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Abstract

Method of recording responses to radiation exposure is considered using the X-ray complex RIK-0401
and it is shown that for linear voltage regulators integrated circuits it allows diagnosing presence of changes
in their topology. Four types of integrated circuits (ICs) of IS-LS1-1.8V type have been studied. They are
equivalent in their main electrical parameters, but have differences in the output key design (vertical tran-
sistors with different base wiring), current mirrors and differential stages. ICs have modified design of the
output key base: 1) vertical p-n-p-structures (Type 1); 2) mixed (lateral+vertical) p-n-p-structures (Type 2);
3) design as in the foreign analogue and vertical p-n-p-structures (Type 3); 4) design as in the foreign ana-
logue and mixed (lateral+vertical) p-n-p-structures (Type 4). It has been found that the highest radiation
hardness to the total ionizing dose effects is demonstrated by samples of Type 1 and Type 2. RADON-23
laser complex (with a maximum energy density of 200 mJ/cm?) has been used for examination of voltage
regulator samples to impulse ionizing radiation hardness. The thyristor effect has not been fixed in all studied
samples of Type 1-4. Results of the research allow developing methods for increasing the radiation hardness
of the IS-LS1-1.8V by varying the topology of microcircuits and choosing the most advantageous option
for manufacturing the output key.
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HUccaenoBanue BJIUMSTHUS TOMOJOTMM MHTETPAJIbHOM
MHUKPOCXeMbI CTA0MIN3ATOPA HATIPSAKEHUS
HA ero paaIuanuOHHYI0 CTOMKOCTD

E.A. Kyabuenkos, A.A. lemunos, C.b. Poidanka

bpsanckuii cocyoapcmeennulii mexnuueckuil yHusepcumen,
oyn. 50 nem Oxmsbps, 7, . bpanck 241035, Poccus

THocmynuna 30.10.2024
Ipunama x newamu 20.02.2025

PaccmoTpen MeTon perucTpanumd OTKJIMKAa Ha PaJUallMOHHOE BO3JEHCTBUE C HCIOJIB30BaHHEM
pertreHoBckoro komrmiekca PUK-0401 u mokaszaHo, 4TO UIs TMHEHHBIX CTaOMIM3aTOPOB HAIPSHKEHUS
MHTETPAIIBHBIX CXEM OH IO3BOJISIET IMAarHOCTUPOBATH HATMUME U3MEHEHHUH B UX Tomnojoruu. MceiaenoBansl
4 tuna mukpocxem MC-JIC1-1.8B, koTOpbIe MO OCHOBHBIM JJIEKTPHUUYECKUM IapamMeTpaM SKBHUBAJICHTHBI,
HO HUMEIOT OTIMYMsSl B HCIHOJHEHHHM BBIXOJHOTO KIIO4Ya (BEPTHKAJIBHBIC TPAH3MCTOPHI C Pa3IMYHBIM
pasBezneHHEeM 0a3bl), TOKOBBIX 3€pKal W IU(QepeHInaNbHbIX KacKaloB: C W3MEHEHHBIM HCHOJTHEHHEM
0a3pl BBIXOJHOTO KJIIOYA U BEPTHKAIBHBIMH p-n-p-cTpykrypamu (Tum 1); ¢ M3MEHEHHBIM HCIIOJHECHHEM
0a3pl BBIXOAHOIO KJIIOYAa M CMEIIAaHHBIMU (JIaTepalibHblC + BEpTUKANbHBIC) p-n-p-cTpykrypamu (Tum 2);
C MCIIOJTHEHHEM 0a3bl BBIXOJHOTO KII0Ya Kak y 3apyOeKHOro aHajora M BEPTUKAIBHBIMU p-N-p-CTPYKTY-
pamu (Tun 3); ¢ ucnoiaHeHueM 0a3bl BBIXOJHOTO KIIIOYa Kak y 3apyOeKHOIO aHajora M CMEIIaHHBIMU
(;marepanbHble + BepTHKaANIBHBIE) p-n-p-cTpyKTypamu (Tunm 4). Ilo pesynbraTaM HcClieOBaHUS yCTAHOB-
JICHO, YTO HAuOOJBIIYIO PAaAMALMOHHYIO CTOMKOCTh K 3()(dexkram MOrjJomEHHON I03bI JAEMOHCTPUPYIOT
00pa3upl MuKpocxemsl cradbuinmnzaropa HanpspkeHust MC-JIC1-1.8B Tuna 1 u Tuna 2. {ns uccnepoBanus
00pa3LoB JIMHEWHOrO CTa0MJIM3aTOpa Ha CTOMKOCTh K BO3ACHCTBUIO HMMITYJBCHOTO HOHHM3HPYIOLIETO
M3Iy4YeHUs] HCIoib30Basca nasepHeld komiuieke PAJIOH-23 ¢ MakcHMManbHOM IIOTHOCTBIO SHEPTHH
200 mM/Lx/cM?. Y CTaHOBIICHO OTCYTCTBHE THUPUCTOpPHOTrO 3((dekra B mccienoBaHHbIX Tumax 1-4 nmuHei-
Horo craOwmzatopa HanpspkeHusi WC-JIC1-1.8B. IlomyudeHHble pe3ynbTaThl IO3BOJSIIOT pa3padarbl-
BaThb CHOCOOBI TOBBIMICHUS PAJUALUOHHON CTOWKOCTHM JIMHEHHOro cTaOwin3aTopa HalpsKeHHs
NC-JIC1-1.8B myTtém BapbUpOBaHMs TOIOJOTMM WHTEIPAIbHBIX MHKPOCXEM M BbIOMpaTh Hambojee
BBITOJJHBIM BapUAHT W3TOTOBJICHUS BBIXOAHOTO KIIHOYA.

