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The paper presents the acoustoelectric phenomenon in a layered structure: piezoelectric waveguide —
semiconductor. The publication presents an original acoustic method for determining the electrical and electron
parameters of the subsurface area in crystalline semiconductors. The method is based on the so-called trans-
verse acoustoelectric effect realized in a layer system: piezoelectric waveguide with Rayleigh surface acoustic
wave — semiconductor. The paper discusses the physical foundations of the transverse acoustoelectric effect in
the piezoelectric — semiconductor layer system, taking into account the distinctness of the physical properties
of the semiconductor near-surface region in relation to its volumetric properties. The work covers many exper-
imental studies of the near-surface region of semiconductors. The original method was presented to determine
such surface parameters as: surface potential, surface conductivity, mobility of carriers in the subsurface area,
life time of charge carriers in surface states. By means of the acoustic method the following semiconductors
have been extensively tested: indium phosphide InP and gallium phosphide GaP. These semiconductors are one
of the main semiconductors of group III-V, which are the basis of modern photonics, optoelectronics as well as
integrated optics. The work also includes an analysis of the measurement possibilities of the developed acoustic
method and its limitations, as well as an analysis of the accuracy of the obtained values of the parameters of

the subsurface area of crystalline semiconductors.
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1. Introduction. The near-surface region
of semiconductors

The study of electronic processes taking place on the
surface of semiconductors is one of the areas where
the interests of many directions of modern science
and technology are combined. Surface phenomena
play an important role in semiconductor electron-
ics, especially in the part that uses miniaturized ele-
ments and low-power electronics systems. The charac-
teristics of semiconductor systems are largely deter-
mined by the phenomena in the near-surface layer
(MANY et al., 1979; PEKA, 1987; Wousas, 1995). The
physic-chemical structure of the surface in microelec-
tronics plays a decisive role: in systems with a high
degree of integration and in high-frequency systems
(WoLF, 1979; HoLMES, 1987; WEISBUCH et al., 1991;
RED, SNITKO, 1994).

The importance of studying surface processes is not
limited to practical applications. Researches in the field

of surface physics are also important for cognitive rea-
sons. It is more convenient to study a number of basic
physical phenomena in a semiconductor not in the vol-
ume of the semiconductor, but on its surface. Exam-
ples include the study of elementary acts of trapping
and recombination of non-equilibrium charge carriers.
When studying these processes on the surface, it is rel-
atively easy to change the position of the Fermi level
in relation to the trap levels, on one and the same
sample (SzE, 1995). Surface physics quickly developed
into one of the large fields of solid state physics.

In the group of methods of studying the surface
of semiconductors, the methods of studying the elec-
tronic properties and electrical properties of this sur-
face have an important position. Compounds of ele-
ments group III and V of the periodic table play an im-
portant role in electronic technology (MACINNES et al.,
1993). Due to their interesting properties, group III-V
materials are widely used in photonics and laser tech-
nologies (SzE, 1995).
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The properties of the real surface of group III-V
semiconductors are a direct consequence of the elec-
tronic, structural, and chemical heterogeneity of this
surface. The aim of the author’s many years of research
was to develop a new acoustic method for studying
the electronic properties of semiconductor surfaces, in-
cluding group ITI-V semiconductors (PUSTELNY, 1995;
PuUsTELNY, PUSTELNY, 2006; 2008; 2009; PUSTELNY
et al., 2008).

The development of the method and the research
of the real surface of group III-V semiconductors re-
quired solving various problems in the field of acous-
tics, physics of semiconductor surfaces, as well as
the technology of preparation of semiconductor sub-
strates. Group III-V semiconductors belong to the so-
called complex two-component semiconductors. They
are composed of the elements of the main groups: the
third (B, Al, Ga, In) and the fifth (N, P, As, Sb).
Their crystal structures are that of a zinc blende
(WoLF, 1979).

Complex two-component semiconductors differ from
simple semiconductors in the heteropolar nature of
network bonds, the non-parabolic shape of the con-
ductivity band, a simple forbidden bond, and the pos-
sibility of deviations from stoichiometry. Compared to
other complex semiconductors, group III-V semicon-
ductors are characterized by relatively small devia-
tions from the stoichiometry. Their most important
admixtures (they are group II, IV, VI atoms) are built
into nodes of the crystalic lattice (SzE, 1995). Conse-
quently, III-V compounds combine the advantages of
simple semiconductors with other interesting proper-
ties, first of all — optical properties, mainly in the field
of radiation generation in the UV, VIS, and IR range
(WEISBUCH et al., 1991).

The limitation of the thickness dimensions of semi-
conductor samples, their surface treatment and con-
tact with the surrounding atmosphere generate ener-
getical surface states in them. Geometrically, the sur-
face states in semiconductor are located in the near-
surface region. The energy levels which they create are
usually in the forbidden band. Various types of defects
are the reasons for the occurrence of surface states.
The main defect of the real crystal is its finite size —
the interruption of the periodicity of the infinite crystal
lattice of the ideal crystal. For group I1I-V semiconduc-
tors, obtaining a surface close to atomically pure sur-
face is a difficult task (WoJas, 1995). The reason for
this is the high chemical activity of surface atoms with
unsaturated bonds, as well as the natural tendency
to surface non-stoichiometry [100], [110], and [111].
The crystallographic planes used in the technology are
characterized by the following properties:

— the [100] plane is built of atoms of one type, each
atom is bound by two bonds with atoms of the
other type, of the underlying layer, and two bonds
are broken;

— the [110] plane contains the same number of
atoms III and V of the group, each of the atoms
is bonded with one bond to the underlying layer,
two bonds to atoms of the first layer, the fourth
bond is free (plane [110] is the cleavage plane);

— the [111] plane can be of both the first and the
second type, where each atom of the surface layer
has one free bond.

The real surface of the crystal of this group is cove-
red with a layer of chemical compounds formed as a re-
sult of reactions between surface atoms and the sur-
rounding medium (MACINNES et al., 1993).

