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Some important results obtained by Ukrainian physicists in semiconductor surface science
during the independence years (1991–2016) are discussed. The review is mainly focused on
the results obtained for nano-dimensional and quantum-size structures and classifies them
according to the main scientific directions in the modern Ukrainian semiconductor surface
science.
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1. Introduction

Semiconductor surface science is an important branch
of solid state physics, along with the physics of bulk
phenomena and other specialized sections. It has a
high rank in modern electronics.

Researches of semiconductor surface have been
started in Ukraine since the 1930s at the laborato-
ries of the Institute of Physics of the Academy of
Sciences of Ukraine and at the Chairs of physics at
the Kyiv and Odesa Universities. The research groups
were headed by Oleksandr Henrikhovych Goldman,
Vasil Ivanovych Lyashenko (at that time, the first
dean of the Faculty of physics and mathematics at the
Kyiv University), and Elpidifor Anempodystovych
Kirillov. Some later, the groups were joined by a
skilled scientist Vadym Evgenovych Lashkaryov, who,
the first in the world, discovered the 𝑝 − 𝑛 junction
in 1941.

The surface researches were aimed at studying the
electronic and ionic phenomena occurring at metal-
semiconductor interfaces in the structures contain-
ing oxide (CuO𝑥, FeO𝑥) and photosensitive (Ag2S3)
semiconductors. At that time, those semiconductors
were widely applied in non-vacuum power recti-
fiers. An important new result was the discovery of
space charge regions of two types near the surface: de-
pleted or enriched by free charge carriers. The prop-
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erties of those regions changed under the action of
the external electric field, which provided the current
rectification effect through this metal-semiconductor
structure. This key result was immediately (in 1938)
published by V.I. Lyashenko and G.A. Fedorus in
such leading Soviet scientific journals as Bulletin of
the Academy of Sciences of the USSR and Journal of
Experimental and Theoretical Physics. Works about
the discovery of 𝑝− 𝑛 junction were published in the
same journals in 1941.

After the World War II, semiconductor surface
science was actively developed further, both at the
Chairs of the Kyiv, Lviv, Odesa, and other Univer-
sities, and at the institutions of the Academy of Sci-
ences (the Institute of Semiconductor Physics, the In-
stitue of Physics, the Institute of Physical Chemistry,
and others). Later, those researches formed a basis for
the creation of several scientific schools united un-
der the title “Semiconductor surface science”. These
were the physics of real semiconductor surface
headed by Prof. V.I. Lyashenko, the physics of metal-
semiconductor interface headed by Prof. V.I. Strikha,
the physics of atomically clean surface headed by Aca-
demician of the NASU, Prof. N.G. Nakhodkin, and
the physics of surface-sensitive semiconductor sensors
headed by Prof. V.V. Serdyuk. Below, some impor-
tant, from my viewpoint, results obtained during the
years of Ukraine’s independence (1991–2016) are dis-
cussed.
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2. New Results Obtained
during the Independence Years
of Ukraine by the Scientific School
of the Physics of Real Semiconductor
Surface Headed by V.G. Litovchenko

Physics of real semiconductor surface studies the
phenomena that arise at the surface of semiconduc-
tors surrounded by a room gas environment. Since
1989, this scientific school has been headed by
the Corresponding Member of the NAS of Ukraine
V.G. Litovchenko.

2.1. Effects arising in quantum cathodes
(research supervisors: V.G. Litovchenko
and A.A. Evtukh)

A number of new effects induced by a strong elec-
tric field applied to a real semiconductor surface have
been discovered, in particular, for multineedle semi-
conductor field-emission (FE) cathodes (Fig. 1).

Unlike the ordinary charge transfer in the semicon-
ductor bulk, the FE phenomenon is governed not only
by the thermal excitation of free charge carriers and
the influence of an internal barrier, but also by ad-
ditional mechanisms of current formation; first of all,
by the crucial influence of the quantum-mechanical
tunneling of charge carriers through the surface bar-
rier. Unlike metal cathodes, electrons in semiconduc-
tor field-emission cathodes are heated up, and the
effect of a field-induced intervalley carrier redistri-
bution in wide bandgap semiconductors (GaN, ZnO)
was observed. For the first time, this effect was stud-
ied in needle-like structures, the so-called “quantum
cathodes” (QCs) [1–3]. The Fowler–Nordheim for-
mula and Fig. 2 illustrate these quantum-mechanical
mechanisms of work function reduction as a result
of the population of highly located (the so-called
satellite) valleys. The work function for the latter is
much lower than that for the main band of free elec-
trons. Hence, a drastic growth of the field-emission
current is predicted.

A number of new effects were predicted by Ukrai-
nian physicists in 1992. Some of those effects were
already observed during the independence years. For
example, an important role is played by variations in
the electron spectrum of semiconductor QCs. They
result in the spectral changes of emitting electrons, up
to the emergence of their quasimonochromatic energy
distribution.

Fig. 1. SEM image of a GaN nanocathode obtained by selec-
tive etching [2]

Fig. 2. Experimental 𝐼–𝑉 characteristics for electron field
emission from GaN plotted in the Fowler–Nordheim coordi-
nates

Under quantum-mechanical conditions, the char-
acter of heated-up charge carriers changes. Namely,
their slowed cooling, the so-called “phonon bottle-
neck” for the quantization, is predicted. Therefore,
there appears the opportunity to observe the phe-
nomenon of hot-carrier redistribution between the
valleys at high frequencies. In other words, the pos-
sibility to observe the Gunn effect in wide-gap semi-
conductors (of the GaN type) was predicted.

