponding current.

Owing to the decrease of the transistor's com-
mon emitter current gain after exposure to ionising ra-
diation, the output voltage value tended to fall below
4.9V; therefore, in order to acquire complete data re-
garding the device's functioning ability after irradia-
tion, it was also necessary to obtain the information
about the change of the maximum output voltage as a
function of the total ionising doze (TID). The next step
was measurement of the output voltage and quiescent
current for an unloaded voltage regulator, with input
voltage equal to the value measured on the device
loaded with 400 mA, as low as necessary to reduce the
output voltage to 4.9 V. In voltage regulators with a se-
rial pnp power transistor, a quiescent current (/) rep-
resents the sum of the control circuit's internal con-
sumption current and the serial transistor's base
current. The quiescent current of the unloaded voltage
regulator (/g), with the constant input voltage, was as-
sumed to be approximate to the value of the loaded
voltage regulator's internal consumption. Subtraction
of the unloaded circuit's quiescent current from a qui-
escent current of devices loaded with 400 mA, for the
same input voltages, gave the value of the serial tran-
sistor's base current [10, 11, 15].

The serial transistor's forward emitter current
gain was determined as a quotient of the voltage regu-

lator's output current (i. e. the serial transistor's collec-
tor current on the resistor) and the calculated value of
the base current.

All the mentioned measurements were performed
in the incorporated experiments on voltage regulators,
focused on the maximum output current [11], the mini-
mum dropout voltage for moderately loaded devices
[10] and, in this chapter on the study of commercial
low-dropout voltage regulators LM2940CTS5, the drop-
out voltage for heavily loaded samples. All three kinds
of measurements were performed in the same condi-
tions, in order specified in this paragraph. These results
were obtained as a part of the second series of experi-
ments performed on low-dropout voltage regulators in
2007.

Besides the examination of the minimum dropout
voltage and related parameters, examination of the line
regulation characteristics of the voltage regulators
LM2940CTS5 was also performed. In this experiment,
the values of the output voltage were measured for con-
stant output current (0 A, 100 mA, 300 mA, 500 mA,
and 700 mA), while the input voltage had values of up
to 15 V (specifically 6.5V, 8 V, 10 V, 12 V, and 15 V)
[12]. Five samples were used for each type of the volt-
ageregulators LM2940CTS5 examination. The resulting
diagrams represent the difference between the values of
the output voltage recorded prior to irradiation and
after exposure to the total dose of gamma radiation
of 300 Gy(SiO,). The line regulation characteristics
were obtained during the primary examinations of the
low-dropout voltage regulators LM2940CT5, per-
formed in 2005. Therefore, the ionising radiation dose
rate differs slightly, having a value of 5.5 cGy(SiO,)/s
[12]. However, all the other measurement equipment,
sources of radiation, dosimetry and experimental set-up
were the same.

A schematic circuit diagram of the voltage regu-
lator LM2940CTS5 is presented in fig. 1. Further de-
tails about the experiment, the implemented techno-
logical process and construction of the lateral pnp
transistor can be found in [10-12, 15-18]. A detailed
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Figure 1. Circuit diagram of the voltage regulator
“National Semiconductor” LM2940CTS5 [10, 15, 19]
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description of the LM2940CTS5 integrated circuit is
presented in [19].

RESULTS AND DISCUSSION

A few words are needed on the implemented
technological process and characteristics of elemen-
tary pnp transistors in the voltage regulator
LM2940CTS5. The serial transistor is composed of 350
elementary lateral pnp transistors with a round emitter,
connected in elementary groups of 18 and 24 elements
[16]. The driver pnp transistor has 70 elementary pnp
transistors, occupying 0.5 mm? of the voltage regula-
tor's chip area, while the serial transistor comprising
the 350 elements occupies 2.4 mm?. Altogether, power
pnp lateral transistors occupy approximately two
thirds of the voltage regulator's chip [12, 16, 17].

Nominal parameters are fr = 2.5 MHz, BV g, =
=94 V [18], forward emitter current gain of the serial
power transistor is f =24 for /=1 mA and § = 15-20 for
I,.=1050mA[12, 16, 17]. The diameter of the round
emitter of the elementary pnp transistor is 13 um. The
thickness of the isolation silicon-oxide layer is 500 nm
[17].

