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EXTRANEOUS ELECTROMAGNETIC RADIATION IMPACT ON WAVEGUIDE
CHARACTERISTICS OF A SEMICONDUCTOR SUPERLATTICE

The subject matter is the mechanisms of emergence of instabilities in natural oscillations of semiconductor supertattices
caused by their interaction with charged particle flows of extraneous electromagnetic radiation. The aim is calculating ra-
tios to determine a degree of deviation of operating characteristics of semiconductor components from the norm, depending
on the parameters of extraneous pulsed electromagnetic radiation. The objective is to model how currents that are induced
with extraneous EMR interact with electrostatic oscillations of a semiconductor supertattice, using an implementation of
(Cherenkov) resonance interaction of moving charges with electromagnetic oscillations under conditions where the phase
velocity of the wave and the velocity of the charged particle are the same. The methods used: analytical methods for
solving Maxwell's equations and medium equations in a framework of hydrodynamic approach. The following results are
obtained. We have studied semiconductor components of electronic equipment (supertattices) being exposed to strong
pulsed electromagnetic fields. The study was focused on the nature of changes in the working capacity of the components.
We show that the effect of pulsed electromagnetic radiation is accompanied by an emergence of currents in the conductive
hardware elements and an emergence of internal fields within them. One kind of reversible failures of semiconductor
hardware elements is determined, based on interaction of extraneous radiation induced currents with the intrinsic fields of
the supertattices of the hardware components. Similar failures occur under conditions of Cerenkov radiation (when the
current is parallel to the structure boundary). It is shown that such interaction leads to energy losses in the induced currents
spent to excitation of natural oscillations of the supertattice, i.e. to emergence of an oscillation generation mode that is
characterized with a change in the volt-ampere characteristics of the hardware. Conclusion. The results obtained in this
work can be used to evaluate the efficiency of active radio electronic devices (amplifiers, generators and converters of elec-
tromagnetic oscillations in the millimeter and sub-millimeter ranges) being exposed to extraneous pulsed electromagnetic
fields. The comparative analysis of quantitative evaluations of reversible failures of semiconductor devices in dependence
on the spatial configuration of the acting field (induced current parallel to the structure boundary) allows solving problems
in optimizing the degree of distortion of the performance characteristics of these devices.
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Introduction

Most of the available theoretical and experimental
studies of the impact electromagnetic radiation (EMR)
has on radio equipment consider irreversible failures.
(As you know, all types of failures that arise in
electronic devices are usually divided into reversible
and irreversible [1-4]). An irreversible failure mean
complete loss of the device’s functional characteristics.
It occurs when the device performance changes beyond
the permissible limits (in case of extraneous
electromagnetic radiation, irreversible failures usually
arise due to thermal breakdown of the components).

The mechanisms of irreversible failures that arise
because of interaction of EMR induced currents and
voltages with the processes characterizing functional
purposes of the devices are usually modelled within the
framework of the theory of circuits with distributed
parameters. This approach allows evaluating working
capacity criteria in general (for example, estimating the
critical energy level characterizing a thermal
breakdown),

At the same time, for reversible failures, consisting
in a temporary loss of working capacity, using circuit
theory does not allow determining the distortion of the
output characteristics of radio devices. Therefore, most
of the problems associated with determining the
mechanisms of reversible failures resulting from the
impact induced currents have on operability of radio
devices, remain open.

This paper compensates to some extent the exist-
ing knowledge gap in this area of research on reversible
failures. It studies how charged particle fluxes induced
by EMR interact with wave processes in semiconductor
structures of modern microwave electronics.

Task solution

The object of the study is a periodic structure con-
sisting of semiconductor wafers (semiconductor super-
lattice). It is assumed that a flow of charged particles
emerges in the structure because of EMR. The flow
loses some of its energy spent on excitation of electro-
magnetic oscillations in the structure. The dispersion
characteristics of the structure and the mechanisms of
interaction between a flow of charged particles and
electrostatic oscillations are investigated in this article.
We have obtained equations for natural frequencies and
determined the energy losses occurring in the currents
because of excitation of EMR in millimeter and submil-
limeter ranges of electromagnetic waves.

