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The results of investigations on degradation effects in the radioelectronics circuitry under the influence of the
high-intensity pulse radiation are given. Analysis of the mechanism of degradation because of shortening the radio
pulse radiation wavelength has been carried out. When the wavelength of the object, exposed to the radiation of a
centimeter range, exceeds the characteristic size of structural elements, the degradation mechanism is conditioned by
the quasi-static effects on the object structure inhomogeneities. The degradation effects manifest themselves in ac-
cordance with the concept of a "weak link" and localization damage model. In the case of wavelength shortening,
when the characteristic size of the object structure element becomes commensurable with the wavelength, the reso-
nance effect action is more and more increasing. The degradation redistribution occurs according to the field intensi-
ty distribution in the resonant regions. The problem of electromagnetic resistance lowering, under conditions of the

tendency towards the radio electronics circuitry microminiaturization, is discussed.

PACS: 73.50. Mx, 84.70 +p

INTRODUCTION

When a probability that the microwave radiation and
electromagnetic pulse (EMP) fields have an effect on
the elements and units of radioelectronic equipment
(REE) is estimated, the three basic problems arise.

First, it is necessary to consider the mechanisms of
external magnetic field (EMF) penetration into the inte-
rior of the exposed object where the radioelectronic sys-
tems (RES) are mounted. Using the known techniques
for calculation of the EMP penetration through the ori-
fices, shields, sealing panels, weakly-conducting enve-
lopes one can obtain only crude estimates in the sim-
plest cases. The structure of exposed systems is very
complex and in each of cases it is necessary to develop
special theoretical models and to carry out an experi-
mental check.

Second, using the known value of EMF and their dis-
tribution in the sites of electronic assemblies, it is neces-
sary to determine the amplitudes of voltages and currents
inducted by these fields in the electronic units with taking
into account the nonlinear signal transformation in the
circuit elements (detection, differentiation in the capaci-
tive circuits, excitation of resonant loops etc.)

Third, according to these data one should estimate
the energy released in some electronic circuit elements,
compare it with the energy which is sufficient for an
event of malfunctions or failure in RES elements and
determine the most critical damaged circuit elements.

The circuitry of the modern radio electronics and
machine-computing technique consists, for the most
part, of semiconductor devices. At the same time, just
semiconductors show the lowest resistance to the elec-
tromagnetic field action. There are data which notify
that the malfunction of computer elements occur at an
absorbed energy as low as 10°...10°® J, diode zapping in
the microwave mixers — at 10°...107 J, linear integrated
circuits — at 10°...107 J, bipolar transistor circuits — at
10 J [1 - 4]. In this connection the experimental inves-
tigations and simulation of the degradation effects of
semiconductors are of current importance. Also, the
situation becomes more severe due to the tendency to-
wards microminiaturization of semiconductor elements,
use of submicro- and nanostructures, and, on the other
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hand, to the development of pulsed sources of high-
intensity mm radiation.

COMPUTATIONAL PROCEDURE

At present time the damage model is based on the
thermal mechanism by which the overvoltage in the
junction induces the current which heats the junction to
temperature of 150°C. At such values the temperature
coefficient for silicon becomes negative, the current and
temperature of the junction are avalanche-like increas-
ing. Then the current is splitting into separate local fil-
aments along which a maximum energy releases, tem-
perature reaches the melting point and junction failure
occurs. When the temperature in the local semiconduc-
tor regions is sharply increasing, the heat transfer goes
more slowly and a positive feedback, leading to the heat
breakdown, takes place [5].

If the semiconductor heating processes are consid-
ered in the general form, one should keep in mind that
the thermal damaging process under the energy pulse
action can occur in the three thermodynamic regimes.

During the first instants of action, when the heat
flow does not propagate yet in the medium surrounding
the region with the current heating the junction, the pro-
cess is of an adiabatic character. At the same time, at a
given damage energy W,, the damage power P, is in-
versely proportional to the pulse duration =z, i.e.
Pt =const (curve 1, Fig. 1).
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Fig. 1. Model approximation of the semiconductor
junction damage energy threshold as a function of time:
1 — adiabatic region; 2 — Wunsch-Bell region;
3 —thermal equilibrium region
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Such mode exists for = <<c¢/Aq, where 4 is the heat
conductivity coefficient; ¢ — specific heat capacity of
the material, and g — characteristic size of the element.
The estimations for the RES semiconductor elements
show the values of the order of 7 <107 s. In this mode
at P > P, the junction burnout can occur until the re-
leased heat energy begins to diffuse into the material
surrounding this junction. The ultimate energy for the
junction failure, is determined as W, =mc(T,-T,);
where m is the junction element mass; T, — initial junc-
tion temperature; T, — junction melting temperature.