From the data on the collector-base plane break-
down voltage and an example from the literature (N =
= 10" ecm™ for BV =36 V and BV, =90 V) [14],
the concentration of impurities in the collector area
may be estimated as nearly N = 105 cm™. From the
data on the gain-bandwidth product, f, and the table
for calculation of base width from approximate
gain-bandwidth product in reference [20], the active
base width in the lateral pnp transistor may be esti-
mated as 12.6 um (slightly less than the emitter diame-
ter). As can be seen from eq. (1), comprehension of the
gain-bandwidth product, forward emitter current gain
and emitter radius (for round lateral pnp transistors)
may lead to estimation of the surface recombination
velocity. Unfortunately, the parameter /1 is heavily de-
pendent on the total absorbed dose of radiation, so pre-
cise calculation of the surface recombination velocity
is not possible without calculating the gain-bandwidth
product at every measurement point.

Examinations of voltage regulators LM2940CT5
with various load currents presented a somewhat differ-
ent picture of the device's radiation hardness. If results
were only obtained from examinations of the minimum
dropout voltage with a load current of 100 mA, it might
be wrongly concluded that the tested circuit is radiation
tolerant for doses up to 500 Gy [10]. The older results
would certainly contest this conclusion [11, 12, 15], but
the radiation sensitivity of voltage regulators
LM2940CTS5 became obvious after examination of the
minimum dropout voltage with higher load currents.
From fig. 8 it is clear that none of the voltage regulators
LM2940CTS5 demonstrated acceptable radiation hard-
ness sufficient to obtain an output voltage of at least

4.9V, which is the lowest value for proper operation of
the supplied 5 V electronic circuits. The decline in the
output voltage below the acceptable limit was greatest
for the unbiased devices, smaller for biased samples
with negligible current and even smaller for biased de-
vices with a moderate load current. The least degrada-
tion of the output voltage was demonstrated by heavily
loaded biased devices irradiated with an input voltage
of 8 V and load current of 500 mA. These heavily
loaded devices demonstrated a minor decline in the out-
put voltage at only one test point (fig. 8).

The data on output voltages are very important
for proper interpretation of the serial transistor's drop-
out voltage characteristics in voltage regulators
LM2940CTS5. The dropout voltage characteristics, es-
pecially for unloaded and heavily loaded samples, are
quite anomalous, often without any noticeable trend,
as may be seen in fig. 2. The main reason is the opera-
tion with a proper voltage of 4.9 V at some test points,
while at other points the maximum output voltage was
between 4.7 V and 4.9 V (fig. 8). Efforts to procure
proper results with the maximum available output
voltage were not simple, since very intense recovery
of the irradiated samples was observed during the
measurements. Therefore, this effect led to the signifi-
cant variations of the input voltage for maximum out-
put voltages less than 4.9 V. This process was clearly
expressed in all the voltage regulators LM2940CTS5,
particularly during the experiments with a high output
current. Therefore, the change in dropout voltage in
this experiment does not follow the trends of the previ-
ously recorded characteristics of moderately loaded
devices [10].

The main reason is operation close to the limits
ofthe output voltage and load current in a high-current
density mode of the serial pnp transistor operation and,
consequently, emitter crowding of the serial transistor.
Therefore, emitter injection efficiency once again be-
comes an important parameter having the influence on
the serial transistor's forward emitter current gain, by
contrast with the tests with lower load currents, where

= (1) —— Unbiased (/=0 A, ¥, =0 V)
(2) —o— Biased (/1= 1 mA, V,,=8V)

3.4 (3) —— Biased (/= 100 mA, V|, =8 V)
(4) —— Biased (/=500 A, V,,=8V)
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Figure 2. Change in the mean serial transistor's dropout
voltage in voltage regulator LM2940CTS5 under the in-
fluence of y-radiation (V,u=4.9 V, I,y = 400 mA)
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greater values of current gain than in the cases of maxi-
mum and moderate loads led to the conclusion that the
serial power transistors of the examined voltage regu-
lators in this case operated near the maximum of char-
acteristic B(I).

Due to the considerable rise in the serial transis-
tor's base current (by 3-5 mA), the total quiescent cur-
rent (fig. 5) could not remain almost unaffected by ir-
radiation, as was the case during the examination of
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Figure 3. Change in the mean serial transistor's forward
emitter current gain in the voltage regulator LM2940CT5
under the influence of y-radiation (V,,=4.9 V, I,,;=400 mA)
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Figure 4. Change in the mean serial transistor's current gain
degradation in the voltage regulator LM2940CT5
under the influence of y~radiation (V,,=4.9 V, I,,,=400 mA)

Figure 5. Change in the mean quiescent current in the
voltage regulator LM2940CTS5 under the influence of
y-radiation (V,u,:=4.9 V, I, = 400 mA)

the dropout voltage of the moderately loaded devices,
where the increase of the base current was compen-
sated by the decline in the integrated circuit's internal
consumption current [10]. Similar descending trends
in the measured values of forward emitter current gain
in the moderately and heavily loaded devices neces-
sarily led to similar increases in the serial transistor's
base currents. The rise in the voltage regulators base
currents examined with 400 mA was from 7.5-9 mA up
to 11.5-13 mA (fig. 7), with the largest increase in the
base current of the heavily loaded biased devices dur-
ing irradiation (60%), and the smallest base current
rise in the negligibly loaded biased devices (45%). As
was expected, the characteristics of the internal cir-
cuit's consumption current were similar in both experi-
ments (fig. 6).