Hence, during the last 25 years:
1. A generalized theory of field-emission current

from both valleys was developed. The theory al-
lows the current-voltage characteristics with two
slopes in the Fowler–Nordheim coordinates to be ex-
plained. The theoretical results are in good agreement
with experimental current-voltage curves and make it
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Fig. 3. Photoluminescence spectra of GaAs/AlAs 14/7 su-
perlattices (14 is the number of GaAs monolayers, and 7 the
number of AlAs monolayers) grown up on wafers with various
orientations: (001) (a), (001) disoriented by 2∘ in the ⟨110⟩
direction (b), (311)A and (c). 𝑇 = 4.2 K. The insets in panels
(b) and (c) schematically illustrate interface corrugations that
are typical of corresponding wafer orientations

possible to determine the distance between the valleys
(Fig. 2) [1–3].

2. Quantum cathodes were proposed. They are
characterized by a number of useful properties. In
particular, those cathodes provide a drastic increase
of the cold emission current. In the case of multival-
ley semiconductors, they have sections with different
slopes in their current-voltage characteristics plotted
in the Fowler–Nordheim coordinates. The properties
of low-dimensional semiconductor cathodes are gov-
erned by the size-quantization of their band structure,
a quasidelta-like spectrum of the electron density of
states, the nondegenerate statistics for free charge
carriers, specific features of the free electron heating
in different valleys, and, first of all, tunneling pro-
cesses through the vacuum barrier.

Making allowance for those fundamental factors
enabled the major properties of quantum cathodes
to be described. A comparison of theoretical results
with experimental ones carried out for the multivalley
semiconductor with a wide energy gap (GaN) made
it possible to determine its band parameters and pre-

dict the 𝛿-like monochromatic emission of electrons
from quantum cathodes.

For quantum cathodes fabricated from a per-
fect bulk material, the current-voltage characteris-
tics with two slopes in the Fowler–Nordheim coor-
dinates were measured (Fig. 2). The inset in Fig. 2
schematically illustrates the energy band diagram for
a two-valley semiconductor. As a result of the theo-
retical analysis and experimental researches, the pop-
ulation of a satellite valley was observed for the first
time. Hence, the principal possibility to create Gunn-
type microwave generators on the basis of quantum
cathodes fabricated from wide-bandgap semiconduc-
tors (GaN, ZnO) in the variant of pixel emitters with
low resistance was demonstrated.

2.2. New surface effects
in quantum-size superlattices
(research supervisor: D.V. Korbutyak)

The method of polarized photoluminescence was ap-
plied for the first time, while studying the interfaces
between quantum superlattices (SLs). For this pur-
pose, the GaAs–AlAs interface was used. The impor-
tance of such researches is associated, first of all, with
a possibility to obtain information on the fundamen-
tal properties of such quantum structures – namely,
the perfection of the quantum well-barrier layer inter-
face – as well as with a prospect to use polarization-
sensitive effects in optoelectronic devices created on
the basis of those structures.

In works [4, 5], the anomalous polarization of the
photoluminescence in quantum SLs was observed for
the first time. This phenomenon was not predicted
by the theories that existed at that time. The new
effect is associated with the existence of an ordered
microrelief at the GaAs–AlAs heterointerface (more
specifically, with the corrugated character of the in-
terface profile). The effect turned out sensitive down
to the subatomic scale. A quantitative theory of ad-
ditional linear polarization of the exciton photolumi-
nescence in SLs was developed, and the relations be-
tween the linear polarization degree and the geomet-
rical parameters of corrugations were obtained for
various microrelief shapes: symmetric, asymmetric,
and sinusoidal (Fig. 3). The polarization induced by
the interface corrugation can be observed, when the
photoluminescence is detected in the direction per-
pendicular to the surface, i.e. when the contributions
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Fig. 4. Time dependences of the photoluminescence intensity maximum for the GaAs/AlAs 9/4
superlattice at 𝑇 = 5, 30, and 80 K. Right panel schematically illustrates elements of direct-band
(SL1) and indirect-band (SL2) superlattices

of other polarization mechanisms (the anisotropy of
heavy-hole subband and ordinary light polarization at
the crystal-vacuum interface) are absent. The com-
parison between the experimental and theoretically
calculated dependences of the linear polarization de-
gree 𝑃 on the detection angle was carried out.

Another anomalous effect was also revealed in SLs
for the first time, namely, the appearance of long-
wave phonon repetition peaks in short-period SLs. A
detailed study of this effect showed that the features
of the electron-phonon interaction in quantum-size
structures result not only from the quantization of
electron states (the growth of the exciton binding
energy at the quantization 𝐸ex ∼ 1/𝑑2, where 𝑑 is
the quantum layer thickness), but also from the spe-
cific features of a phonon spectrum, in particular,
the existence of powerful local and interface phonon
modes in it, the influence of which considerably in-
creases, as the thicknesses of the quantum-well and
barrier layers decrease. Those phonon characteristics
were considered for the first time in works [4–6], to-
gether with effects of the electron-phonon interaction
in GaAs/AlAs superlattices of the second type (SLs-
II), when transitions through the barrier level are
engaged, and the SL becomes an indirect-band-gap
one. The photoluminescence spectra of such narrow-
well SLs-II reveal phonon repetitions of the exciton
emission band, which are related to GaAs-AlAs inter-
face phonons. Hence, the intensity of phonon repeti-
tions considerably increases, when the transformation
from direct-gap to indirect-gap SLs takes place.

