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Quasi-static and quasi-one dimensional method of
calculation of acoustoelectric interaction of surface
acoustic waves (SAW) in layered semiconductor-
piezoelectric structures are developed. The method is
based upon conceptions of the electron and hole quasi-
Fermi levels and the surface electric impedance. Both the
concentration and trap mechanisms of nonlinearity are
taken into account. This permits to obtain a nonlinear
solution in not only small signal approximation. The
solution obtained is valid for finite and also large SAW
amplitudes and takes into account special surface
semiconductor properties of principle such as surface band
bending and surface states. According to the method,
nonlinear SAW attenuation and dispersion, convolution,
transverse acoustoelectric voltage (TAV), acoustoelectric
current and charge transport, and acoustoelectric bistability
are calculated and analyzed. The theoretical results
obtained are in agreement with many our and other
experimental results and may be principles of calculation of
the nonlinear acoustoelectric devices and investigation
technique.
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InTRODUCTION

onlinear acoustoelectric phenomena [1, 2] in layered piezoelectric-semiconductor
structures evoke scientist’s and engineer’s interest in their application to the design of date-
processing and sensing devices, the new technique for nondestructive evaluation of basic
electronic properties of materials, and wave modeling [3-5]. It is well-known nonlinear
acoustoelectric devices such as convolvers, correlators, acoustic charge transport devices, and
sensors. In the most cases the theory used for describing nonlinear acoustoelectric interaction
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of surface acoustic waves (SAW) is based on a small signal approximation [6-8]. This
assumption is not enough for describing nonlinear acoustoelectric interaction of not small
SAW amplitudes and do not permit us to make calculations in dynamics and understand
nonlinear acoustoelectric phenomena discovered formerly such as bistability, multistability,
self-sustained oscillation of acoustoelectric voltages and self-sustained modulation of SAW
power [9-12].

A SAW interacts with the semiconductor by means of an accompanying alternating
electric field that penetrates into the semiconductor and because of nonlinear semiconductor
properties the SAW has nonlinear attenuation and dispersion and various nonlinear
acoustoelectric voltages and currents arise. The main problem is how to find a solution of
nonlinear SAW attenuation and dispersion and amplitudes of acoustoelectric voltages and
currents that could be valid for finite and also large SAW amplitudes. It is especially
necessary because a criterion of large SAW amplitudes in the layered piezoelectric-
semiconductor structure is easy achieved for relatively small SAW power of several tens’
watts. Surface principal properties of semiconductor in the layered structures such as surface
band bending and trapping free charge carriers must also be taken into account. Their
necessity of taking into consideration is another peculiarity of the nonlinear SAW
acoustoelectric interaction and leads to mathematical difficulties.

In this paper, a new analytical method for calculation of nonlinear SAW acoustoelectric
interaction that permits to obtain the nonlinear solution being valid for small signal and large
SAW amplitudes and taking into account special surface semiconductor properties of principle
such as surface states and band bending of the semiconductors. According to the method,
nonlinear SAW attenuation and dispersion, convolution, transverse acoustoelectric voltage
(TAV), acoustoelectric current and acoustic charge transport are calculated and analyzed.

AN APPROACH FOR SOLVING THE PROBLEM

olving the problem of nonlinear SAW acoustoelectric interaction in the layered

structures we will base on the quasi-static and quasi-one dimensional approach, the
conceptions of surface electric impedance advanced [13-15], and the electron and hole quasi-
Fermi levels known in semiconductor theory [16, 17]. Both concentrations and trapping
mechanisms of nonlinearity will be included into consideration.

Let us assume that in a layered piezoelectric-semiconductor structure a SAW with a
frequency o and a wave number k propagates along the z direction.

