ISSN 2073-7394

Cucrtemu yrpaBiiHHs, HaBirarii Ta 38's13ky. 2023. Ne 1

VIIK 621.37

doi: 10.26906/SUNZ.2023.1.177

A. Serkov, V. Breslavets, Yu. Breslavets, |. Yakovenko

National Technical University "Kharkiv Polytechnic Institute”, Kharkiv, Ukraine
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Abstract. The subject matter is the processes of analysis and mechanisms of appearance of instabilities of natural
vibrations of semiconductor structures., due to their interaction with flows of charged particles under the influence of external
electromagnetic radiation. It is shown that the influence of pulsed electromagnetic radiation is accompanied by the appearance
of currents in the conductive elements of products that are capable of exciting natural oscillations of semiconductor
components and are the cause of failures of radio products. The aim is to develop the theory of collisionless damping of
surface polaritons in the classical approximation, as well as to study the mechanisms of collisionless damping of surface
plasmons at the boundaries of semiconductor components of radio products under conditions when the temperature of carriers
of conducting solids is much lower than the plasmon energy (quantum approximation). The objectives are: a kinetic equation
describing the change in the number of surface plasmons as a result of their interaction with conduction electrons; obtaining
its solution, which determine the decrement of oscillations and the power of spontaneous emission of particles. The methods
used are: a method of successive approximations for solving the kinetic equations of the charged particle flux - semiconductor
structure system within the framework of the quantum approach, when the interaction of waves and particles is in the nature
of random collisions and is described by the method of secondary quantization of the system (representation of occupation
numbers). The following results are obtained: Expressions are obtained for the decrements of surface plasmons in the
presence of an infinitely high and infinitely small potential barrier at the interface between media. A kinetic equation is
obtained that describes the change in the number surface plasmons as a result of their interaction with conduction electrons;
his decisions are given, which determine oscillation decrement. Expressions are obtained for the decrements of surface
plasmons at presence of infinitely high and infinitely small potential barrier at the interface between A physical model of the
occurrence of reversible failures (effects induced by electromagnetic radiation currents per volt - ampere characteristics of
semiconductor devices). The ranges of parameters of the external electromagnetic radiation at which this physical model is
realized. Conclusion. Calculated relations are obtained that relate the parameters of semi-conductor structures: the
concentration of free carriers, permittivity, carrier temperature with the value oscillation decrement in the classical and
quantum approximations. The comparative analysis of quantitative estimates of the increments of oscillation instabilities
carried out in the work makes it possible to solve the problems of optimizing the operating characteristics of active devices
in the microwave range. The results of the work can be used in the development of microwave devices designed to amplify,
generate and convert electromagnetic oscillations in the millimeter and submillimeter ranges.

Keywords: flux of charged particles, electromagnetic radiation, semiconductor structures, surface vibrations, increment
oscillation instability.

The processes of generation of oscillations in the
submillimeter and short-wavelength parts of the
millimeter range under the influence of external

Introduction
The need to master the submillimeter and shortwave

part of the millimeter range of electromagnetic oscillations
is one of the main problems of modern radiophysics. These
ranges are important when conducting research in various
areas of theoretical physics, but also in medicine, biology,
many technical applications: communication technology,
radar, radio navigation, computer technology, etc.

When solving the problem of creating
electromagnetic radiation sources of this range, it is
necessary to study plasma-wave effects, resonances and
unstable states in solids. Interest in them is determined by
the search for new possibilities for generating oscillations
in this range, as well as by the problems of
radiospectroscopy of solids. Obviously, a necessary
condition for the successful solution of the tasks set is the
availability of an appropriate element base, created on the
basis of materials with predictable parameters.

Modern technology makes it possible to create
conductive solid-state structures: films, metal-dielectric-
semiconductor (MIS) structures, semiconductors with
two-dimensional (2D) electron gas and superlattice, etc.
When studying the electronic properties of ultrathin
layers and determining the mechanisms of their
formation, it becomes necessary to study plasma
oscillations due to the collective behavior of charges.

electromagnetic fields have a significant impact on the
performance of semiconductor devices, since the
generation mode  distorts the  current-voltage
characteristics of radio products.

