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EXCITATION OF OWN OSCILLATIONS IN SEMICONDUCTOR COMPONENTS
OF RADIO PRODUCTS UNDER THE EXPOSURE OF THIRD-PARTY
ELECTROMAGNETIC RADIATION

Abstract. The subject matter is the processes of analysis and mechanisms of interaction of EMP-induced currents and
voltages with the processes characterizing the functional purpose of radio products, is usually carried out within the
framework of the theory of distributed circuits. The presented approach makes it possible to evaluate the performance criteria
in general (for example, to evaluate the critical energy characterizing a thermal breakdown), however, issues related to the
determination of various types of electromagnetic interactions that occur directly in the components of a product under the
influence of EMR remain open. The aim is the possibility of setting up theoretical and experimental studies based on the
proposed calculation model for excitation of natural vibrations of a semiconductor structure (exponential growth of
amplitude). The parameters of a third-party pulsed electromagnetic field, induced currents and characteristics of
semiconductor devices have been established within which the regime of amplification of natural vibrations of a
semiconductor structure is observed. The objectives are: mechanisms of interaction of induced currents with surface
vibrations of semiconductor components of a radio product under the influence of pulsed electromagnetic radiation. The
methods used are: methods of the theory of small perturbations in determining the spectrum of natural oscillations of the
system - currents induced by electromagnetic radiation and natural oscillations of the components of the radio product. The
following results are obtained: The mechanisms for the appearance of reversible failures of semiconductor components of
radio products under the influence of third-party pulsed electromagnetic fields are determined. It has been established that
the presence of a current induced by external radiation leads to the establishment of a mode of amplification of natural
oscillations of semiconductor components of a radio product (reversible failures). Conclusion. Quantitative estimates of
amplification (generation) modes of oscillations of semiconductor devices, distorting their performance depending on the
parameters of external electromagnetic influence, allows developing mechanisms for electromagnetic compatibility of
microwave radio products. A comparative analysis of the calculated data obtained in the work can be used in the manufacture
of radio devices operating in the millimeter and submillimeter range (amplifiers, generators and frequency converters).

Keywords: induced current; electromagnetic pulse radiation; semiconductor components; surface oscillations; oscillation
instability.
equation. and it is shown that the damping of oscillations

Introduction is caused by the transformation of the surface plasmon

The types of failures of electrical and radio products
in the presence of third-party factors are divided into
reversible and irreversible [1, 2]. Irreversible failures occur
when the performance of a radio product in the presence
of external electromagnetic radiation exceeds the
permissible limits and the device completely loses its
functionality. Reversible failures are characterized by a
temporary loss of performance for the time of exposure to
electromagnetic  radiation. In the absence of
electromagnetic influence, the performance of the product
is restored. The existing theoretical and experimental
studies of the influence of pulsed electromagnetic radiation
on the performance of electrical and radio products are
mainly aimed at studying irreversible failures. At the same
time, the purpose of these works is to determine the
performance criteria in general (for example, the critical
energy that determines the thermal breakdown). Questions
related to the physical mechanisms of interaction of
induced currents and natur+al oscillations of components
usually remained open.

This work belongs to this area of reversible failure
research. It studied the influence of currents induced by
external electromagnetic radiation on the waveguide
characteristics of semiconductor products, leading to the
appearance of reversible failures.

Task solution

In [3-7], the collisionless damping of surface
plasmons was studied on the basis of the dispersion

field into Van Kampen waves. It is shown that this effect
leads to a change in the current-voltage characteristics of
semiconductor devices (the appearance of regions of
negative resistance), i.e. reversible failures.

In the presented work, the mechanisms of
attenuation of surface oscillations of semiconductor
components of radio products are studied, when their
interaction with conduction electrons is in the nature of
collisions. Similar effects are realized in the case when
the value of the electron concentration of induced
currents is much less than the concentration of
semiconductor carriers. The kinetic equation for surface
oscillations has the form [4]:

ONg
Wq:%z’\Nqukz‘z 5(E1—E2 —ha)q)x

x[(Nq +1) e, (l— N, ) ~Ngng,, (l— g, )}

where Ny - the number of plasmons in the state;

(1)

Eio :hzkl,z/(Zm) — electron energy; W g, - matrix

element of electrons between states k; — k,. The first

term on the right side of equation (1) describes the
radiation of surface plasmons during the transition of
electrons from state to state; the second is the processes
of absorption of plasmons during reverse transitions.
Plasma medium - a semiconductor structure (medium 1)
occupies a  region of  space 0<y<L
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(gl(w):go—wg/a)z), and areas y<0; y>L

occupies a dielectric (vacuum) &, = &4 .

