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Within nonlocal elastic interaction between an adsorbed atom and matrix atoms and in consideration of the
mirror image forces, a dispersion law of elastic surface acoustic waves is found to the long-wavelength approx-
imation depending on the concentration of adsorbed atoms and the deformation potential of the adatom. The
energy width of the surface acoustic mode is calculated depending on the concentration of adsorbed atoms.
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1. Introduction

The research of electronic and phonon processes and their interaction on the defective semiconductor
surface is indispensable for the development of state-of-the-art microelectronic and nanoelectronic tech-
nologies. In particular, the mechanisms of interaction between adsorbed atoms and the surface acoustic
wave (SAW) caused by the deformation potential and its effect on the formation of surface electronic
states, dispersion and the surface acoustic wave damping is an issue of great importance. As it was stated
in [1], surface acoustic waves can be a source of long-range effects that induce the formation of nanoclus-
ters on a crystal surface beyond the laser irradiation area. Therefore, the research of the acoustic wave
damping processes on the monocrystalline substrate defective surface is urgent for the development of
optimal technological conditions of nanostructure formation at the nanosecond laser irradiation of the
CdTe surface [1] as well as for the construction of nanoelectronic devices.

The theory of the initial stage of formation (nucleation) of periodic nanometer adatoms structure due
to the instability caused by the interaction between the adatoms and the self-consistent static (w = 0)
acoustic quasi-Rayleigh SAW [2] with exponentially increasing amplitude was developed in [3].

Moreover, the surface acoustic wave (SAW) method is widely used to diagnose the dynamic proper-
ties of two-dimensional electronic layers (e.g., the dynamic conductivity, the carrier mobility or carrier
concentration) of GaAs/In;_,Ga,As/GaAs, Al,Ga;—As/GaAs/Al,Ga;_As, Cdi—,Zn,Te/CdTe/Cd —,Zn,Te
nanoheterostructures [4,/5] due to their inhomogeneous strain and piezoelectric fields. The surface acous-
tic wave (SAW) generates a variable electric field that interacts with two-dimensional electrons. This leads
to renormalization of both the velocity and the SAW damping coefficient.

The purpose of this paper is to study the effect of interaction between adatoms and the self-consistent
acoustic quasi-Rayleigh wave on its dispersion and phonon mode width at different concentrations of
adsorbed atoms.
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2. The model of deformation interaction between adatoms and the sur-
face acoustic wave (SAW)

Figure [I]shows a structure consisting of the semiconductor substrate where a is the subsurface de-
fective layer thickness.

The atoms adsorbed during the molecular beam epitaxy or implantation could be considered as sur-
face defects. The subsurface layer is non-uniformly deformed by adatoms due to the deformation poten-
tial and the local surface energy renormalization. This inhomogeneous self-consistent deformation, in its
turn, redistributes the adsorbed atoms across the surface through the deformation potential. Therefore,
the effect of the adsorbed atoms reduces to the change of boundary conditions for the stress tensor o;;
on the z =0 surface.

The displacement vector u(r, t) of the points of the medium satisfies the following equation [2]:

0%u
or?

In the geometrical model (figure [, the solution of equation 2.I) for the surface Rayleigh wave
spreading along the x axis is:

=cZAru+ (c? - cf) grad(divu). 2.1

Ur(x,2) = _iquiqx—iwt—klz _ iktBeiqx—iwt—k,z’ (2.2)

Uy (x,2) = klAeiqx—iwt—klz+ deiqx—iwt—k,z, (2.3)

where k12 = 4P —w?) ci , and A, B are the SAW amplitudes.

The x direction on the crystal surface is determined due to the elastic anisotropy, while on the isotro-
pic surface it could be determined due to an external effect, which induces the elastic anisotropy, or due
to spontaneous symmetry breaking of the defect-deformation system, similarly to [6].

The deformation € on the surface of the semiconductor (z=0) is bound with the components of the
displacement vector by the relation

Ouy Ou;, w?> .
_ gx—iwt
—ax + Fr —Clz Ae . (2.4)
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Figure 1. Interaction of the SAW with the subsurface adatom layer.
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Spatially inhomogeneous surface deformation £(x, f) leads to the inhomogeneous adatom redistribu-
tion Ng(x, t).

