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1. Introduction

An ever-growing interest in the physical properties of the semiconductor surface results
both from the influence of processes occurring at the surface, on the properties of
semiconductors, and from the influence of the physical surface structure on the operation of
semiconductor devices. Among the methods of investigations of semiconductor surfaces,
there are no methods of investigating the dynamic properties of electrical carries in fast and
very fast energetic surface states [1-5]. Up to now the existing methods allow only to
investigate the surface sates with a carrier life-time 7 of above 10°%s [6]. In the case of
extrinsic semiconductors the surface states may, however, be considerably faster (the carrier
life-time in surface traps is usually less than 108s). In such cases the existing methods of
determining the parameters of fast surface states allow only to estimate these parameters,
since the obtained results exhibit a considerable uncertainty. Therefore investigations of the
kinetic properties of fast surface states are not popular and there are no new results
concerning their determination.

For some years attention has been paid to the influence of the physical state of the near-
surface region of a semiconductor on the results of investigations of the acoustoelectric
effects in piezoelectric-semiconductor systems. Recently also attention has been paid to the
possibility of applying Rayleigh’s acoustic surface waves in investigations of various
parameters of solid states [7-9].

Theoretical and experimental investigations of the application of acoustoelectric effects for
the determination of carrier properties in the near surface region (e.g. the electrical surface
potential, carrier concentration, electrical conductivities,...) are being run all the time.
Problems of the influences of chemical and mechanical surface treatments realized in the
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92 Modeling and Measurement Methods for Acoustic Waves and for Acoustic Microdevices

first step of preparations of semiconductor plates (wafers) on kinetic and electron features of
electrical carriers have not often been taken up. The quantitative data concerning the
effective life-time 7 and the velocity of carrier trapping g are presented very seldom. Results
of investigations have shown that acoustic methods based on the acoustoelectric effects with
using surface acoustic waves can be applied to determine the parameters of fast and very
fast surface states in semiconductors. An analysis of the methods shows that the accuracy of
the obtained surface parameters are standard about some presents, which is a rather good
accuracy in the determination of the parameters of fast surface states. By means of acoustic
methods both element-semiconductors and compound semiconductors can be investigated
(among others — semiconductors of the III-V group).

There are many methods of gas detection and a comprehensive review can be found in
literature [10-17]. Since the early MOS field transistors and Schottky diodes sensors through
the first SAW devices made by D’Amico [18] we have now many different fiber optic
hydrogen sensors [19,20]. For example, hydrogen gas is used as a reducing agent and as a
carrier gas in the process of manufacturing semiconductors and it has been increasingly noted
as a clean source of energy or a fuel gas. A leak of hydrogen in large quantities should be
avoided because if mixed with air in a ratio of 4.65 - 93.9 vol. %, hydrogen is explosive. Thus a
fast and precise detection of hydrogen near and especially before the explosive concentration
and at room temperature is still a great problem. In nowadays very important problem is
connected with detection extremely low concentration of explosives material.

Surface acoustic wave gas sensors are especially attractive because of their remarkable
sensitivities due to changes of the boundary conditions for propagating acoustic Rayleigh
waves, introduced by the interaction of a thin active sensor layer with specific gas
molecules. This unusual sensitivity results from the simple fact that most of the wave energy
is concentrated near the crystal surface within one or two wavelengths. Consequently, the
surface wave is in its first approximation highly sensitive to changes of the physical or
chemical properties of the thin active sensor layer placed on the surface of the piezoelectric
delay line. As long as the whole thickness of the sensor material is much smaller than the
surface wave wavelength one can speak of a perturbation of the Rayleigh wave [21, 22].
Otherwise, we have to take into account other types of waves, such as Love waves, which
can propagate in layered structures [23].

