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Within the model of self-consistent connection of quasi-Rayleigh wave with adsorbed atoms, a method of con-
structing a new class of radiometric sensors of the temperature and concentration of adsorbed atoms on the
surface acoustic waves is proposed. Based on the developed theory of the dispersion and acoustic mode width
of a quasi-Rayleigh wave on the adsorbed surface of monocrystals with a Zinc blende structure, the temperature
coefficient of the resonant frequency of the surface acoustic wave is calculated depending on the temperature
and on the concentration of adsorbed atoms.
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1. Introduction

Currently, the surface acoustic wave (SAW) devices are widely used in acoustoelectronics. In order to
create a new class of microelectronic and nanoelectronic SAW devices with controlled parameters, such
as sensors of temperature, sensors of the concentration of adsorbed atoms, pressure sensors, gas sensors,
biosensors, filters, signal processing units, automated actuators, etc., and to develop radio measuring
remote systems for control and measurement of physical values, for control of technological processes
and the parameters of the operation of various mechanisms for identification of objects, it is necessary
to investigate the regularities of the changes of the dispersion of surface acoustic waves, the width of
the surface elastic acoustic mode on the surface of semiconductors, the mechanisms of the electron
states excitation on the dynamically deformed adsorbed surface and on the border of semiconductors,
depending on the concentration and on the type of adsorbed atoms. These studies will be used in SAW
technologies for the production of wireless, passive, and hybrid multifunctional SAW sensors.

The use of surface acoustic waves in electronic devices was presented in many modern works [[1H5].
In the work [1], the operating principles of devices on the surface acoustic waves were described. In
particular, the correspondence between the sound speeds and the temperature coefficients of frequency for
traditionally used materials in SAW-devices was considered. In the work [2], the design and fabrication
procedure was presented for SAW-based temperature, pressure and impedance sensors. The authors
of [2]] obtained a linear relationship between the resonance frequency shifts and the applied pressure
and temperature as well as between the reflection coefficient and the changes of the impedance of the
reflectors. The authors of work [3|] made corresponding transformations of the dispersion equation of
the film SAW-waveguide, using the experimental dependence of the phase SAW velocity on the basis of
the ZnO film and its approximation. Based on the obtained analytical ratios and numerical results, the
design parameters of the waveguide structures for providing a single-mode regime of SAW propagation
were determined in [3]. The review of the main studies of Rayleigh waves sensors while sounding the
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chemicals in the gaseous phase was conducted in the work [4]. The authors emphasize that the use of new
piezoelectric substrates, taking into account the acoustoelectronic effect, is a potential area of chemical
SAW-sensors research.

However, the above theories describe the processes on the surface of a solid without taking into
account the interaction of adsorbed atoms with SAW. These theories do not consider the regularities
of the influence of the concentration of atoms adsorbed on the surface of the substrate on the surface
characteristics.

Adsorption on the surface of the material was considered in the works [6H12]]. In particular, in the
work [7] there were performed calculations for the study of the behavior of adsorbed environmental gas
molecules on single-layer blue phosphorus, such as O, NO, SO,, NH3, H,O, NO;, CO,, H,S, CO and
N3, and for the study of their effect on electronic properties of the material of gas sensors. According to
the theoretical estimates, chemical sensors based on multilayer black phosphorus were developed in the
experiments and show good sensitivity not only to NO,, NH3 and H; gases [[8H10]], but also to metal ions
and humidity [[11} [12].

Sensors based on typical semiconductors (including binary type AzBs, A;Bg) are capable of detecting
a large number of different substances at low temperatures, up to room temperature, which makes them
quite promising. The operation of semiconductor sensors is based mainly on the relationship of the
electrical conductivity of the near-surface layer of the spatial charge of the semiconductor with the
charging of its surface due to the adsorption of foreign atoms [13]].

However, in these works the influence of the mechanism of interaction of adatoms with a surface
acoustic wave on the regularities of the changes of characteristics of SAW depending on the concentration
of adatoms is not investigated.

The purpose of this work is to investigate the influence of the concentration of adsorbed atoms on
the temperature coefficient of resonant frequency of a surface acoustic wave within a self-consistent
interconnection of a quasi-Rayleigh wave with adsorbed atoms on the surface of semiconductors having
a Zinc blende structure.

