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GENERATION OF SURFACE OSCILLATIONS
OF SEMICONDUCTOR STRUCTURES BY CHARGED PARTICLE FLOWS

Abstract. The results of the work determine the degree of influence of flows of charged particles induced by external
electromagnetic radiation on the performance of communication equipment. The aim is to determine the conditions for the
development of hydrodynamic instabilities of electrostatic oscillations in communication system devices containing
semiconductor layers surrounded by media with different electromagnetic properties. The following results are obtained: A
mechanism for the occurrence and development of surface electrostatic oscillation (plasmon) instabilities is proposed under
conditions where the interaction of electromagnetic oscillations and a flow of charged particles generated by external
electromagnetic radiation is ensured by the presence of a boundary. Specific features of the transformation of the spectral
characteristics of the energy of transition radiation associated with the presence of an interface between media with different
electromagnetic properties in open-type radiophysical systems are determined. A new physical mechanism for the generation and
amplification of surface electromagnetic oscillations by flows of charged particles, the characteristics of which are determined by
the properties of the interface between conductive solids, is developed. Conclusion. The criteria for the occurrence and development
of surface plasmon instabilities associated with the nonequilibrium of electronic systems obtained in the work are realized in
conductive solids. Therefore, they can be used in the development of active devices of semiconductor electronics designed to
amplify, generate and convert electromagnetic oscillations in the millimeter and submillimeter ranges. The comparative analysis of
the increments of beam-plasma instabilities of various branches of electrostatic oscillations during the motion of a particle flow
along the normal or along the interface of media, carried out in the work, allows us to solve the problems of optimizing existing
mechanisms for amplifying oscillations in structures used in modern radiophysics (MDS, MOS, various types of p-n junctions).
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Introduction

One of the urgent tasks of modern radiophysics is
the need to master the submillimeter and short-wave part
of the millimeter ranges of electromagnetic oscillations.
These ranges are important not only for many technical
applications: radar, radio navigation, communication
technology, computing technology, but also in biology,
medicine, as well as in research in various areas of
theoretical physics.

The possibility of mastering this range is impossible
without creating appropriate sources of electromagnetic
radiation. In solving it, two approaches were determined.

On the one hand, attempts are being made to
improve devices that operate in a lower-frequency part of
the spectrum, namely, avalanche-transit diodes,
microwave transistors, Gunn diodes. These include
studies of plasma-wave effects, unstable states and
resonances in conducting solids. The results of these
studies open up new possibilities for generating
oscillations in this range, and also solve problems of
radio spectroscopy of solids. On the other hand, research
is being conducted aimed at using the laser principle of
amplification and generation of electromagnetic waves in
the submillimeter range, which is implemented in optics
(in semiconductor lasers). 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 allows creating conductive
solid-state structures: semiconductors with a two-
dimensional (2D) electron gas, a superlattice, as well as
films and structures of the metal-insulator-semiconductor
(MIS) type, etc. The study of the electronic properties of
ultra-thin layers and plasma oscillations caused by the

collective behavior of charges determines the
mechanisms of their formation.

Solutions to the issues of interaction of plasma
oscillations with flows of charged particles are also
important for diagnostics and practical use of conductive
solid-state structures (for example, in micro- and
nanoelectronics). The fact is that in structures that have
submicron dimensions, the ballistic mechanism of charge
transfer is implemented. Therefore, they may exhibit
instabilities based on the effects of Cherenkov, transition
and bremsstrahlung radiation of particles.

In addition, the results of studies of wave processes
in a limited semiconductor plasma can be used for
contactless methods of diagnostics of electron spectra of
charge carriers and surface properties. Finally, new
branches of electromagnetic oscillations arise in limited
media, as well as a connection between different types of
oscillations due to the presence of external boundaries.

This work to a certain extent compensates for the
existing gaps in studies of wave processes in
semiconductor plasma. It examines the mechanisms of
generation of electromagnetic oscillations of the
submillimeter and short-wave part of the millimeter
ranges, caused by their interaction with flows of charged
particles induced by pulsed electromagnetic radiation in
semiconductor structures used in modern radio
electronics and communication technology.