Before solving the problem it is interesting to take into consideration that in the limit case
of a metal film instead of the semiconductor in the layered structure, on the surface of the film
there is a zero longitudinal component of electric displacement, a zero surface electric
potential ¢y, and a non zero normal component of electric displacement D;= Dy, + D cos (ot —
kz), where Dy and D, are the electric displacement in the cases without SAW and an
amplitude of the tern created by the SAW, respectively. The value D, is proportional to a
SAW amplitude and will characterize one. In the case of a semiconductor in the layered
structure when the SAW frequency o is much less than the conductivity frequency . and the
screen length o is much less than the wavelength, the value D; is approximately the same and
the value @, differs from zero that we have to find. (Note that in the general case the screen
length w does not equal to the Debye length). Taking the surface electric impedance or surface
effective dielectric permitivity and, consequently, by means of impedance method we can
calculate SAW attenuation and dispersion [13-15]. Taking harmonics of the surface potential
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¢, with zero wave number k permits us to obtain amplitudes of convolution and transverse
acoustoelectric voltage. Taking into consideration longitudinal current gives acoutoelectric
current.

In the semiconductor we will take solutions for electron » and hole p concentration in
terms of

(go+x,)
T) -

n=ng exp(

(qp+x,)
T 2

seeD = g eXp(—

where, respectively, ny and p, are the electron and hole concentration beyond the screen
region; q is the electron charge, ¢ is the electric potential; 7' is temperature in energetic unit; y,
and y, are the electron and hole quasi-Fermi levels with a deviation of semiconductor
condition from the thermodynamic equilibrium. We will consider n—type semiconductor with
and without inversion p-layer.

Using eq. (1) in assumption of constantancy of the y, and %, with depth in the screen
region, the Poisson equation is integrated and with boundary conditions the surface potential
can be presented in the following form:

¢ =G(Dg)+ A%+ Apxp ... (2

where 4,=—1/q, A,= 0 for depletion-accumulation and 4,= 0, 4,= — /g for inversion, respectively;
G(Dy) is the function in the case of homogeneous thermodynamic equilibrium, and in
semiconductors surface physics its inverse function F(@,) is well known and expressed
analytically [16, 17] :

F(o,)=—sign(@, Wy /o (e /T +o, 1 T=1)+ g o (%" =g /T +1)

Then the equations of continuity for the electron and hole currents give equations for the
x» and x, values. For example, in the case of inversion and depletion-accumulation we have,
respectively,

. Opp 1 1 _. 0 g
Xp =il o 'P(z)<P(z)>’X"_lwc'8kDS(Z) ...(3)
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where P (z) is the layered surface hole concentration in the surface space charge region that is
modulated by the SAW electric displacement D; (z), depends on the coordinate z, and changes
in time with the frequency ®; ®p, = ©’/k’D, is the hole diffusion frequency; D, is the hole
diffusion coefficient; g, is the volume dielectric permitivity of the semiconductor.

TﬂEORETlCAL RESULTS

eparating out the harmonic with o and £ for the G (Dy) function and y,, and y, according

to egs. (2) and (3) we can calculate the harmonics of the surface electric potential ¢, and the
surface effective permitivity of the semiconductor and SAW attenuation and dispersion for
various SAW amplitudes in the layered structures. We will separate those SAW amplitudes
Dy> Dy, when in the inversion case the inversion layer is destroyed by the SAW electric field.
Finally, we will present some theoretical results obtained.
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2.1 Static quasi one-dimensional approximation (y,. ., = 0)

Small values of y, and Y, is enough for calculation of transverse acoustoelectric effects
such as SAW convolution and TAV. In static quasi-one dimensional approximation, when the
%, and y, values and SAW attenuation are equal to zero, calculation of small signal
convolution has been given in [18] and then a convolution and TAV of finite SAW amplitudes
have been given in [17, 20]. For this paper it is necessary to note that strong nonlinearity for
low SAW power is not strong for large SAW power. Devices with low losses have not a wide
dynamic range. We have to choose the low losses or wide dynamic range. There is an optimal
condition between both of them. Amplitudes of different nonlinear effects as convolution
V. (Dy), TAV V, (Dy), and others can be expressed in terms of the function G (¢,) and each
other with the relations:

T

V.(Dy) = 2%[ J. v,(2Dy cosa) cos(2a) da.,.
-T
1 Y

Ve(Dy) = 5~ [ G(Dy + Dy cosor) dot-0yp.
=T

Fig. 1. The normalized convolution amplitude V./V, and normalized TAV amplitude V,/V, verses the

normalized SAW amplitude squared (Do/D,,)z.