Na(x, 1) = Noa + N1a(x, ) = Nog + N1a(q)e' ™19, (2.5)

where Nyq is the spatially homogeneous component; Nijq(gq) is the periodic disturbance amplitude
[N14(x) < Nodl.

Now that we have the deformation parameter €(x, t), we can find the interaction energy between the
adsorbed atom and the matrix atoms Wy, through the elastic field [7,/8] as an approximation of nonlocal
Hooke law [9]:

Waa (x) = — f Allx" = xDe(x ) AQqdx’, (2.6)

where A is the elastic moduli operator [9]; AQq is the crystal volume change caused by a single adsorbed
atom. Introducing the variable T = x’ — x and expanding into a Taylor series, we obtain:

62£(x) T

Wit (x) = f/l(lrl)s(x+r)AQddT— f/l(lrl) €00+ ——5=— | AQadr

0%e(x) ,
Ox2

=-Kge(x)AQq — Kg——— ldAQd, 2.7
where Kg = [A(/7[)dr = K is the modulus of elasticity [7]; /5 = [A(r)7?dz/[2 [ A(|7])d7] is the average of
the square of characteristic distance of interaction between the adatom and the matrix atoms.

The elastic fields of adsorbed atoms shift the atoms into the neighborhood of other adatoms and
create the forces affecting them. This is caused by the elastic interaction between them. The energy of
this interaction decreases in accord with the power law and is rather significant when the crystal lattice
is heavily deformed by the adatoms [9]. Within isotropic solids, the elastic defect interaction energy is
equal to zero [10].

The elastic interaction of the adsorbed atoms decreases according to the power law as the distance
increases. Besides, there is another interaction that gradually changes at distances comparable to the
crystal size and is connected with mirror image forces applied to the crystal surface [10], which provide
boundary conditions on the crystal surface (e.g., the condition with no stresses on the crystal surface).
The field of such forces is called the image field or the imaginary sources field similarly to the electrostatic
field of charge arising on the conductive surface and is equivalent to the mirror image charge field [11].
The interaction energy Wégt between an adsorbed atom in the position r’ and other adatoms having
concentration Ng(x) caused by these forces, is virtually independent of the adatom position 7’ and can
be defined as in [10]:

2122 v 2.8)
3K(1-v)a ® ’
where v is the Poisson coefficient; 8, = K - AQyq is the surface deformation potential.

The force F acting on the adatom due to the elastic field appearing in the implanted adatoms matrix
is given by:

Waq ()= -

_ OWR@+WE W] 2 1-2v ,0Ng() CC d3e(x, 1)
- ox T 3K1-v)a °® 0x * ox Sida” 5y3
6Nd(x)]

2.9)

and the additional deformation flow of adatom:s.

2
The latter is due to the deformation gradients 6%’; Dy % 9 g;’; 1 the defect concentration al\g“;” and the

monocrystal subsurface layer volume AQq change caused by these adatoms.

The analysis of formula shows that the concentration gradient creates a deformation flow com-
ponent which is directed towards the side where the adatom concentration is greater (the first term), un-
like a regular diffusion flow. Furthermore, the adatoms being the extension centers (AQq > 0) will move
to the area that experience a tensile strain, while the adatoms being the compression centers (AQq < 0)
will move to the area of a relative compression (the second term).

which induces the regular diffusion flow [—Dd
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Under this force (Z.9), the adatoms in the elastic field get the velocity

2 1-2v D462 ONg(x) Dqb, de(x, 1) . D4bg , 03e(x, 1)
3K(1-v) kgTa 0x ksT 0Ox kpT @ 9x3
where Dy is the adatom diffusion coefficient; T is temperature; kg is the Boltzmann constant. Here, the
Einstein relation is used to determine the mobility y of adatoms.

Taking into account (2.I0) and the continuity equation divj = , the flow of the implanted
adatoms and the equation for the concentration of adatoms can be wrltten as follows:

— uF = (2.10)

aNd (x D)

ONy(x,t) DdH 2 1-2v 2 0%e(x, 1)

= —Dg— — % G.N, 2.11
J = k T Ny(x, ) [31((1 a OsNa(x, 1) +£(x, 1) + 13, 2 |’ (2.11)
ONg(x, 1) 0°Ng(x,t) DgOs 0 { a2 1-2v
-D - 2 X, S ONy(x,t
ot 4752 kT ox | e D5 13 RA g s Nae D)
92
re(x O+, ‘;(ﬁ 2 } 2.12)

The first term in describes the regular gradient concentration diffusion, while the second one
describes a qualitatively new diffusion effect of the “flow of deformation retraction” caused by mirror
image forces and the deformation gradient [12] as well as the nonlocal interaction between the adatoms
and the surface atoms [8].