The penetration depth of the wave field remains
small compared to, i.e. the fields are localized at the
boundaries independently of each other. We will consider
the interaction of electrons and natural vibrations of a
semiconductor structure near the boundary.

The Hamiltonian of the interaction of electrons with
plasmons, which determines the matrix element:o6, has
the form [5]:

A — L nArdr . (2
c

Here the vector potential: divA=0; E = —E%

c ot
It is expressed through the operators of creation and
annihilation of vibrations

8, (1) = ag exp(iot); a4 (t) = ag exp(-ict)

in the following way:

AdrD= 2 A @, T2+, v];

L O
\/51

€1x = €2x —q_\/z’ Gy =—€2y =
12 =62 =0 /(0V2)  a=ya i+t @)

a),q=a)q=a)

qy=-iq y<0q,=iq y>0.

The value is found as a result of quantization of the
energy of the plasmon electromagnetic field [5]

2
HEM = 2 [[A(w,n)]? ) )
where integration is carried out over the entire region of
plasmon localization. Substituting in (4) [A(e,r)]?,
equating
hao
a9~ ~ ~
H (em) = ZT[aqaa— + aaraq :|7

we get

A= \/47re2hq02/(8wq (& +€d)) ,

where S - surface area of a semiconductor wafer.
The induced current density operator has the form:

B en +$ +
= YIVY - wVY
J 2|m0[ :|
- 1 .
yr =WZ K (t)exp(—i(kyx+k,2))sin kyy
@:iz by (£) exp(i (kyx + k, 2)sin ky y (5)
W
T
V=38L jky=-=n; n=123..
L

where b (t) = b e/ by (t) = b, TEK/

operators of creation and annihilation of electrons with
wave vector. Having carried out the integration in the
expression (2), we obtain:

HE = 37 Wi, b, O(ag () +a%4 O ©), (6)
kagka

o 2ky Koy (kE —K3)-Woay
kyako 2 2 ’
2 o1 T
| %+ (kay —kay )|

Wy = \/Zﬂequh3/(m02 LYZqu (g9 + &4 )).

where

Given the law of conservation of energy
Er = —hay and assuming
q2 << (kay —kly)z; q<<ky; g <<k, we get the

following expression for the matrix element:

2 kg ? 2mao,
o oW Y Y e k= K2 q
‘Wqukz‘ =Wo o ;oky =4 fky + -~

q

q

Oscillation decrement y =—— determined

q
by the processes of stimulated emission and absorption
of waves by particles: Ny >>1:

Passing in the kinetic equation (1) from summation

to integration (Zk L J' dky ) we get the following
y 7

expression for the decrement .
2
Wp“VL
y=———s j dk kyk

(k(+) ) 0

Consider the case of a Maxwellian distribution of

electrons:
@2rh)° h2k?
Ne =Ny —————==6exp| ~———
2mT

0
(22mT)%2
Substituting the values into formula (7) and using
the  dispersion law  of  surface  plasmons

a)é :wg/(go +&q) We get:
—\/zq V [Lj exp(—h—wj—l X
T NT T e T
xT x? /x2+h—a) exp(—x2
—0 T

It is easy to make sure that the formula (7) in the
limiting cases gives the same values of the decrement as
the expressions (8). In the case of a degenerate electron
gas, the difference n ., —n =n(eg +7iw)—n,(sg)

on
npn &g >> heo can be represented as 6—kha) where
¢F
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As a result of integration (7) we again obtain the
expression) for in the case of specular reflection of
electrons from the boundary.

Thus, the idea of the interaction of surface plasmons
and electrons as a collisional process leads to the same
results as the method of dispersion relations. In addition,
the use of the homogeneous plasma model is valid not
only in the classical but also in the quantum
approximation.