At the relatively low power levels the thermal equi-
librium (see curve 1, Fig. 1) can be established before
the release of the ultimate energy W, in the junction,
that is necessary for the junction heating up to the melt-
ing temperature T,. These conditions are reached during
the time of the order of 10°...10* s and the damages are
not observed regardless of the pulse duration.

There is a Wunsch-Bell region [6] (see curve 2,
Fig. 1) where the heat energy released in the semiconduc-
tor junction is partially absorbed by the surrounding me-
dium. This region is characterized by the relation
P,7"*=const. Basing on the theoretical thermodynamic
model and experimental result generalization the au-
thors of [6, 7] have obtained the semiempirical formula
relating the absorbed radiation power flux density with
the exposure time and temperature change in the junc-
tion

P/s =(Mp0,,)% (T —T“)% e )

where P is the absorbed power; S — junction area
(101...10 *cm?; 1 -—heat conductivity coefficient;
p — semiconductor density; C, — specific heat capacity
7 — pulse duration.

Equation (1) is a base for the most of linear semicon-
ductor damage models. As a result of solving the heat
conduction equation in the linear approximation in [8] the
expression was obtained for the time dependence of the
thermal damage for the p-n semiconductor junction

__R 2)
1-t/t,

d\Y' C,p _ _
where t =|—|] ——, d is the thickness of the semi-
T A

conductor structure (here of the p-n junction).

The mechanism of microwave radiation effect on the
semiconductors is different for different frequency re-
gions. For the short-wave radiation with f >10" Hz an
essential significance belongs to the resonant absorption
mechanism by which the electrons can get into the con-
duction zone where the photons, having the energy ex-
ceeding the forbidden region width, are absorbed. The
frequency range, for which this mechanism is important,
is determined by the characteristic values of the forbid-
den region width e,~107...10 eV. The conductivity,
being increasing in this case, when the element is loaded
by the operating voltage, can lead to the malfunction or
failure of the circuit. The dependence of the electro-
magnetic resistance of radioelectronic devices on the
radiation effect frequency is investigated quite insuffi-
ciently. Most of the known publications deal with anal-
ysis of the degradation in the REE elements and com-
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ponents, evaluation of semiconductor junction damage
energy thresholds, development of degradation effect
models [1 - 10]. Essential attention is given to the pro-
cesses in the transistors being main elements of the dis-
crete and integrated circuitry [6, 11 - 13].

It is important to note that the comparative analysis
of data on the effects of microwave radiation and EMR
fields of ultrashort-pulse duration allows one to find a
close similarity in both the damage character and gen-
eral features of degradation effects in REE and its com-
ponents. At the same time, the process of electromag-
netic radiation interaction with REE is considered in the
antenna model conception, when the exposed object is a
receiving antenna, in which the loads are the REE inter-
nal structure elements, first of all, semiconductor devic-
es [14]. Figs. 2-5 show the main types and specific of
the degradation effects in REE and its components.
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Fig. 4. Degradation of the 2-n level:
a) — evaporation of the film resistor TTL;
b) — breakdown of the p-n junction TTL
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Fig. 5. Development of the radiation-induced
defect formation processes
In this conception the REE resistance problem under

the action of mm microwave radiation is significantly
complicated [15]. Besides, the sizes of receiving anten-
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nas, formed by the REE structural elements, become not
only commensurable with the wavelength but can exceed
it. This leads to the interference effect arising in the REE
interior, forming the very nonuniform field distribution,
producing the regions of increased field intensity in
which the semiconductor elements can be arranged.

The microwave radiation effect on the REE compo-
nents can have a double manifestation. As is shown in
[15], when silicon substrates are directly irradiated with
short microwave radiation pulses, r=15ns, 1 =8 mm,
there is observed the change in the characteristics of
impurity clusters, as well as in the lifetime and mobility
of carriers in the superconductor, that is accompanied
by the change in the semiconductor structure reflection
coefficient. In its turn, this can cause the change in the
amplitude and frequency-time parameters of the inte-
grated microcircuits or in the sensitivity and lag of op-
toelectronic devices.