However, a very important difference is that dur-
ing the examinations of dropout voltage with a load cur-
rent of 100 mA, all samples remained functional, while
during the tests of the same devices with a high load cur-
rent of 400 mA, in all cases the output voltage fell below
the threshold. The heavily loaded devices (bias condi-
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Figure 6. Change in the mean quiescent current in the
voltage regulator LM2940CTS5 under the influence of
y-radiation (Vi, = Vce@oo may + 4.9V, L =0 A)
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Figure 7. Change in the mean serial transistor's base
current in the voltage regulator LM2940CTS5 under the
influence of y-radiation (V,u = 4.9 V, I,y = 400 mA)
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Figure 8. Change in the mean output voltage in the
voltage regulator LM2940CT5 under the influence of
}/-radiation (Kn = VCE(400 mA) + Vouta Iout =400 mA)

tions: ¥, =8V, /=500 mA) mostly preserved an output
voltage at the reference value of 4.9 V, but in the negli-
gibly loaded and unbiased devices (V;,=8 V,/=1mA)
the output voltage fell below 4.9 V immediately after
the beginning of irradiation.

We return now to the data on output voltage in
fig. 8 and some comments have to be made on the re-
sults obtained. Unbiased bipolar devices with lateral
pnp transistors are expected to show the greatest deg-
radation of characteristics due to the greatest rise in the
concentration of interface traps, as the main degrada-
tion mechanism of forward emitter current gain in lat-
eral pnp transistors [21]. Since the existence of electric
field in oxide suppresses the concentration of interface
traps [22], it is clear that unbiased devices are more af-
fected by interface traps. On the other hand, the
trapped charge in the oxide above the lateral pnp tran-
sistors improves the radiation hardness of these tran-
sistors due to a decrease in recombination across the
base-emitter junction, which consequently reduces the
base current [23].

Since the isolation oxide of pnp transistors is
very thick (approximately 500 nm, as already men-

tioned), a very high concentration of the oxide-trapped
charge is expected, since the induced build-up of the
oxide-trapped charge is higher in thicker oxides [24].
However, the positive effect of trapped charge in the
oxide may be reduced if the lateral pnp transistor oper-
ates with high-current density, primarily due to a re-
duction of the emitter injection efficiency and the ap-
pearance of emitter crowding owing to the small
perimeter-to-area ratio of the base-emitter junction.
Therefore, arise in the load current may affect both in-
terface traps and the oxide trapped charge.

From figs. 4 and 7 it can be seen that the rise in
the load current has a negative effect on the serial tran-
sistor's radiation hardness, contributing to an increase
in degradation of the current gain and the base current
of the power lateral pnp transistor. However, when the
radiation tolerance of the complete voltage regulator
was analysed, primarily on the ability of the negative
feedback reaction to prevent the output voltage falling
below the threshold of 4.9 V, the completely opposite
situation could be seen. Regardless of the small differ-
ences in the increase of the base currents, the higher
load currents during irradiation caused the output volt-
age to approach closer to the reference of 4.9 V (for a
test load current of 400 mA after irradiation).

The radiation hardness of the voltage regulator's
serial lateral pnp transistor rises as the ratio of the in-
terface traps above the base area and the oxide-trapped
charge concentrations (V;/N,,) decreases. Another im-
portant parameter for the radiation hardness of the
complete voltage regulator is a gain of the negative
feedback loop [8]. Moreover, the implemented bias
voltage reduces the interface traps concentration in
isolation oxide [25]. Finally, the current flow through
the power lateral pnp transistor during irradiation also
affects the trapped charge. Therefore, the characteris-
tics of the output voltage cannot alone be used to deter-
mine the influence of load current on the voltage regu-
lator's radiation hardness.