Equation (1) makes it possible to study the
mechanisms of spontaneous emission of particles when
Ng <<1 . Consider the radiation created by a single

particle moving at a speed. In this case, it follows from
equation (1) at q, <<ky; 0,

4mLJ-| kOky| §[k0—k2
0

<<k,

ONg
ot

“q J dk,. (9)

Taking into account the condition: kg >> 2May /h

let us determine the power of spontaneous emission of an
electron:

(10)

If the number of particles in the state is equal, then
the right side must be multiplied by this value. Let us
compare the radiation power with the value of the energy
loss of a particle during its reflection from the interface.

The fields created by the particle will be described
by the following equations:

rot E(F,t) = 0;

div D = 47e5(x)[5(y —Vot) + S(y —Vot)15(2);
t

D(r.t) = [£(t-t)E(F,t)dt;  y>0.
rf)tE(f,t) = (2; divD =0; (11)
D(r,t) = eq E(T,1); y <0.

The Fourier components of the electron field have
the following form:

= Y |7 B4,y do,
Ox.9z
0= +aZ,
_legyvg cos(w/vp) y
Vi3 g(a))S(a) +q VO)
iewsin(w/Vy)y

ﬂzg(a))S (coz + qzvg)

E(r,t

Ex(w.§,y) =

Ey (a),q, y) =-

¢ (o) = j:’g (7)€ dr. (12)

Further

2

8(0))280—600/60 w® >>q VO

To these fields it is necessary to add free fields, which
are solutions of homogeneous equations (11) in media “1” -
“211:

Ex(0,G,y)=A eV,

>0;
Ey (0.0 =S ae®;
Ox (13)
Ex(quv y) = AQ equ
<0.
Ey(a)’q”y):_|inzeQY; y
X

From the boundary conditions we find:

_ quXVO &
e (w) (& (w)"‘gd) (14)
py =S @ p
&g

The normal component of the electric field in
medium “1” has the form:

87 eVO

S5 @ en)

x Y — a4 ePsinpt; t>0
x4z q

Ey(F.)=0;

(15)

t<0.

Analysis

The energy loss of a particle for the excitation of a

surface plasmon per unit time Z—f is determined from

the equation of motion:

o€

—=evyE (16)

y
In this formula, one should substitute the value of
the field at the point where the particle is located

X=0; y=vpt; z=0.

Next, it is necessary to average the expression for
the energy loss over the time of flight by the particle of
the region of interaction with the wave in the forward and
backward directions: 7 =2L/vq

Then the average particle energy losses per unit
time for excitation.

Then the average particle energy loss per unit time
for excitation g - harmonics of the plasmon field takes

the form:
oN
6—5 —hog—— -a,
ot ot
Thus, the loss of particle energy (spontaneous

emission of a surface plasmon) arises as a result of the
transformation of the Van Kampen wave incident on the

A7)
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boundary into the plasmon field. Knowing the expression
for the matrix element, one can estimate the integral of
collisions of electrons with surface plasmons and find the

change in the number of electrons ngg =nod,, o

capable of kg upon their transition to the state k as a
result of spontaneous emission of surface plasmons (
Ng —0).

As a result, we get:

onyo 47zezqvg _ony onyg
O m g0 =——K0 ()

The electron energy loss in this case during the
transition is equal to:

anko 6nk 6nk0
E, K0 g Tk (g, —E )ZXO
05 at (Eo-E) ot
OoN
where Ey-E :ha)q;%:——q,
ot ot

Let us give quantitative estimates. For wafer with
transverse dimensions a =10"" cm, with current density
j~100A/cm 2, (vg=3-10%cm/s, ng ~10't cm?)

energy loss for surface plasmon excitation (@ ~ 101952,
de

dt

For modern semiconductor components of radio
products, such losses are quite detectable and can cause

g~ 3cm?) equal ~1 pw.

reversible failures (the appearance of segments of
current-voltage characteristics with negative resistance).

Conclusions

The mechanisms of attenuation of surface
electromagnetic  oscillations in  semiconductor
components of electrical and radio products based on
the concepts of Van-Kampen waves are determined. It
is shown that the damping of oscillations of this kind is
due to the fact that oscillations excite Van Kampen
waves at the media interface, which are modulated by
the surface wave field and carry the field energy deep
into the medium.

A Kkinetic equation has been obtained that
describes the change in the number of surface plasmons
as a result of their interaction with conduction electrons;
its solutions are given, which determine the decrement
of oscillations and the power of spontaneous emission
of particles.