Considering the condition Nyg; <« Ngo and (Z.5), the equation to the linear approximation will
be:

2
2 1-2v 63

1_571((1—1/)(1@ *(1-Bg?). (2.13)

{ —iw + Dq Ngo

qz}Nm(q) =2

From the equation (2.13) we obtain the expression for the amplitude of the surface adatom concentra-
tion Nqa1(q).
Spatially inhomogeneous adatom distribution modulates the surface energy

X) = X),
0 9N 1 d1

OF(N(x)

ox '
that is compensated by the displacement stress within the medium [3]. The boundary condition express-
ing the balance of lateral stresses is as follows:

(%4_6%) _ OF 0Ng1(x)
0z  0x )|,-9 ONg1 Ox

where p is the displacement module of the medium.

Herein below we are considering the coefficient a?v% as the predetermined phenomenological pa-
rameter.

In addition, the interaction between the adatoms and the semiconductor atoms results in a normal
mechanical stress on the surface. The corresponding boundary condition is as follows:

Oxz =

, (2.14)

Guz Gux

+(1- Zﬁ)

_ 04 Ng1 (x)

> (2.15)
=0 pcja

where a is the crystal lattice parameter on the semiconductor surface; 8 = cf/ clz; p itis the crystal density.
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3. Dispersion equation of the surface acoustic wave interacting with ad-
sorbed atoms

To obtain the dispersion equation, we substitute into and (Z.15), taking into account
and as well as and @2.3). As a result, we obtain a system of two linear equations for the ampli-
tudes A and B. Then, from the condition of nontrivial solutions, we obtain the dispersion equation for
the surface acoustic wave that interacts with the adsorbed atoms:

2 w? 64N, Dqyg?
(q2+k%)2_4q2klkt:_56§_2k9dT d;)2 dq (l—ldq)
| keToc) —iw+Dd[1—§ - kBTNdO]q
OF 04
2 2 2
k )= 3.1
x1q taNd1+(q + [)Za (3.1

The left-hand part of matches the Rayleigh determinant; the latter, when set equal to zero, de-
termines the dispersion law of the Rayleigh surface acoustic wave without adsorbed atoms [2]. The right-
hand part of (3.I) renormalizes the dispersion equation of the Rayleigh acoustic wave [2] due to the
adsorbed atoms power action (~ 64) causing the strain of the crystal lattice subsurface layer. Substituting
w = crq¢ into @B1D, we obtain:

2 _1-2v
c% 62)2 _ _2626de0 qu{Dd[ 3 K(I-v)a kBTNdo]q+lctf}

(2-&)-4(1- .52)%( -2

C kgToc?
: PP {Dd[l BK%lzwxakBTNdo]} q° + ;¢
1 0
1-12g%) | q(1-&2)2 )2 3.2
<(-B) [a-8)! - 2 @2

Expression has a real part and an imaginary part that finally determine a correction to the dis-
persion law of Rayleigh wave and its damping. The multiplier g in the numerator of allows us to
solve this equation using the iterative method in the long-wave region ga < 1.

Let the left-hand part of be denoted by the function f(¢) and let us expand the latter into a Taylor
series in the vicinity of the point &g

f&o+68) = f(&o) + f'(E0)E, (3.3)

where ¢ is the solution of the equation f(¢p) = 0.
Then, the correction §¢ is determined by the right-hand part of with the substitution & — &j.

2 1-2
1 ZE%Qdeo qu [1_§K(1 y)a kBTNdO]

['Go) ksTpc 1-2 242
{Dd[l SR-va kBTNdo]} 9*+ci&y

! 2&3¢10a No Daq
2
J'@€o)  keTpc; {Dd[

[T

5¢ =~

(1-ka*) [q(l—s‘%) oM

+o- )5

2
1-2v 2
1_§K(1 va kBTNdo]} q* + ;&g

3.4

<lat-g)t oo re-)5e

The numerical analysis shows that f’(£g) > 0 in the whole region of change of &;.