Let a monoenergetic neutral flux of charged parti-
cles with density n, pass with constant velocity v,
through a periodic structure (with period ¢ ) consisting
of alternating plasma layers d; and d, that differ in
dielectric constant concentrations of conduction elec-
trons Ny; and Ny, . Let us determine the spectrum and

attenuation (increase) of electromagnetic oscillations of
such a system. We select the reference system in such a
way that X- and Y-axes are parallel and Z-axis is per-
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pendicular to the interface. Note that the energy a
charged particle loses passing through a layered dielec-
tric were first considered in [5].

To describe electromagnetic properties of a
structure consisting of plasma layers, neglecting the
delay effects, we use the following system of equations:

rot E=0 divlgg (2)E = 4me(N +n);
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Here n(r,t), N(r,t),v(r,t),u(r,t) are the perturbed

concentrations and velocities of the electrons of the
beam and of the stationary plasma; gy(z) and Ny(z)

are periodic functions that get values &¢1.0o and Nyj.on

within the limits of d =d; +d,. The indices / and 2
mean that the quantities in the equations (4) relate to the
layers with thickness indexes / and 2 correspondingly.
In the following, we have to introduce a scalar potential
¢(r,1);(E ==V ). At the interface, the following con-
ditions of continuity of potentials and total currents J;
(displacement and conductivity) are satisfied:

$1(0)=¢,(0);  J1(0) = J5(0), )

; OF,
where J; =E(Z—
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T

Taking into account space-charge waves (SCW)
that emerge in the structure due to a moving particle
flux, there is a need for additional boundary conditions.
We define the conditions using continuous flows of
charged particles and their impulses. These conditions
have the following form:

n (0) =my(0); 12(0) = v,.(0). (€)

Using the property of translational symmetry
¢(z+d) = ¢(z)exp(ikd) (where k is an arbitrary wave

vector), one can represent the boundary conditions on
the layer separating planes as follows:

4 (d)) = ¢y (—dy) exp(ikd); J|(dy) = T (d, ) exp(ikd); (4)
m(dy) = ny(—dy) exp(ikd); vy (d) = v, (=d, ) exp(ikd).

With assumption that all the variables are expo-
nentially dependent on the coordinates and time, it is
easy to obtain a solution for the equations in each layer.
Using boundary conditions (2) - (3), undefined con-
stants can be eliminated and a dispersion equation can
be obtained that relates the frequency, wave vectors
O,qy, k and the parameters of the medium.

Consider a one-dimensional case: ¢,; ¢, =0. The

solution of the system of equations (1) in the i-th layer
has the following form:
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Langmuir frequencies of electrons of stationary plasma
and A4,B,C.F beam are arbitrary constants. It is evident
that the potential contains terms of various kinds. The
first and the second terms represent a solution of Laplace
equation 62¢ / 02 =0 , the third and fourth terms are the
potentials induced with the SCW. It is easy to verify that
solutions 4; =0 are possible for the boundary conditions

because in this case J;(z) identically vanishes, the con-
centration and velocity of the particles depend on con-
stants C,F and the boundary conditions for the poten-
tials (3) and (4) allow determining By, B, through C,F .
In this case, we can obtain the following dispersion equa-
tion from the boundary conditions:

cos(w/vy —k)d = cos 4idy cos Ay dy —
(42 +23) (22422 -sin 2y sin 2pd.

This equation was first obtained in [6], where the
possibility of emergence of unstable states was shown.
At the same time, in [10], the natural vibrations that are
related to the frequency dispersion of the dielectric
permutation and exist in the structure in absence of a
beam were not taken into account.

In a case of a small beam density A4jd; <<1I;

(6)

Ady << 1, equation (6) transforms to:
cos(a)/vo—k)dzl—wgdz/(zvgszz), (7

where ¢, (w) =deg &, /(dig; +dyg)) is a component of
a permittivity tensor of a finely dispersed medium.