A very interesting feature of SAW sensors is the fact that the layered sensor structure on a
piezoelectric substrate provides new possibilities of detecting gas in a SAW sensor system
by using the acoustoelectric coupling between the surface wave and the free charges in a
semiconductor sensor layer [24]. For selective detection gas particles must be used with
specific chemical sensor layers placed on the piezoelectric acoustic line. Any change in the
physical properties of this sensor layer results from changes of gas atmosphere, varies the
conditions of acoustic wave propagation. Therefore, the propagation velocity and
attenuation of the acoustic wave are changed, too. Mass and electrical effects, such as
perturbations in mechanical and electrical boundary conditions, will be considered
separately. Perturbations of the mechanical boundary conditions are important in a sensor
with a dielectric sensor layer. Perturbations in electrical boundary conditions are important
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in a sensor with a conducting or semiconducting sensor layer. These two effects occur
simultaneously in the interaction time of an active film with a specific gas and are additive
because of their small values. For instance, in thin phtalocyanine films as organic
semiconductors both of these exist, but the electric effect is much greater (several times,
depending on the gas concentration) [25].

For sensor construction and optimization conditions of working it is important to get an
analytic model of the SAW sensor. Here we provide theoretical information concerning the
acoustoelectric effect in the piezoelectric acoustic delay line and semiconducting sensor
layer configuration. This will be the starting point to construct a multilayer analytical model,
because a sensor layer with absorbed gas molecules may be treated as the sum of partial
layers with a different electrical conductivity. Inside the sensor layer Knudsen’s model of
gas diffusion was used [26-28]. The analysis summarizes the acoustoelectric theory, i.e.
Ingebrigtsen’s formula [23,29], the impedance transformation law and gas concentration
profiles, and predicts the influence of a thin semiconductor sensor layer with Knudsen’s gas
diffusion model on the SAW wave velocity in a piezoelectric acoustic waveguide in steady-
state and non-steady-state conditions [30]. Basing on these results the sensor structure can
be optimized. Some numerical and experimental results will be shown in the part 2 of this
chapter.

2. Surface acoustic wave for semiconductor surface investigations

The fast development of micro- and nanoelectronics is connected with the development of
various sensor and measurement techniques for semiconductor characterizations, and requires
searching of new research methods. It seems that, the acoustic methods provide prospective
possibilities of their applications in the technology of micro- and nanoelectronic devices. The
surface acoustic wave methods may prove to be a useful, non-destructive tool for researches of
the semiconductor surface in high and very high frequency ranges. Generally, these SAW
methods are based on the interaction between the surface acoustic waves of the Rayleigh type
and the free carriers in a semiconductor. This interaction is realised in the layered structure:
the piezoelectric waveguide and the semiconductor [31-35] (Figure 1).
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Figure 1. Piezoelectric-semiconductor structure for investigation of acoustoelectric interactions [35]
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The electrical and electronic semiconductor surface properties may be determined by means
of such parameters as: the surface potential, the carrier trapping velocity by fast and slow
energetic surface states, the type of impurities of atoms and molecules, their concentration
and location in the energy bandgap in the target material, as well as by the surface mobility
of carriers and the lifetime of majority and minority carriers, the velocity of carriers trapping
into surface states in semiconductor, and the effective live time of electrical carriers in fast
surface states [36-39].

In the technology of electronic devices, silicon is a commonly applied material, but the III-V
group semiconductors become more and more popular and important. This follows from
the very interesting optical properties of these new materials. The coherent and non-
coherent light sources were elaborated by using the electroluminescence effect observed in
GaAs, GaP, InAs, InSb. Nowadays, special interest is devoted to the InAs semiconductor.
The special electrical and electronic InAs properties arise mainly from the very high
mobility of carriers, makeing it possible to construct electronic devices in very high
frequency ranges. Applying the galvanomagnetic effect in InAs the hallotrons and
gaussotrons were constructed [36]. This material is also often used in various sensors
applications [6, 40].

Among the methods of semiconductor surface investigations, there are no methods which
determine the surface parameters in high frequency ranges. The existing high frequency
tield effect method is used to deremine the kinetic parameters of near-surface regions, but
its possibility of measurements is practically restricted to some MHz [1,5,41].

For this reason surface investigations of silicon and composed semiconductors in the high
frequency range have not been performed. This gap can fill the methods based on SAWs.