The influence of the serial transistor's current on
the voltage regulators radiation tolerance, or in general,
of the bipolar integrated circuits, has seldom been ana-
lysed in literature. In a study on the enhanced
low-dose-rate sensitivity of low-dropout voltage regu-
lators [2], Pease and co-workers noticed that operation
of the voltage regulator 29372 with a moderate load
current of 250 mA during irradiation significantly sup-
pressed the total-dose damage. The authors concluded
that mitigation of the damage was proportional to the
load current and was not a strong function of tempera-
ture or input voltage during the irradiation. The mecha-
nism for the mitigation of damage was identified as the
current-density-dependent passivation of interface and
border oxide traps by mobile hydrogen-related species,
having the worst-case system application in unbiased
samples [2]. The authors accepted a space charge
model, having interface and border oxide traps com-
posed of oxygen vacancy complexes, contributing to
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reduced surface recombination velocity [2]. These
complexes may be passivated by various hydrogen-re-
lated species such as H, OH", and H" [2]. The high cur-
rent density along the Si-SiO, interface may activate
hydrogen-related species near the interface and cause
passivation of the interface and border traps [2].

However, the useful information on the radiation
response of the voltage regulators LM2940CTS5 was
procured also from previous examinations of the max-
imum output current (data on forward emitter current
gain and base current, figs. 2 and 5 in reference [11]).
In these diagrams, an explicit difference can be seen
between the heavily loaded samples and all other de-
vices during irradiation. The heavily loaded devices
did not show an abrupt decrease in the base current or
an initial rise in the forward emitter current gain. The
announced interpretation [11] pointed to the dominant
influence of the initial oxide-trapped charge in thick
isolation oxide above the serial pnp transistor. In the
case of heavily loaded devices, high-density current
flow certainly had a considerable influence on the
trapped charge and, indirectly, on the voltage regula-
tor's radiation hardness.

The correlation previously noticed between the
high load current (fig. 5 in reference [11]) and the ris-
ing trend of the base current [11], as well as the data on
output voltage presented in this paper (fig. 8), led to
the conclusion that high-density current flow through
the serial pnp transistor and the isolation oxide during
irradiation had a strong influence on recombination of
the trapped charge. Reduction of the trapped charge
may be interpreted as either a decrease of interface
traps or concentration of oxide traps. Since the minor-
ity carriers in the n-type base area are holes, it is certain
that the high concentration of holes in the base area led
to passivation of some negative interface traps, thus
increasing the radiation hardness of the serial pnp tran-
sistor, as mentioned in reference [2].

However, if other data on base current are ana-
lysed in the experiment on the maximum output cur-
rent (fig. 5 in reference [11]), with unbiased and un-
loaded samples, the hypothesis on the influence of the
high-current-density on the recombination of inter-
face traps as a primary recovery mechanism for the
voltage regulators LM2940CTS5 is hardly tenable. The
principal reason is the interface traps concentration in-
crease during the irradiation. Also, in a weak electric
field it was noticed that the rise in the interface traps
concentration is proportional to the total ionising dose
(N;; ~ ~D) [26]. Thus, fast generation of interface
traps that would affect a rapid decrease of base current
in unbiased and moderately loaded devices (fig. 5 in
reference [11]) was not possible. Therefore, after the
initial period of irradiation, the main influence on the
decrease of the serial transistor's base current origi-
nated from the abrupt rise in the oxide-trapped charge
concentration, primarily affecting the base area owing
to the decreased recombination in the base.

Consequently, it may be concluded that, in total,
the concentration of the oxide-trapped charge in the
voltage regulator LM2940CT5 significantly de-
creased due to the high-current-density flow in the
proximity of the isolation oxide. Recombination of the
oxide-trapped charge notably decreased its positive
influence on the radiation hardness of the lateral pnp
power transistor. But, on the other hand, oxide-trapped
charge had a negative effect on npn transistors, so re-
duction of the oxide-trapped charge concentration in-
creased the radiation hardness of a number of
small-signal npn transistors in the control circuit of the
voltage regulator LM2940CTS5.

The mentioned article [11] published the conclu-
sion that voltage regulators LM2940CTS5 failed to op-
erate reliably in a gamma radiation environment due to
the significant degradation of the error amplifier cir-
cuit, regardless of the moderate degradation of the se-
rial lateral pnp transistor. Firm confirmation of the
well state of the voltage reference in the voltage regu-
lator LM2940CTS5 after absorption can be seen from
the line regulation characteristics recorded during the
first series of experiments on the voltage regulators
LM2940CTS5, after absorption of the total ionising
dose of 300 Gy.