In the case of a weak spatial dispersion:
wd[vy <<1; kd <<1 in equation (7), we get:

(0 —k)* = a3 /(3. ) (®)

The dispersion law of oscillations has the same
form as in a homogeneous medium whose dielectric
permittivity is equal to ¢, (®,d;,d,). From equation
(8), in approximation of a low beam density, we get:

szzwg/(gzz(a)zkvo)); Ao <<hkvy. (9)

In this case, the frequency of oscillations is deter-
mined by the flight time of a particle through the spatial
period of the structure 7 = d/v, . While / is equal to the
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ratio of the flight time to the period of oscillations. The
oscillations become unstable under condition of

g, <0 (Aa)2 <0), i.e. the dielectric permittivity of at
least one of the layers must have frequency dispersion
and be negative. Let &, >0, <0. Then it follows
from (8) - (9) that
3 2
Aw =a)06{)p1d1/(2€0]d). (10)

The instability increment

ImA® = ?(wgwpldl /(2801d))]/3

where @, =a)01/\/a.

If @=kv, then we have instability under condi-
tions of Cherenkov’s resonance with an increment that

is (d)/d, )]/3 times less than in a homogeneous plasma.

In the case of @, =(27v/d)-1, the instability relates

Table 1. Characteristics of MOS Structure

to Cerenkov’s parametric radiation of a charged particle
[7]. It follows from (8) that instability also arises when

&,, isa complex value and Reg,, >0.

The studied model of the interaction between in-
duced currents and oscillations in semiconductor com-
ponents of electronic radio equipment is quite universal
and allows considering a number of interesting particu-
lar cases in experiments to determine criteria of resis-
tance to reversible failures.

Analysis

Table 1 contains numerical estimates of instability
increments of intrinsic electromagnetic oscillations of
semiconductor-layered structures caused by their inter-
action with charged particle fluxes induced by extrane-
ous EMR. The results are provided for a number of
semiconductor structures [7] being used in modern
microwave electronics.

The amplitude of current is J =100pA and the

rectangular pulse duration is 1 ps.

MOS S e i 1oy
Au-Si;N,-GaAs ny=5x10"d =3x107* dw=2x10"
Au-Al,0;-AlGaAL ny =1,3x10"° d =2x107* So=4,7x10"
Au-SiO,-CulnAs no =3,6x10* d =9x107° dw=5,2x10"
Au-SizN,-AlGaAL ny =1,2x10"° d =3x107° §0=2,9x10"
Au-Si;N,-Si no =3x10"° d =1,6x107* dw=3,2x10"
Au-AL;0,-Si no =3x10"° d =3,6x107 dw=2x10"
Au-Si0,-Si no =3x10° d =3x107* dw=6,1x10'"

Conclusions

A model is proposed here for interaction between
extraneous EMR induced currents and electrostatic
oscillations of a semiconductor superlattice basing on an
implementation of resonance (Cherenkov) interaction
between moving charges and electromagnetic oscilla-
tions under conditions of the phase velocity of the wave

and the velocity of a charged particle being the same.
Ratios are calculated that relate a value of the instability
increment to the magnitude of the induced currents and
such parameters of the MOS structures as free carrier
concentration, dielectric constant and structure dimen-
sions. The quantitative estimates show that the value of
the radiation energy falls within the sensitivity range of
modern receivers of submillimeter radiation.
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BruiiB CTOPOHHBOI0 €JIEKTPOMATHITHOI0 BUIIPOMiHIOBAHHSI HA XBHJILOBI XapaKTEPHUCTHKH HANBIPOBIIHUKOBOI PENIiTKA
B. I. KpaBuenko, B. C. bpecnasenp, 1. B. SIxosenko, Uy I[3unp Kyii