Separating the real and imaginary parts in and considering w = c;géo + c;qd¢, we obtain the
expressions for the dispersion law w'(g) of the elastic surface acoustic wave and its width. The latter is
caused by the interaction between the adsorbed atoms and the self-consistent quasi-Rayleigh wave in
consideration of both the nonlocal elastic interaction of implanted impurity with the matrix atoms [8],
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and the mirror image forces [10]:

1-2
1 2808aNao Dgq [1_51«1 Va kBTNdO]
2
f!({O) kBTpCl {D [

W' (@) = ciqéo |1~ (1-15q9°)

2
—2_l1=2v 24 252
1-3xa v)akBTNdO]} q=+ ¢ &G

2b OF O
4(1-5)" g+ @=&%) 5, | | (3.5)
2&260q N, 2
o) = 1 2&30aNao Dagq (1-24%)
f'(fo) kgT 2 d
sTpc] 2, 252
{Dd[1_3K(1 va kBTNdO]} q°+cisq
_ 25 OF N
<|at-g)t -+ -3 .6

The numerical calculation of the elastic SAW dispersion law dependence w'(q) = Rew(q) and the
acoustic mode width w”(g) = Imw(q) has been conducted for the GaAs semiconductor with the adsorbed
atom surface concentration Ngg = 3-10'2 cm™2 and 3-10'3 cm™2 at the following parameter values:
ld =2.9 nm; a = 0.565 nm; ¢; = 4400 m/s; c; = 2475 m/s; p = 5320 kg/m3; Dg = 5-1072 cm?/s; B4 = 10 eV;
m—01eV T =100 K [3].

The characteristic length value Iy of interaction between the adatom and the lattice atoms has been
found from the condition of free energy minimum of the crystal with adsorbed atoms [9].

Figure2]shows the results of calculation of the elastic surface acoustic mode frequency w’(q) depen-
dence (figurel2] curves 1, 2) on the module of wave vector g and its width w” (q) (figure[2] curves 11", 2'2")
caused by the interaction between the adsorbed atoms and the self-consistent acoustic quasi-Rayleigh

Rew, Im o,
1011 5'_1

0.5 0.0 nois 0.020 00235 0.0z

gA”

Figure 2. The dispersion law w’(q) (curves 1, 2) and the phonon mode width " (q) (curves 11", 2/2") of
the surface acoustic wave interacting with the adsorbed atoms at the values of adsorbed atoms concen-
tration Ngo = 3-10'2 cm™2 (curves 1, 117); 3- 1013 e ™2 (curves 2, 2/2") without considering the mirror
image forces.
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wave at two values of the adsorbed atoms concentration Ngo without considering the mirror image
forces.

The dependence w’(g) in the range of the wave vector module change 0 < g < 1/l is nonlinear, while
the dependence w” (g) is nonmonotonous.

At g — 0, the surface acoustic mode width w”(q) tends to zero, while the dispersion curve w’(q)
asymptotically approaches the surface Rayleigh wave dispersion curve according to the dispersion law
w(q) = ¢;$oq. It should be noted that at g = 1/, the surface acoustic wave-length is the same as the char-
acteristic length of the adatom interaction with the lattice atoms. Figure[Zlshows that the acoustic phonon
mode width increases as the adsorbed atoms concentration increases. In particular, at g = 0.0014 nm™!
and the adatoms concentrations Ngg = 3-10'? cm™2, the energy width 'y = Aw” (q) of the surface acous-
tic mode is equal to 11.4 peV, and at Ny = 3-10'3 cm™2, the energy width I'y,r is equal to 114 peV,
while in more short-wave region of elastic surface acoustic waves (g = 0.0021 nm~') at concentrations
Ngo =3-10'2 cm™2 and 3-10'% cm™2, the energy width is equal to 17 peV, 170 peV, respectively.

Figure[Blshows the dispersion dependences w'(g) and the energy widths w” (g) of the surface acoustic
modes at the adatom concentration Ngo = 3-10'® cm™2 with (figure[3l curves 1, 1’1”) and without (figure[3
curves 2, 2'2") considering the mirror image forces. In particular, at g = 0.0014 nm~!, 0.0021 nm~!, the
energy widths of surface acoustic modes considering the mirror image forces are 63 peV and 66 ueV,
respectively, whereas without considering the mirror image forces, they are 114 peV and 170 peV, re-
spectively. From the comparative analysis of the energy widths of acoustic modes we can see that the
mirror image forces at g = 0.0014 nm~! reduce the surface acoustic mode energy width by 51 peV, while
at 0.0021 nm™!, the reduction is by 104 peV; thus, in the acoustic mode short-wave region, the effect of
the mirror image forces on the change of the surface acoustic mode energy width is more important.