2.1. Changes of SAW propagation conditions in results of acoustoelectric
interaction

When the surface acoustic wave (SAW) propagates in a layered structore: piezoelectric —
semiconductor, the electric field which accompanies this wave, penetrates the near- surface
region of the semiconductor (Figure 1). The penetration depth of the electric field inside the
semiconductor is of the order of the semiconductor extrinsic Debye length or the acoustic
wavelength (whichever is shorter) [33, 42]. This electric field changes the free carrier
concentration in the near-surface region of the semiconductor and causes a drift of the
carriers [34,43]. Interaction of a surface acoustic wave (propagating on the border:
piezoelectric crystal - semicondictor) with electrical carriers in the semiconductor may cause
two types of effects. The first type forms effects observed in piezoelectric — changes of the
velocity of SAW and changes of its attenuation [44]. The second type of effects are so called
the acoustoelectric effects, observed in semiconductors [45,46].

Below the acoustic method of determining some parameters of fast surface states in
semiconductors will be presented. This method is based on so-called interactions of the
phonon-electron type [47] for determining both the effective carrier life-time 7 influenced by
the fast surface energetic states and the velocity g of the carrier trapped by the surface states.
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As mentioned above, among the methods of investigations of semiconductor surfaces, there
are no methods of investigating the kinetic properties of electrical carriers in fast and very
fast surface states [1]. The existing methods allow only to investigate the surface sates with a
carrier life-time 7 of above 10%s [5,6]. In the case of extrinsic semiconductors the surface
states may, however, be considerably faster (the carrier life-time in surface traps is usually
less than 10%). The existing electrical and spectroscopic methods of determining the
parameters of fast surface states allow only to estimate these parameters, since the obtained
results exhibit a considerable uncertainty. For this reason, investigations of the kinetic
properties of fast surface states are not popular and there are not any new results concerning
their determinations.

Problems connected with the determination of the chemical and mechanical procedures of
surface treatments in the first step of preparation of semiconductor plates (wafers) for
technology on their electron kinetic properties have rarely been taken up. The elaborated
method is based on the phenomena of surface acoustic wave SAW propagation in the
system: piezoelectric waveguide-semiconductor. The electric field, which accompanies a
surface wave in the piezoelectric waveguide, penetrates the semiconductor to a depth equal
to Debye’s screening length [32,33]. Thus, the interactions of the acoustic wave and electrical
carriers are manifested in the semiconductor in the form of acoustoelectric effects [34] and in
the piezoelectric waveguide - by an additional SAW attenuation (the so called - electron
attenuation) and by changing the velocity of the acoustic wave [38] Figure 2.

Uqg
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Figure 2. The idea of the piezoelectric waveguide-semiconductor system for investigations of the near-
surface region in semiconductors [33]

Let us consider the surface wave which propagates on a piezoelectric waveguide in the
system presented in Figure 2. The external electric drift field is applied to the semiconductor
in the same direction. The coefficient of the electron attenuation of the surface wave ae in
such a system may be presented by the formula [33]:
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and vw is the velocity of SAW, Ea the electric drift field, yo the mobility of electrons inside
semiconductor, Lo the Debye length, k the wave number of SAW, w the angular surface
wave frequency, w. the so called “frequency of Maxwell’s conductivity relaxation,” n the
square of the electromechanical coupling coefficient, y the drift parameter, ¢1, e the
permittivity of waveguide and semiconductor, respectively, ¢ the velocity of carriers
trapping into surface states in semiconductor, T — the effective live time of electrical carriers
in fast surface states, H — constant, the value of which depends on the elastic and
piezoelectric properties of the waveguide and investigated semiconductor.

The process of electrical carriers trapped in the surface states in a semiconductor, under the
influence of a surface wave which propagates in a piezoelectric crystal, was considered in
detail in the paper [47]. Figure 3 presents changes of electron attenuation in the external
electric field E. in the semiconductor.