The presented approach makes it possible to
evaluate the performance criteria of electrical radio
products and solve issues related to the description of
various kinds of electromagnetic interactions that occur
directly in the components of the product when exposed
to pulsed radiation.

Quantitative  estimates ~ of  amplification
(generation) modes of oscillations of semiconductor
devices, distorting their performance depending on the
parameters of external electromagnetic influence,
allows developing mechanisms for electromagnetic
compatibility of microwave radio products.
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ITopyumieHHs1 BJ1aCHUX KOJIMBAHHS HANIBIPOBIIHMKOBUX KOMILIEKTYIOUHX PaaioBUpPoOiB
NpH Aii CTOPiHHOTO eJIeKTPOMATrHiTHOr0 BUNIPOMiHIOBAHHS

A. A. Cepkos, B. C. bpecnasens , 0. B. bpecnasenp, 1. B. SIkoBenko

AHoTanis. IIpextmMeToM nociizkeHHs € IpoIleC aHATi3y MeXaHi3MIiB B3aeMmoaii HaBegeHnx EMI crpymiB i Hanpyru 3
MpoLieCaMH, IO XapaKTepU3yIOTh QYHKIIOHATbHE IPU3HAYEHHS paioBHPOOiB, 3a3BHUYall IPOBOAUTECS B paMKax Teopil JaHIIOTiB
3 po3nojauTeHNMH Tapamerpami. [IpexcraBieHnii miaxin JO3BOJSE OMIHUTH KPUTEpil Npare3aTHOCTI B LUIOMY (HAIpHKIAN
OLIHUTH KPUTHYHY €HEpriio, IO XapaKTepu3ye TEIJIOBHH MpoOiil), mpoTe MUTaHHs MOB'A3aHi 3 BU3HAYCHHSM PI3HOTO POLY
CIIEKTPOMArHITHUX B3a€EMOJIi, IO MPOTIKaIOTh OE3MOCepPEeAHBO B KOMIUICKTYIOUMX BHpoOu mpu BruiuBi EMI 3amumarotbes
BIZIKPUTUMH. MeTOI0 JOCIIi/IZKEHHsI € MOXUIUBICTh MOCTAHOBKM TEOPETHMYHHUX Ta SKCIIEPUMEHTAILHUX JOCIIJUKeHb HAa OCHOBI
3aIIPOIIOHOBAHOT PO3PaxyHKOBOI MOENi MOPYLICHHS BIACHHX KOJMBaHb HAliBIPOBIIHMKOBOI CTPYKTYpH (E€KCIIOHEHLIHHOTo
3pOCTaHHS aMILTITYu). BcTaHOBIEHO MapamMeTpy CTOPOHHBOTO IMITYJILCHOTO €IeKTPOMArHiTHOTO ITOJISI, HABEJCHHX CTPYMIB Ta
XapaKTepPUCTHK HAMIBIPOBIMHUKOBUX IIPHIANIB y MeXaxX SKHX CHOCTEpITaeThCS PEXHUM IIOCWICHHS BIIACHUX KOJIHMBAaHb
HamiBIpoBiMHUKOBOI CcTpykTypu. Llimi Taki: MexaHi3aMm B3aeMonii HaBeAEHHX CTPYMIB 3 IOBEPXHEBUMH KOJHMBAHHSIMH
HAITiBIIPOBITHUKOBUX KOMIUIEKTYIOUHX paaioBUpOOY 3a YMOB BIDIMBY IMITyJILCHOTO €JIEKTPOMAarHiTHOTO BHIPOMIHIOBaHHS.
MeToau, 1110 32CTOCOBYBAJIUCH NPHU JOCIi/IZKEHHI: MeTOaN Teopil Mannx o0ypeHb LI0JI0 CHEKTPY BIACHUX KOJIMBAHb CHCTEMH -
HaBeJIeHI €JIeKTPOMarHiTHUM BHIIPOMIHIOBAHHSIM CTPYMHM 1 BIAaCHI KOJMBaHb KOMIUIEKTYIOUMX PamioBHpoOiB. OTpUMAaHO Taki
pe3yiabTaTH: Bu3HaueHO MexaHi3MH MOSIBU 00OPOTHHUX BiIMOB BUPOOIB HaMiBIIPOBIAHUKOBUX KOMIUIEKTYIOUUX PalioBUPOOiB 3a
YMOB BIUIMBY CTOPOHHIX IMIYJIbCHHX €JEKTPOMArHiTHUX TMOJiB. BcTaHOBIIEHO, W0 HAsBHICTH HABEICHOTO 30BHIIIHIM
BUIIPOMIHIOBaHHSM CTPyMy IIPH3BOJIUTH JIO BCTAaHOBJEHHS pEXHMY IOCHJICHHS BJIACHHX KOJHMBaHb HAIiBIPOBITHUKOBUX
KOMIUIEKTYIOUHX PamioBHpOOiB (3BOPOTHHX BiqMoB). BucHoBKH. KUIBKICHI OIIHKM pexXHMMIB NMOCHIEHHS (TeHepanii) KOJHBaHb
HAaIIBIPOBIHUKOBUX INPHIAMiB, IO CHOTBOPIOIOTH iX po0OYi XapaKTEpUCTHKH 3ajJeXHO BiJl MapaMeTpiB 30BHIIIHBOTO
€JICKTPOMATHITHOTO BIUIMBY, JI03BOJISIE PO3POOISATH MEXaHI3MM €JIeKTpOMarHiTHOI cyMicHocTi pamioBupo6iB HBY-nianazony.
[opiBHsTbHMH aHANI3, OTPUMAHHUX Y poOOTI pO3PaXyHKOBUX JaHUX MOKe OyTH BUKOPHCTAaHHUI MPH BUTOTOBJIEHHI palioBUPOOiB,
10 MPALIOIOTh Y MIJTIMETPOBOMY Ta CyOMiTIMETPOBOMY Aiana3oHi (IiICHIIIOBayiB, TeHEPATOPIB Ta MEPETBOPIOBAYIB YACTOTH).