2. Formulation of the problem

A fundamental factor that determines the advantages of acousto-electronic devices based on the SAW,
including sensors, and in particular the advantages over the analogs built on other physical principles, is
the possibility of influence (action) on the SAW on the way of their propagation on the surface of a solid.
The other important factor is that the velocity of propagation of acoustic waves is 10° times lower than
the velocity of propagation of electromagnetic waves.
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Figure 1. (Colour online) Schematic of the operating principle of the radiometric sensor of temperature
and concentration of adsorbed atoms based on the SAW.
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Figure 2. (Colour online) Model of the rough surface deformed by a surface acoustic wave and by
the adsorbed atoms. Figure 2a corresponds to the location of the adsorbed atoms in the internodes of
the crystal lattice (adatoms are gathered in the regions of maximum tension deformation). Figure 2b
corresponds to the location of the adsorbed atoms at the nodes of the surface crystal lattice in which the
covalent-ion radius is smaller than the covalent-ion radius of the surface crystalline lattice atom (adatoms
are gathered in the regions of maximum compression deformation).

Currently, based on surface acoustic waves, there are sensors of temperature, pressure, humidity, as
well as sensors that are capable of detecting any changes in the electric field on the surface [3]].

In this work, the construction of a new class of SAW-based radiometric sensors of temperature and
concentration of adsorbed atoms (figure[T) is based on the self-consistent connection between the quasi-
Rayleigh wave and adsorbed atoms. Within this connection, the regularity of the change of dispersion of
quasi-Rayleigh wave and the width of the surface elastic acoustic wave depending on the concentration
of the adsorbed atoms is investigated [14].

As a working element in such radiometric sensors there is proposed a cubic monocrystal GaAs or
CdTe with a surface (100) on which the adsorbed atoms with an average concentration Ny, are located
(figure 2). The layer enriched with defects by adatoms is considered to be a “film” of d thickness, p
density and Young’s modulus E. This layer is rigidly connected with a substrate which is another part
of a monocrystal. The connecting plane of the film and the substrate is parallel to the surface (100).
The z-axis is directed towards the depth of the monocrystal and the axes x and y, along two orthogonal
crystallographic directions of the type [100].

The surface acoustic wave propagating in the x-axis direction with frequency w(q, Nog) formes a
dynamic deformation and interacts with the adsorbed atoms. The form of a deformed surface along the
coordinate x depending on time is described by the following function [14]]:

20(x, 1) = §(Noa) cos(gx — w(g, Noa)t), 2.1

where w(q, Nog) = w’(q, Noq) + iw”’(q, Nog) is the dispersion law of quasi-Rayleigh wave renormalized
by adatoms; ¢ = 21t/ Ly, L, is period of roughness (length of acoustic wave) along the x-axis. It should
be noted that the period of such roughness at a frequency of w ~ 10 GHz is 540 nm.

The dispersion equation of a surface acoustic wave interacting with the adsorbed atoms is as fol-
lows [13]]:
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where K is the modulus of elasticity; /; is the average of the square of a characteristic length of interaction
of adatoms with lattice atoms; o is the Poisson coefficient; 8, is the surface deformation potential; Dy
is the diffusion coeflicient of adatoms; 7 is the temperature of a substrate; kg is the Boltzmann constant;
& is the solution of equation f(&y) = 0 [15], which depends on the ratio between longitudinal ¢; and

2
transversal ¢; speeds of the sound; 8 = = kl F =gt - C— ; a is the lattice constant on the semiconductor
I Lt

surface; p is the crystal density; N4 is the amplitude of periodic disturbance (N4 < Nog) [16].

The real w’(q, Nog) = Re(w) and imaginary w”' (g, Nog) = Im(w) parts of the expression w(q, Nog)
ultimately determine the correction to the dispersion law of the quasi-Rayleigh wave and its damping,
and they are determined by relations (2.2)) and (2.3). We take into account the nonlocal elastic interaction
between the implanted impurity and the matrix atoms and the mirror image forces [[14]].

22 1-20 6,
1 2&64Noa Daq°[1 - 3K(1 ~a kerOd]

_f'(f())kTC2 120 04 2
BL p¢; [D q(1 - 3K(1 (?-—)a kBTNOd)] +tho

% (1- 2q) [61\/1—50 oF

1 2B6604Noa Daq*

w'(q, Noa) = CtQé:O{]

—+ (24 2) }} (2.3)

w"(q, Noa) =
, keT - 2
f'(&) ksTp [qu(l %K(11 20)0 ](:I;ITNM)] 2
oF
x (1-1q%) [q\/l—fozaNdHZ—foz)ﬁ]- 24)

3. The influence of the concentration of adsorbed atoms on the temper-
ature coefficient of the resonant frequency

SAW-sensors measuring the temperature on the surface of a monocrystal without adsorbed atoms are
based on the change of the frequency of the quasi-Rayleigh wave depending on the temperature. This
effect is described by the temperature coefficient of the resonance frequency (TCF), which is defined as
the relative change in the resonance frequency with temperature [[11]:

Q¥CFZL%:1d_v_ld_/l’ (3.1)
fodT vdT  AdT
where fj is the resonance SAW frequencys; v is the velocity propagation of SAW; A is the SAW length; T
is the temperature of SAW-device.