On the other hand, the short-pulse radiation action
on the conducting elements in the REE structure (metal-
lization, conductor line, equipment wires) is accompa-
nied by the induction in them of a high-frequency cur-
rent, which flows through the nonlinear elements (tran-
sistor, diodes) and enriches itself with impact frequency
harmonics and their combinations with frequency com-
ponents of the signals circulating in REE. This is result-
ing in data corruptions and additional heat loads onto
the semiconductor components that can lead to the irre-
versible failure [16]. At frequencies of 37.7 and 75 GHz
the aluminum skin-layer thickness is 0.43 and 0.31 pm,
respectively. Therefore, the current, induced in the met-
allization, will heat it that may cause the thermal melt-
ing and partial damage of the SiO, protective layer on
the surface of the integrated circuit chip or printed-
circuit board.

Besides the irreversible thermal damages, the elec-
tromagnetic action leads to the distortion of semicon-
ductor device characteristics. The nonlinearity parame-
ters of the volt-ampere characteristics (VAC) of semi-
conductor devices are calculated by the following pro-
cedure. The current flowing through the nonlinear ele-
ment under action of voltage u can be represented in the
form of the Taylor expansion.

i(u)=iy+Su+S w2 4 sk , (3
where i is the constant current component in the oper-
ating point u =U,, and the quantities

di d3i d"i
s=— s s"-a— @)
2 n

dulu-u, du’ g, du

u=u,
are the slope of VAC and its derivative, respectively.

If the instantaneous voltage is an actually harmonic
function

u=U_cosat, (5)

then the substitution of (5) into (3) permits to obtain the
set of equations for calculation of the harmonic current
components Ani,...Ans, corresponding to the frequen-
cies w...5w, from which the following equation are ob-
tained
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Thus, the transit VAC of a bipolar transistor in the
circuit with a common emitter is described by the equa-
tion given in [17]

q(ub_ibrt;)
ik:|k0 exp T -1+, (7)

where |, is the reverse (uncontrolled) current of the col-

lector junction; q = 1.6x10™° C — electron charge; u,— base
voltage; i, — base current; r, — volume base resistance; k =
1.38x10 J/K — Boltzmann constant; T — temperature.
Equation (7) represents an implicit function since for
the collector and base currents the following relation

takes place
i = B, 8)

where g is the base current amplification.
Using the data reported in [18] we obtain the Tailor
expansion of VAC (5) in the form
__ @
" 1+abiy
2.
S 2a%i = 2a 23
(l+ abik) (1+ abik)
go_ 42l (L-abiy) _4a*(1-abiy) .
(1+abi )’ (1+abiy)*

4a%, (2—7abik +3a2b2i£) 4a3(2 — 7abiy +3a2b2i,§)
su _

S
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. (9)

4a4(4—33abik +47a%p%i2 —12a3b3iE)
s

(1+ abi )?

where 5 9, p— b, and coefficients p; = s(i)/s
kT B
are the VAC nonlinearity parameters [19].

CONCLUSIONS

High-frequency current harmonics are sources excit-
ing the radiation which can aggravate the problems of
electromagnetic compatibility of the radioelectronic
equipment.

The conclusion of this study is that the radiation of
mm range has a negative action on the REE electro-
magnetic resistance as a result of the enhanced radiation
penetrability, as well as, because of effects which arise
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K AHAJIM3Y 3JEKTPOMATHATHOM CTOMKOCTH PAJUOSJIEKTPOHHBLIX IPUEOPOB
IPHA BO3JAEVMCTBUU UMITYJIbCHOI'O U3J1YUEHUS
10.®. JIonun, A.I. Ilonomapes, B.H. Yymakoe