IIpeaqmerom BUBUYEHHS € MEXaHI3MH BUHUKHEHHS HECTIMKOCTEH BIaCHUX KOJUBAaHb HAIliBIIPOBIAHMKOBHUX HAJIPAaTOK, 00y-
MOBJICHHX IX B3a€MOJI€I0 3 OTOKAMHU 3aps/UKEHUX YaCTHMHOK B YyMOBAaX BIUIMBY 30BHIIIHBOTO €I€KTPOMAarHiTHOIO BUIPOMIiHIO-
BaHHi. MeTa - OTpUMaHHS PO3PaxyHKOBHX CIIiBBIZHOIICHb, SKi JIO3BOJISIIOTH BU3HAYATH CTYIIHb BIIXUICHHSA POOOYMX XapaKTe-
PHUCTHUK HaliBIPOBIJHUKOBUX KOMIUICKTYIOUMX BiJl HOPMHU B 3aJI€XKHOCTI Bijl TApaMEeTPiB 30BHIIIHBOIO IMITYJIbCHOTO €JI€KTPOMa-
THITHOTO BUIIPOMIHIOBAaHHS. 3afayda - OTpUMaHH MOJEJl B3a€MO/ii HaBeJEHNX 30BHIIIHIM €JIEKTPOMAarHiTHIM BUIIPOMiHIOBaH-
HSIM CTPYMIB 3 €JICKTPOCTATUYHUMHU KOJIMBAHHSAMH HalliBIPOBIIHUKOBOI HaAIPAaTKM, 3aCHOBAaHOI Ha peanizalil pe30HaHCHOI (ue-
PEHKOBCBKOT) B3a€MOJI] PyXOMHX 3aps/liB 1 €JIEKTPOMArHITHUX KOJIMBaHb B YMOBAX, KOJIM 30iratoTbes (a3oBa MBUAKICTh XBUIII 1
MIBUJIKICTD 3apsJPKEHOI YaCTHHKU. BHKOPHUCTOBYBaHI METOIM: aHATITUYHI METOAM PillIeHHs PiBHSIHb MakcBeuia i piBHAHb cepe-
JIOBMILIA B paMKax TipoauHaMivHOro mijgxoxy. OTpUMaHO HAcCTYNHI pe3y/abTaTh. [IpoBeeHO NOCHIKeHHS (YHKLIOHYBaHHS
HAIliBIIPOBITHUKOBUX KOMIUIEKTYIOUHX €JIEKTPOPaaioBUpoOiB (HAITPATOK) B YMOBAaX BILUIMBY IOTY)KHUX IMIYJIbCHUX €JIEKTPO-
MAarHiTHUX 1ONiB. BUBUEHO XapakTep 3MiH NPaIe3/aTHOCT] HAMiBIPOBIJHUKOBUX KOMIUICKTYIOUMX €JIEMEHTHOI 0a3u TeXHIYHHX
3aco0iB. [Ioka3aHo, 1110 BIUIMB IMITyJICHOT'O €JI€KTPOMAarHiTHOrO BUIIPOMIHIOBaHHS CYIPOBOJDKYETHCS BUHUKHEHHAM CTPYMIB B
MPOBiIHUX €JIeMEHTaX BUPOOIB 1| BUHUKHEHHAM iX BHYTDIIIHIX NOJiB. Bu3Ha4ueHo ofuH 3 TUIIB 00OPOTHUX BiJJMOB HaIliBIPOBiJ-
HHUKOBOI €JIEMEHTHOI 0a3u eJIeKTpopaioBUpoOiB, 3aCHOBAHUI HA B3a€EMOJIT CTPYMiB, HaBEJEHHUX 30BHIIIHIM BUIIPOMiHIOBAHHSM,
3 BJIACHUMH TIOJAMH HAJITPATOK, 110 KOMIUIEKTYIOTh BUpiO. IToniOHI BiIMOBH peaii3yloTbCs B yMOBaX YE€PEHKOBCHKOI'O BHIIPO-
MIHIOBaHHS (CTPYM NapalenbHuil 10 KOpJOHiB cTpykTypH). [loka3aHo, 110 1aHa B3a€MOis IPU3BOAUTH JI0 CHEPreTUYHUX BTPAT
HABE/ICHUX CTPYMIB Ha 30y/KEHHS BIIaCHUX KOJIMBAaHb HAAIPATOK, TOOTO MOSBI PEKUMY I'eHepallii KOJIMBaHb, IKUH XapaKTepH3y-
€ThCsl 3MIHOIO BOJIBT-aMIIEPHUX XapaKTePHCTUK pazioBupobiB. BucHoBkH. Pe3ynbrary, orpuMani B poOOTi, MOXKYTh OyTH BHKO-
pHCTaHI TIPH OLIHII Ipale3JaTHOCTI aKTHBHHUX PaioeleKTPOHHUX NpHiagiB (MiJCHIIOBAaYiB, TeHEpaToOpiB i NepeTBOPIOBaUiB
€JISKTPOMArHITHUX KOJIMBaHb MUIIMETPOBOIO Ta CyOMUIIMETPOBOrO Jliala30HiB) B yMOBaX BIUIMBY 30BHILIHIX IMITYJIbCHUX €JIEK-
TPOMArHiTHUX 1oimiB. IIpoBeneHuii B poOOTi NOPiBHAIBHUI aHaNi3 KiIBKICHUX OLIHOK 00OPOTHMX BiZIMOB HaIliBIIPOBIJHUKOBUX
MIPWIIA/IIB B 3aJIS)KHOCTI B/l IPOCTOPOBOI KOH(Iryparii 1o, o BIUIMBae (HaBEICHNI CTPYM MapaelbHUi 10 KOPJOHIB CTPYK-
TypH), JO3BOJISIE BUPILIYBATH 3a/1a4i ONTUMI3allii CTYIEHs CIIOTBOPEHHS POOOYMX XapaKTePUCTHK JaHUX MPHIIALiB.