The critical electrical drift field is a field at which the electron attenuation of the wave is
equal to zero:

o, (Eg) =0 (6)

dkr
In [47] it was shown that the equation for the critical drift field takes the following form:

E lu|1,®T 7)

e M 1+((D-I)2
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Figure 3. Electron attenuation a. of a surface acoustic wave in the function of an external electric field Ea
(47]

Accordingly

£ = ®)
Ho

where Egk is the critical drift field for the theoretical case, when no surface states exist in the
semiconductor surface. From equations (7) and (8) it follows that the relative change of the
critical drift field in real structure, caused by surface states, is given by:
o
Edkr B Edkr — AEdkr _8 . w-T (9)
EO
d

kr

This relation is presented in Figure 4.
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The idea of assigning the parameters T and g of surface states consists in the determination
of the electron attenuation coefficient as the drift field function for different frequencies of
the surface waves. From the characteristics ae = f(Es) can be determined Ea for each angular

frequency w; the next one determines the characteristics AE% =f (a)) and the last one
dkr

calculates the carrier life-time 7 in the surface states as (Figure 4):

(10)

1
T
)

The velocity of trapping of the carriers g in fast surface states is defined by the relation (Fig. 3):

AE
g=2v, {E—dk*} (11)
dkr - _Imax

If, therefore the surface wave propagates in the structure of a piezoelectric waveguide-
semiconductor, two essential parameters of surface states in a semiconductor can be
determined by measurements of the velocity and attenuation of the SAW.

2.1.1. Experimental set-up

As piezoelectric waveguides the lithium niobate LiNbOs plates (propagation plane [Y] with
the wave propagation direction [Z]) were used. The idea of the experimental set-up is
presented in Figure 5. The waveguide system permitted to perform the investigations at the
frequency range: 2 — 350 MHz, by using some LiNbOs plates with the SAW transducers,
obtained photolithographically. The application of a monochromator in the set-up permits
to illuminate the semiconductor surface and to realise investigations of semiconductor
plates for various semiconductor photoconductivities.
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Figure 5. The scheme of the system for monitoring the electron attenuation coefficient ate as a function
of the drift field Ed; (SG — synchronous generator, CWG — continuous wave generator, FPS — forming
packet system, AT —attenuator, OSC — digital oscilloscope) [47]
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The presented results concerning the plates of Si with the following parameters were
obtained:

- Si[111], n-type, electrical conductivity o = 1,2[QQm]", volumetric mobility of the carrier po =
0,13[m?/V-s], and the geometrical dimensions 10x7x0,05mm?.

The characteristics of a. = f(Es) for the real Si(111) surfaces after changing their electrical
conductivity by means of optical excitations are presented in Figure 6. The measurements
were performed for the following photoconductivities of the Si sample: 01 = 1,2 [Om]?; 02 =
1,6 [Qm]?Y; 03=1,9[Qm] .

|
|
T (t/i
-1000 1000 2000t"7 © 3000 4000
RSP (N % S

Figure 6. The experimental characteristics @ = f(E4) for the real surfaces of 5i(111) concerning various

photoconductivities: (1) o1 =1,2 [Qm]; (2) 02 =1,6 [Qm]7; (3) 03=1,9 [Qm] [47]

2.1.2. Results of investigations of fast surface state parameters in the Si single-crystal
samples

By means of the method presented above the parameters v and g for the Si single-crystal

samples were determined whose surfaces were treated in various way.

Figure 7 presents the characteristics AEg, =f (a)r) of the Si samples, but after their
Eodkr

heating in vacuum at elevated temperature (~600K) as well as after heating at elevated
temperature (~600K) but in atmosphere with saturated vapour. On the base of these
investigations one can see that the parameters 7 and g in Si are essentially different.

The results of these investigations are presented in Table 1.

The approximate values of the fast surface states concentrations N: are quoted in Table 1.
The procedure of N: determination is based on the well known relation [1]:
g&=5,"Vr- N, (12)

where: V7 is the thermal velocity of electrons in semiconductors and Sx is the effective cross-
section for electron trapping.
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Figure 7. Relative changes of the critical field AE% - f(a)z') in Si(111): (1) in vacuum; (2) after
E’
heating in vacuum at ~600K; and (3) heating in steam at ~600K [47]

In the case of the Si single-crystals at room temperature the parameter S is approximately
equal to ~3-10"%cm? [1,6]. Therefore the surface concentration N: of the fast surface states can
be estimated in tested semiconductors. The concentrations N: are of the order 103cm? and
depend considerably on the type of surface treatments.