This work belongs to this area of reversible failure
research. It considers the processes of collisionless
damping of surface oscillations, when the interaction of
waves and charged particles induced by external
radiation is described by the method of secondary
quantization of the system and has the character of
random collisions. Such interaction of waves and induced
currents leads to the appearance of reversible failures of
radio products (temporary changes in their performance)
and affects their electromagnetic compatibility.

Task solution

The object of the study is the surface oscillations of
semiconductor structures included in the composition of
electrical and radio products and the mechanisms of their
interaction with conduction electrons, leading to
damping of oscillations under the influence of an external
electromagnetic field.

To determine the spectrum of natural (surface)
oscillations and decrements of their collisionless
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damping at the boundary of two semi-infinite media
under conditions of neglecting the effect of delay of the
electromagnetic field, we use the following system of
equations:

rot E(x, y,t) =0;
E(x,,t) = E(o, ay, y)e' @Y (1)
E(@,dy. Y) = (Ex. Ey,0);

divD(aw,x,y) =0;
- B i 2
D(w,x,y)=80(y)E(w,X,y)+%J'(w-X-y)? @

g1, ¥Y>0, - [E, y>O0;

g02, Y<0; EZ: y <0,
J: rd
J2, y<O

with boundary conditions at y = 0: the continuity of the
tangential components of the electric field Ex and the
normal components of the electric induction Dy.

Let us consider the attenuation of surface plasmons
at the boundary of two media, which, at a temperature
T =0, are characterized by dielectric permittivity.

2

@oi

& =&0j 5 -
1 1 wz

If the media are separated by an infinitely high

potential barrier @y # @yy,, then the electromagnetic

properties of such a semi-limited medium are identical to
the properties of an infinite one, and the particles
experience elastic (mirror) reflection from the barrier on
both sides. The results obtained in [3] in the classical
approximation for a plasma—dielectric interface
(nonabsorbing medium) can be extended to the case of
two plasma-like media separated by a dielectric layer
whose thickness is small compared to the wavelength.
Based on the model of a homogeneous medium, we
will assume, as in the case of a cold plasma, that both
media are unlimited, and the fields and currents in each
of them satisfy the boundary conditions on the plane
y=0 and decrease at y — + . Obviously, such a

model is quite justified if the boundary is transparent for
particles, those. the height of the potential barrier is small
compared to the particle energy. Then the equation for
the conduction current can be written as:

EZH

j(@,1)=——2 A(o,r)+]'(o,r) . (3)
mcC

Here, A(w,F)=—E(a,F) is the vector potential,
i

Ny = Zp&y:(f)l//k (F) is the equilibrium concentration
of electrons pE , their equilibrium distribution function,
wy (F) =vY2 exp(ikr) is the wave function of an

electron with the dispersion law, E, = hzkz/(Zm), \Y%
is the volume of the medium,

1'(@,7) = pcr (@) jix (F)
is the conduction current due to transitions of electrons
between states k and k' (k, =k;) due to their inelastic
scattering on the potential
A(,7) = A(@,0y, y)e' =)
(hereinafter, for definiteness, we assume that is the
perturbed off g, >0, @>0), pﬁ’k/(a)) - diagonal

correction to the equilibrium distribution function of
particles, determined from the equation of motion for the
density matrix [2]:

0_ 0
Pkk'(w)=—pk P + Hik (@);
oy —o )
’ :—, 4
Dk om (4)

* .
o =w+iv, v—>0,

where Hy =£e—h j vy (F)(AV + VA (F)dF  is  the
mc

matrix element of the Hamiltonian of the interaction of
electrons with an electromagnetic field;

oe = o (VU OO - OV ) - 6

is the matrix element of the particle current density
operator. The result j'(w,f) is converted to the
following form:
(7)) =
0_ 0
. o (1) L=,

=—=> O — @ ,

x| Hie @)+ [ Jue (D Ao, Pyar |

(6)

here s, et Xz (60,2 (x.0,2)%
Kk 2mec ><|:Ay (a), X,+O)_ Ay (wl XV_O):| .

In expression (3) for the total current, the first term
determines the frequency of surface plasmons, and the
second determines their damping.