The transition of free carriers to surface states
causes that the subsurface area is not electrically neu-
tral. The semiconductor surface is electrically charged.
There is an electrical potential (surface potential) asso-
ciated with this charge. It disturbs the energy of charge
carriers near the surface. In the energy diagram, the ex-
istence of the subsurface layer is expressed in the chan-
ge in the position of the boundaries of the bands in the
area of the surface charge in relation to the Fermi level.
The depth of the near-surface region is of the order of
the effective length of the Debye shielding radius Lp
(WouJas, 1995).

Electron states occurring in the subsurface area
can be divided into free ionic states in the oxide layer
and slow and fast electronic states in the semiconduc-
tor subsurface area. The division criterion is the speed
which the charge carriers interact with them. The mo-
bility of carriers in the near-surface region is generally
different from that in the depth of the semiconductor.
This is related to the additional scattering of the carri-
ers on the surface. Fast surface states are the centres of
recombination on the real surface of a semiconductor.
Recombination of charge carriers through the surface
levels can significantly affect the process of restoring
the balance of charge carrier distribution. A semicon-
ductor, in which the surface recombination is also ob-
served, is characterized by a different effective lifetime
of the charge carriers 7.

In the group of III-V semiconductors, four crystals
have found practical application in the technology of
electronic components: gallium arsenide, gallium phos-
phide, indium phosphide, and indium arsenide (GaAs,
GaP, InP, InAs). Gallium arsenide is the most widely
used. It is also the most studied and best-known mate-
rial. Group III-V semiconductors are characterized by
a number of specific volumetric properties related to
the mixed, ion-covalent nature of the chemical bond.
The surface electronic properties occupy an intermedi-
ate place between the properties of the surface states
of covalent semiconductors and the states of crystals
with ionic bonds.

The electron heterogeneity of the actual semicon-
ductor surface is related to the presence of broken sur-
face bonds, produced as a result of breaking the pe-
riodicity of the crystal lattice on the crystal surface.
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On the other hand, the structural heterogeneity of the
actual semiconductor surface is related to the pres-
ence of macroscopic and microscopic structural defects
on it. Macroscopic structural defects, which include, in-
ter alia, surface faults, cracks, scratches, and post-etch
cavities are caused by the technological treatment of
the crystal surface. The chemical inhomogeneity of the
actual semiconductor surface is the result of the un-
avoidable adsorption on the crystal surface, as a result
of its contact with the environment other than perfect
vacuum, of the active ingredients of both chemical so-
lutions during the mechanical and chemical treatment
of the actual semiconductor surface, and always sur-
rounding the crystal surface, determined gaseous at-
mosphere.

Classically, the methods of studying the surface
of semiconductors can be divided into electrophysi-
cal methods, photoelectric methods, electromagnetic
methods, spectroscopic methods (PEKA, 1987; TABIB-
AZAR, 1998). It can be seen that among the methods
of studying semiconductor surfaces, there are no meth-
ods for dynamically determining the electrical and elec-
tronic values of the surface parameters of semiconduc-
tors. The only dynamic method is the high frequency
field effect method. However, its frequency range is
limited to only a few dozen MHz. When it is neces-
sary to operate electronic circuits in the higher fre-
quency, the high-frequency acoustic method (in the
range of hundreds of MHz and even GHz) can be used
in the study of electron properties of semiconductor
surfaces.

The generation and detection of signals in the range
of high and very high frequencies have significant util-
itarian aspects: better and faster internet, better in-
formation technologies, more efficient and faster pro-
cessors, and the possibility of realization processes in
the so-called real time. Material research in the field
of high frequencies also has an essential cognitive as-
pect — they enable, among others, studies of physical
effects and phenomena at the quantum level, including
investigation in molecular and quantum acoustics.

2. Acoustoelectric effects

Interest in using of the phenomenon of surface
acoustic wave (SAW) propagation in the structure:
piezoelectric waveguide — semiconductor appeared in
science in the late seventies of the previous century
(AuLp, 1973; GULYAEV, 2005; VANNESTE, BUHLER,
2011; GUSTAFSSON et al,, 2014). These phenomena
were referred to as acoustoelectric effects. The use of
Rayleigh-type surface waves was of particular interest.
Some researchers drew attention to the dependence of
acoustoelectric interactions on the electron properties
of the semiconductor near-surface layer. The influence
of electron and electrical properties on the intensity of
acoustoelectric interactions in the piezoelectric — semi-

conductor system and the potential use of these effects
in the study of semiconductor surfaces was indicated.

Due to the type of effects used to determine the
electronic properties of the near-surface area in semi-
conductors, acoustic methods can be divided into two
groups. The first one includes methods based on the ef-
fects related to changes in the parameters of an acous-
tic wave as a result of its interaction through piezofield
with electric charges in a semiconductor (attenuation
of a propagating wave and changes in its velocity)
(ZHU et al., 2004; JAKUBIK et al., 2005; PUSTELNY
et al., 2008; PASTERNAK et al., 2020). The second
group includes methods that use the effects generated
in a semiconductor under the influence of the field of
a propagating wave. We include primarily to them: lon-
gitudinal and transverse acoustoelectric phenomena,
and acoustomagnetic phenomena (PUSTELNY, 1997;
ROTTER et al., 1999; KAPELEWSKI, LiLA, 2011; BURY
et al., 2003; SAMULIONIS et al., 2004; HERMELIN et al.,
2011; ELHOSNI et al., 2016).

2.1. The piezoelectric-semiconductor acoustic
layered structure

In a solid body of limited size, in addition to acous-
tic volume waves, surface acoustic waves can propa-
gate. The Rayleigh waves play an important role in
the group of surface waves. The Rayleigh waves in an
isotropic medium are characterized by the existence
of two components of mechanical displacements: one
in the direction of wave propagation, the other — in
the direction perpendicular to the plane of propaga-
tion. There may be three components of mechanical
displacements in the anisotropic medium. The surface
wave penetrates the medium along which it propagates
in a distance comparable to the wavelength A;. Its
velocity V; is lower than the velocity of the slowest
shear wave propagating in this direction in the crystal
(AuLD, 1973).