Knaro4doBi c1oBa: enekrpoMarHiTHe BUIPOMIHIOBAHHS; HAIiBIPOBIIHUKOBI CTPYKTYPH; IIOBEPXHEBI KOIMBAHHS; 3apsi-
JUKEeHI YaCTUHKH; I€KPEMEHT KOJIUBAHb.

BimsiHue CTOPOHHEr0 JIEKTPOMATHUTHOI' 0 M3JIyYeHHsI HA BOJTHOBOHbIE XapaKTePHCTHKH IOJIYIIPOBOIHHKOBOIl pelIeTKH
B. U. Kpapuenko, B. C. bpecnasen, U. B. fIxosenko, Uy L3unp Kyii

IIpeaqmerom u3ydeHHs SBISIOTCS MEXaHU3Mbl BOSHMKHOBEHMS HEYCTOHYMBOCTEH COOCTBEHHBIX KOJIe€OaHMIl MOIYHIpOBOJ-
HHUKOBBIX CBEPXPELIECTOK, 00YCIIOBJICHHBIX UX B3aHMMOJICHCTBHEM C IOTOKAMH 3apsHKCHHBIX YACTHI] B YCJIOBHSAX BIIMSIHHS BHEII-
HETO IEKTPOMArHuTHoro nimydenus. llesb - momydeHne pacuyeTHBIX COOTHOLIEHHUH, MO3BOJISIOIIUX ONPENENATh CTENEHb OT-
KJIIOHEHHs pabOuHX XapaKTePHCTUK MOJIYIPOBOJHUKOBBIX KOMILIEKTYIOIMX OT HOPMbI B 3aBUCHMOCTH OT I1apaMETPOB BHEILIHETO
HMITYIbCHOTO 3JIEKTPOMAarHUTHOIO M3IydeHus. 3agada — MoJydeHHe MOJIENIN B3aUMOJIEHCTBHS HABEAEHHBIX BHEITHUM JJIEKTPO-
MAarHuTHBIM H3JIy4EHHEM TOKOB C 3JIEKTPOCTATHYECKUMHU KOJICOAHMAMM HOIYIPOBOJHUKOBOM CBEpPXpEIIETKH, OCHOBaHHOH Ha
peanu3ayy Pe30HaHCHOTO (U€PEHKOBCKOI0) B3aMMOICHCTBUS JBIKYIIMXCS 3aPAI0B U AJIEKTPOMArHUTHBIX KoleOaHUi B ycio-
BUSIX, KOI'JIa COBNAJAIOT (a30Basi CKOPOCTh BOJIHBI M CKOPOCTb 3apsDKEHHOH yacTuipl. Mcnonb3yeMble MeTOAbI: aHATUTHICCKHE
METOIBl PELIEHHs YypaBHEHMH MakcBelnna M ypaBHEHMH cpeipl B PaMKax THAPOIMHAMHYECKOro mnoaxoza. IlomydeHsr
creyromue pe3yabTarel. [IpoBeeHs! uccnenoBanus GyHKIMOHUPOBAHUS MOJIYIPOBOAHUKOBBIX KOMILIEKTYIOIIUX 3JIEKTpOpa-
JIMOU3JIENNI (CBEPXPELIETOK) B YCIOBHSAX BO3ACHCTBUS CHIIBHBIX MMITYJIbCHBIX DJIEKTPOMAarHUTHBIX nonell. M3yden xapakrep
U3MEHEHHI paboTOCIIOCOOHOCTH IOIYIPOBOAHUKOBBIX KOMILIEKTYIOIIMX 3JI€MEHTHON 0a3bl TeXHHueckux cpexacts. ITokasaHo,