In the case of quasidirect-gap SLs, the anomalous
growth of the intensity ratio between the phonon

satellites and the zero-phonon line, when the SL pe-
riod decreases, testifies to the growth of the electron-
phonon interaction in those structures. A good agree-
ment was found between the experimental depen-
dence of the degree of electron-phonon interaction,
Γ ∼ ℎ/𝜏𝑡 ∼ 𝑁𝑡, and the results of a theoretical model
developed for shallow centers. The growth of this pa-
rameter with a decrease of the SL period is associ-
ated with the growth of the exciton binding energy. A
practical problem was formulated: How can the struc-
tural perfection (or the imperfection degree) of SL
and its dependence on the quantum layer thickness
be estimated on the basis of the parameter Γ?

The time-resolved researches of the photolumines-
cence spectra for GaAs/AlAs superlattices of various
types (direct-gap, quasidirect-gap, indirect-gap) in a
wide temperature interval made it possible to estab-
lish the basic features of recombination processes that
run in those structures [7]. In particular, in excited
direct-gap SLs with the well thickness of an order of
exciton radius, free heavy and light excitons, as well
as the transition from light to heavy excitons, were
observed immediately after the excitation. For SLs
of the first type (SLs-I) with the GaAs layer thick-
nesses less than the exciton radius at low tempera-
tures (𝑇 < 70 K), the free excitons become localized
at the GaAs/AlAs hetero-interface within a time in-
terval of about 150 ps; afterward, they emit to form a
new photoluminescence band. In this case, the time of
the photoluminescence intensity quenching becomes
much longer (Fig. 4). In SLs with even smaller thick-
nesses of quantum layers, the radiation emission at
low temperatures is associated with coupled excitons,
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Fig. 5. Silicon-based solar cell with diffusion-field barriers and its band diagram

the partial delocalization of which begins only if the
temperature increases (𝑇 > 80 K). Finally, in the
GaAs/AlAs superlattices with ultrathin layers, the
radiation emission by localized excitons is observed
in the whole examined temperature interval. The de-
crease of the well thickness substantially enhances
the photoluminescence quenching, which can be ex-
plained by the growth of non-radiative losses.

For the cycle of scientific works “Charge and mass
transfer processes and the electron kinetic phenomena
at the surface and in the near-surface layers of solids”,
V.G. Litovchenko, D.V. Korbutyak, M.G. Nakhod-
kin, A.G. Naumovets, V.M. Dobrovolskyi, and others
were awarded the State Prize of Ukraine in science
and engineering in 1997.

2.3. New type of silicon solar
converters with a surface barrier:
achievements in the physics of renewed
semiconductor solar power engineering
(research supervisors: A.P. Gorban’
and V.P. Kostylyov)

A general theory of semiconductor photo-electric so-
lar converters, which considers the influence of the
main surface recombination processes on the reduc-
tion of the photo-electric conversion efficiency, was
developed. These are surface recombination (local
Shockley–Reed centers), impact Auger processes, ra-
diation emission, excitonic processes, and the influ-
ence of induced surface barriers of various nature on
the increase of the efficiency of solar photoconvert-
ers. A general algorithm was proposed to optimize

the design of solar cells to various operational con-
ditions: on land and in space, for focused or scat-
tered light. Various constructions for mono- and het-
erojunctions were also proposed [8–15].

In the framework of the National space program
of Ukraine, a research and development project
was executed. It concerned the development and the
manufacture of a set of solar batteries to be used
in the power supply system of the first Ukrainian
new-generation space vehicle as a primary energy
source. The batteries were fabricated with the use of
solar cells (SCs) developed by the team of the de-
partment headed by A.P. Gorban’. They are char-
acterized by a sufficient electric power, which can
be delivered under the AM0 conditions. The solar
batteries were mounted on the flight specimen of
the space vehicle KS5MF2 “Mikron”, which was suc-
cessfully launched in December, 2004 (A.P. Gor-
ban’, V.P. Kostylyov, A.V. Makarov, A.A. Serba, and
B.F. Dvernikov, 1994–2004).

The originality of photoconverters developed at the
V.E. Lashkaryov Institute of Semiconductor Physics
of the National Academy of Sciences of Ukraine con-
sists in the creation of a surface barrier. This prin-
cipal feature is illustrated in Fig. 5. The physical
principles of functioning, as well as the designs for
SCs and batteries of a new type with surface bar-
rier, were developed. Those devices are characterized
by an enhanced efficiency. They are intended to be
used in solar accumulating blocks for the power sup-
ply of ground- and space-based radio-electronic fa-
cilities [8–10]. Besides that, they are applied in the
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Fig. 6. Schematic diagram of a silicon solar cell with the rear arrangement of barriers and current collecting contacts (left
panel), and its spectral sensitivity (right panel)

professional dosimetric and radiometric equipment
of a new generation, which was created by the re-
quest of the Ministry of Emergency Situations of
Ukraine and operates under field conditions (1997–
1999).