Task solution

Let us consider the dispersion characteristics of
electrostatic oscillations in a system that is a semiconductor
layer (or dielectric) surrounded by semi-infinite media with
different electromagnetic properties [5]. To find the
spectrum of electrostatic oscillations of a given structure,
we will use the following electrostatic equations:
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rotE=0; (1) divD=0. )

The electric induction vector 5<F,t) is related to

the electric field E (F,t) by the material equation:

t A
D(r.t)= j e(t—t)E(r,t)dt. 3)
—00
We select the reference system in such a way that
the y-axis is directed perpendicular to the interface
boundaries, and the x,z-axes are parallel to them. The
system is assumed to be infinite along the x,z-axis.
Let the plate with & =& occupy the region -d <y

< d; the half-space —o < y < —d - is the medium "2" with
£=¢&,, , the half-space d <y <o- is the medium "3"
with € =&3.

At the interface boundaries y=*d, the conditions of
continuity of the tangential components of the electric

field E and continuity of the normal components of the
induction vector are satisfied. At y =+oo, the y4riables

included in equations (1)-(2) vanish. We represent the
field E(F,t) in the form:
E(rt) = E(y)e@ 0 @)
Where a is the wave vector, ® - is the oscillation
frequency, p = (,z) . Since the medium is assumed to be
isotropic, the x-axis can be directed along the wave vector
q. In this case E(F,t) =E(y,xt); E=(E, Ey). The
solution to system (1) - (2) takes the following form:
ae?,—o<y<—d;
Ex(y)={ae¥ +a,e ™ -d<y<d; (5

a3e_qy,d <Yy <oo;
Ey(y)=i@,—>q>0-
iq oy

The boundary conditions at y=td give the following
dispersion law for the natural oscillations of the system:

(e1+&2)(e1 +&3) = (61— &2)(&1 — &3) exp(—4qd) , (6)

o0
where & (@) :I 5 =& (r)e'”"dr - the permittivity of
0

the i-th medium. For the semiconductor layer it is

2 2
g 2 _ 4re”ng;
) 1 —
w? m;

assumed that: &;(@) = &g — , Eoi
dielectric constant of the crystal lattice. ng, m; —
concentration, effective mass of conduction electrons of
the medium. Expressions for ¢; are obtained from the
equation of motion of conduction electrons.
The constants a; are related to each other by the
following relationships:
2&8 &g—¢ _
19 _ AT g g2ad

dy =
& t&o

& té& ’

2¢ -
ag = —2—ae 20, (7)
& tég
For large wave numbers (gd>>1) we obtain two
independent solutions: & +&, =0 u & +& =0 and

describing surface plasma oscillations on isolated
boundaries y =+d of media "1-2" and "1-3". In the

opposite limiting case (d—0) we have plasma surface
oscillations on the boundary of media "2" and "3"
(& + &3 =0). For small but finite gd, plasma oscillations

also arise in the layer & (w)=0.
From equation (6) it follows:

(1+(a+B)/2)" -2x

2
2 :Q_l 1+a+ﬂ

@iz = 2 T| @+ B+ A+ ap)theqd -(8)
1+th2qd
)
Here £01 = €02 = €03 = €0 5 Qf = oy /80 ;

Q% = anz ; Q% = ,Ble; o and B; are real numbers
expressing the relationship between the concentrations of
charge carriers in different media. An example of such a
system is, for example, "R - P"- transitions at y = £d.

It is interesting to note one circumstance related to
the symmetry of the system. If we put in expression (6),
then it splits &3 = &5 into two independent equations:

(e1+62)=%(& — &) exp(-2qd) )

The equation with the "+" sign describes
oscillations with a symmetric distribution of the
tangential component of the field in the layer

E,(—d) =E,(d), the second - with an antisymmetric
one. If medium "1" is a dielectric with & + &4 , and where
& =¢(@), where

second is a semiconductor

e(w)=¢g —zvg / ®” , then the spectra of symmetric and

antisymmetric oscillations have the following form:

% 10
w.]-(q) «’6‘0 +€dthqd ( )
t (11)

w R
Z(q) \[6'0 +8dCthqd

On the contrary, in the case of & =¢(@) and
&y = &4 the spectrum of symmetric oscillations is

described by formula (11), and antisymmetric ones by
formula (10). For the metal-insulator-semiconductor
structure &, >, & =¢&4, & =¢&(@) , there is only
one branch with the dispersion law:

@
@(q)= 12
(@) \J&o +&4cth2qd (12

Let us now consider the interaction of the flow of
charged particles with the oscillations of the electric field
in these structures. Let the flow of electrons with density
ng and velocity vy move in the medium "1" (& =¢&4)

along the X-axis (in the final formulas we can always put
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(¢4 =1) . At the boundaries y = * d the normal component
of the induction vector undergoes a discontinuity caused
by the occurrence of surface charges. Thus, from the
Poisson equation, at y = d it follows that the boundary
condition takes and is written as follows:
d+0
&qEy (d+0)—Dy(d-0) =4z j ndy .
d-0
The disturbed concentration n of beam electrons is
related to the velocity V by the equations of
hydrodynamics:

(13)

i(w—qvo)nziqnovx+%[no(y)vyJ; (14)

(@ —quo)v =i E. (15)
m
Using (14), (15), after integrating over the transition
layer (13) we find:
2
@ &4

£4Ey(d +0)~Dy(d ~0) = SEy(d+0). (16),

(@-av
Where @y, = (47rezn0 / m)ll2

is the plasma

frequency of the beam electrons. Let us further assume
that &y = &3 = g(a)) . In other words, there is a gap in the

semiconductor plasma through which a flow of charged
particles passes. In this case, in the dispersion relations

(9), it is necessary to replace g  with
&4 —a)g/ (a)—qvo)z . As a result, we obtain:
2 2 2 a)ng

[0) —Q&(Q)J(Q’—QVO) :m; (17)
22 2 a’ga’z

[0® - 03 @ J(0-ao)® =2 19)

We obtain the solution of equation (17) using the
approximation of low beam density cos / wg <1 [7]

Assuming m,=0, we define two independent solutions:
o= (q). 19)

w=0qvy. (20)

The first characterizes the already known natural
oscillations of the system in the absence of a beam, the
second — oscillations in a beam with low density. Taking
into account the finite density of beam electrons leads to a
change in frequencies and the emergence of instability (the
Akhiezer and Feinberg mechanism). Under the conditions
of Cherenkov resonance, when the frequencies and wave
numbers of both branches coincide, the oscillation
increment y has a maximum value:

1/3
7 _3[ efthad
208 |

w 2
The magnitude of the instability y increment
characterizes the oscillation generation mode since it

ey

determines the exponential growth of the amplitude E of
the electromagnetic fields of radiation of semiconductor
devices with time:

E mexp(+yt); vy =1/At,

where At — the time of effective interaction of induced

currents and natural oscillations of the semiconductor
structure (the time it takes a particle to pass through the
semiconductor layer).

The relative increment for antisymmetric
oscillations with a frequency @ =@, (q) is found in a

similar way. It differs from formula (21) by replacing
th gd with cth ¢gd. For small qd, the relative increment for
)1/3

a branch @;(q) is proportional to (qd , and for a

branch @,(q) it turns out to be significantly larger and

proportional to (qd )_1/3. This is due to the fact that the

perturbed electron density in the flow is localized at the
boundaries and therefore the interaction of space charge
waves is more effective with antisymmetric plasmons.

The interaction of an electron beam with plasma
oscillations was experimentally studied in indium
antimonide and germanium [9, 10] in the millimeter and
submillimeter ranges. Due to the high frequency of electron
collisions v, the weak coupling condition is realized in the
experiment, where A < v, where Aw is the change in the
frequency of natural oscillations in the presence of a beam.
Therefore, compensation of the wave amplitude attenuation
is observed due to the energy of the particle flow.

Analysis

Let us present quantitative estimates of the
conditions of resonant (Cherenkov) interaction of surface
plasmons with flows of charged particles induced by
external electromagnetic radiation, i.e. the possibilities of
their generation (amplification) in currently used
microwave semiconductor devices. The frequency of
surface plasmons for typical values of semiconductor
structures used in modern radio electronics is

W = 10° —10%!s71 . The drift velocity of carriers for fields
in the range of amplitudes of electric E and magnetic H
field strengths acting on the semiconductor structure of
radiation is E <100kV/m; H <600 4/m consists
Vp ~107"-107° sm/s. Therefore, the conditions of
resonant interaction of waves and particles (equality of the
phase velocity of the wave v, and the drift velocity of
Vg = 05 /q= vap the particles of the induced current are
fulfilled for millimeter (submillimeter) wavelengths
A=2x/q=~ 1071 -10"3sm. Thus, the proposed physical
model of the emergence of conditions for the generation
(amplification) of oscillations is realized for most
semiconductor devices used in modern radio electronics
since their dimensions are within 10! — 103 sm.

