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Abstract. The subject matter is the analysis processes and conditions for the generation (amplification) of
electromagnetic oscillations in the submillimeter range by creating surface electronic states at an inhomogeneous interface
between media, which is realized for structures such as metal — semiconductor — dielectric (M-S-D), where the localization
sizes of surface states are within the range of approximately 10 cm. The aim is the possibility of conducting theoretical and
experimental studies based on the proposed physical model for the emergence of surface electronic states at an
inhomogeneous boundary of solid bodies, in conditions where the amplitude of the irregularities is much smaller than their
period. Parameters of the lateral pulsed electromagnetic field, induced currents, and characteristics of semiconductor devices
are established within which the mode of amplification of the intrinsic oscillations of the surface electron layer of the
semiconductor structure is observed. The objectives are: the mechanisms of electron interaction at the interface between the
conductor and dielectric, where the inhomogeneities are either random or periodic. As a result of this interaction, the electron
concentration exponentially decreases with distance from the boundary. The methods used are: the methods of the theory of
small perturbations (Rayleigh’s method) to determine the spectrum of surface electronic states under conditions where the
amplitude of irregularities is much smaller than their period. The following results are obtained: A dispersion equation for
the spatial harmonics of electrons at the inhomogeneous boundary of a conducting solid body is derived. By the method of
successive approximations for the small parameter, its solution is determined, and it is shown that in limiting cases—long-
wavelength and short-wavelength—the localization sizes of electrons at the boundary have similar orders of magnitude for
both periodic and random surfaces. Conclusion. The work provides quantitative estimates for the radiation energy values —
the energy loss values of charged particle flows induced by an external electromagnetic field, leading to the excitation of
surface electromagnetic oscillations in structures with boundary inhomogeneities in the presence of surface electronic states.
The results show that the radiation energy for structures like metal — dielectric — semiconductor (M-S-D) lies in the range
of = (107 — 107%) Wt, which is detectable by modern microwave radiation receivers (approximately 10710 7).
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Introduction

Mastering the submillimeter and short-wavelength
parts of the millimeter electromagnetic wave ranges is
one of the most relevant tasks in modern radio physics.
These ranges are crucial for many technical applications:
communication systems, radar, radionavigation, and
computing, as well as for studying the impact of external
electromagnetic fields on the performance of equipment
(electromagnetic compatibility (EMC) tasks). Exciting
oscillations in this range requires the creation of
corresponding electromagnetic radiation sources [1, 2].

Modern technology makes it possible to create
conductive solid-state structures: semiconductors with
two-dimensional (2D) electron gas, superlattices, as well
as films and structures like metal-dielectric-
semiconductor (MDS), etc. In their formation, the
electronic properties of the boundary between media play
a key role.

Thus, surface electronic states lead to the formation
of a two-dimensional (2D) electron gas and the appearance
of surface oscillations in the submillimeter range. The
presence of surface electronic states at the interface
between media allows the transformation of the energy of
charged particle flows into energy of surface oscillations.
The generation and amplification mechanisms of surface
oscillations are based on Cherenkov, transition, and
braking radiation effects [3, 4].

A large number of works have been devoted to the
study of surface electronic states, where the main focus
was on the study of electronic states arising on the surface
of crystals due to the limitation of the crystal lattice or, in
other words, the disruption of the periodic potential [5,
6]. Depending on the chosen physical model, Tamm
states, arising from the change in the potential at the
crystal-vacuum boundary, and Shockley states, caused by
the break in atomic bonds at the boundary, are
distinguished [7].

The two models mentioned above do not cover all
problems related to surface states. Another scenario is
possible when a charged particle moves in the field of a
constant, rather than a periodic, potential, but its motion
is limited in one direction by an inhomogeneous surface,
which represents an infinitely high potential barrier.

It is known that if the boundary is homogeneous,
surface states do not arise. However, for an
inhomogeneous boundary, the issue of quantum surface
states has not been sufficiently explored. This work
investigates the possibility of surface electronic states
arising due to small periodic or random inhomogeneities
at the boundary of a solid body. One-dimensional
roughness was used as the object of study.