Substituting further j(w,r) into equation (2) and
taking into account equation (3), we obtain:

%A (o, X,
#_qip‘x(w: X! y) =

4rig,C . -, .
= o) div j'(o, %, y); (7)

(o) = {51(60),

& (w),

The solution of equation (7) must be sought by the
method of successive approximations, since the
oscillation damping decrement is small compared to their
frequency. We find for &(w)=0 the following

expressions for the potential in each of the media,

y >0;
y<0’
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assuming, in the first approximation, the right side equal
to zero:

y>0, Ax(y)=Ae ¥, Ay =iA(Y); @

y<0, A (y)=Ae ™, Ay =—ify (y).
Taking into account the fact that the normal
component A(y) experiences a discontinuity in the plane

y =0, we continue the potentials, respectively, to the
half-spaces

y<Ou y>0:4y(-y) = 4 (»);
Ay (=y)= _Ay (y).
Substituting the values A(w, F) in formula (3), after
replacing the summation,  with integration

v 3 .[dIZ. and, integrating over the entire space r , we
(27)
obtain
L elhAeli
Mo =% 3
2(27)"m“c
dkdk! L
—— (o — )R +K) ©)
Wy — @
d!

Xll_ : 2 _k’z, Z}i(ky_k'y)y
Qx + (ky - ky)
At this point ky, =k, —qy, k; =Kk,.
The current resulting from the transition of an
electron from a state k to astate k' with the emission of
a quantum A of an electromagnetic field is determined

by a term proportional to pl(() ,. In this case, one can

perform integration ky. over taking
ky >>0y, @>>qyv, into account the contributions of
the poles
2 2 2m(a)+ il))
ky” =ky O

The term pEr determines the current associated

with the transitions of electrons from state k' to state k
upon absorption of energy #w . This current is

2m(w +iv)

determined by the poles k§ = kg,z + when

integrated over ki .
As a result of integration, we get:

L —iefoAe! i
] (a), r) = —3X
(27)° he
. -2
dk (K +k )i |, Alky —ky) (10)
y f ky (ky —k;)? 2mo

explifky ~k; +i_ ]|

&&+@»£P_Mw—wf]
2
-] Ky ky k) 2me

expli[ k", ~ky +id, |y}

<0,k¥ = k2 + >0,
Y<BXy =y *7
Here mo
ke = (ky, Ky K ), 6 = —.
y

It can be seen that the current j'(w,¥), arising as a
result of electronic transitions between states ky and k;,

is an infinite set of spatial harmonics with a period

2—”, depending on the frequency of the field and

oy -]
the momentum of the particle, with an amplitude
decreasing from the boundary as exp(—d. |y|.

Such  harmonics (in the classical limit
k)z,, kg,z >> 2me/h ) are known as "Van Kampen waves",
whose phase velocity is equal to the velocity of the
particle. The potential excited by the current j'(w,X,y)

is found by substituting (6) into equation (7).
ia(w,dy, Y)

A>,( (@,05,Yy) = (@) A
A O«
A (@,05,Y) = — (0,0, Y);
T gee(@) oy
equm

a(o,dy,y) = x
X 7%h?

- 2
prdk {1_h(ky+ky)

AJ| Ky ey Fky) 2me ]X - (1)

«expliCk, Tk £i6)y|
pirdk
' g 760

xexp{i(ik; K, ii5+)y}

—_,+\2
1_h(ky+ky) 5

2mw

The upper signs before k;r and o refer to the half-
space, the lower ones y >0, respectively, to the half-
space y<O0.

Uncertain constants A; and A, can be eliminated by
means of boundary conditions and obtain a dispersion
equation:

81((0)|:1+ j 2289030 r) (@, qX,O)}F

&2() 12)
(@, qx,oqzo_

+&5 (@) {1+i o)
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Hence, when |(@.9.0) <<1 we get:
()

1/2

2 2
+
g = @p1 + @p2 ;
go1t €02
oy 15 [0(9.6,0)+25(0,0,0 ]
S 2 01 T €02
Analysis

Let us now find the damping decrements in various
physical situations. In the case of a Maxwellian
distribution of electrons

2.2
3 'k
o_ (277N “onr
(272mT)%/?

expression for «(w,qy,0) can be converted to the
following form:
a(a) qX,O) =
1
= 2
quXUTT w)zxze—x dX.
T hot

1)j(x+

At this point, we get:

2
L Ly L
w3 2haos T
) (13)
L R
T g

At the boundary of two plasma media separated by
an infinitely high potential barrier, the expressions for the
decrement take the form:

T1/2

Ao i Y agivr,

P J2hes Y

(14)

i=12...