The interaction between adatoms and a surface acoustic wave affects the value of its resonant fre-
quency, which is expressed by the temperature coefficient of frequency arcr . However, in expres-
sion presented in [1], there is no component for the temperature coefficient of frequency that
describes the influence of the adsorbed atoms concentration on the value of this coefficient.

In the case where a monocrystal surface has got adsorbed atoms, the change of the resonant frequency
occurs not only due to the changes of temperature but also due to the presence of adatoms:

Jf(Noa, T) = fo(T) + Af (Noa, T). (3.2)
Let us perform logarithmic operations on two parts of the expression:
Noa, T
In f(Noa, T) = In fo(T) +1n |1 + AN (‘)Td) )] (3.3)
2
Taking into account that [% < 1, we receive:
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Af(Noa, T)
In f(Nog,T) = In fo(T) + ———. (3.4)
Jo(T)
We take the derivative of two parts of expression(3.4). Taking into account the ratio f = 4, we obtain:
1df(Nog,T) 1dv 1da 1da A dv AdAf(Noa,T)
- ===+ |-—= - 5= | Af(Nog, T) + ———. 35
fdr var ~aar T\var ~ar )N Ma D g7 (3-5)

Taking into account the concentration component, the dependence of the coefficient arcr on temper-
ature and on the concentration of the adsorbed atoms is described by the following functional expression:

arcr(Noas T) = @i (T) + Aarcr(Noa, T); (3.6)

1 da A dv A dAF(Nog)
A Nog) = ——A - —=—A - 7
arcr(Noa) = — = Af(Noa) = =5 Af(Noa) + —— 1% (3.7

Taking into account the ratio w’(g, Noa) — w’(¢, 0) = Aw’(q, Noa) = 2Af (g, Nog) we get:
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The function that determines the frequency of an acoustic oscillation vibration without the adsorbed
atoms in the long-wave approximation ga < 1 has the following form [17]:

~ a |4E,qNa
alq) = T =, (3.9)
my + ny

where N is the number of cells; m;, m, are the masses of atoms Ga and As respectively.
In the adiabatic approximation, Young’s modulus E,q and the Poisson coefficient o,q are described
by the following relations [[18]:

E o+ ETa*/9C,

E, = ad = R
W= TCETe?/oc,” 7™ 7T T-ETa2/9C,

(3.10)
. . . 12704 T 3 . .

where «a is the temperature coefficient of the bulk expansion; C, ~ -5~ Nykp (%> is the heat capacity

at a constant pressure per unit volume; 6p is the Debye temperature; Ny is the number of atoms per unit

volume. The length of the surface acoustic wave is defined as 4 = u%f;) The velocity of SAW is described
by the following relation [[18]]:

D~ = Ead ) 2(1 = 044) (.11)
! 20(1+09a) 1-200 ’

The numerical calculation of the dependence of the dispersion law w’(¢) = Re w(q) of a quasi-
Rayleigh wave, the width w"’(¢) = Im w(q) of its phonon mode and the temperature coefficient of the
resonant frequency depending on the concentration of the adsorbed atoms was performed for GaAs (100)
semiconductor with the following parameter values [14]:

I;=29A;a=565A;g=001A"; ¢ = 4400 m/s; ¢; = 2475 m/s; p = 5318 kg/m>; 6 =10 eV;

Dy =5-10" A%s; = = 0.1 eV; T = 300 K; o0 = 0.31; K = 0.47 eV/A*; E = 0.54 eV/A3;

a=17.11-10 K", 6p = 360 K; Ny = 4.42- 1072 A=3; m; = 69.72 g/mol; m; = 74.92 g/mol.
Figure [3] shows the graphical dependence of the temperature coefficient of the resonant frequency
arcr of the surface acoustic wave on the substrate temperature at the concentration of adsorbed atoms
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Figure 3. (Colour online) The dependence of the temperature coefficient of the resonant frequency a7 cp
on the substrate temperature at the concentration of adatoms Nog = 2 - 1013 cm™2
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Figure 4. (Colour online) The dependence of the temperature coefficient of the resonant frequency a7 cr
on the concentration of adsorbed atoms at a temperature 300 K.