The character of dispersion law w’(g), found in the long-wavelength limit (ga < 1, i.e., a neighbour-
hood of T of the surface BZ) and shown in figure [3] (curves 1, 2), qualitatively converges with the dis-
persion law of the surface phonons in the I'X’ direction experimentally researched for the GaAs(110)
surface without adsorbed atoms [13]. The difference of the character of the dispersion law «w'(q) (fig-
ure[3] curve 2) is observed at higher values of g in the long-wavelength approximation. Such difference
can be explained by the fact that at a calculation of w'(g) of curve 2 (figure [3), the mirror image forces
were not taken into account, while at a calculation of w’(g) of curve 1 (figure[3), such forces were taken
into account.
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Figure 3. The dispersion dependence w'(g) (curves 1, 2) and the elastic surface phonon mode width " (q)
(curves 1'1”; 2'2") interacting with adsorbed atoms with (curves 1, 1'1”) and without (curves 2, 2'2")
considering the mirror image forces at the value of adsorbed atoms concentration Ngg = 3-10'3 cm™2.
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Practically, the surface acoustic waves (SAW) can be used as optical hologram reading transmitters in
photorefractive crystals [14]. The experimental data obtained by measuring the Raman spectra energy
position change due to the nonelastic light scattering (Mandelstam-Brillouin), depending on the adsorbed
atoms concentration and the strain potential, and can be used in the construction of selective gas sensors
on the elastic surface acoustic modes [15,[16].

4. Conclusions

The elastic surface acoustic wave dispersion theory depending on the adsorbed atom concentration
is developed within the nonlocal elastic interaction between adsorbed atoms and matrix atoms in con-
sideration of the mirror image forces. We have established that:

(1) the surface acoustic mode energy width is proportional to the product of the concentration of ad-
sorbed atoms and the adsorbed atom surface deformation potential;

(2) the mirror image forces reduce the elastic surface acoustic mode energy width, while in the short-
wave region, the effect of the mirror image forces on the change of the surface acoustic mode
energy width is more important;

(3) at concentrations of adsorbed atoms located in the subsurface crystal lattice being the same as the
interstitial impurities, the surface acoustic mode width is greater than in the case of the adsorbed
atoms being substitutional impurities. This is because the surface deformation potential of the ad-
sorbed atoms of the interstitial impurity type is greater than the surface strain potential of the
adsorbed atoms of substitutional impurity type.
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Interaction between a surface acoustic wave and adsorbed atoms

B3aemogisi noBepxHeBOi aKyCTUYHOI XBUAI 3 aacop6oBaHUMN
aToMmamu

P.M. NMenewak, M.A. CeHeTa

Jporobnupkunii sepxaBHUA NegaroriyHni yHiBepcmteT iMeHi IBaHa ®paHka,
Byn. IBaHa ®paHka, 24, 82100 Aporobuny, YkpaiHa

Y mexax HesokanbHOI MpyxHOi B3aeMOoZii afcopboBaHOro aTomMa 3 aToMaMmn MaTpuLi 3 BpaxyBaHHAM CUN A3ep-
KanbHOro 306paxeHHs 3HaijeHo B AOBrOXBWIbOBOMY HabAVXKEHHI 3aKOH AMCnepcii NOBepXHEBUX MPYXHUX
aKyCTUYHUX XBUNb B 3a/eXHOCTi Bif KOHLeHTpaLii agcopboBaHMX aToMiB i gepopmaLiiiiHoro noteHuiany ag-
atoMa. Po3paxoBaHO eHepreTnyHy LUNPUHY NOBEPXHEBOI aKyCTUYHOI MOAM B 3a/1€XHOCTI Bif KOHLeHTpaLii aj-
copboBaHux aToMiB.

KntouoBi cnoBa: gepopmayiviHnii noteHyian, agatomu, Cuamv 43epkanbHOro 306paxeHHs, HeJloKaibHa
MPYXXHa B3aEMOZIA, LUNPUHA MOBEPXHEBOI aKyCTUYHOI MOAMN
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