In the case of an infinitely small barrier:

2
Wp1 = @2, €01 F €021 ws=a’o1/— -
€011 €02

the oscillation decrements are respectively equal to:

Awg =—iqyuur _2}:-60 v haog >>T,
S

f2.
Awg =—,|—10y0r;
T

A comparative analysis of the experimental [11]
and calculated data obtained using the damping
decrement values (14) — (15) shows that the radiation
energy for most semiconductor devices [2] (diodes) in the
presence of external electromagnetic radiation (electric

(15)

haog <<T.

field strength amplitude E<100§, pulse duration
M

Atimp ~10% -10%uc) is determined by one order of

magnitude and has general trends of change depending
on the values

of the physical parameters of the component materials
and the acting voltage pulse.

Conclusions

The mechanism of interaction of conduction
electrons of a semiconducting medium with surface
vibrations is considered, when the interaction of waves
and charged particles induced by external radiation is in
the nature of random collisions and is described by the
second quantization method.

Based on it, a physical model of the occurrence of
reversible failures is implemented as a consequence of
the influence of currents induced by electromagnetic
radiation per volt - ampere characteristics of
semiconductor devices.

A Kkinetic equation is 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.

Expressions are given for the decrements of surface
plasmons in the presence of an infinitely high and
infinitely small potential barrier at the interface between
the media.

Calculation relations are obtained that relate the
parameters ~ of  semiconductor  structures:  the
concentration of free carriers, dielectric permittivity,
carrier temperature with the magnitude of the oscillation
decrement in the classical and quantum approximations.
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BniinB ej1eKTPOMArHiTHOro BUNPOMiHIOBAHHS
Ha cTiliKicTh HANIBNPOBITHMKOBUX NPUJIATIB