Kaw4yoBi cioBa: HaBeqeHH CTpyM; eIEKTPOMArHiTHE iMITyI5CHE BUIIPOMIHIOBAHHS; HAIliBIPOBI JHUKOBI KOMILUICKTYIOUI;
MIOBEPXHEBI KOJIMBAHHS; HECTIHKICTD KOJINBAHb.

B036y>|melme CcOOCTBEHHBIX KOJIe0aHUI NMOJYNIPOBOAHUKOBBIX KOMILUICKTYHOLIIUX pazmomue.nnﬁ
npu BO3JeHCTBUH CTOPOHHEr0 JJIEKTPOMAIrHUTHOI'0 U3 TyYEeHUSA

A. A. Cepkos, B. C. bpecnagen, 1O. B. bpecnagen, 1. B. fIkoBenko

AHHoTanus. [Ipenmer ucciiegoBaHusl — IpoOLIECC aHAIM3a MEXAaHU3MOB B3aUMOAEHCTBUS HaBeAeHHbIX DOMMU TOoKOB 1
HAaIpsDKEHUH C NIPOIECCaMH, XapaKTepU3YIOINMHU (YHKIHOHAIEHOE Ha3HAYEHHE PAJUON3ISIHH, OOBIMHO IIPOBOAUTCS B paMKax
TEOPHH IeTiel ¢ pacipeieNIeHHBIMHY TTapameTpaMu. [1pecTaBieHHbIH 101X0]] TO3BOJISIET OLCHUTH KPUTEPUH pabOTOCIIOCOOHOCTH
B IIeJIOM (HAIpHMep, OLEHUTH KPUTHUECKYIO YHEPTHIO, XapaKTepH3YIONIyI0 TeIUIOBOH Mpo0oif), 0OJJHAKO BOIPOCH! CBSI3aHHBIE C
OIpEJIeNICHHEM PA3IMYHOrO-poJa IEKTPOMArHUTHBIX B3aUMOJCHCTBHIA, NMPOTEKAOUIUX HEMOCPEACTBEHHO B KOMILIEKTYIOIIUX
n3aenus npu Bo3zaeiictBun DMMU octarorcst oTKpbITEIMU. Lleib HceaeqoBaHns — BO3MOXXHOCTh IOCTAHOBKH TEOPETHYECKUX U
SKCIIEPHUMEHTANIBHBIX HCCIIEJIOBAHNI Ha OCHOBE IPEATOKEHHON pacyeTHOH MojenH BO30YXKIEHUS COOCTBEHHBIX KoJeOaHHA
MOTYTIPOBOAHUKOBOH CTPYKTYpHI (3KCIIOHEHIIMATBHOTO POCTa aMIUIUTY/IbI). Y CTAHOBIIEHBI TAPAMETPBI CTOPOHHETO UMITYJIbCHOTO
3NMEKTPOMArHATHOTO IMOJSA, HABEJCHHBIX TOKOB M XapakTEPUCTHK MOIYNPOBOAHHKOBBIX NPHOOPOB B paMKax KOTOPBIX
HaOJIIOIAaeTCsl PEXHUM YCHJIEHHS COOCTBEHHBIX KOJIEOaHMH IOJYyNPOBOAHMKOBOH CTPYKTyphl. McciaenoBaHbI: MeXaHH3MEI