A general physical theory describing the function-
ing of SCs was developed. It describes the surface re-
combination of various nature in surface-barrier sili-
con solar cells, as well as its dependence on the light
illumination level, the doping level, and the surface
charge. In particular, it was shown that, in the case
of depleting band bending at the surface, the effec-
tive rate of surface recombination decreases with an
increase of the injection level Δ𝑛, if this level exceeds
the concentration of minority charge carriers in the
base. On the contrary, for the inversion or enriching
band bending at the silicon surface, the effective rate
of surface recombination does not depend on the light
illumination level until the injection level exceeds the
concentration of majority charge carriers in the base;
then it starts to increase linearly with the illumina-
tion level.

For the first time, the theory was created for
a new type of silicon SCs with rear metallization
(Fig. 6). The efficiency of those cells under a focused
illumination was calculated. The dependences of key
parameters of those SCs on the degree of the so-
lar illumination focusing, short-circuit current, open-
circuit voltage, and photoconversion efficiency were
obtained. An original design was developed, and the
experimental specimens of silicon SCs with rear met-
allization were fabricated [11].

For the first time, the theoretical calculation of the
limiting efficiency was carried out for various designs
of solar cells with quantum wells making allowance
for the surface recombination that takes place at the
interfaces between the quantum wells and the basic
silicon material. It was shown that the surface recom-
bination rate is lower, and the photoconversion effi-
ciency is higher, if the difference between the lattice
constants of the quantum-well and basic materials is
smaller.

On the basis of the computer code SimWindows,
the photoconversion efficiency of direct-gap photo-
sensitive A3B5 compounds with quantum wells and
its dependences on the doping and illumination lev-
els were numerically calculated. Conditions, at which
the efficiency of photoconversion in SCs with quan-
tum wells is higher than that in standard SCs, were
found.

The physical mechanisms were analyzed, and the
theory of modern SCs fabricated on the basis of het-
erostructures with amorphous silicon (a-Si:H/c-Si)
was developed [12, 13]. A good agreement of theoret-
ical results with experimental data at temperatures
above 200 K was obtained.

The limiting efficiency of photoconversion in mul-
tijunction SCs was calculated in realistic approxima-
tions. It was shown that the proposed theory pro-
vides a better agreement with the experiment in
comparison with previous theories. As a practical
yield of the activity dealing with SCs, mobile so-
lar power plants (10–40 W) were designed and fab-
ricated. Those plants make it possible to feed and

ISSN 2071-0186. Ukr. J. Phys. 2017. Vol. 62, No. 1 85



V.G. Litovchenko

Fig. 7. Electron energy diagram of a Cu–O cluster

Fig. 8. Influence of copper nanoclusters on the potential
change at the MIS structure surface fabricated on the basis
of porous silicon before hydrogen adsorption (150 ppm)

to charge a wide range of facilities (radio stations,
mobile phones, infrared scanners, tablets, GPS navi-
gators) under the field, extreme, and war conditions
(the development together with department No. 9,
B.M. Romanyuk’s group) [14, 15].

For a cycle of scientific and applied works on so-
lar photoconverters, two State Prizes of Ukraine in
science and engineering were awarded: in 2007 and
2013.

2.4. New class of effective gas sensors
on the basis of nanoclusters of transition
metals with oxidized surface (research
supervisors: V.G. Litovchenko
and T.I. Gorbanyuk)

A new approach was proposed for the production of
catalytically active systems, in which cheap transition

metals and their oxides are used. Those substances
(Cu, W, WO3, Cu2O, In2O3, SnO2, and others) are
inactive in ordinary, i.e. bulk, phases, but catalyti-
cally active in nano-dimensional structures. A con-
cept about modifications in the structural configu-
ration of electron levels and the character of their
hybridization at the formation of supersmall clus-
ters of transition metals and their oxides (or, in the
more general case, in compounds with acceptor el-
ements, such as F, Cl, S, and O) serves a theoreti-
cal basis for the corresponding developments. Those
modifications arise owing to the appearance of free
(completely filled beforehand) 𝑑-orbitals in nano-
clusters. These orbitals are the most active at the dis-
sociation of adsorbed molecules and, accordingly, at
the catalytic splitting of molecules. From this view-
point, the modification of a sensitive material by pur-
posefully changing its surface state – e.g., the intro-
duction of transition metal atoms as impurities into
the composition of basic semiconductor oxide and/or
the filling of pores in the nanoporous matrix by nan-
oclusters of transition metals and their oxides to cre-
ate a material that would be sensitive and selective
to a certain type of gas molecules – seems to be the
most promising technology.

A new mechanism was proposed for the forma-
tion of a catalytic active structure. It is illustrated
in Fig. 7: When in a contact with the atom of a tran-
sition metal, an acceptor component (O, S, F, and so
on) can reduce the occupation numbers of 𝑑-orbitals
in it.

Classical catalytic transition metals are expensive,
as a rule. A technology of catalyst formation from in-
expensive transition metals was developed, in which
the change in the 𝑑-orbital population at the forma-
tion of “transition metal–acceptor element (oxygen)”
clusters is made allowance for. Experimental results
obtained for the structures of nano-sized porous sili-
con doped with oxidized nanoclusters of copper, tung-
sten, nickel, and some other metals testify to the ap-
pearance of the catalytic activity with respect to eco-
logically harmful gases (hydrogen sulfide, hydrogen)
(Fig. 8).