Conclusion

The conditions for the development of
hydrodynamic instabilities of electrostatic oscillations in
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communication system devices containing
semiconductor layers surrounded by media with different
electromagnetic properties are determined.

The problem of the development of the initial
perturbation of the charged particle flow, the appearance
of which is caused by the action of external
electromagnetic radiation, when it passes through the
interface of media with different electromagnetic
properties, is solved.

Determination of the mechanisms of collisionless
attenuation of surface electrostatic oscillations and the
conditions of its reversal associated with the interaction
of waves and flows of charged particles at the boundary
of conducting solids.

Expressions are obtained for the increments of
hydrodynamic beam instabilities in semiconductor

structures and structures with ballistic charge transfer.

Ratios are obtained that connect the characteristics
of semiconductor structures and the parameters of
charged particle flows, ensuring the occurrence of
unstable states similar to the Akhiezer-Fainberg
instability.

A new physical mechanism for generating and
amplifying surface electromagnetic oscillations by flows
of charged particles, the characteristics of which are
determined by the properties of the interface between
conducting solids, has been developed. Specific features
of the transformation of the spectral characteristics of the
energy of transition radiation associated with the
presence of an interface between media with different
electromagnetic properties in open-type radiophysical
systems have been determined.

REFERENCE

1. Potylitsyn A.P. Transition radiation and diffraction radiation. Seminaries and differences // Nucl. Instrum. Methods Phys.Res.
—2019.-v. 145, -P. 67.

2. Rule D.W,, Fiorto R.B., Kimura W.D. Noninterceptive beam diagnostics based on diffraction radiation // A I P Conf.Proc. —
2020. - v.590. — P.510.

3. Fiorito R.B., Rule D.W. Diffraction radiation diagnostics for moderate to hight energy beam // Proc.of the 4. Int. Symp. On
Radiation From Relativic Electrons. —2020. — v.155. — P.67.

4. Mkrthyan A.R. Coherent diffraction radiation from an electron bunch. Nucl. Instrum. Methods Phys. Res. B. 2021. v.56., P.69.

5. Aronov LE., Beletskii N.N. Fundamental steps of group velocity fo 2D surface polaritons in high magnetic field //Chechoslovak
Jornal of Physics. —2020.- Vol.46(S5), -P.2473-2474.

6. Perez-Rodrigues F. and Yampolskii V.A. Hesteresis del campo acustico excitado electromagneticamente en una pelicula
metalica // X11 Congreso National de la SMCSV. Programa. Cancun, Mexico. — 2020

7. Krowne C.M., Blakey P.A. On the existence of submillimiter wave negative conductance in n — gallium arsenide diodes // J.
Appl. Phys. —2021. - t.62 Ne6 - P. 2257 - 2266.

8. Wunsch D.C. and Bell R.R. Determination Of Threshold Failure Of Semiconductor Diodes And Transistors Due To Pullse
Voltages // IEEE Trans. — 2020. - Vol. NS-15, No 6. - P. 244-259.

9. Schroen W. and Hooper W.W. Failure Mechanisms in Silicon Semiconductors. / Rome Air Development Center Report No.
RADS-TR-64-524. - 2020. Also AD 615312.

10. Shilliday T.S. and Vaccaro J. (Editors). // Physics of Failure in Electronics. Vol.5, RADS Series in Reliability, Rome Air
Development Center. - June 2021. Also AD. 655397.

11. Queisser H.J. Failure Mechanisms in Silicon Semiconductors. //Final Report Contract AF 30 (602)-2556. Pome Air
Development Center, Report No. RADC- TDR-62-533. - 2020.

12. Antinone J. Electrical Overstress Protection for Electronic Devices. - New York. —2021. — 387p.

Received (Hapiiinnra) 25.11.2024
Accepted for publication (ITpuitasra mo apyky) 26.02.2025

I'eHepanisi MOBePXHIBHUX KOJIMBAHb HANMIBNPOBITHUKOBHX CTPYKTYP MOTOKAMM 3apPsi’KEHHX YaCTOK
O. A. Cepxos, B. C. Bpecnasers, 0. B. Bpecnasenp, 1. B. SIkoBeHko
bl bl bl