The first series of experiments on voltage regu-
lators LM2940CT5 was also performed on the sam-
ples from the batch PM44AE, yet these devices were
independent from those used to obtain the results pre-
sented in figs. 2-8. Both samples, which were unbiased
and biased during the examination of the line regula-
tion characteristics, were analysed after the absorption
of a total gamma radiation dose of 300 Gy(SiO,). Line
regulation characteristics obtained without bias dur-
ing the irradiation are presented in fig. 9, while fig. 10
shows the line regulation characteristics of devices
that operated with input voltage V;, = 7 V and output
current /;,4 = 100 mA in a gamma radiation environ-
ment. The data shown in figs. 9 and 10 point to minor
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Figure 9. Relative line regulation characteristics of the
unbiased voltage regulator LM2940CTS5 after deposition
of the total dose of y-radiation of 300 Gy(SiO,)

(bias conditions: V;,=0V,I=0A)
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Figure 10. Relative line regulation characteristics of the
biased voltage regulators LM2940CTS5 after deposition
of the total dose of y-radiation of 300 Gy(SiO,)

(bias conditions: Vi, =7V, =100 mA)

variations in the output voltage for load currents up to
100 mA, leading to the conclusion that the voltage ref-
erence remained relatively unaffected by the influence
of gamma radiation. However, when the load current
reached 300 mA and more, an unacceptable runaway
from the referent voltage occurred. It can also be seen
that the line regulation characteristics of the biased de-
vices were more affected by the ionising radiation (de-
crease of the output voltage up to 700 mV from the
pre-irradiation values (fig. 10), in comparison with ap-
proximately 500 mV (fig. 9) for unbiased devices).
The data from figs. 9 and 10 regarding the line regula-
tion characteristics for the load current of 700 mA are
particularly interesting. In both cases there is a similar
output voltage decline of 400 mV, but also a significant
recovery is recorded for the maximum input voltage
and high load current. As mentioned before, until the
end of the nearly two-hour experiment on line regula-
tion characteristics, the examined samples of voltage
regulators LM2940CTS5 significantly recovered, espe-
cially during the operation with high load currents.
This was not the case with any other examined voltage
regulators, such as the L4940V5 [27].

However, one important detail must be discussed.
In the experiment on the maximum output current [11],
it was concluded that the high current flow through the
lateral pnp transistor could not lead to significant re-
combination of the trapped charge in isolation oxide
above the transistor, since the minority carriers in the
n-type base area are holes [11]. Protracted analysis of
the radiation effects in low-dropout voltage regulators
LM2940CTS5 led to a conclusion on the reduced influ-
ence of the oxide-trapped charge caused by the device's
operation with high current densities.

Nevertheless, the solution to this dilemma came
from an unexpected side. A careful analysis of the im-
plemented technological process of lateral pnp power
transistors with round emitters in voltage regulators
(fig. 11) leads to an awareness of very large emitter
aluminum contacts above the base, the emitter and

Isolation ring

Figure 11. Topology of the lateral pnp power transistor
[12, 15, 16]
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Figure 12. Metal contacts of the lateral pnp power
transistor [12, 16]

even the collector areas of the power transistor, cover-
ing approximately half of the power transistor's
surface (fig. 12). These large emitter metallizations are
situated above the 500 nm isolation oxide. Therefore,
it may be hypothesised that not the high-density hole
current in the lateral pnp transistor, but rather the
high-density electron current in the aluminum con-
tacts had the decisive influence on the recombination
of the oxide-trapped charge above the power transis-
tor. Since the isolation oxide was highly contaminated,
with a low dielectric loss factor [12], this assumption
may be valid.

The simulations of basic physical mechanisms in
semiconductors and insulators led to the hypothesis
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that the dominant influence on processes in transistors
is that of the oxide charge (primarily holes) trapped up
to 20 nm from the Si-SiO, interface [20]. On the other
hand, in the transport processes of hydrogen ions, par-
ticles situated all over the oxide participate. Other ef-
fects are the external and internal electric field in the
oxide, additionally contributing to the transport pro-
cesses in the oxide. Therefore, the high-density cur-
rent flow through the wide conductor above the
low-quality insulator may lead to the intensive elec-
tron-trapping and recombination of a significant por-
tion of the positive trapped charge in the oxide (holes
and hydrogen ions).

It has to be repeated that this intensive ox-
ide-trapped charge annealing was observed only dur-
ing operation with very high currents and with current
densities exceeding 1 A/mm?. This situation is not ex-
pected in metal-oxide-semiconductor (MOS) transis-
tors since their gate contacts are designed for opera-
tion above the insulating gate oxide, without input
current, implying the absence of even minor current
densities. Also, another factor that would prevent this
effect in MOS devices is the higher oxide quality and
its low thickness (d,,). Isolation oxides in bipolar inte-
grated circuits are of marginal interest, generally cre-
ated by the deposition from a vapour phase and conse-
quently leading to high oxide contamination [20]. On
the other hand, MOS oxides are usually carefully
grown in dilute dry oxygen [20], with great care in the
reduction of impurities concentration in the gate ox-
ide. Also, the thickness of MOS oxides is usually de-
termined in tens of nanometers, not in hundreds of
nanometers or even micrometers. Since the ox-
ide-trapped charge concentration is a direct conse-
quence of the oxide thickness (in bipolar oxides pro-
portional up to d,,) [20], the oxide-trapped charge
would have a much higher influence in bipolar inte-
grated circuits than in their MOS counterparts.