B3aMMOJICHCTBUS HABEJICHHBIX TOKOB C HOBEPXHOCTHBIMHU KOJICOAQHUSIMH TTOJTYIIPOBOJHUKOBBIX KOMILIEKTYIOIIUX PaJHOH3ICIINs B
YCIIOBUSIX BO3JEHCTBUS UMILYJILCHOTO 3JIEKTPOMArHUTHOrO U3ilydeHus. Mcnmoib30BaHbI CIEAYIOIHE METOABI: METObI TEOPUI
MaJbIX BO3MYIIEHMI IIPU ONpPENENeHHH CHEeKTpa COOCTBEHHBIX KOJEOAHWH CHUCTEMBl - HAaBEJEHHBIE DJIEKTPOMAarHHTHBIM
U3ITy4eHHEM TOKH U COOCTBEHHBIE KOJICOAHMH KOMIUIEKTYIOmMX paguomsfenus. Clleayrouiue pe3yJbTaThl MOJTYYeHbI.
OmnpeneneHsl MEXaHU3MbI TOSIBICHHS O0OpPAaTHMBIX OTKA30B H3JCIHH MOTYyNPOBOAHHKOBBIX KOMIUIEKTYIONIUX PaJHOM3JIEIHN B
YCIIOBHAX BO3JEHCTBHS CTOPOHHUX UMITYJIbCHBIX IEKTPOMArHUTHBIX MOJIEH. Y CTAHOBIIEHO, YTO HATMYHE HABEAEHHOTO BHEITHUM
M3TydYeHHEM TOKa MPUBOAUT K YCTAHOBIEGHHWIO pEXHMa YCHICHHS COOCTBEHHBIX KoJieOaHMI MOIyNPOBOAHUKOBBIX
KOMIUIEKTYIOIIMX paanon3aeHnus (oOpaTuMbIM oTka3aM). BeiBoabl. KonnuecTBeHHBIE OLICHKH PEKUMOB yCHIICHUS (TeHEpaInm)
KoJIeOaHMH IMOTYNPOBOJHUKOBBIX NMPUOOPOB, HCKaKAMOIIME HX pabodyre XapaKTePUCTHKH B 3aBHCUMOCTH OT I1apaMeTpOB
BHEIIHETO JJIEKTPOMArHUTHOTO BO3JCHCTBHS, IO3BOJISIET pa3pabaThlBaTh MEXaHU3MbI JIEKTPOMArHUTHOH COBMECTUMOCTH
pamuomnsnenuii CBU —nnanasona. CpaBHHUTEIBHBII aHAIIN3, TIOJIyYEHHBIX B pab0Te pacyeTHBIX JaHHBIX MOXKET OBITh HCIOJIB30BaH
IIPY M3TOTOBJICHUH PaJHOM3IIENNH, pabOTAIOINX B MUIIUMETPOBOM U CyOMHIIITMMETPOBOM JHATa30He (yCHIIHTENeH, TeHepaTOpOB
1 mpeoOpa3oBaTesield 4acTOTHI).

KnwueBbie cioBa: HaBeZ[eHHI:If;I TOK; 3JICKTPOMAarHiTHOE UMITYJIbCHOC M3JIy4YCHHUE, MOIYIIPOBOAHUKOBBIC KOMILICKTYOLIHUE,
TIOBEPXHOCTHBIC KOJ'Ie6aHI/I${; HeyCTOfI‘{PIBOCTB KOJICOAHHIA.
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