Nog = 210" cm™2. We see that the absolute value of the temperature coefficient decreases with
increasing temperature.

The effect of the concentration of adsorbed atoms on the temperature coefficient of the resonant
frequency arcr at the temperature of 300 K is shown in figure d] We see that the functional dependence
arcr = f(Nog) has a nonmonotonous character with a maximum which corresponds to the adatoms
concentration Nog = 1.87 - 10" cm™2.

The minima are at concentrations of Nog = 1.72-10"3 cm=2 and Nyg = 2.02-10"3 cm2. In the intervals
of concentration Nyg < 1.72- 10 cm2and 1.87-1013 < Noa < 2.02- 10'3 cm™2, there is a decrease of the
graphical dependence arcr = f(Nog). In the intervals of concentration 1.72 - 1013 < Nog < 1.87-10"3
and Nog > 2.02 - 10'3, the graphical dependence has an increasing character. Outside the studied range
of concentrations, the graphical dependence is smoother.

This nonmonotonous character of the functional dependence arcr = f(Nog) is due to two competing
factors, i.e., the mechanical deformation of the surface crystal lattice created by the mechanical action
of the adsorbed atoms (geometric scale factor), and the interaction of the adsorbed atoms through the
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deformation field created both by elastic acoustic quasi-Rayleigh wave and adsorbed atoms.

The results of calculations can be used to determine the concentration of adsorbed atoms at a known

value of the temperature coefficient of the resonant frequency arcr of the surface acoustic wave using the
proposed new class of radiometric SAW-sensors of temperature and the concentration of adsorbed atoms.
A further research in this direction will make it possible to build the architecture of these radiometric
Sensors.

4.

Conclusion

1. There was proposed a method for determining the concentration of adsorbed atoms using the
radiometric sensors on surface acoustic waves on the basis of a model of a self-consistent connection
of a quasi-Rayleigh wave with adsorbed atoms.

2. There was calculated the temperature-concentration coeflicient of the resonant frequency of the

quasi-Rayleigh wave depending on the temperature and concentration of the adsorbed atoms,
taking into account the theory of dispersion of the surface acoustic wave on the adsorbed surface
of monocrystals having a Zinc blende structure.

3. It was shown that the functional dependence arcr = f(Noq) is of a non-monotonous character

with a maximum corresponding to the adatoms concentration of Nog = 1.87 - 10" cm™2, which
corresponds to the highest sensitivity of the radiometric sensor.
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Bnane KoHUeHTpaLii agcop6oBaHNX aTOMiB Ha TeMmnepaTypHUA
Koe@iLlieHT pe30HaHCHOI YaCcTOTU KBa3ipeneiBCbKOi XBUi

M.f. Cenetd™ P.M. Nenewak, A1 Hectepiscbkuifl, H.I. flasypuakl C.K. ry6a?

L JAporobunubknii Aep>XaBHUIA NeAaroriyHni yHiBepcuTeT iMeHi IBaHa ®paHka, ByA. IBaHa PpaHka, 24, iporobuy
82100, YkpaiHa

2 HauioHanbHWIA yHiBepcuTeT “/IbBiBCbKa NoniTexHika”, Byn. C. baHaepu, 12, Nibsis 79013, YkpaiHa

Y po6oTi B Mexax Mojesi caMoy3rofkeHoro 3B'A3Ky KBasipeneiBcbkoi XBui 3 afcopboBaHMMK aTOMamu 3a-
NPONoHOBaHO CNocib NobyA0BM HOBOFO KNacy pajioMeTPUYHUX CeHCOPIiB TemnepaTypu Ta KOHLUeHTpaLii aj-
copboBaHVX aTOMiB Ha NOBEPXHEBMX aKyCTUYHWX XBUASX. Ha OCHOBI pO3BUHYTOI Teopii gncnepcii i WnpnHn
aKyCTUYHOI MOAM KBa3ipeneiBCbKoi XBMAI Ha aAcopboBaHili MOBEPXHi MOHOKPUCTANIB i3 CTPYKTYpPOIO LIMHKO-
BOi 06MaHK/ po3paxoBaHO TemMnepaTypHUiA kKoediLieHT pe3oHaHCHOI YacToTV MOBepPXHEBOI aKyCTUYHOI XBUAI
B 3a/1€XXHOCTI Bif TeMnepaTypu i KOHLeHTpaLlii agcopboBaHNX aTOMIB.

KntouvoBsi cnoBa: mosepxHeBa akycT4Ha XBUJS, a4COPOOBaHI aToMuy, TeMrnepatypHui koeiLjieHT
PEe30HaHCHOI YacToTn
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