Therefore, regardless of the negative influence
of high load current, affecting the serial transistor's
forward emitter current gain and base current, high
current density in the proximity of isolation oxide in-
creased the radiation hardness of the voltage regula-
tors LM2940CTS5 owing to the partial recovery of
small-signal npn transistors. Reduced npn transistors
degradation improved the radiation hardness of the
voltage regulator's control circuit.

After completion of irradiation, a brief isother-
mal annealing at room temperature was performed.
This annealing, which lasted half an hour, did not lead
clearly to a noticeable trend of recovery of the voltage
regulator. However, following an examination of the
irradiated integrated circuits, performed nearly five
years later, it was found that the characteristics of the
irradiated LM2940CTS5 voltage regulators were simi-
lar to those prior to the irradiation. This result is com-
pletely in accordance with data on the annealing of
LM2940CTS5 devices obtained during the first series

of experiments on voltage regulators in 2005. In this
initial experiment on the minimum dropout voltage of
LM2940CTS5 voltage regulators, loaded with 400 mA
during irradiation, it was noticed that exposed devices
recovered almost to the initial values of the minimum
dropout voltage after 168 hours of isothermal anneal-
ing at room temperature. Therefore, a greater annihila-
tion of defects was expressed following the irradia-
tion, than was the appearance of long-term
degradation of LM2940CT5 voltage regulators. The
effects of ionising radiation are mostly expressed
through the charging of irradiated insulators, creating
trapped charge that is mostly temporary. Nevertheless,
irradiated silicon devices can never completely re-
cover from the influence of gamma radiation, because
the ionising radiation knocks electrons off atoms in an
insulator in order to create electron-hole pairs.

During the previous decade there have been sev-
eral studies dedicated to the analysis of LM2941 ad-
justable low-dropout voltage regulators. These de-
vices are essentially the same as LM2940CTS5 voltage
regulators but with one difference related to the state
of the output voltage. While the LM2940CTS5 voltage
regulator is the fixed five-volt device, the LM2941 has
an output voltage adjustable in the range 5-20 V [5,
28].

The first studies on the LM2941 voltage regula-
tors were primarily focused on the en-
hanced-low-dose-rate-sensitivity (ELDRS) effects. In
addition to the LM 185 voltage regulator, the initial ex-
aminations were also performed on the LM294 1] volt-
age regulator [28]. These devices were examined in
the field of ®*Co y-radiation for total ionising doses up
to 500 Gy(SiO,). Tests were implemented with three
different dose rates, i. e. low dose rate (80 uGy/s) and
high dose rate (138 cGy/s), both at room temperature,
as well as an accelerated test with a medium dose rate
(1 cGy/s) at an ambient temperature of 100 °C (ele-
vated temperature irradiation) [28]. Relative varia-
tions of the output voltage were analysed for an input
voltage of 6.9 V and for load currents from 60 mA up
to 600 mA. Results presented in [28] indicated that the
accelerated test was not a good predictor of failure at
low dose rates for the LM2941] voltage regulator; the
output voltage decreased by more than 2% following
deposition of a total ionising dose of 200 Gy(SiO,). In
total, the output voltage decreased by 5% after deposi-
tion of a total dose of 500 Gy(SiO,) for a load current
of up to 300 mA [28].

The next study published on LM2941 voltage
regulators was more extensive and was dedicated to
the analysis of four different voltage regulators [29].
Voltage regulators from two different production lots
were tested in a low dose rate y-radiation field with a
dose rate of 50 nGy/s and a total dose of up to 350
Gy(SiO,) [29]. A part of the voltage regulators were ir-
radiated unbiased, while the bias conditions for other
group were V; =6V, [;,,4= 1-10 mA. The results were
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mixed. Catastrophic failures of unbiased LM2941
voltage regulators were observed after the deposition
of total doses of 190-240 Gy(SiO,), when the output
voltage fell to 0 V. On the other hand, researchers re-
ported some degradation of the biased circuits; how-
ever, without their catastrophic failure [29]. Damage
in the biased samples was two to three times less than
that for the unbiased circuits [29].