In the case when the solid is a piezoelectric, defor-
mations and mechanical stresses of the surface wave are
accompanied by an electric field. The external medium
into which the electric field associated with the acous-
tic wave propagating in the piezoelectric penetrates,
interacting with this field affects the properties of the
propagating wave. The interactions between the elec-
tric field associated with a surface wave and the charge
carriers in a semiconductor constitute the physical ba-
sis of the acoustic method of studying the electronic
properties of a semiconductor surface. The electric field
of the surface wave penetrating into the semiconduc-
tor excites excess carriers in it. It also causes them to
drift. In a semiconductor, the electric field associated
with the wave and the local changes in the concentra-
tion of carriers: n electrons and p holes caused by it,
are harmonically variable, in accordance with the vari-
ability of the surface wave. The longitudinal compo-
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nent of the electric field of a surface wave propagating
in the piezoelectric causes the flow of electric current in
the semiconductor along the direction of the surface
wave — the so-called longitudinal acoustoelectric effect
(LAE) (GULYAEV, 2005). The transverse component
of this field is responsible for changes in the transverse
direction of the distribution of electric charge carriers,
in a semiconductor and the formation of an additional
electric field in this direction, the so-called transverse
acoustoelectric voltage, an effect known in the litera-
ture as the transverse acoustoelectric effect (TAE).

Figure 1 shows the acoustoelectric effects: longi-
tudinal acoustoelectric current and transverse acous-
toelectric voltage in the piezoelectric-semiconductor
layer system.
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Fig. 1. Acoustoelectric effects in a piezoelectric-semicon-
ductor layered system with an acoustic surface wave, where:
Iag is the longitudinal acoustoelectric current; Uag is the
transverse acoustoelectric voltage; in, out are input and
output acoustic transducers, respectively, and LiNbOg is
the piezoelectric crystal as an acoustics waveguide.

The transverse and longitudinal acoustoelectric ef-
fects significantly depend on the electron properties of
the near-surface region in the semiconductor, includ-
ing: concentration of charge carriers (electrons and
holes), energy density of recombination, and trap sur-
face states, their location in the forbidden band, the
degree of their filling, the curvature of energy bands
on the surface, specific so-called surface potential as
well as the length of Debye shielding radius, mobility
of carriers in the near-surface area, life of carriers in the
so-called fast and slow surface states. The author has
carried out a thorough theoretical analysis of the trans-
verse acoustoelectric effect. He obtained the following
analytical formulas for the amount of the transverse
acoustoelectric voltage (TAV) in a layered structure:
piezoelectric waveguide with a Rayleigh surface wave
— semiconductor (PUSTELNY, 1997):
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Uag is the transverse acoustoelectric voltage; L. and
L; are Debye effective shielding lengths in volume
and in the subsurface area of the semiconductor, re-
spectively; ny, pp, n; are the concentration of electrons
and holes in the volume of the tested semiconduc-
tor, and in an intrinsic semiconductor; p,, w1, are the
mobility of electrons and holes; S is the surface wave
power; «, is the surface wave attenuation (so-called
electron wave attenuation); K, is the electromechan-
ical coupling coefficient; w, V; are the surface wave
pulsation and velocity; €, is the dielectric permittivity
of vaccum; €,, €, are the relative dielectric permittivi-
ties of semiconductors and piezoelectrics, respectively;
K is the so-called apparatus constant of the test stand.

The mobility of carriers, their concentration, and
the length of Debye shielding are expressed through the
G,, and G, functions — the so-called Kingston functions
of the 2nd kind for electrons and holes (MANY et al.,
1979). The Kingston functions are non-elementary in-
tegrals containing the surface potential in a semicon-
ductor as a parameter, as well as concentrations and
mobility of charge carriers. In theoretical analyzes,
they are often expressed in forms of series. For this
reason, it should be clearly emphasized that the ana-
lytical expressions on the Upg are much more complex
than the expressions (1) and (2) would suggest.

2.2. Research motivation

New electronic semiconductor components and sys-
tems, including semiconductor lasers and optical ra-
diation sources and detectors based on group III-V
and II-VI semiconductors, which have appeared in the
last 20-30 years, are a direct consequence of the de-
velopment of thin film growth epitaxial technology of
these semiconductors. The changes in technology have
been aimed at precise control of the dynamics of the
layer growth processes, improvement of the purity of
the obtained layers, extension of the set of usable
materials, including sets with a significant difference
of lattice constants between the layer and substrate.
Hence a necessity has become a repetitive and con-
trolled growth of very thin layers with thicknesses of
fractions of nm and sharp, stepping interfaces. The
places high demands on the surface preparation pro-
cess of monocrystalline semiconductor materials. It
also places high demands on the metrological tech-
nics with which the electronic and electrical proper-
ties of the surfaces are studied. A completely sepa-
rate matter are researches on the development of SAW
structures for gas sensors based on nanolayers and
nanostructures of complex and organic semiconduc-
tors (JAKUBIK et al., 2005; URBANCZYK et al., 2011;
HEJCZYK et al., 2015; HEJCZYK, PUSTELNY, 2020)
and graphene and oxide graphene (PUSTELNY et al.,
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2013; ZHENG, XU, 2011; DREWNIAK et al., 2013). In
sensor nanostructures, their sensitivity to the selected
gaseous environment, but also the speed of reaction to
the presence of the detected gas in the gas mixture
(often in the air atmosphere) and the speed of the so-
called process of sensor detoxification, is largely deter-
mined by the physicochemical properties of the surface.
Practical applications of semiconductor nanostructures
in sensor technology give the study of semiconductor
surfaces a new, unique role.