Parameters of Si(111) in vacuum a.fter heating . after heating
In vacuum 1n water vapour
1,8 8,0-10° 1,6-10¢ 1,8-10°
g, m/s 1000 450 3400
Ni, cm? ~3-1013 ~1-1013 ~8-1013

Table 1. Parameters of the fast surface states in Si(111) [33]

2.1.3. Conclusion

The results presented above concerning the interaction between the surface acoustic wave in
piezoelectric crystal and the electrical carriers in semiconductor have shown that the
acoustic method can be applied to determine the parameters 7 and g in investigations of the
fast surface states in semiconductors.

The analysis of the method shows that the accuracy of the obtained results is better 5%,
which is a rather good accuracy in the determination of the parameters of fast surface states.
It can be pointed out that this method permits dynamic measurements of the surface state
parameters over the frequency range up to several hundreds MHz (or even to some GHz),
also for different, programmable changed photoconductivity of the tested semiconductors.

2.2. Acoustlectric effects in applications for semiconductor surface investigations

In a semiconductor, as a result of interaction between the electric carrier and the surface
acoustic waves (SAW) the followning phenomena may be observed (Figure 1):
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a. an electric current in the direction of surface wave propagation (i.e. longitudinal
acoustoelectric effect LAE) [34],

b. a difference of electric potential between the semiconductor surface and its bulk (i.e.
transverse acoustoelectric voltage TAV) [43].

In [26] the theoretical analysis of both acoustoelectric effects (LAE and TAV) was presented.
These results formed the theoretical basis for new acoustic methods of determining the
surface potential in semiconductors [46].

The experimental results of the surface potential as well as the lifetime of minority carrier
investigations in some GaAs and GaP crystals performed by means of longitudinal and
transverse acoustoelectric methods have been presented in [44,45].

The transverse acoustoelectric effect seems to be particularly important in semiconductor
investigations. From its theoretical analysis [34, 44] it results that in the semiconductors in
which one type of conductivity is predominant (n- or p-type), the sign of the acoustoelectric
voltage depends on the type of electrical conductivity in the near-surface region. If the
surface conductivity is negative (n-type), the transverse acoustoelectric voltage (TAV) has a
positive value and if the surface conductivity is of the p-type, the value of TAV is negative.
The results of investigations of the conductivity type in GaP and InP crystals have been
presented in [46]. The measurement of the sign of TAV voltage is a fast and very easy
method of determining the surface conductivity type.

The transverse acoustoelectric method of semiconductor surface investigations (based on the
transverse acoustoelectric effect) is nondestructive. It does not require ohmic contacts on the
investigated samples but, first of all, the method provides values of the surface parameters
obtained at high frequencies.

Some samples of semiconductors of the III-V group were investigated by means of the TAV
method. In [35] the investigations of semi-insulating GaAs at a low temperature and with a
different surface wave power were reported.

Using the TAV methods we studied different semiconductor crystals, such as: GaAs [32],
GaP [48], InP [45] crystals. To our knowledge, there are no papers dealing with these
methods of surface investigations.

Further on, in this chapter the experimental results of the surface investigations of InAs
(111) crystals after various surface treatments are quoted, as well as the results of the
theoretical analysis of TAV concerning the surface electrical conductivity and surface
potential.

2.2.1. Experimental

The set-up for investigations of the surface semiconductor by means of the transverse
acoustoelectric method is shown in Figures 8 and 9. The layered structure consists of the
tested semiconductor is presented in Figures 8a and 8b [42,48].
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The short (some p-seconds) impulses of 134 MHz are applied to the input interdigital
transducer to generate surface acoustic waves (SAWs) on the Y-cut, Z- propagating in
LiNbO3 delay line. The semiconductor is placed on the surface of the delay line in an
isolating distance bars in order to assure a non-acoustic contact between the semiconductor
and the piezoelectric waveguide. The transverse acoustoelectric signal (TAV) across the
semiconductor is detected by placing one Al plate on the back surface of the semiconductor
(TAV electrode 2), and another one under the semiconductor sample placed on the acoustic
wave guide (TAV electrode 1). The thickneses of the TAV electrode 1 and the isolating
distance bars amounts to about 400 nm.