A. A. Cepxkos, B. C. bpecnasenp, 1O. B. bpecnasenp, 1. B. SIkoBerko

AnoTtanis. IlpetMeToM mocCHiTKeHHsI € TPOIEC aHAN3y Ta MEXaHI3MH IOSBH HECTIHKOCTEil BIAaCHHX KOJHMBaHb
HaIiBIPOBITHUKOBHUX CTPYKTYP, OOyMOBJICHHX iX B3a€MOJIEI0 3 TOTOKAMH 3apsPKEHUX YaCTHHOK B YMOBAX BIUTHBY 30BHIITHBOTO
€JIEKTPOMArHITHOTO  BHIIPOMIiHIOBaHHs. [loKa3aHO, 1[I0 BIUIMB IMITyJbCHOTO  €IEKTPOMArHITHOTO  BHIIPOMIHIOBAaHHS
CYNPOBODKY€EThCS BHHUKHEHHSM CTPYyMiB y TPOBIIHUX €JleMEeHTaxX BHUpPOOiB, 3MaTHHX 30y[KyBaTH BIIACHI KOJMBAHHS
HAIIBIPOBITHUKOBHX KOMIUICKTYIOUHX Ta OyTH NPUYMHOIO BiMOB panioBupobiB. MeToio cTaTTi € po3poOka Teopii
0e33ITKYBaIbHOTO 3TacaHHS ITOBEPXHEBHX IMOJISIPUTOHIB B KIACHYHOMY HAONIDKEHHI, a TaKOX JMJOCIHIKCHHS MEXaHi3MiB
0e33ITKYyBaIbHOTO 3racaHHs MOBEPXHEBHX IUIA3MOHIB Ha MEXax HaIliBIPOBITHUKOBUX KOMIUICKTYIOUHX PalioBUPOOiB B YMOBaX,
KOJIN TeMIlepaTrypa HOCIiB TBEpJMX Tij HabaraTo MEHIIE CHEprii mia3MoHy (kBaHTOBe HaOmwkeHHs). L{iti Taki: kiHeTHuHE
PIBHSIHHS, L0 ONHUCYE 3MiHY YHCIIa TOBEPXHEBUX IUIA3MOHIB BHACIIJOK IX B3a€MOJIi 3 €IEKTPOHAMH MPOBIJHOCTI; OTPUMAaHHS
Horo pilleHHs, 0 BU3HAYAIOTh JEKPEMEHT KOJIMBAaHb Ta MOTY)KHICTh CIIOHTAHHOTO BHIIPOMIHIOBAaHHS YacTMHOK. MeToam, 1o
3aCTOCOBYBAJIMCH TNPH TOCTIUKEHHI: METOJ IOCIIOBHHX HaOJIMDKEHb PO3B'I3aHHS KIHETHMYHUX PIBHSIHb CHUCTEMH IIOTIK
3apAPKEHNX YaCTHHOK — HAIliBIIPOBITHUKOBA CTPYKTypa B paMKaxX KBaHTOBOTO IIIXOJY, KOJM B3a€MOJisS XBHJIb Ta YaCTHHOK
HOCHTh XapaKkTep BHUIIQJKOBHX 3iTKHEHb Ta OIUCYETHCS METOIOM BTOPHHHOTO KBAaHTYBaHHS CHCTEMH (IIOJAHHS YHCEIN
3armoBHeHHs). OTpuMaHo Taki pe3yabraTH. OTpUMaHO BHPa3HW IS JEKPEMEHTIB MOBEPXHEBUX IUIA3MOHIB 3a HAasBHOCTL
HECKIHYEHHO BHCOKOTO Ta HECKiHUEHHO MaJOT0 IMOTEHHiHHOTO Oap'epy Ha Mexi po3finy cepemoBuml. OTpHUMaHO KiHETHYHE
PIBHSHHS, 110 OMICY€E 3MiHY YMCIIa TOBEPXHEBUX UIA3MOHIB Y pe3yJIbTaTi B3a€MOJII 3 eleKTPOHAMH MPOBITHOCTI; HaBeIeHO HOoTo
pillIeHHs, [0 BH3HAYAIOTh JIEKPEMEHT KouuBaHb. OTpUMaHO BHpa3H Ul AEKPEMEHTIB NMOBEPXHEBUX IUIA3MOHIB 3a HAsBHOCTI
HECKIHUEHHO BHCOKOT'O Ta HECKIHUYEHHO Majoro MOTEHIHHOro Oap'epy Ha Mexi po3ainy cepemoBuil. OOrpyHTOBaHO (i3UUHY
MO/IeJTb BAHUKHEHHS! 0OOPOTHUX BiIMOB (BIUTHB HaBE/ICHHUX €JIEKTPOMAarHiTHUM BUIIPOMIHIOBAaHHSIM CTPYMIB Ha BOJIBT — aMIIepHi
XapaKTepUCTHKN HAIiBIPOBIAHUKOBUX MpWUIaaiB). BusHaueHo oOnacti mapamMeTpiB 30BHINIHBOTO  €JIEKTPOMArHiTHOTO
BUTNIPOMIHIOBaHHSA, 32 SKHX peali3yeTbcd JaHa (i3ugHa Mojenb. BucHoBku. OTprMaHO pO3paxyHKOBi CIIBBIIHOIICHHS, IO
3B'S3YIOTh MapaMeTPH HaIliBIPOBITHIKOBUX CTPYKTYpP: KOHIIEHTPALIO BUIHIX HOCIIB, Ji€NEKTPUYHY IPOHUKHICTD, TEMIIEPATYPY
HOCIiB 3 BEJIMYMHOIO IEKPEMEHTY KOJIMBaHb y KIIACHYHOMY Ta KBaHTOBOMY HaOmmkeHHsX. [IpoBeneHnit y poOOTI MOPiBHSIEHUHA
aHal3 KUTbKICHUX OINIHOK IHKPEMEHTIB HECTIHKOCTeH KONWBaHb [O3BOJISE€ BHUPILIYBaTH 3aBJaHHS ONTHMi3alii pobodux
XapakTepucTuK akTuBHUX npuianis HBU —nianasony. Pesyneratt po60T MOXYTh OyTH BHKOpPHCTaHI MPU po3poOlli MpHiIaaiB
HBY - niana3oHy npu3Ha4YeHUX JUls NOCHJICHHS, TeHepallii Ta MepeTBOPEHHS eIeKTPOMArHiTHUX KOJIMBaHb MiNIMETPOBOTO Ta
CyOMIIMETPOBOTO Jliana3oHiB.

Keywords: moTik 3aps/pKeHHX YaCTHHOK, eNeKTPOMATHITHE BHIIPOMIHIOBAHHS, HAIIBIIPOBIMHUKOBI CTPYKTYpH,
MOBEPXHEBI KOJMBAHHS, IHKPEMEHT HECTIHKOCTI KOJHBAHb.
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