The problem is solved under the condition that the
scales of the inhomogeneities are small compared to the
wavelengths existing in the structure. The mathematical
apparatus used is based on the representation of surface
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roughness as small disturbances, the influence of which
is taken into account in the boundary conditions.

Results

Let us consider the electronic states in a half-space
y > Yo (X) , bounded by a potential barrier U (X, y) :
U(xy)=o, y<yp(x);
U(x,y): 1)
Ux,y)=0 y>yo(x),
where Yg(X) - is the function describing the form of the

boundary between media. In this work, we limit
ourselves to considering the boundary as an infinitely
high potential barrier, with roughness depending on one
coordinate X. The eigenfunctions Y(X,y,z) and
eigenvalues of the electron energy are determined by
solving the Schrodinger equation:

A+ 21 E U (x,y)]¥ =0, @)

hz

and boundary conditions at the surface and infinity. At
the surface Yy = yg(X), boundary conditions are of two

types [8]:

Y(yo(x) =0 ®)
ﬁ* . — _ 7 8 - a e a
nV‘I‘|y:yO(X) =0; V=i &+Ja+k5, 4)
where i is the normal vector to the surface y = yq(X) :
Yo
nX:_L;n =— 1 ;nZ:O, (5)

y
2 2
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The conditions correspond to the zero particle flux
density (4) and particle density (3).

This work considers two types of boundary
roughness: periodic Yo(X) = ¢y cos(Gx); d =27/G -
period of roughness) and rough Yg(x)=¢(x), where
£(X) is a random function. In the case of a periodically
rough boundary, the wave function W(X,Y,z) looks as
follows:

Y(x,y,2) = i Ay exp[li(ky +nG)x+ikyy +ik,z ], (6)

N=—oc0
where K (K, ky,K,) is the wave vector of the electron.
From the Schrdodinger equation (2), the relationship
between E u k is as follows:

2mE

kjn = 7k +Gn)? —kZ )

The boundary condition (4) establishes the
connection between ky, ky, and K, , thereby defining the
dispersion E = E(IZ) .

To solve the Schrodinger equation with boundary
condition (4), we use perturbation theory [9], assuming

that the amplitude of the roughness is small compared to
its period (¢pky <<1<«A). This allows us to limit the

n=-1,0,1, where the

amplitude of the harmonic A, is maximum.

analysis to the harmonics

Substituting expression (6) into equation (4), we get
the following dispersion relation:

—— [k§_1 ~G(k, ;G)J(kgo +ka) .
y-1
[kﬁl +G(ky + q)}(kﬁo -Gk, )
” .

®)

+

yl

We will solve equation (8) using the method of
successive approximations for the small parameter

50: kyo :kgl%) +§ky0 +...
If ¢ =0, then k{§ =0 and

_2mE

2 2
I(x hz _kz ' 9)

The next approximation yields:

1 1 1
SKyo = —Z(§o|<><G)2 [k_+_k ]; (10)
yl y-1
Wkl
GE=— 2 Kjn=-6(G2k,). (1)

In the case when k, << q is small, equation (10) gives:
1. 2 .
5ky0 = El(gokx) G, kyl = ky—l = |G . (12)

Solution (12) defines the localized electronic states
near the surface with energy

h? 1
E :ﬂ[karkf ((1—Zggezkfﬂ. (13)

From equation (12), it is evident that the spatial
localization length of the electron wave function

R=i / (5ky0) decreases exponentially as the wave

vector K, increases. Thus, the electron concentration
also decreases exponentially with distance from the
boundary, forming a surface electron layer.

Surface inhomogeneities most effectively affect the
electronic states in resonance conditions, when the wave
vectors of adjacent harmonics traveling in opposite
directions along the axis X coincide (kyg =Ky_1 ). In this

case, ky =G/2 =Kk, and from equation (10), we obtain:

ko =—¢GKE (14)

2
e[

Equation (14) has the following solutions:
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Redkyo =0; Imokyg = {ok? (16)

These correspond to a highly localized surface state.