KaroueBble ciioBa: crabunnzatop HanpspkeHHs, 3G QeKThl HOTTOMIEHHON J103bl, HOHU3UPYIOIIee U3TydYeHHE,
panuanroHHasi CTOMKOCTb
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Introduction

It is known that the important element of mod-
ern microelectronics are integrated circuits (IC) of
voltage regulators, since almost any electronic cir-
cuit (simple circuits on transistors, operational am-
plifiers, digital and microprocessor systems, etc.)
requires one or more stable sources of direct current
for its stable operation [1-4].

For functioning and development of critically
important industries (space exploration, aircraft
manufacturing, nuclear power engineering, etc.) it
is necessary the operation of electronic components
under radiation exposure, including linear voltage
regulators [4].

In particular, for discrete devices of the elec-
tronic component base and integrated circuits, the
nature of their topology determines their radiation
hardness [4—7]. Thus, it has been established that the
topological features of bipolar transistor structures
determine their main electrical characteristics (gain,
current-voltage characteristics) for n-p-n and p-n-p
transistors [4, 5], as well as bipolar analog integrated
circuits of comparators and voltage regulators (con-
sumption current, output voltage, etc.) under radia-
tion exposure, in particular on the total ionizing dose
value [4, 6, 7].

On account of this, the main goal of this inves-
tigation was to study the radiation hardness of linear
voltage regulators produced on the basis of an im-
ported analogue, equivalent in electrical parameters,
but having topological differences (with different
output key designs), which will optimize the choice
of optimal topology options to increase the radiation
hardness of voltage regulators integrated circuits.

Materials and methods

The object of the study was linear voltage regu-
lator in the TO-220-3 package, with an output voltage

3| IN

1S-LS1
our

of 1.8 V (hereinafter IS-LS1-1.8V), manufactured by
JSC "GRUPPA KREMNY EL" [8]. The study was
carried out using the developed hardware and soft-
ware complex (HSC) consisting of the following:
X-ray equipment RIK-0401 [9], X-ray comparator
DRI-0401, a set of measuring equipment (sources-
measuring instruments PXle-4143, PXIe-4139), and
the developed software. Previously, the HSC was
successfully tested to study the radiation behav-
ior [10] of the linear LDO positive voltage regulator
IS-LS-9V (manufactured by JSC "GRUPPA KREM-
NY EL"). The schematic diagram of the developed
HSC is described in detail in [10-11]. Additionally,
for examination of voltage regulator samples to im-
pulse ionizing radiation hardness the RADON-23 [9]
laser complex (with a maximum energy density
of 200 mJ/cm?) also was used.