AHoTanisi. Pesynsratn poOOTH BH3HAYaIOTh PiBEHb BIUIMBY ITOTOKIB 3aps/DKCHHX YaCTHHOK, HABEICHHUX 30BHIIIHIM
€JIEKTPOMATHITHHM BUIIPOMIHIOBaHHSIM, Ha po00Yi XapaKTEPUCTHKU 3ac00iB 3B's3Ky. MeTa CcTaTTi — BU3HAYCHHS YMOB PO3BHTKY
TiAPOIMHAMIYHUX HECTIHKOCTEH eNEKTPOCTATHYHUX KOJIMBAHb Y IPHCTPOSIX CHCTEM 3B'SI3KY, 110 MICTATh HAIliBIPOBITHUKOBI IIapH,
OTOYEHI CepeIOBUIAMH 3 PI3HHMH eleKTpoMarHiTHUMHU BiactuBocTsMU. The following results are obtained: 3ampomonoBanHO
MEXaHi3M BHHHMKHEHHS Ta PO3BUTKY HECTIIKOCTEH MOBEPXHEBHX ENEKTPOCTATHYHHX KOJIMBaHb (IUIa3MOHIB), B yMOBAaX, KOJH
B32EMOJIisl €IEKTPOMArHITHUX KOJHMBaHb Ta IIOTOKY 3aps/KEHHX YaCTHHOK, CTBOPIOBAHMX 3OBHIIIHIM €JEKTPOMArHiTHUM
BUIIPOMiHIOBaHHSM, 3a0e3MeuyeThcsl HasBHICTIO KOp/IoHY. BusHaueHno crnerudivuni 0co6auBocTi TpaHchOpMaIil CrieKTpaIbHIX
XapaKkTepUCTUK EHeprii MepexiqHOro BUIIPOMIHIOBAaHHS, IOB'SA3aHi 3 HAsABHICTIO MEXI MOy CEpeloBHI] 3 pPi3HUMHU
CJIEKTPOMArHITHUMH BIACTHBOCTSIMHU Y Pafiodi3MYHUX CHCTEMax BiIKpUTOro THmy. Po3pobneHo HOBHI (i3udHMII MexaHi3M
reHepanii Ta MOCUJICHHS MOBEPXHEBHUX €JIEKTPOMArHITHHX KOJNHBAHb IOTOKAMH 3aps/DKEHHX YaCTHHOK, XapaKTEPHCTUKH SKHX
BU3HAYAIOTHCS BIACTHBOCTSIMH MEX1 PO3JIUTY TBEPAMX Tix, 1m0 mpoBoaaTs. Conclusion. OTpumani B poOOTi KpuTepii BAHIKHEHHS
Ta PO3BUTKY HECTIHKOCTEil MOBEPXHEBHMX ILIA3MOHIB, TOB'S3aHI 3 HEPIBHOBAKHICTIO EJEKTPOHHHX CHCTEM, PEAi3yHOThCS Y
TBEPIUX TiNaX, MO MPOBOAATH. TOMYy BOHH MOXYTh OyTH BHKOPHCTaHI IPH PO3pOOIi aKTHUBHUX TMPUCTPOIB HAIIBIIPOBITHUKOBOL
CNIEKTPOHIKH, NMPU3HAYCHHUX ISl MOCHJICHHS, TeHepYBaHHS Ta MEPETBOPECHHs ENIEKTPOMAarHiTHUX KOJHWBAaHb MITIMETPOBOTO Ta
cyOminiMeTpoBoro niama3oniB. IIpoBenenuii y poOOTI MOPIBHSUIBHUI aHaji3 1IHKPEMEHTIB IyYKOBO-IUIA3MOBHX HECTiHKOCTEi
PI3HHX TIIOK €JIEKTPOCTaTHYHUX KOJMBAaHb MPH PYCi MOTOKY YAaCTHHOK 32 HOPMAJLTIO ab0 B3IOBXK MEXi PO3Iily ceperoBHIL,
JIO3BOJISIE BUPILIYBaTH 3aBJAHHs ONTHMIi3allii iCHyFOUNX MEXaHi3MiB IIOCHJICHHS KOJIUBAaHb y CTPYKTYpaX, 10 BUKOPHCTOBYIOThCS
B cydacHii paxio¢izuni (M/II, MOII, pi3HEX p-n HepexoniB).

Kaw4oBi ciioBa: myykoBa HECTIMKICTh €IEKTPOCTATUYHHX KOJMBAHb HAIIBIPOBIIHUKOBI KOMIUICKTYIOUi, HaBEICHHUI
CTPYM, €JIeKTPOMarHiTHe BUIIPOMiHIOBAHHS, [IOBEPXHEBI KOJIMBAHHSI.
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