Thus, electronic surface states exist in the region
< G/Z— (Im kinl > 0) .

In the region k, >G/2, surface states typically do

not arise. In this case, both &kyg and E take on complex

values. In the region k, >>G the equation (8) has the

solution:

3/2

Sy ( 1+|)§3§(k <G) ’ (a7
2.4 3
OE =-i hgozﬂ . (18)
m

Thus, the quantum states are quasi-stationary,

meaning they have a lifetime ¥ ~e™V/7 :

2m
= (19)
1245 (,G)°

Now, let us define the mechanisms of the formation
of surface electronic states when the surface roughness is
random. Let the shape of the boundary surface be given
by a random function y =¢(X) ). Assume that £'(X) is a

stationary homogeneous process with an average value
£(x) =0, and its statistical properties are described by
the correlation function:

S(S(X) = ¢5W (x—x)

We assume, as in the case of periodic roughness,
that the amplitude of the deviation of the random function

o

from its mean value is small, i.e., 6_ <<1<«Kh. In this
X

(20)

case, to solve the Schrodinger equation with boundary
condition (4), we can use the standard procedure to
determine the field over a statistically rough surface ()

[8]. After performing the necessary calculations, we
obtain an expression that defines the particle spectrum:

=28 [ %2 iy () - ]

—0 y
X[lx(kx _Zx)_)()z/:|w(kx _Zx)'

(21)

2mE

where g =kf - 2% kG =" —ki-kI, W(k) is

the Fourier transform of the correlation function (20),
which subsequently takes the Gaussian form:

W (ky — 7,) = 'fexp(—yzk L2) 22)

1
Here, € is the correlation y = 3 —? XK, .

From equation (21), it follows that when £ =0 , we
have: ky =
Substituting into the right-hand side of equation

kyo =0 (21) and performing integration over the

angles, we obtain oky , in the first approximation:

5, 2|§0k | % f dy %2 exp(=y k2 |_2)_
Jx =
The solution to equation (23) can be analytically
evaluated in two limiting cases: kyl <<1 and kI >>1.
In the long-wavelength limit kI <<1, the value

(23) is determined by expanding the integrand in terms
of the small parameter kil :

Sky =2i¢Ek? [\l .

The solution to equation (24) corresponds to a
localized surface state with energy:

(23)

(24)

2
gt [kz +k2(-4cdK2 /;zl)} (25)
The solution to equation (23) in the long-
wavelength limit implies that near the rough surface of a
solid, there exist surface electronic states with a non-
quadratic dispersion law. The electron wave function in
this case takes the form:

o 245Ky
Y ~exp| ——==V |. (26)
[ Va
In the short-wavelength limit (k,l >>1), the
solution to equation (23) becomes:
r(5/4)@-i) c2k3
5ky — ( )( |) 40 I(X (27)

where T'(x) is the Gamma function. Expression (26)

describes a quasi-stationary, localized electronic state
near the surface with a characteristic lifetime:

3
T = L (28)

r2 (5/4) 1k
Thus, small surface inhomogeneities, representing
an infinitely high potential barrier, lead to the formation
of surface electronic states whose function exponentially
decays with distance from the boundary. The expressions
that describe localized states near a rough boundary and
those describing states near a periodically rough surface
are analogous. In the first case, the characteristic size is
the correlation length, and in the second case, it is the
period of the surface inhomogeneities.

Analysis of the results obtained

The implementation of the effects mentioned can be
realized, for example, at the boundary between a
semiconductor and a dielectric. The boundary may have
natural roughness or a periodic structure in the form of
dislocation mismatches, as well as by creating an
artificial periodic relief. According to the results
obtained, electrons will be localized near the boundary in

a layer of thickness R, since ¥ ~ e VR,
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In the case when the period of the surface
inhomogeneity is of the order of several micrometers

(microns) a = 107° sm, a value accessible by lithographic
methods for structure formation, and the ratio between
the amplitude of the inhomogeneity ¢y and the

wavelength (1=1/k) ¢pk =0.1, the electrons will be

localized in a layer of thickness R = 10~ in the resonant
case. In the long-wavelength limit, the thickness of this
layer will be an order of magnitude larger.