In general, previous research has highlighted
some weaknesses of the technological process imple-
mented for the creation of LM2941 voltage regulators,
especially for unbiased devices in the fields of low
dose rate gamma radiation [28, 29]. On the other hand,
the results were not so bad for biased LM2941 circuits
in the high dose rate fields [28, 29]. Therefore, re-
searchers continued with the analysis of the LM2941
voltage regulator and matched bipolar technological
process. The next study was dedicated to the new ver-
sion of the “ELDRS-free” LM2941W voltage regula-
tor, recommended for space applications with an ul-
tra-low dose rate environment and total doses of up to
1 kGy(SiO,) [5]. These devices were made by the “Na-
tional Semiconductor” facility in Greenock, United
Kingdom, with the implementation of a new techno-
logical process [5]. The devices were again tested in a
y-radiation environment with low dose rate (100
nGy/s) and ultra-low dose rate (10 pGy/s) for doses up
to 200 Gy(SiO,) [5]. Also, a high dose rate experiment
was performed with a dose rate of 180 cGy/s and total
doses of up to 1 kGy(SiO,) [5]. Voltage regulators
were exposed to gamma radiation both in unbiased and
biased conditions. Biased circuits were loaded with
5-50 mA, while the input voltage was 25 V [5].

In this case, the authors reported excellent charac-
teristics of all the examined voltage regulators. The pre-
sented research was more thorough than the previous
two had been and in this case, a wide range of parame-
ters (output voltage, quiescent current, line regulation,
dropout voltage, ripple rejection) was examined [5].
None of the specified parameters showed significant
degradation, regardless of the LM2941W voltage regu-
lator's operation in high dose rate or low dose rate fields
or of the circuit's bias conditions [5].

Results presented by Kruckmeyer in [5] were
quite different from the previous two studies [28, 29];
however, they justified the efforts that the authors of
this paper have committed to the examination of the
LM2940CTS5 voltage regulator as a cheap replacement
for specially designed radiation-hard components
[10-12, 15]. Unfortunately, samples of LM2940CT5
voltage regulators from batches PM44AE and
JIM41AD were procured in 2004, before the imple-
mentation of the new technological process at the “Na-
tional Semiconductor” wafer facilities. Therefore,
they proved themselves as utterly radiation-sensitive
components. There are many data in [5] that enable
mutual comparison between the recorded characteris-
tics of the LM2940CTS5 integrated circuits and the

LM2941W devices. In [5], there are data on the output
voltage, dropout voltage and quiescent current, as
there are in this manuscript and in previous papers
[10-12, 15]; however, Kruckmeyer and associates did
not collect data on quiescent current simultaneously
from the loaded and unloaded voltage regulators.
Therefore, it was not possible to perform a comparison
with data on the serial pnp transistor's base current and
forward emitter current gain, as may be seen in the pre-
sented research and in [10, 11, 15].

On the other hand, an examination of the older
technological bipolar process, used for the manufac-
ture of the LM2940CT5 voltage regulators, enabled
better insight into the annealing mechanisms of the ox-
ide trapped charge, as well as a more comprehensible
understanding of the high load current influence on the
recovery ofirradiated low-dropout voltage regulators.

CONCLUSIONS

Examinations of the collector-emitter voltage of
lateral serial pnp transistors in the voltage regulator
LM2940CTS5 provided plain data on the low radiation
tolerance of this circuit, that was not explicitly pre-
sented during the examinations of dropout voltage
with moderate load current. Higher and volatile serial
transistor dropout voltage, and primarily decline of
output voltage below the threshold 0f 4.9 V, regardless
of the bias conditions, led to an unequivocal conclu-
sion on the circuit's low radiation hardness. The main
reasons for the decreased ability of the voltage regula-
tor LM2940CTS5 to keep a stable and satisfying output
voltage were the loss of gain of the negative feedback
reaction and, to a lesser extent, the decrease in the se-
rial transistor's forward emitter current gain.

The magnitude of the load current had a signifi-
cant influence on the radiation hardness of the voltage
regulators LM2940CT5. Regardless of the greater
degradation of the serial transistor's forward emitter
current gain in the heavily loaded samples during the
irradiation, total radiation hardness of voltage regula-
tors LM2940CTS5 operating with high load currents,
slightly increased. The primary mechanism for im-
provement of the radiation hardness of the entire volt-
age regulator LM2940CTS5 was the high-current-den-
sity flow through the serial transistor's emitter contact
immediately above the isolation oxide. However, this
oxide-trapped charge annealing reduced the beneficial
influence of the oxide-trapped charge on the current
gain of the power pnp transistors. But the high recom-
bination of trapped charge with electrons from
high-current-density flow in the proximity of the iso-
lation oxide reduced the total concentration of the ox-
ide-trapped charge and therefore caused the recovery
of a number of small-signal npn transistors in the error
amplifier circuit. The secondary mechanism for im-
provement of the voltage regulator's radiation hard-
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ness was passivation of negative interface traps in the
base area of the lateral pnp transistor, owing to the
high-density hole current in the base immediately be-
low the isolation oxide. The passivation of the inter-
face traps in the serial transistor's base area improved
the radiation hardness of the serial transistor.