The X-ray equipment RIK-0401 is a RAP-100
X-ray source with a maximum anode voltage of
80 kV and a maximum anode current of 0.3 mA, in-
stalled in an X-ray protective chamber with a two-
coordinate positioning system with a step of 0.1 mm.
The intensity of X-ray radiation was controlled using
a DRI-0401 X-ray comparator. The HSC was con-
trolled using specialized software developed in the
LabView program that allows measuring the con-
trolled parameters at a specified time interval, and
also provides the ability to set the electrical operating
mode of the IC samples during irradiation process.
For linear voltage regulator microcircuits, the HSC
allows monitoring the output voltage, minimum volt-
age drop, consumption current, voltage instability,
and current instability. The linear voltage regulator
samples were installed on the contact device board
in accordance with the diagram shown in Figure 1a.
To ensure free access of X-ray radiation to the
linear voltage regulator crystal, decapsulation was
performed for the samples under study (see Fi-
gure 1b).

C1

Ok

Figure 1 — Scheme of set-up for switching on the voltage regulators microcircuit during radiation exposure studies
(a): G1 —PXle-4143 power supply, / — electronic load (PXIe-4139), O — voltmeter (a built-in PXIe-4139 meter is used),
C1 =1 pF, C2 =10 pF; the decapsulated IS-LS1-1.8V sample (b)
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Results and discussion

During the radiation experiments were studied
four types of IS-LS1-1.8V, which are equivalent in
their main electrical parameters, but have differences
in the design of the output key (vertical transistors
with different base wiring), current mirrors and dif-
ferential stages: Type 1 with a modified design of
the output key base and vertical p-n-p-structures;
Type 2 with a modified design of the output key
base and mixed (lateral + vertical) p-n-p-structures;
Type 3 with the design of the output key base as in
the foreign analogue and vertical p-n-p-structures;
Type 4 with the design of the output key base as in
the foreign analogue and mixed (lateral + vertical)
p-n-p-structures. For comparison, the analog of IS-
LS1-1.8V the voltage regulator LT1963 [12] was
also examined.

According to the results of studies it was estab-
lished that the most sensitive parameters of linear
voltage regulator's to the total ionizing dose effects
are the output voltage and the consumption current.
Figure 2 shows the dependence of the output voltage
on the total ionizing dose value for all samples of the
IS-LS1-1.8V and the analog of the LT1963 voltage

regulator.
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Figure 2 — Dependence of change of the output voltage
for the integrated circuit IS-LS1-1.8V and LT1963 ana-
logue on the value of the total ionizing dose (the dotted
line is the norm of the parameter of the output voltage of
the microcircuit)

For the Type 1 microcircuit sample, the output
voltage gradually increases from 1.8 to 1.87 V at an
total ionizing dose of 500 10* un., without reaching
the limit of the parameter's norm (1.89 V for the IS-
LS1-1.8V microcircuit). For the Type 2 sample, the
output voltage gradually increases from 1.8 to 1.85 V
at an total ionizing dose of 500x 10’ un., also with-
out reaching the limit of the parameter norm. For the

Type 3 and Type 4 samples, the output voltage grad-
ually increases and reaches the limit of the param-
eter norm at an total ionizing dose of 324x10° and
300 10* un., respectively. Further, with an increase
in the total ionizing dose, a functional failure of the
Type 3 and Type 4 microcircuit samples is fixed. For
the LT1963 analogue, similar behavior is recorded
with the parameter norm being reached at an total
ionizing dose of 370x10° un. and subsequent func-
tional failure with an increase in the total ionizing
dose.

Thus, the highest radiation hardness in terms
of output voltage to the total ionizing dose effects
is demonstrated by microcircuits with the Type 1
topology (with a modified design of the output key
base and vertical p-n-p-structures) and Type 2 (with
a modified design of the output key base and mixed
(lateral+vertical) p-n-p-structures), superior, includ-
ing foreign analog of LT1963.