This paper presents the results of theoretical and
experimental studies of two semiconductors: indium
phosphide InP and gallium phosphide GaP. These ma-
terials play an important role in modern photonics,
optoelectronics, optics, and integrated optics.

In gallium phosphide GaP relative dielectric per-
mittivity is €5 # 11 at room temperature. In the vis-
ible range, its refractive index varies between n ~ 3.2
and 5.0 which is higher than in most other semicon-
ducting materials. In the optic transparent range, its
index is higher than almost any other transparent ma-
terial, including gemstones (such as diamonds) as well
as non-oxide crystals (such as zinc sulphide). Gallium
phosphide has been used in the manufacture of red,
orange, and green light-emitting diodes (LEDs) with
low to medium brightness for several dozen years.
It is used standalone or together with gallium ar-
senide phosphide. LEDs based on pure GaP emit green
light at a wavelength of 555 nm. Nitrogen-doped GaP
emits yellow-green (565 nm) light, zinc oxide doped
GaP emits red (700 nm) (WoLF, 1979). Gallium phos-
phide is transparent for yellow and red light, therefore
GaAsP-on-GaP LEDs are more efficient than GaAsP-
on-GaAs.

The application fields of InP splits up into three main
areas. It is used as the basis for: optoelectronic com-
ponents, high-frequency electronics, and photovoltaics.

InP has a direct bandgap, making it useful for opto-
electronics devices like laser diodes. It is used as a sub-
strate for epitaxial indium gallium arsenide based op-
toelectronic devices.

There is still a vastly under-utilized, yet technical-
ly exciting zone in the electromagnetic spectrum be-
tween microwaves and infrared, often referred to as
terahertzes. Electromagnetic waves in this range pos-
sess hybrid properties — they show high-frequency and
optical characteristics simultaneously. InP based com-
ponents unlock this spectral range for important new
applications. InP is used in high-power and high-
frequency electronics because of its superior electron
mobility with respect to the more common semicon-
ductors as silicon and gallium arsenide. It was used
with indium-gallium-arsenide to make a record break-
ing pseudomorphic heterojunction bipolar transistor
that could operate at some hundred GHz.

Indium phosphide is used as a major technologi-
cal material for manufacturing photonic integrated cir-

cuits for the optical telecommunications industry to
enable wavelength-division multiplexing applications.

The information on GaP and InP presented above
shows that the study of the subsurface area of these
materials, apart from the scientific and cognitive as-
pect, also has an important utilitarian aspect.

3. Experimental research

The author has carried out a theoretical analysis of
the possibility of using the acoustoelectric effect to de-
termine the parameters of the subsurface area in semi-
conductors. He developed:

— the methodology of experimental determination of
surface parameters in group I1I-V semiconductors
from measurements of acousto-electron interac-
tions in the acoustic system: piezoelectric waveg-
uide — semiconductor;

— the research stand;

— the method of determining the surface potential
in semiconductors;

— the method of determining the concentration of
carriers in the near-surface area;

— the method of determining the electrical conduc-
tivity in this area;

— the method of determining the life time of minor-
ity carriers;

— the method of determining the mobility of carriers
on a surface.

The study investigated the influence of surface
preparation and treatment technology on the values
of determined surface parameters. The semiconductor
surfaces were investigated for the following processing
methods:

— grinding with grinding powders of various granu-
larity;

— polishing with corundum powders and diamond
paste;

— chemical etching with HF and HNOj3 acid;

— washing and soaking in acetone, benzene, toluene,
methyl alcohol, and deionized water;

— heating of materials in the air atmosphere.

Aging tests were carried out to determine the ef-
fect of the surface residence time in the tested atmo-
sphere on the values of the controlled surface parame-
ters. The research was conducted in a wide frequency
range (30-300 MHz). The developed technique of test-
ing semiconductors surfaces by the transverse acous-
toelectric effect method allows to obtain dynamic val-
ues of the determined surface parameters. It gives the
possibility of conducting research in the field of high
frequencies. In this respect, the developed acoustic
method occupies a unique position.
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The presented method does not require placing
ohmic contacts on the tested semiconductor sample.
The process of applying ohmic contacts for group I1I-V
semiconductors is technologically difficult. There is
a risk that during its course the electronic properties
of the tested surface undergo strong changes. The pro-
cess of applying ohmic contacts has no influence on the
test results obtained with the acoustic method.

3.1. Stand for testing the electronic properties
of semiconductor surfaces
by the acoustoelectric effect method

The technique of testing semiconductor surfaces by
the transverse acoustoelectric effect method in some
cases required changes in the properties of the sub-
surface area. Changes in surface parameters should
be controlled changes. They should be reversible —
after disappearance of the external factor causing
the changes, the surface parameters should return
to the baseline values. In the tested semiconductor
samples, changes in the electrical and electronic values
of surface parameters can be implemented in several
ways. First of all, the surface properties can be changed
by changing the temperature of the sample. If the tem-
perature changes of a semiconductor sample are not
carried out in a vacuum, they are usually irreversible
changes. Another method of changing the properties
of a surface is its optical excitation (its illumination).
Yet another method may be to apply an electric field
to the semiconductor. In order to change the properties
of the subsurface area, the external electric field should
have a direction perpendicular to the tested surface.
The method of modifying the surface properties with
an electric field is particularly convenient and effective.
In a simple way, it allows you to change the values of
surface parameters in a wide range.

In the presented own research, the external elec-
tric field method was used to control changes in the
properties of a semiconductor surface.

The main part of the stand is a layered system:
piezoelectric waveguide — tested semiconductor. The
idea of the piezoelectric — semiconductor system is
shown in Fig. 2.
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Fig. 2. Measurement system for testing semiconductor sur-
faces by TAV method.

Lithium niobate LiNbOj3 with crystallographic Y cut
and Z propagation directions were used as a piezo-
electric waveguide. The acoustic surface wave was ex-
cited and collected by means of interdigital transducers
made with the photolithography method. Two lithium
niobate waveguide crystals with transducers of differ-
ent fundamental frequencies were used.