The phenomenon of the accelerated drift of spa-
tially separated radiation defects was established
in terms of ultrasonic excitation. A new method of
acoustic-stimulated ion-beam doping is proposed for
applications in UJP, 2015, 60, No. 1. Responsible ex-
ecutives: B.M.Romanyuk, V.P. Melnyk, Ya.M. Olikh.
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2.5. Nonconventional mechanism
for the formation of a system of silicon
nanocrystals on the wafer surface (research
supervisors: I.P. Lisovs’kyi
and I.S. Indutnyi)

A nonconventional method was proposed for the for-
mation of silicon nano-crystallites by means of the
thermally induced phase separation in films of meta-
stable oxide SiO𝑥. In particular, silicon inclusions are
formed as a result of the enhanced diffusion of oxy-
gen atoms from weakly oxidized complexes SiO𝑦Si4−𝑦

to stronger oxidized ones. Silicon-enriched molecular
complexes SiOSi3 lose oxygen and, if being heated at
700–1100∘C, are transformed into molecular silicon
tetrahedra SiSi4. The released oxygen atoms diffuse
and transform oxygen-enriched molecular complexes
SiO3Si into SiO4 tetrahedra. As a result of this sce-
nario [18], there emerge silicon nano-inclusions sur-
rounded by dioxide (SiO2) layers (Fig. 9).

The proposed mechanism is confirmed by the anal-
ysis of the form that acquires the band of IR absorp-
tion at Si–O bonds [1] and by the results of researches
dealing with the kinetics of phase separation [18].

3. Works of the Scientific School
of the Physics of Semiconductor Surface
in Contact with Metal Headed
by V.I. Strikha (Research
Supervisors: Prof. V.I. Strikha
and Prof. V.A. Skryshevsky)

At the Chair of semiconductor physics of Taras Shev-
chenko National University of Kyiv, Prof. V.I. Stri-
kha created a scientific school dealing with the studies
of metal-semiconductor interface phenomena. In the
framework of this school, the theory of “real” Schot-
tky contact with an intermediate dielectric layer was
developed. Under the V.I. Strikha supervision, works
on the creation of biosensors on the basis of Schott-
ky diodes; metal-semiconductor-insulator structures;
field-effect transistors for detecting pesticides, glu-
cose, urea, and other organic and inorganic sub-
stances were performed for the first time [19].

Later, the works aimed at the creation of chemical
sensors were actively continued both at the Chair of
semiconductor electronics headed by Prof. O.V. Tre-
tyak and, since 2009, at the Chair of nanophysics
of condensed media (the Institute of High Technolo-
gies) headed by Prof. V.A. Skryshevsky. In particu-

Fig. 9. Silicon nanoinclusions surrounded with a silicon diox-
ide (SiO2) layer

lar, the generalized theory was developed for chemi-
cal sensors on the basis of surface-barrier structures
with an intermediate layer of thin porous semicon-
ductors and nano-catalysts [20, 21]. The influence of
nanoparticles of noble metals on the electric proper-
ties of nano-porous silicon was studied [22, 23]. New
types of effective chemical sensors were developed for
detecting hydrogen, moisture, hydrogen-carbon com-
pounds, heavy metals, and organic media, in which
the luminescent or electric transducers on the basis
of surface-barrier structures from porous silicon, tita-
nium oxide, graphene, and other nanosubstances were
applied [24–27]. The influence of surface states on the
kinetics and the sensitivity of chemical sensors on the
basis of Schottky structures was established [28].

Together with the National Institute of Applied
Sciences of Lyon (France), a photo-electric sensor
(an “electronic tongue”) was created, which can be
used for detecting various substances in air, food-
stuff, liquids, and so forth. Its work is based on
the application of heterostructures that are based
on a silicon wafer. Under the influence of light, the
sensor generates an electric signal, the parameters
of which are very sensitive to the chemical com-
position of substances (Fig. 10). The development
is protected by an international patent, with Taras
Shevchenko National University of Kyiv being its
co-owner, and was published in the high-rank in-
terdisciplinary journal “ACS Applied Materials and
Interfaces” (http://pubs.Acs.Org /doi/abs/10.1021/
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Fig. 10. Basic design of an “electronic tongue” on the basis
of a photo-electric transducer (a, b) and the experimental 2D
distribution of the induced current with a droplet of distilled
water on the rear side of a 𝑝–𝑛 junction (c)

am5058162). The American Chemical Society (ACS)
issued a press release to inform the business and sci-
entific community about this development of the sci-
entists of the Institute of High Technologies.

A method was proposed for the creation of elec-
tronic imprints of liquids. It is based on a change
in the lifetime of nonequilibrium charge carriers at
their adsorption on the semiconductor surface. The
method is also protected by an international patent
(Fig. 11).

Technologies aimed at increasing the efficiency of
silicon-based photo-electric converters (PECs) owing
to the application of nanomaterials were proposed
and implemented. In particular, the application of
passive layers of porous silicon (PS) to increase the ef-
ficiency of PECs of the diffusion type as an antireflect-
ing coating, a passivating layer for the emitter, and a
converter of ultra-violet sunlight into visible radiation
was substantiated both theoretically and experimen-
tally. A substantial growth of the short-circuit cur-
rent in PECs of the 𝑝−𝑛 type based on polycrystalline
silicon and the short-wave quantum PEC efficiency
due to the reemission in PS were demonstrated. A

positive role of the Rayleigh light scattering in PS
was shown. A design of a thin PEC with scattering
PS inclusions was proposed. Experimental specimens
of highly effective PECS of the 𝑝 − 𝑛 type based on
polycrystalline silicon with a system of selective PS
diffusers on the emitter surface and rare Bragg mir-
rors were fabricated. In 2012, for the results of this
work, V.A. Skryshevsky together with his colleagues
from the V.E. Lashkaryov Institute of Semiconductor
Physics of the NASU were awarded the State Prize
of Ukraine in science and engineering.