Consequently, the positive influence of the re-
duced concentration of oxide-trapped charge on the
negative feedback reaction circuit, together with the
positive influence of the reduced interface traps con-
centration in the lateral power transistor, exceeded the
negative influence of annealed oxide-trapped charge
on the serial pnp transistor's forward emitter current
gain. The overall result of these effects was a slightly
improved radiation tolerance of the voltage regulator
LM2940CTS5, but below the demands for proper oper-
ation of this circuit in a radiation environment.
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Baagumup 'B. BYKWh, IIpegpar B. OCMOKPOBWh

JATEPAJ/IHU ITHIT TPAH3UCTOP CHATIE Y PALY CA
BEJ/IMKOM I'YCTUHOM CTPYJE Y CTABMWIN3ATOPY HAIIOHA
N3J10KEHOM 3PAYEBY

Pap maTepanHux MHI TpaH3UCTOpa CHare y Mojby raMa 3paderma NCOUTHBAH je oApehuBamem
MUHUMAITHOT TIajia HallOHa Ha BeoMma ontepehenuM crabunuzatopuma ca Maiaum ryournmuma LM2940CTS5.
JleMoHCcTpupaHa je Mala pajujallioHa OTIIOPHOCT CTa0UIM3aTOpa HAallOHA, ca HENPUXBATILUBO HUCKUM
BPEIHOCTUMA M3J1a3HOT HAllOHA U HENOCTOjaHMM HAallOHOM KOJIEKTOP—€MUTOpP Ha PEJHOM TPaH3HUCTOPY.
3ajeHO ca MPETXOAHMM pe3yiTaTUMa O CTPYju 0aze U KOe(UIUjeHTY CTPYjHOT Mojavama pPEeaHUX
TpaH3ucTOpa, O6WiIo je Moryhe ofipenuTH MO3WTHBAH YTHIA] BENHMKE CTPyje MOTpoIlladya Ha U3BECHO
noBehame pagujanmone ormopHocTr crabunuzatopa HanmoHa LM2940CTS5. Tlporuname cTpyje Bennke
jaunHe Kpo3 MIXPOKU alIyMUHHUjYMCKH KOHTAKT EMUTOpPA PEHOT TPAH3UCTOPA U3HAJ U30JIallMOHOT OKCU/IA
JIOBEJIO je 10 UHTEH3UBHE peKOMOMHAIM]e TO3UTUBHOT HaeJIEKTPHUCamka 3axBaheHOT y OKCHAY, H3a31Bajyhu
CMamekhe CTPYJHOr Iojadara JaTepajHOr IHI TpaH3UCTOpa, alli M HMHTEH3WBAH OINOpAaBaK HIH
TPpaH3HUCTOpa 3a Majie CUTHaJIe y peryjJalluoHOM Kony. Benuka rycruna crpyje y o6iactu 6a3e jaTepaaHor
[IHI TPaH3UCTOPa HENMOCPEIHO HUCIOf M30JAlMOHOI OKCHAA CMamuia je KOHUEHTpauujy HeraTUBHUX
CIIOJHUX 3aXBaTa HaeJeKTpucama. Tako je MO3UTUBAH YTHIA] BeJHUKE CTpyje MOTpolladya Ha KOJO
HeraTUBHE MMOBpaTHE Cpere, 3ajelHO ca MOBOJLHUM e(PEKTOM CMameH-a KOHIEHTpalije CIIOjHUX 3aXBaTa,
010 Behy o] HEraTUBHOI yTHIAja CMalkheha KOHIEHTpalyje HaeJeKTpucama y OKCUly Ha Koe(uIujeHT
CTPYjHOT T0javyarba peJHOT JIaTePaJTHOT HII TPAH3UCTOPa.

Kmwyune peuu: koeghuyujerniti ciupyjHoz ojauarsa, aattiepaiiu GHil IpaH3uciiop, cllabuausatmiop
HAUoOHA, ZYCIUHA clupyje, 3axealieHO HaeAeKIpUucare y 0Kcuoy, CojHU 3ax6aill
HaeaeKupucarba, 2ama 3paierse, KapaKiepuciiuka HailoHcKe pezyaayuje