The developed measuring stand allowed to conduct
tests for 11 different frequencies in the range from
30 MHz to 300 MHz (using higher harmonics). Mea-
surement of the transverse acoustic voltage is possible
only in a system that uses a periodically excited sur-
face wave. The acoustic surface wave was excited in
the form of short, approximately 10 microsecond wave
packets with a repetition frequency of several hun-
dred Hz. The electronic parameters of the tested sur-
face were changed by applying an external electric field
to the sample, perpendicular to the tested surface.
Electric field, in the form of the so-called drift volta-
ge, was applied to the semiconductor using the same
electrodes with which the acoustoelectric signal was
measured.

The stand for testing the electronic properties of
semiconductor surfaces by the acoustoelectric effect
method was also presented in (PUSTELNY, 1997).

3.2. Results of experimental research

The paper presents experimental studies of the
subsurface area in indium phosphide InP and gal-
lium phosphide GaP. The studied crystals were pro-
duced by:

— Institute of Physics of the Lviv University of Tech-
nology (Ukraine) by prof. I. Bobitskij groupe —
samples of GaP;

— Institute of Electronic Materials Technology in
Warsaw (Lukasiewicz Research Network, Poland)
— samples of InP.

GaP samples were doped by Te and Cr:

— crystalline surface orientations: [100] and [110];

— concentration of donor admixtures: N,, <10'® cm™3;

— mobilities of the carriers in the volume were: u,, =
110 cm?/(V-s), pp = 75 cm?/(V -s);

— the bandgap width: AEg =2.2 €V;

— resistivity: p=6.4-10° [Q-m];

— permittivity: 5 = 8.5-11.2 [].

InP samples were doped by Se:

— crystalline surface orientations: [100] and [110];

— concentration of donor admixtures: N, =10 ecm™3;

— mobilities of the carriers in the volume were: u,, =
4200 cm?/(V +s), pp = 160 cm? /(V - 5);

— the bandgap width: AEg =1.27 eV;

— resistivity: p=1.5-10% [Q-m];

— permittivity: 5 = 9.8 [].
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8.2.1. Surface potential research

The theoretical dependence is a complex one and
only its numerical calculation is possible.

The example of the dependence for monocrystalline
InP [110] is shown in Fig. 3. Potential Uy is in a.u. [
because it is related to the average thermal energy of
the electrons in room temperature.

The electrical parameters of the near-surface area
were changed by means of an external electric field
FE,, applied to the semiconductor perpendicular to the
tested surface. This field was applied to the semicon-
ductor by means of the so-called drift voltage Uy. The
experimental dependence (Fig. 4) is similar in nature
to the theoretical relationship (Fig. 3).

The similarity between the function and the experi-
mental dependence results mainly from the fact that
the external electric field, changing the concentration
in the subsurface area, also changes the size of the
surface potential. The acoustic method of determin-
ing the surface potential in a semiconductor uses the
theoretical relationship Uag = f(Us) and the experi-
mental relationship Uag = f(Ug). On the experimen-
tal characteristics, the acoustoelectric voltage should

2.5

Acoustoelectric voltage U,e [-]

-15.0

-0.5
Surface potential with including thermal energy U, [-]

be expressed in relative units, related to the value of

. . Ua
acoustoelectric voltage at a zero drift ﬁsld Tan(U=0)"
1 — 3 A —
In the point Uy = 0 [V], the relation Ty = L

In the theoretical expression (Egs (1) and (2)), the
voltage is determined with accuracy to any multiplica-
tive constant K. This constant should be selected so
that the maximum on the theoretical characteristic and
the maximum on the characteristic % = f(Uq)
have this same value. Then, on the theoretical charac-
teristic, it falls on the value corresponding to the sur-
face potential in the semiconductor. The presented idea
has been widely used in the study of surface potential
in group III-V semiconductors.

GaP semiconductor crystal is a difficult research
material for the acoustic method. This is due to the low
mobility of charge carriers, as for the materials of group
ITI-V, low concentration of carriers, and a wide energy
gap. First of all, these properties of GaP make the
phonon—electron interactions occurring in the piezo-
electric waveguide-gallium phosphide system relatively
weak. GaP research required special preparation of
the test stand. To record the acoustoelectric signal,
it was necessary to use an amplifier with a higher gain.

InP [110]

15.0

Fig. 3. Theoretical dependence of the transverse acoustoelectric tension Uag on the surface potential Us for InP [110]
(a.u. — arbitrary units).

2.5

Acoustoelectronic voltage a.u., Uy [-]

-10.0 -8.0

-0.5
External voltage U, [V]

InP [110]

10.0

Fig. 4. Experimental dependence of the transverse acoustoelectric voltage Uag as a function
of the external drift voltage Uy (polishing with diamond paste).
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Very careful signal shielding had to be provided. It
was also necessary to shield the drift voltage source.
GaP:Cr [100] tests with n-type conductivity were car-
ried out. The tests were carried out at the frequency of
63 MHz. The surface potential for surfaces subjected
to grinding with powders of various granulation as well
as surfaces polished with diamond paste was investi-
gated. Different clamping forces were used during ma-
chining. Grinding and chemical etching gave similar
surface potential values after the treatment. It was no-
ticed that in the GaP:Cr sample, after etching with
HF acid and poorly washing the treated surface, the
sign of the acoustoelectric voltage changed, after a few
hours after the treatment, to the opposite. This sug-
gests a change in the type of conductivity in the near-
surface area. For the other tested materials of group
ITI-V with electronic type of conductivity, no change
in the sign of the effect from negative to positive was
observed. The careful studies of the surface of GaP:Te
doped gallium phosphide were also carried out (Fig. 5).
Some of the results of the GaP studies are presented
in (PUSTELNY et al., 2008).
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The values of the surface potential Us were:

— HF acid etching — surface potential
Us=-0.22+£001V;

— powder grinding 600 — surface potential
Us; =-0.20£001 V;

— polishing — surface potential
Us=-0.17+001 V.