In some cases the TAV reverses a sign with increasing the SAW amplitude and changing
the band bending potential ¢, Its limit magnitude ¥, is equal to the saturation value
V, = (1T72q) In (py/ny) — @, that increases with increasing the concentration n,. The convolution
decreases under increasing the SAW amplitude. A typical dependence of the normalized
convolution amplitude V,/V, with the normalized SAW amplitude squared (Dy/D,)* is shown
in Figure 1 when the TAV amplitude V, has a saturation shape, Here, D, is the SAW
amplitude when the TAV saturation achieved and approximately equal to D, = s,Tny. The
value (Dy/D,)* is proportional to the SAW power.

2.2 Quasi-static, quasi-one dimensional approximation (y,.y, # 0)

In quasi-static approximation, when the y, and %, values are not equal to zero but small,
for calculation of the SAW attenuation, dispersion, and acoustoelectric current one should take
into consideration their non zero values in (2).

The SAW attenuation is given by the following expression for its coefficient:

AV,
o = Vsk(B o, +Bya,),

n=n
N
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AV/V is the relative deviation of the SAW velocity ¥y = o/k under metallization of the
piezoelectric with the dielectric permitivity €, in the layered structure. Normalized coefficients
o, and oy, are :
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for the cases :
(1)  with inversion for the not destroyed SAW amplitudes Dy < gP (D),
(2)  without inversion layer for the depletion-accumulation, and
(3)  with inversion for the destroyed SAW amplitudes Dy > gP (D), respectively.
Here, Dy, = gP (Dy) is the normalized SAW amplitudes.

For these three cases the electron and hole acoustoelectric currents are given by the
following relations,

Ina =0,—- En

2
0> - Dy,
2e5 ,

® 2 My O 1+sin2n/D0n 1
2 DO

2e5 , n

1,4 =qP(Dy,) Vy(1=\1-Dg,),0,qP(Dy) Vs

where u, and p, are the electron and hole mobility. It is necessary to note that in first and
second cases as mentioned above, acoustoelectric currents and attenuation coefficient are
related with the Weinreich’a relation that is well-known for bulk acoustic waves [21]:

Ina/azzunPSAW/lepa/a:z“pPSAW/Vw

where Pgaw is the SAW power. This is in accordance with the experimental paper [22] and a
basis of the acoustoelectric technique of measurement of surface mobility [23]. The third case
mentioned above corresponds to the case of charge transport when all the holes of the
inversion layer are captured and transported by the SAW with velocity V.

For the layered structure with n-type semiconductor with surface p-type inversion some
calculated dependencies are demonstrated in Figures 2-5. Normalized attenuation coefficients
o, and o, versus normalized SAW amplitude D, are shown in Figure 2. Normalized to
qP (Dy,) Vs the hole and electron acoustoelectric currents, I,, and /,,, depending with the
normalized SAW amplitude D, are shown in Figure 3.

Fig. 2. The normalized attenuation coefficients o, and o, versus the normalized SAW amplitude Dy,.
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Fig. 3. The normalized hole and electron acoustoelectric currents, 1,,/gPyV; and 1,./qP,V, versus the normalized
SAW amplitude D,.