4. Scientific Achievements
of the Scientific School Headed
by M.G. Nakhodkin in the Physics
and Electron Spectroscopy of Atomically
Clean Semiconductor Surfaces

Scientific researches dealing with the physics and
the electron spectroscopy of semiconductor surfaces,
which are carried out under the supervision of Mykola
Grygorovych Nakhodkin, were proceeded from the
study of interaction processes between medium-
energy electrons and soft x-ray radiation, on the one
hand, and solids, on the other hand. As a result of the
researches aimed at the study of differential param-
eters of the elastic electron reflection, it was found
that the analysis of the spectral form for character-
istic energy losses of electrons makes it possible not
only to study the scattering of medium-energy elec-
trons in the near-surface layer of the substance, but
also determine the spatial characteristics of the elec-
tron subsystem in this layer. This possibility has an
important value for the diagnostics of the electron gas
state near the surface of base structures of solid-state
and nanoelectronics.

The nature of the extended fine structure was
studied, and the dependence of the elastic reflection
coefficient of electrons on their energy was deter-
mined. The diffraction nature of the structure con-
cerned was established. On the basis of the results
obtained, a surface-sensitive method for the study of
short-range order parameters in disordered solids was
proposed. The method is protected by author’s cer-
tificate [29]. It was used to study Si, GaP, Si + Bi,
and other surfaces, which were either disordered with
the use of argon ions or created in vacuum [30, 31].

A method of ionization spectroscopy (IS) was in-
vented, which turned out informative with respect
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Fig. 11. Electronic imprints of deionized water and Vittel water obtained on the surface of
𝑝-silicon modified by nano-SiN𝑥 rectangles at various polarization potentials (a). Sandwich
structure used for the polarization of the silicon–liquid interface (b)

to the determination of the density of unfilled states
in the near-surface layers of solids, the chemical en-
vironment, the integrity of monoatomic layers, and
so forth. Apprehensive researches of the semiconduc-
tor surface interaction with foreign atoms were per-
formed. The possibilities and problems of IS were de-
scribed in book “Ionization spectroscopy” [32] and the
electronic edition of the handbook “Atlas of ionization
spectra”. The latter was placed in the Internet, and it
is permanently enriched with new ionization spectra
of elements and compounds, in particular, silicon [33].

The method of scanning tunnel microscopy was
improved. Unique ultrahigh-vacuum scanning tunnel
microscopes, the first in the CIS, were created, which
made it possible to study the processes on a solid sur-
face at the atomic level, to observe separate atoms,
and, sometimes, to control their behavior [34–36]. In
particular, it has been possible to directly monitor,
for the first time, the adsorption of hydrogen atoms
in deep holes at the Si(111)− 7× 7 unit cell corners,
as well as to study a complicated motion of dimers
and the processes of nanostructure self-assembling
on the surface of Si(001) − 2 × 1 face with a high
time resolution. Two- and three-dimensional sponta-
neously nano-structured Bi/Ge(111) interfaces and
graphene monolayers on Ge(111) were obtained. New
elements in the reconstruction of the Ge(111) surface
were revealed; in particular, these are corner holes,
which are similar to those observed in the regular
Si(111)− 7× 7 structure (Fig. 12) [37, 38].

The electronic and adsorption properties of low-
index facets of silicon and germanium with various or-
dering degrees were studied both experimentally and

theoretically, as well as the formation of silicon inter-
faces with transition metals and elements of the fifth
group of the Periodic system [39–42]. The methods
of quantum chemical computer simulation were in-
troduced, and an involved motion of adsorbed atoms
and dimers, as well as the processes of nanostructure
self-assembling on the Si(001) and Ge(100) surfaces,
were analyzed [43, 44].

Detailed researches of the structure of polycrys-
talline silicon films and its dependences on the depo-
sition conditions and conditions at the further stages
of a technological treatment were performed, which is
a topical issue from the viewpoint of a wide applica-
tion of those films in the solar power engineering. The
mechanisms and the driving forces of normal and ab-
normal grain growth in films at the annealing were
determined, phase modifications in the films with fi-
brous and dendritic structures were studied, and the
influence of the structure type of silicon films on the
processes of their oxidation were analyzed [45, 46].

A new direction in structural researches – re-
searches dealing with the grain boundary structure in
semiconductor materials – is actively developed. The
types of grain boundaries in polycrystalline silicon
films and grain boundary joints together with their
dependence on the film structure type (equiaxed, fi-
brous) were analyzed, as well as the grain boundary
faceting transformations of twin grain boundaries and
twin interlayers in the grains of polycrystalline silicon
films. The facet types in polycrystalline silicon films
were classified, and the stability diagrams for vari-
ous facet types were plotted. A temperature interval
of 1150–1200 ∘C was determined to be optimum for
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Fig. 12. Typical STM images of the same area on the H/Si(111) − 7 × 7 surface at positive (1.2 V,
56 pA) (a) and negative (−1.2 V, 56 pA) (b) voltages on the specimen. Images were obtained, by
using Bi/W tips. Places of hydrogen adsorption: adatom (A), residual atom (R), and corner holes
(CH). The scaled-up variants of those images [37] (c)

the annealing of polycrystalline silicon films in or-
der to form facets of the type Σ = 3{111}1/{111}2
(or (100)CSL). The latter have the minimum concen-
tration of traps for charge carriers and are favorable
for the functionality improvement of devices based on
polycrystalline silicon [45–47].