It was noticed that the value of the U, potential,
as well as the size of the changes in the surface poten-
tial after the treatment on the surface exposed to the
air atmosphere, is largely determined by the cleaning
process of this surface. Washing in acetone, benzene or
toluene after surface treatment often turns out to be
insufficiently thorough.

For GaP crystals subjected to the benzene boiling
process, after the surface treatment process, the surfa-
ce sensitivity to external atmospheres is lower. The aging
tests as a function of the time the sample remains in the
air atmosphere after the surface treatment were also
carried out. The changes in surface potential were
observed for several hours after the GaP sample was
surface treated. Figure 6 shows the results obtained for

LY GaP:Te

External voltage Uy [V]

Fig. 5. Experimental dependence of transverse acoustoelectric voltage Uag on external voltage Uy
for GaP:Te [110] surface (PUSTELNY, PUSTELNY, 2009).

0.1 I

0.05

GaP[110]

-0.05

Surface potential U [V]

=0.15 ¢,

-0.2

Time [h]

Fig. 6. Surface potential changes (presented in hours) for different surface treatments in intrinsic GaP [110]: a) grinding
with corundum powders; b) polishing with diamond paste; ¢) digestion with HNO3 acid; d) digestion with HF acid.
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an undoped GaP [110] sample (GaP intrinsic type). The
changes in the value of the surface potential U conti-
nued for about 2 hours after the surface treatment pro-
cess. It has been noticed that these changes are strongly
influenced by the process of washing the surface after
its previous chemical and mechanical treatment.

It should be emphasized that the surface potential
is an electric parameter very sensitive to the surface
treatment method and the amount of water vapor in
the air atmosphere. The research showed that the value
of the electric surface potential and its sign are influ-
enced, in addition to the surface treatment method,
also by the concentration of charge carriers and the
type of electrical conductivity of the semiconductor.

3.2.2. Effective lifetime of the charge carriers

Then the speed of recombination processes is char-
acterized by the parameter — the effective lifetime of
carriers. The lifetime of carriers (apart from the re-
combination rate) is the basic parameter characteriz-
ing the kinetics of recombination phenomena. As a re-
sult of the transverse acoustoelectric effect, the electric
field associated with the surface wave causes a change
in the distribution of the equilibrium concentration
of carriers. The voltage quickly reaches its maximum
value and then decreases exponentially. The decrease
rate Uag = f(¢) results from the value of the effective
lifetime of the charge carriers in the subsurface area.
Based on the research of the time shape Upg(t), an
acoustic method for determining the effective life time
of minority carriers in the near-surface area has been
developed.

Life time studies of carriers in the subsurface area
of a wide group of III-V semiconductors were carried
out. Table 1 shows the test results of three different
gallium phosphide single crystals. GaP:Te [110] and
GaP:Cr [110] crystals were characterized by n-type
electrical conductivity, while GaP [100] was of the
intrinsic type. The influence of various surface treat-
ments on the lifetime values of the charge carriers was
investigated. Various methods of chemical treatment
were also used.

Table 1. Life time of electrical carriers in GaP after different
surface treatment.

. Life time of carriers 7er [
Semiconductor
polishing |grinding | HP acid etching
1| GaP:Cr(n) [~1.0£03 | 1213 24+4
2|GaP (intrinsic) 51 3x1 3.5+£1.0
3] GaP:Te(n) | 2.0+0.1 [22+04| 0.40+0.04

Some life time values have been collected in Table 1.
Life time values varies widely.

During the research, changes in the course of
Uag(t) were noticed, as well as changes in the lifetime
value of 7¢ carriers depending on the residence time
of the sample in the air atmosphere after its previous

treatment. Extensive research was carried out on the
effect of the sample residence time after surface treat-
ment on the lifetime values of the charge carriers on the
surface (so-called aging tests). Aging studies showed
that after surface treatment of the samples, their 7o¢
values changed while staying in the air atmosphere.
Life time values were established after a few and some-
times even several hours. The differences between the
values of 7.s immediately after treatment and the fixed
value were as high as twenty percent. The size of these
differences strongly depended on the type of surface
treatment.

For the InP:Se sample (n-type), research was car-
ried out on the effect of chemical treatment in hydroflu-
oric acid, as well as research on the effect of grinding
with grinding powders of different granulation and pol-
ishing with diamond paste on the life time 7.. For
this semiconductor, the 7¢¢ values after various surface
treatments changed from approximately 2 ps (for the
ground sample) to approximately 4 us for the surface
etched in HF. For about 20 hours after the treatment,
changes in the lifetime of the carriers were observed
on the surface not protected against the action of the
air atmosphere (Fig. 7). For the same semiconductor
crystal, the surface aging time after the chemical treat-
ment was significantly longer than after the mechanical
treatment of this surface. During the tests, it was no-
ticed that no changes of the aging type occurred in the
sample placed immediately after treatment in deion-
ized water. Life time 7o practically did not change
(Fig. 7; N-characteristic).

8.2.8. Mobility of electric charge carriers
in the near-surface area

The electrical conductivity of a semiconductor crys-
tal, apart from the concentration of charge carriers
(concentration of electrons and holes), is also deter-
mined by their mobility. The mobility of charge carriers
is understood as the average speed that carriers acquire
under the action of a unit external electric field. Elec-
tron mobility studies were carried out in monocrys-
talline GaP:Te [110] for various types of surface treat-
ments. Figure 8 shows the changes of the acoustoelec-
tric voltage amplitude on the surface wave power for
a GaP crystal after various treatments of its surface.
The characteristics of Uag = f(Ps) show a linear rela-
tionship.