Figures 4 and 5 demonstrate a peculiarity in a stationary state when the surface layered
hole concentration P, differs from one Py = gP (Dy) in the case without SAW. In this
stationary case hole acoustoelectric current /,, is equal to the diffusion current /p = B(Poo — po)
that is proportional to (Pyy— Py) with the coefficient of proportionality B depending on the hole
diffusion coefficient and structure geometry. In the other words, acoustoelectric and diffusion
currents make circular currents along the surface in the semiconductor inversion layer. Figure
4 shows dependence of the normalized hole acoustoelectric current /1,,/VD,, solid curve, and
the diffusion current I, for various coefficients [, dashed curves, versus the normalized
stationary surface hole concentration ¢PyD,. These dependencies give a solution for P in the
stationary state. In the crossing solid and dashed curves in Fig. 4 there are situations with two
stationary states as in experimental papers [7, 8]. The third state is not stationary. An example
of dependence of the normalized stationary surface hole concentration Py/Py, versus the
normalized SAW amplitude Dy/qPy, obtaining from Figure 4 are shown in Figure 5 and
demonstrate bistability with changing the SAW amplitude

IDaf VE DO
1

Fig. 4. The normalized hole acoustoelectric current 1,/ VD, solid curve, and the diffusion current Ip= f-(Py—
Py) for various coefficients B, dashed curves, versus the normalized stationary surface hole concentration
qpo/Do.
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Fig. 5. The normalized stationary surface hole concentration Py/Py, versus the normalized SAW amplitude
Do/qPoo.

2.3 Influence of semiconductor surface states on SAW acoustoelectric interaction

Surface semiconductor trapping free charge carriers may be added in results presented
above.
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As for high frequency processes, it is enough to compare surface frequency depended
admittance connecting with surface states Y, and free charge carriers near the semiconductor
surface Y,. Then the condition of neglecting surface semiconductor trapping free charge
carriers may be written in the form:

[¥al>> Ve

or with results of the paper [24] for Y, and Y for continuous distribution of surface states with
density Ny, in the following form:

o q° 1 — exp(qes/T)
W — RD ny T
S

T

where R) is the Debye radius and t is the relaxation time of charge on the surface states. It is
necessary to note that the criterion of neglecting surface states needs the parameter wt/Ny, is
depending on semiconductor parameters wt >> 1. Real semiconductor surfaces is valid and we
are not obliged to take into account surface states in high frequency processes. In nonlinear
processes when harmonics @ = 0 exist, the criterion mentioned above is not completely valid.
In this situation there is a nonlinear high frequency field effect [25, 26] and under action of
high frequency electric field of SAW there is an accumulation of charge carriers on surface
states in semiconductors. That is why a trapping TAV exists.

N N
> |%ln(1 +w? 1?) + i35 retan (w7)
T T

The amplitude of the trapping TAV is

T d d,
Var = __—lDzon (l_iDgnJ
q 1+ nORD 2

alTNSS

where a; and d, are some coefficients depending on semiconductor parameters and surface
potential. It is especially necessary to note that the amplitude of the trapping TAV is
proportional to the surface state density N, in the case of small values of N, and does not
depend on N, if the surface state density N, is more then the value of nyRp/a\T i.e.,
~10"— 10" cm ™ and easy reaches for Si/SiO, interface. Moreover, the trapping TAV is larger
than the TAV in the case of concentration mechanism of nonlinearity. These results are in a
good agreement with experimental ones [27].

Concrusion

Eroposed analytical method of calculation of nonlinear SAW acoustoelectric interaction

is able to obtain the nonlinear solution for not only small signal approximation but including
large amplitudes and takes into account surface semiconductor properties. Nonlinear SAW
attenuation and dispersion, convolution, transverse acoustoelectric voltage (TAV),
acoustoelectric current, acoustic charge transport and acoustoelectric bistability are calculated,
analyzed, and compared with experiments. Optimal losses, dynamic range of nonlinear
acoustoelectric devices and strong nonlinear acoustoelectric phenomena in the layered
structures are described. Both concentration and trapping mechanisms of nonlinearity are
included into consideration. Results obtained are in agreement with many our and other
experimental results and may be principles of the calculation of the nonlinear acoustoelectric
devices and investigation technique.
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