Under ultrahigh vacuum conditions, using the
methods of photoelectron spectroscopy, Auger elec-
tron spectroscopy, and low-energy electron diffrac-
tion, researches of the influence of surfactants (As,
Sb, Bi) on the electronic and adsorption properties
of atomically clean low- and high-index facets of sil-
icon and germanium were carried out. Their results
are used to optimize the surfactant influence on the
processes of metal-semiconductor interface formation.

It was found that a series of adsorption cycles with
Gd and oxygen atoms on the Si(100)-2× 1 surface fol-
lowed by the annealing of the obtained structure at
about 600∘C resulted in a reduction of the surface
work function for the Si surface from 4.8 eV to values
lower than 1 eV. A decrease of the work function with

an increase of the cycle number was accompanied by
the oxidation of Gd and Si atoms, as well as a gradual
reduction of the Si concentration in the near-surface
region. The obtained results were explained by the
formation of Gd oxide in the near-surface layer. The
work function of this surface almost does not change
under ultrahigh vacuum conditions and can easily be
restored by the annealing after the holding of it in
the room environment. It is the outer layer of Gd
atoms that is responsible for the work function re-
duction: it creates a dipole layer (O-Gd) near the
surface [48]. The system Si–Gd–O with a low work
function can be used for the creation of sources of
spin-polarized electrons and efficient photo-emitters
in the ultra-violet spectral range.

The results of scientific developments were embod-
ied in the training of students at the Chair of na-
nophysics and nanoelectronics, in particular, in the
lecture courses, practical training, and laboratory ses-
sions in the framework of the courses “Physical basis
of electronics”, “Physical electronics”, “Modern meth-
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ods of surface diagnostics”, “Surface science”, “Scan-
ning tunnel microscopy”, “Computer experiment”,
and others. The importance of those courses un-
der the information society conditions is undoubtful,
which is also confirmed by the analysis of curricula
in similar specialities at leading higher educational
institutions of the USA, Western Europe, and China.

5. Works of Prof. V.V. Serdyuk’s
Scientific School “Surface-Sensitive
Semiconductor Sensors” (Today, This
School is Headed by Prof. V.A. Smyntyna)

Semiconductor researches at the Odesa University
were started by Professor Elpidifor Anempodys-
tovych Kirillov in the 1930–1940s. E.A. Kirillov was
the head of the Chair of experimental physics and
the Director of the Scientific and Research Institute
of Physics (it was the first institute in Ukraine cre-
ated in the framework of the Ministry of the higher
and specialized secondary education). Owing to his
efforts, the first All-Union conference on semiconduc-
tor physics was held on the basis of Odesa Univer-
sity. This fact reflected an important role of physi-
cists from the city of Odesa in the development of
the researches of semiconductor materials as early as
that time. The scientific school “Problems of semicon-
ductor physics”, including surface science, was ulti-
mately formed at I.I. Mechnikov State University of
Odesa under the supervision of Prof. Viktor Vasyly-
ovych Serdyuk, the Head of the Chair of experimental
physics in 1968–1994. He had created a powerful per-
sonnel potential for his scientific school. Three the-
ses for the doctoral degree (V.A. Smyntyna, D.L. Va-
sylevs’kyi, and Yu.F. Vaksman) were defended under
his supervision.

In 1970 at the Chair “problems of semiconduc-
tor physics”, the first researches of the semiconduc-
tor surface interaction with atoms and molecules in
the environment were started. The first generaliza-
tions concerning the interaction on the semiconduc-
tor surface and at semiconductor interfaces gave rise
to the creation of an original direction in the re-
searches of surface phenomena. The results obtained
were summarized in V.A. Smyntyna’s thesis for the
doctoral degree “Electrophysical, photo-electric, and
chemisorption-diffusion processes at the interface be-
tween selenide- and cadmium-sulfide semiconductor
films” (1988). Simultaneously, the applied works were
actively carried out, in which the revealed regu-

larities were used to control the surface properties
and create gas and optical image sensors. In 1994,
Prof. V.A. Smyntyna became the Head of the Chair
of experimental physics. Since then, he is heading the
scientific school “Problem of semiconductor physics”
at the Odesa University.

Professor V.A. Smyntyna initiated the creation of
two scientific and research laboratories at the Univer-
sity: “Sensor electronics and technologies” and “Elect-
ron-molecular processes on the semiconductor sur-
face”, which promoted the active development of re-
searches of surface phenomena. Later, on the basis
of those laboratories, an Interdepartmental Scientific-
Educational Center of Physics and Technology was
created. The journal “Sensor Electronics and Micro-
system Technology” (with Prof. V.A. Smyntyna be-
ing its Editor-in-Chief) and a recognized international
conference with the same title were founded.

The works on the adsorption and sensorics were
awarded the State Prizes of Ukraine in science and
engineering: V.A. Smyntyna (2007), Sh.D. Kurma-
shev (2009), and Ya.I. Lepikh (2011). Two repre-
sentatives of the scientific school (V.A. Smyntyna
and Ya.I. Lepikh) were awarded the honorary ti-
tle “Honored Worker of Science and Engineering of
Ukraine”.