The results of GaP:Te [110] mobility studies are
shown below (Uy = 0):

— after grinding with corundum powder
p=15+10 cm?/(V-s);
— after polishing with diamond paste
p=120+10 cm?/(V -s);
— after acid digestion HNOj
p=90+10cm?/(V-s);
after acid digestion HF
p=95+10 cm?/(V-s).
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Fig. 7. Changes in the lifetime of carriers in InP:Se after different surface treatment:
HF — acid etching, G — grinding, N — long stay of the sample in deionized water (~20 h).
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Fig. 8. Changes of Uag amplitude as a function of SAW power P after different surface treatments (for Uy = 0):
a) grinding with corundum powders; b) polishing with diamond paste; c) etching in HNO3 acid.

The carrier mobility values for the surface undis-
turbed by the external field and for the surface to
which the tension was applied, determined by the
acoustic method, practically did not differ. This is
mainly due to the fact that the tested semiconduc-
tor was a high-resistance material with a low con-
centration of carriers (electrons). The external electric
field, to a degree irrelevant to the scattering processes,
changed the concentration in the subsurface area. In
the case of an electric field in the opposite direction
(voltage), an inversion layer was formed on the GaP
surface. The type of conductivity changed from elec-
tronic to hole. This was manifested in the change of
the sign of the voltage from positive to negative. The
estimated hole mobility for the inversion layer was ap-
proximately p, = 65 cm?/(V -s).

Figure 9 shows the dependence of the acoustoelec-
tric voltage as a function of the surface wave power
(at its 81 MHz frequency) for three different values of
external voltages Uy, applied perpendicularly to the

tested semiconductor surface. For the voltage applied
perpendicularly to the tested surface, a weak enrich-
ment area was formed on that surface, with increased
electrical conductivity.

Figure 10 shows the dependence of the voltage am-
plitude on the wave power for InP:Se [110] crystals
(at 72 MHz). The power of the surface wave is propor-
tional to the square of the voltage Ui, at the transmit-
ting transducer: P, ~ UZ.

The SAW power is expressed in contractual (arbi-
trary) units P,., where the value P, = 10 corresponds
to the amplitude of high frequency voltage applied to
the interdigital transducer at the value Uy, =1 V. Also
on the ordinate axis, the acoustoelectric voltage is ex-
pressed in contractual units (a.u.) in such a way that
the value Upg =1 [] corresponds with P, =10 [].

As shown the acoustoelectric effect in a wide range
of surface wave power is linear — the magnitude of the
transverse acoustoelectric voltage TAV is a linear func-
tion of the surface wave power.
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Fig. 9. Transverse acoustoelectric voltage as a function of surface acoustic wave power Uag = f(Ps)
for different polarization of Uy.
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Fig. 10. Transverse acoustoelectric voltage as a function of surface acoustic wave power Uag = f(Pr).

4. Measurement capabilities
of the acoustoelectric method of testing
surface of semiconductors

The accuracy of determining the parameters of the
near-surface area with using the acoustoelectric method
determines primarily on the accuracy of experimental
results. The method uses both the results of experi-
mental research and the results of theoretical analysis.
The accuracies of the determination, using the acous-
toelectric method developed, are of course influenced
by the accuracy of the transverse acoustoelectric volt-
age measurement.

The test stand uses high-class devices: high-fre-
quency signal generators for the generation of acous-
tic surface waves, signal generators in the synchro-
nization and triggering path, measuring amplifiers and
a high-class digital oscilloscope. This allowed for mea-
surements of Uag(t) acoustoelectric voltage with an

accuracy of about 1-2%, depending on the inten-
sity of acoustoelectric interactions in the tested sam-
ple. As has been shown, the idea of determining the
value of the surface potential as well as the concentra-
tion of carriers and electrical conductivity in the sub-
surface area uses both the experimental relationship
Uag(t) = f(Uy) and theoretical dependencies of the
acoustoelectric voltage as a function of semiconductor
surface parameters. Although the theoretical analysis
tried to take into account the different properties of the
semiconductor surface as accurately as possible from
its volumetric properties, the theoretical model of the
phenomenon required some simplifications.

For example, it assumed that the interaction of the
wave with the carriers leads to slight changes in
the carrier concentration compared to the equilibrium
ones. The presented analysis shows that this assump-
tion is always properly fulfilled for the applied surface
wave powers.
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The method thus introduces a difficult for determi-
nation systematic error. The analysis of the theoretical
expression for acoustoelectric voltage allows to deter-
mine the conditions under which the unknown syste-
matic error is the smallest. The most accurate theo-
retical results are obtained for non-degenerate semi-
conductors with fully ionized dopants. This does not
constitute a significant limitation of the method, as
the experimentally tested semiconductors are charac-
terized by high resistance and a relatively low con-
centration of carriers for which the condition of ad-
mixtures ionization at room temperature is met. The
changes in the concentration of carriers in the near-
surface area were included in the expression for the ef-
fective Debye radius, in the expression on the mobility
of the carriers, and even in the expression for the di-
electric permittivity of a semiconductor. The method
uses some volume parameters, namely: the mobility
of electrons and holes as well as the concentration of
carriers in the volume. As a rule, this information
is provided by the manufacturer of the semiconduc-
tor material. Otherwise, the application of the devel-
oped acoustic method would require additional sup-
plementary measurements. In theoretical expressions,
the author used the values of these volumetric param-
eters provided by producers of semiconductor crys-
tals — the studied crystals were produced at the In-
stitute of Physics of the Lviv University of Technology
(Ukraine) and at the Institute of Electronic Materi-
als Technology in Warsaw (Lukasiewicz Research Net-
work, Poland).