Let us provide quantitative estimates of the
conditions for the resonant (Cherenkov) interaction of
surface oscillations of the surface electronic states with
the flows of charged particles induced by external
electromagnetic radiation, i.e., the possibilities for their
generation (amplification) in current semiconductor
devices used in radar and communication systems [2].

The frequency of surface plasmons for typical
values of semiconductor structures used in modern radio
electronics is @g ~10° —10's7t.

The drift velocity of carriers for fields in the range
E of electric and H of magnetic field strengths, affecting
the semiconductor structure with surface electronic states

KV

emission, is E<100—; H < 600A .
m m

Therefore, the conditions for resonant interaction
between waves vrand particles (equality of the wave phase
velocity and the drift velocity of the induced current
vi =ws/q~vy, are satisfied  for  millimeter

(submillimeter) wavelengths, corresponding to the size of

the localization of surface electronic states R ~10™* sm.

Let us now provide quantitative estimates of the
radiation energy AW,,q, i.e., the energy losses of the
flow of charged particles induced by external
electromagnetic ~ fields, in  exciting  surface
electromagnetic oscillations in structures such as metal-
dielectric-semiconductor (MDS) with surface electronic
states [3]. For electric fields with a field strength

kv
Eg #10-50 — in the region of reversible failures, the
m

pulse duration is Atj,, ~500ns .

The concentration of carrier currents and their drift
velocities lie in the range [4]:

n, = 10°-102sm= vy~ 10°-107 smys.

The radiation energy of the own oscillations of
solid-state MOS structures lies in the range

~ (10_7 ~1078 )vm GHz, and thus, with the sensitivity of

modern microwave radiation receivers [3] (from

1070wt ), it is easily detectable.

Thus, the proposed physical model of the conditions
for the generation (amplification) of oscillations by
creating surface electronic states at an inhomogeneous
interface between media is feasible for MDS structures,
since the sizes of their localization are in the range of a

few centimeters R ~107% sm.

Conclusions

1. The results obtained indicate that periodic
(random) inhomogeneities at the boundary between two
media lead to the appearance of surface electronic states,
with the concentration of electrons (wave function)
exponentially decreasing with distance from the
boundary.

2. It should be noted that in the limiting cases —
long-wavelength and short-wavelength — the localization
sizes of the electrons have the same order of magnitude
for both periodic and random surfaces. The most
effective interaction occurs when the de Broglie
wavelength of the electron is comparable to the
characteristic size of the inhomogeneity and the Bragg
reflection condition is met. If the period of the surface
inhomogeneities is a few micrometers, electrons will

localize in a layer of thickness R = 10~ in the resonant
case, and in the long-wavelength limit, in a layer an order
of magnitude thicker.

3. The proposed physical model of the formation of
surface electronic states at an inhomogeneous boundary
can be realized in MDS structures, which creates
opportunities for the generation (amplification) of
oscillations in the submillimeter range, since the
localization layer sizes are within a few centimeters.
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IloBepxHi eJieKTPOHHI cTaHK
HA HEOAHOPOAHOMY KOP/JOHi MiBNPOBIAHUK — JieJIeKTPUK