YTO BIIMSTHUE UMITYJILCHOTO JIEKTPOMAarHUTHOTO M3IY4EHHUs! COIPOBOXKIAETCS BOSHUKHOBEHHEM TOKOB B IMPOBOJALIMX 3JIEMEH-
Tax W3JEIMi 1 BOSHUKHOBEHWEM MX BHYTPEHHHX noiieid. OmnpenesneH oJuH U3 TUIOB 00pPATHMbIX OTKA30B IMOJIYIIPOBOIHHKOBOK
JIEMEHTHOH 0a3bl 3NEKTPOPaANOMU3/IENNH, OCHOBAHHBIH Ha B3aMMOJAEICTBUM TOKOB, HABEICHHBIX BHEIIHUM MH3JIyYCHHEM, C
COOCTBEHHBIMH IOJIIMU CBEPXPEILIETOK, KOMIUIEKTYIOIHX u3zienue. [10100HbIe 0TKa3bl pealnnu3yloTcs B YCIOBUAX YCPEHKOBCKO-
ro M3Iy4deHus (TOK IapajulelieH IpaHuLe CTPYKTypsl). [loka3aHo, 4TO JaHHOE B3aUMOAEHCTBUE NMPUBOIAUT K IHEPreTHUSCKUM
MOTEpsIM HABEJEHHBIX TOKOB Ha BO30YK/ICHHE COOCTBEHHBIX KOJIEOAHUH CBEPXPEIICTOK, T.C. MOSBICHUIO PEXHMMa I'eHepaluu
KOJIeOaHU, KOTOPBII XapaKTepu3yeTcsi U3MEHEHUEM BOJIBT—AMIIEPHBIX XapaKTePUCTUK pajuon3nesnid. BeiBoasl. PesynbraThl,
HOJTy4eHHbIe B paboTe, MOTYT OBITH HCIIONB30BAHBI IIPU OLIEHKE pabOTOCIIOCOOHOCTH aKTHBHBIX PaJMOICKTPOHHBIX NPUOOPOB
(ycwnutenell, reHepatopoB U IpeoOpa3oBaTesiell IEKTPOMArHUTHBIX KOJIEOaHMH MHUIMMETPOBOIO M CyOMHIUIMMETPOBOIO
JIAIa30HOB) B YCIOBHAX BO3/ICHCTBHUS BHEIIHUX UMITYJIbCHBIX 3JIEKTPOMAarHUTHBIX nosei. [IpoBeieHHbIi B paboTe CpaBHUTEIb-
HbIH aHaJIN3 KOJIMYECTBEHHBIX OLICHOK 00paTUMBIX OTKAa30B MOJIYIPOBOJHUKOBBIX IIPUOOPOB B 3aBUCUMOCTH OT IIPOCTPAHCTBEH-
HOH KOH(UI'YpallMu BO3/EHCTBYIOLIETro 1ois (HaBEJCHHBIH TOK NMapajuleNieH I'PaHHLe CTPYKTYPBI) IO3BOJNSET peIiaTh 3a1adyu
ONTUMU3ALIHN CTEHEHHN UCKaXKEHUsI pabOuMX XapaKTepPUCTUK JaHHbIX IPHOOPOB.

KawueBble ciioBa: QJIEKTPOMArHUTHOC H3JIYUYCHHE, IOJTYIPOBOAHUKOBBIC CTPYKTYPBI; ITOBEPXHOCTHBLIC KOJ'I€6aHI/I$[;
3apsHKCHHBIC YaCTULBI; IEKPEMEHT Kosie0aHui.
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