A considerable body of the results obtained was
summarized in books [49,50]. They were also taken as
a basis for the textbooks for physics students [59–61]
and published in scientific papers [62–68]. The follow-
ing fundamental achievements should be mentioned:
[49–68].

1. A new type of the electric inhomogeneity on the
semiconductor film surface – the chemisorption-elect-
ric domain – was revealed. The chemisorption mech-
anism of its formation was substantiated. Its respon-
sibility for dark current oscillations, saturation, neg-
ative differential resistance of current-voltage char-
acteristics, and some other phenomena was demon-
strated.

2. A phenomenological theory of semiconductor ad-
sorption sensitivity (AS) was developed and imple-
mented. The theory served as a basis for the intro-
duction of a universal determination of the adsorption
sensitivity parameter and for the development of the
methods aimed at predicting the regions, where the
maxima of the electric AS appear for various semi-
conductors and under various operational conditions
(V.A. Smyntyna and Yu.A. Vashpanov).
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Fig. 13. Block diagram of an IR radiation sensor: piezo-
electric LiNbO3 wafer with an orientation of 128∘ Y-X cut
(1 ), interdigital resonance structure (2 and 3 ), photosensitive
semiconductor (InSb) layer (4 ), amplifier (5 ), signal processing
device (6 )

Fig. 14. Layered structure with a molecular sieve on the piezo-
electric surface used as a gas sensor

3. The modification in the surface chemical com-
position during the film growth was shown to be
the main driving force of the mechanism responsi-
ble for the non-monotonic conductivity dependence
on the thickness of an adsorption layer. A possibil-
ity for the chemisorption of particles of the same
type to differently affect the photoconductivity (sen-
sitization/desensitization) was demonstrated. It was
shown how surface impurities can enhance AS and
selectivity of the sensor surface.

4. Using the direct XPS, SIMS, and Auger spec-
troscopy methods, it was proved that oxygen atoms
and molecules in the energy gap on the semiconduc-
tor film surface form the levels of electron sticking in
energy intervals of 1.1–1.4 eV and 0.7–0.9 eV. Their
kinetic and geometrical parameters were determined.

5. A new property of macro-, micro-, and nano-
porous silicon – namely, adsorption sensitivity – was
revealed and interpreted. Its magnitude was shown
to depend on the presence and the degree of impurity
cluster dispersion on the silicon surface.

6. The mechanism of interaction between CdS
quantum dots and a biological matrix was discov-
ered. The former play the role of a non-electric sig-
nal converter with the emission of luminescence ra-
diation. A ZnS nanoshell around CdS nanocrystals
enhances their sensitive properties in the ZnS-CdS
nano-heterojunction.

7. On the basis of the ALD technology, nanosensi-
tive structures on the basis of ZnO and TiO2, as well
as AlZnO–TiO2 composites, were fabricated. Physi-
cal mechanisms of the selective sensitivity of their sur-
face to complex biological objects and phenomena –
in particular, to leukemia and salmonellosis – were
determined. The origin of the centers on their sur-
face, which govern the intensity and the spectral com-
position of their luminescence, was established. The
physical and biological aspects were revealed that are
responsible for an extreme selectivity of biophysical
sensors associated with the interaction of the key-lock
type.

8. Regularities in the interrelations between the
structure, electrophysical parameters, and acoustic
characteristics of insulators and layered structures ap-
plied in acousto-electronic transducers operating on
surface acoustic waves were found.

A theory of charge transfer through the interface
in heterojunctions was developed. On its basis, new
nano-heterosystems for the image registration were
created, and the origin and the parameters of sur-
face centers responsible for the accumulation and
the storage of optical information were determined
(V.A. Smyntyna, V.A. Borshchak, Ye.V. Brytavs’kyi,
and D.L. Vasylevs’kyi).

On the basis of the examined surface phenomena
and their revealed mechanisms, adsorptionally sen-
sitive elements were created. They can be used as
gas sensors to register gases of various types: O2,
SO2, H2S, NO, NO2, NH3, and others (see Figs. 12
and 13).

Very challenging is a new direction in sensorics: the
application of materials and structures that are sensi-
tive in the far-IR spectral range in devices operating
without cooling [68, 69].
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В.Г.Литовченко

ПРО ДЕЯКI ВАЖЛИВI РЕЗУЛЬТАТИ
З ФIЗИКИ ПОВЕРХНI НАПIВПРОВIДНИКIВ,
ОТРИМАНI В УКРАЇНI ЗА РОКИ
НЕЗАЛЕЖНОСТI (1991–2016)

Р е з ю м е

В оглядi наведено результати вибраних важливих результа-
тiв з фiзики поверхнi напiвпровiдникiв, отриманих в Укра-
їнi за роки незалежностi (1991–2016 роки). Пiсля коро-
ткого iсторичного вступу викладено результати, система-
тизованi по основних наукових школах з фiзики поверхнi
напiвпровiдникiв, а саме: школи фiзики реальної поверх-
нi (Василь Iванович Ляшенко), школи фiзики межi подi-
лу метал–напiвпровiдник (Вiталiй Iлларионович Стрiха),
школи атомарно-чистої поверхнi напiвпровiдникiв (Микола
Григорович Находкiн), школи поверхнево-чутливих напiв-
провiдникових сенсорiв (В.В. Сердюк). Отриманi результа-
ти в бiльшостi базуються на нанорозмiрних та квантоворо-
змiрних структурах.