Further, Figure 3 shows the dependence of the
consumption current on the total ionizing dose value
for all samples of the IS-LS1-1.8V and the LT1963

analog.
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Figure 3 — Dependence of change of the consumption
current for the integrated circuit IS-LS1-1.8V and LT1963
analogue on the value of the total ionizing dose

For the Type 1 microcircuit sample, the con-
sumption current value changes insignificantly from
1.03 to 1.87 mA with an increase in the final total
ionizing value to 600 x 10° un. For the Type 2 micro-
circuit, the consumption current value also changes
insignificantly from 2.07 to 1.97 mA with an increase
in the total ionizing dose up to 600 10° un. For the
Type 3 sample, the consumption current value also
changes insignificantly (2.07 to 1.85 mA) up to an
total ionizing dose value of 305x10° un. and then
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begins to increase sharply, reaching a value of 10 mA In addition, the IS-LS1-1.8V samples have been

at a dose of 330x 10° un. Analogously, for the Type 4  testing on hardness to pulsed ionizing radiation using
sample, the current consumption value changes slight-  the RADON-23 laser complex with a maximum en-
ly (1.35 to 1.39 mA) up to the total ionizing dose of  ergy density of up to 200 mJ/cm®. The RADON-23
243x10* un. and then begins to increase sharply, laser complex operating mode is following:
reaching a value of 10 mA at a dose of 310 x10° un. the wavelength — 1064 nm; the radiation pulse en-

As follows from Figure 3, for the LT1963 ana- ergy — 120 mJ; the effective pulse duration — 10 ns;
log, the current consumption value practically does the beam diameter — 11 mm. It was found that the
not change (=4.99 mA) up to the total ionizing dose  thyristor effect is not observed in the studied sam-
of 369x 10° un. and then begins to increase harshly, ples of Type 1-4 both at a minimum energy density
reaching a value of 10 mA at a dose of 428 x 10°un.  of 1 mJ/em? (see F igure 4a) and at a maximum of

Thus, the maximum stability and the lowest cur- 200 mJ/cm?® (see Figure 45). The interruption time
rent consumption value under radiation conditions are ~ of the IS-LS1-1.8V operation was 300 ps (energy
demonstrated by voltage regulator IC samples with  density — 1 mJ/cm?) and 700 us (energy density —
Type 1 and Type 2 topology, being the most radiation ~ 200 mJ/cm?) correspondingly, which does not ex-

hardness in this range of ionizing radiation dose. ceed the required standard.
= v T = v 7
£ E
n 500 mV/dev ‘o 500 mV/dev
;“; 100 ps/dev ﬁ: 100 ps/dev
—_—
|14 |14
Time [ps] Time [ps]

a b

Figure 4 — The oscillogram of the IS-LS1-1.8V integrated circuit sample under the exposure of pulsed ionizing ra-
diation (RADON-23 laser complex) at voltage supply of 20 V and load current of 25 mA with energy density (scale
factor — 500 mV/dev, 100 ps/dev): a — 1 mJ/em?; b — 200 mJ/cm?

Thus, the method used to study the response and consumption current) is demonstrated by volt-
to radiation exposure made it possible to diagnose age regulator microcircuits with the topology of
significant differences in the radiation hardness of Type 1 (with a modified design of the output key
voltage regulator microcircuits depending on the base and vertical p-n-p-structures) and Type 2 (with
presence of changes in their topology, despite the a modified design of the output key base and mixed
equivalence of the electrical parameters of the types  (lateral+vertical) p-n-p-structures), surpassing the
studied. Therefore, this method is perspective and  other two types and its foreign analogue LT1963.
can be used for the design and development of elec-  Study of IS-LS1-1.8V samples of Type 1-4 for hard-
tronic component base products operating under ra-  ness to pulsed ionizing radiation showed that the thy-

diation conditions [3, 6, 13—15]. ristor effect was not fixed in the investigated samples
up to an energy density of 200 mJ/cm?.
Conclusion Results obtained allow to formulate methods for

increasing the radiation resistance of the linear volt-

Influence of the integrated circuit topology of age regulator IS-LS1-1.8V and to choose the most

the IS-LS1-1.8V linear voltage regulator on its ra- advantageous option for manufacturing the output
diation hardness has been studied. It was found that key. The method proposed can be also adapted in
the maximum of radiation hardness to the total ion- monitoring and assessing the trusted electronics and
izing dose effects (by parameters of output voltage radiation hardness at all stages of the life cycle of
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electronic component base products (during devel-
opment, production, etc.).
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