B. C. Bpecnagens, 0. B. Bpecnasens, 1. B. SkoBenko, B. M. Boporens

AHoTanis. O6’eKTOM TOCTIIKEHHSI € MMPOLIEC aHai3y YMOB JUIsl reHepalil (IIOCHIICHHS) eIeKTPOMAarHiTHUX KOJUBaHb
CyOMiTIMETpOBOTO [ianma3oHy MUIIXOM CTBOPEHHS MOBEPXHEBUX EJICKTPOHHHMX CTAHIB Ha HEOJHOPIAHOMY KOPIOHI pPO3Iily
CEPEeIOBHIN, IO peali3yeThcs IS CTPYKTYpP MeTal — HamiBOpoBimHUK — npienekTpuk (MIT), xomu po3mipu Jrokamizamii
MOBEPXHEBUX CTaHiB 3HAXOMATHCS B Mexkax R~ 10* cm. MeTa HOCTHiIAKeHHS —MOXIHBICTh MOCTAHOBKH TEOPETHYHUX Ta
eKCIIePUMEHTAJILHHX JIOCII/DKeHh Ha OCHOBI 3alPOTIOHOBAaHOT ()i3MuHOT MOZEIi BAHUKHEHHS OBEPXHEBUX EJIEKTPOHHHX CTaHIB
Ha HEOJHOPITHOMY KOPAOHI PO3AUTY TBEpAMX TiI, B yMOBaX KOJH aMIUITylda HEpPiBHOCTI Ha0arato MeHINa 3a ii mepiof.
BCTaHOBIEHO TMapaMeTpyd CTOPOHHBOTO IMITYJIBCHOTO €JIEKTPOMArHITHOTO TOJS, HaBEACHHUX CTPYMIB Ta XapaKTEPUCTHK
HamiBIIPOBIJHUKOBUX NPUIALIB y paMKax SKHX CIIOCTEPIraeTbCsi PEKUM IOCHICHHS BJIACHUX KOJHMBAHb IOBEPXHEBOTO
€JIEKTPOHHOTO IIapy HaMiBIPOBiTHUKOBOI CTPYKTYpH. MeTOaM MOCIIKEHHS: METOH Teopii Manux o0ypeHb (Meron Penes) npu
BH3HAYCHHI CIIEKTpa MOBEPXHEBUX EJIEKTPOHHUX CTaHIB B yMOBaX KOJHM aMILIiTyJa HEpiBHOCTI Habararo MeHIua Bif il mepiomy.
Otpumani pesyasTati. OTprMaHO aucHepciiiHe PIBHSIHHS Uil MPOCTOPOBHMX T'apMOHIK €IEKTPOHIB Ha HEOTHOPIAHIN Mexi
TBEPJIOTO TiJIa, 110 MPOBOAUTH. METO0M MOCTiIOBHUX HAOIMKEHB 38 MAJIUM MapaMeTPOM BH3HAYEHO HOT0 illleHHs Ta MOKa3aHo,
II0 Y TPaHUYHHUX BHIAJKax — JOBrOXBHILOBOMY Ta KOPOTKOXBHJIBOBOMY — PO3MIpH JIOKaIIi3allii eJIeKTPOHIB Ha KOPJOHI MalOTh
OJTHAKOBI MOPSIKH BEIMIHH 5K TS IEPIOAMIHOT TOBEPXHI, TaK 1 AJIs BUMAAKOBOI. BUCHOBKH. Y po0OOTi HaBeEHO KITBKICHI OI[IHKH
BEIMYMH EHEprii BUMPOMIHIOBAaHHS - BEIMYMHM BTpaT CHEPrii MOTOKIB 3aps/PKEHHX YaCTHHOK, HABEICHUX 30BHIIIHIM
€JICKTPOMATHITHIM I10JIeM, Ha 30y KEeHHS IOBEPXHEBHUX €JIEKTPOMArHITHUX KOJMBAHb y CTPYKTYpaxX 3 HEOJHOPIMHOCTSIMH MEXi
CEepeIOBHIIL 32 HAsIBHOCTI HOBEPXHEBHX €JIEKTPOHHUX CTaHiB. BOHM MOKa3yl0Th, 1110 BEJIMYHHA €HEPTil BUIIPOMIHIOBAHHS CTPYKTYP
THIly METAJl — JIEIEKTPHK - HAMIBIIPOBIAHUK JIEXUTh y mianasoni ~ (1077 — 107%) em, To6T0. npy 4y TMBOCTI CyyacHUX IpUAMAayiB
HBY sunpomintosanns (10710 gm) uinkom BusiBieHa.

KawuoBi ciaoBa: meron Pernest; HeoqHOpifHa MeXa; MOBEPXHEBI €IEKTPOHHI CTAHH; AUCTIEPCiHE PIBHSIHHS; IIPOCTOPOBI
TapMOHIKH; HaBeJJCHUH CTPyM; IIOBEPXHEBI KOJIMBAHHSI.
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