As it results from the numerical analysis of the ex-
pression for transverse acoustoelectric voltage, in the
case of carrier concentration n, and electrical con-
ductivity, the theoretical dependencies Uag = f(ns)
and they have a maximum in a relatively wide range.
Maxima are often blurred and occur in a wide range
of changes in ngy and o,. The idea of the method of
determining these parameters uses the comparison
of theoretical characteristics: Uag = f(0s) and the
experimental characteristics of Uag(t) = f(Uq). In par-
ticular, it is the maximum values on these character-
istics that are compared. The function Uag = f(Us)
usually has a maximum marked sharply. Therefore,
the accuracy of the determination of the concentra-
tion and conductivity is much lower than the accuracy
of the determination of the U potential. The analysis
shows that the results of concentration and conductiv-
ity measurements may be burdened with uncertainty
of up to +20%: dn, ~ +20% and oo, ~ +20%.

The analyses show that the uncertainty of the de-
termination of the surface potential did not exceed:
0U, ~ £10%. In terms of testing these surface para-
meters, the accuracy is quite good. The field effect
method allows to obtain results with better accu-
racy but for much lower frequencies. For frequencies
of 100 MHz (and above), the use of the field effect

method is very difficult (WoJas, 1995). The acous-
tic method does not make it possible to test semicon-
ductors with too large concentrations and small con-
centrations. In these ranges, the interactions of the
SAW with the charge carriers are small, often not mea-
surable at all. For GaAs, GaP, and InP they are of the
order of charge carrier concentration n = 10'® cm™
the acoustoelectric effect was not observed. This is un-
doubtedly a limitation of the developed method. The
materials used as substrates for electronic technology
are usually high-resistance materials and can therefore
be tested using the acoustic method. Crystalline gal-
lium phosphide GaP is a difficult material for research
by means of the acoustoelectric effect method. This
is due to the low mobility of electrons and holes as
well as its wide band gap. Due to these properties,
the acousto-electron interactions in GaP are relatively
weak. Interpretation of the experimental results is dif-
ficult, and the accuracy of the determined parameters
is lower than for other materials. The method of de-
termining the mobility of carriers from the measure-
ments Uag = f(Ps) allows to study semiconductors
with a monopolar type of conductivity, for which the
influence of minority carriers on electrical conducti-
vity can be neglected. The acoustic method of deter-
mining the mobility of carriers does not allow to dis-
tinguish the contribution of electrons and holes to
the electrical conductivity in a bipolar semiconduc-
tor. Other electrical methods, such as the field effect
method, also have limitations of this kind.

5. Conclusions

The conducted tests confirmed that the values of
electrical and electron parameters of the near-surface
area in crystalline semiconductors may significantly
differ from the values of these parameters in the vo-
lume, provided by their manufacturer. It should also be
emphasized that the values of these parameters signi-
ficantly affect the mechanical and chemical procedure
of the surface treatment.

The developed acoustoelectric method for deter-
mining the parameters of the subsurface area in semi-
conductors is a high-frequency method. Measurements
were carried out in the frequency range from 30 to
300 MHz. There is a possibility of a significant exten-
sion of the frequency range (even up to GHz).

The method enables the determination of dynamic
values of the tested surface parameters. With the need
to produce electronic circuits with ever higher operat-
ing frequencies, dynamic measurements of the proper-
ties of the subsurface area of semiconductor materials
after their surface treatments should be attractive for
technology of electronic elements. The acoustoelectric
method is a non-destructive method. It does not re-
quire a method of sample preparation for testing. It
does not require placing ohmic contacts on the sample.
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The process of making ohmic contacts is usually a tech-
nologically difficult process for group III-V semicon-
ductors that requires vacuum sputtering of various
metals and annealing of the semiconductor sample at
high temperatures. As a result of these processes, the
electrical and electronic properties in the near-surface
area can change significantly compared to the initial
properties. Changes difficult to quantify. No need to
apply ohmic contacts in the tested semiconductor is
an extremely important advantage of the developed
acoustic method. An important and very advantageous
property of the method is the fact that three param-
eters of the subsurface area: Uy, ng, and o5 are deter-
mined on the basis of one series of experimental results
Uag = f(Uqg).

The new, high-frequency, non-destructive, acoustic
technique for testing the real surface of semiconductors
can be a valuable addition to the existing test methods.

As already mentioned, the intention of these stud-
ies were to show that acoustoelectric phenomena can
be used in characterizing the properties of the sub-
surface area in crystalline semiconductors. A separate
area of practical applications of acoustic surface waves
of the Rayleigh type is sensorics, in particular the de-
tection of a selected gas in air or a gas mixture. SAW
sensors, including gas sensors, are commonly produced
in a layer system: piezoelectric waveguide — sensor la-
yers. The sensor layers are often based on semicon-
ductor micro- and nanolayers. The sensor structures
are also made of polymer semiconductors and organic
semiconductors (JAKUBIK et al., 2005; 2006; HEJCZYK
et al., 2015; PASTERNAK et al., 2020).

Structures on acoustic surface waves are also used
in medical diagnostics and process chemistry — in
chemical dosing microsystems and in microfluidics
(MUHASINCAN et al., 2015; SESEN et al., 2014; 2015;
2017; FRANKE et al., 2009; DING et al., 2012; URr-
BANCZYK et al., 2011; JUNG et al, 2016; 2017; HA
et al., 2015; YARALIOGLU, 2011; SCHMID, FRANKE,
2013). The problems of sensors and actuators based
on SAW in this paper were not analysed.

The development of semiconductor nanotechnology
has caused interest in acoustoelectric effects at the
quantum level — in phono-electron interactions. Scien-
tific literature in the field of phonon-electron interac-
tions is getting richer.

In the author’s opinion, the following works deserve
attention in the field of quantum acoustics: (HANSON
et al., 2007; XIANG et al., 2013; ZHANG, XU, 2011;
ForD, 2017; BARNES et al., 2000; BIROUN et al.,
2020a; 2020b). It can be expected that the practical
applications of quantum acoustics will develop inten-
sively in the near future.

To sum up, it should be recognized that the ef-
fects accompanying the propagation of surface acous-
tic wave in the layered structure: piezoelectric crystal
— semiconductor layer, apart from the cognitive and

physical aspects, also have important utilitarian con-
siderations.
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