TIpuBeneHbl pe3ysibTaThl HCCIEAOBAHUH JerpaJaliMoHHBIX 3((OEKTOB 3JIEMEHTHOH 0asbl PaJHO3ICKTPOHUKH HPH BO3/CH-
CTBUU MMITYJIGCHOTO M3JTyYSHUs BBICOKON MHTEHCHBHOCTHU. [IpoBeNieH aHaIM3 MeXaHHW3Ma Jerpajaliil Mpu yKOPOYCHHH JUTHHBI
BOJIHBI PaJMOUMITYJILCHOTO M3iydeHus. [loka3aHo, YTO B YCIOBHSAX BO3/CHCTBUS M3JyUCHHs CAHTUMETPOBOI'O IHana3oHa, Koraa
JUIMHA BOJIHBI M3JIy4CHHUS IPEBBIIIACT XapaKTePHbIH pa3Mep CTPYKTYPHBIX JJIEMEHTOB 00BEKTa BO3JICHCTBHS, MEXaHH3M Jierpa-
Januii 00ycIoBIMBACTCS KBa3UCTATHYECKUMH 3G PeKTaMn Ha HEOAHOPOJHOCTSX CTPYKTYphI 00bekTa. JlerpasannonHble sdhex-
ThI TIPOSIBIISIIOTCSI B COOTBETCTBHHU C KOHIIEMIIMEH «CIaboro 3BeHa» M JIOKAIN3aLMOHHOW MOJenH MoBpexaeHuit. [Ipu ykopoue-
HHUU JUTUHBI BOJIHBI, KOTJ1a XapaKTEPHBIl pa3Mep 3JIeMeHTa CTPYKTYpbl 00bEKTa CTAHOBHUTCS COM3MEPUM C JUIMHOW BOJIHBI, BCE
GoJiee HAUMHAIOT CKa3bIBAaThCA pe30oHaHCHbIE 3 ekt [Ipy 3TOM JIerpagaluy nepepacnpeessoTcss B COOTBETCTBUH € pacipe-
JieTIeHHEM HaIpsDKEHHOCTH TI0JIS B pe30HHpyromux obmacTax. O6cyxmaercs mpodiaeMa CHIDKCHHUS JJIEKTPOMArHUTHOH CTOHWKO-
CTH B YCJIOBUSIX TEHJICHIIMM MUKPOMHMHHATIOPH3AIIUH 3JIEMEHTHON 0a3bl paHo3IeKTPOHUKH.

JO AHAJII3Y EJIEKTPOMATHITHOI CTIMKOCTI PAJIOEJIEKTPOHHUX IPAJIAIB
IPU )Ill IMITYJIbCHOI'O BUITIPOMIHIOBAHHSA
10.®. Jlonin, A.I'. Ilonomapyvos, B.1. Yymaxoe

HaBeneHo pe3ynbTaTH IOCTIKEHB JErpajaliiHuX e(eKTiB eIeMEHTHOI 0a3u palioeleKTPOHIKH MPH BIUIABI IMITYJIECHOTO
BUIIPOMIHIOBAaHHSI BUCOKOI iHTeHCHBHOCTI. [IpoBeseHO aHaii3 MexaHi3My Aerpafarii mIpy CKOpPOUYCHHI JOBXHHHU XBHJII pamioim-
HyJILCHOTO BHIpOMiHIOBaHHs. [Toka3aHo, 110 B yMOBaxX BIUIMBY BHIPOMIHIOBAaHHS CAHTUMETPOBOTO Jialia3oHy, KOJH JOBXHHA
XBHJII BUIIPOMIHIOBAHHS IIEPEBHIIYE XapaKTEPHHUI PO3Mip CTPYKTYPHHX €JIEeMEHTIB 00'€KTa BILIMBY, MEXaHi3M Jerpajanii o0y-
MOBIIOETECS KBa3iCTATHYHIMH e(DeKTaMH Ha HEOJHOPITHOCTSIX CTPYKTYpH 00'ekta. [lerpananiiiai eekTr MposBISIOTHCS BiJIIO-
BiJTHO JIO KOHIICIIIIT «CcIa0Ko1 JIAHKHY 1 JIOKaJi3amiifHOT MOENI yIIKOKeHb. [Ipr CKOpOYEHHI JOBKUHH XBUIIi, KOJIA XapakTep-
HUIA PO3MIp eleMeHTa CTPYKTYpHU 00'€KTa CTae MOPIBHSIHUM 3 JOBKHHOIO XBUIIi, BCe OLITbIIE MOYMHAIOTH [TO3HAYATUCS PE30OHAHC-
Hi epexru. [Ipu poMy merpagaiii nepepo3nOALIAIOTHCS BiAMOBIIHO A0 PO3IOALTY HAIPYKEHOCTI MOJIsI B PE30HYI0UNX obac-
Ts1X. OOroBOPIOETHCS ITPOOIEMa 3HIKEHHS eIeKTPOMArHiTHOI CTIHKOCTI B yMOBaX TEHIEHIIi MiKpoMiHiaTIOpu3amii eJIeMeHTHOT
0a3u palioeNeKTPOHIKN.
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