In order to provide the best contact between the investigated semiconductor surface and the
TAV electrode 1, this electrode consists of narrow strips (Figure 8b). The width of a single

metallic strip is ~ 2%::102 mm and the distances between them are about 0.5 mm.

TAY metallic electrode 2

setnisonductor

a.
TAY distance
metallic electrode 1 isolator

b.

Figure 8. a,b. Schematic presentation of the layered structure: piezoelectric wave guide and
investigated semiconductor [42]

The distance between the strips is much larger than the acoustic waveength (A=2.5::102
mm), and for this reason the TAV electrode 1 is not essential for the SAW propagation and
does not disturb it. The TAV electrode 1 in the form of a grating provides a good electric
field distribution between both TAV electrodes. It relates to acoustoelectric voltage as well
as to external voltage U..

In order to change the value of the surface potential in the investigated semiconductor, we
applied to the semiconducter a d.c. voltage or the pulse voltage across the TAV electrodes.
The set-up is shown in Figure 9.

For registration of the acoustoelectric voltage, in our set-up we used the digital scope
(IWATSU DS-86359 ) and the computer scope converter( PFS-20).
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Figure 9. The experimental set-up for investigations of the semiconductor surface by means of theTAV
method [42]

Using the higher harmonics of the acoustic transducer it is possible to investigate
semiconductors above one GHz.

The interdigital transducers and the aluminium TAV electrode 1 are produced by standard
evaporation and photolithography techniques.

The transverse acoustoelectric voltage method was used to investigate the InAs (111) crystal
samples with the following bulk parameters:

n-type electrical conductivity;

- carrier mobilities: pn =33 000 cm?V-'s; up = 460 CmZV‘ls‘lpermittivity: e=11.5;
- band gap:Eg=0.44¢eV,

- electron concentration: Na = 1.6:1019 cm'3,

- resistivity: p= 2.5%10° Qem.

2.2.2. Results and discussion

In [49] we presented the results of our theoretical analysis of the acoustoelectric effects
(longitudinal acoustoelectric current and transverse acoustoelectric voltage) in a layered
piezoelectric - semiconductor structure. We have shown the theoretical relations between
the acoustoelectric voltage and the semiconductor surface parameters such as the surface
electrical conductivity and the surface potential. Figure 10 presents the transverse
acoustoelectric voltage (TAV) as a function of surface electrical conductivity in the
investigated InAs sample.

This function was calculated by means of our theoretical results presented in [49]. At some
values of the p-type surface conductivity the minimum transverse acoustoelectric voltage is
observed (about 0=10* 1/Qcm). In the case of the p-type surface electrical conductivity the
TAV amplitudes have negative values. Then, starting from 0=1021/Qcm, the amplitude
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Figure 10. Transverse acoustoelectric voltage as a function of the electrical surface conductivity in InAs [49]

TAYV is equal to zero up to 0=10#1/Qcm n-type surface conductivity. Next, the TAV starts to
grow, it has positive values of TAV amplitude and reaches the maximum at 0=10-° 1/Qcm.
For higher values of conductivity the TAV grows small and for 0=1021/Qcm it is practically
equal to zero. The qualitative explanation of the dependence of this kind is simple. For very
high carrier concentrations, near the intrinsic region, the interactions between the electric
tield (accompanied the acoustic wave in piezoelectric waveguide) and carriers in the near-
surface region are very weak. The TAV, as the results of these interactions are also very
small. In the opposite case, if the carrier concentration in the semiconductor is high, the
electric field of the wave is practically complet screened by these carriers. Then, the TAV
amplitude is also small. One can see in Figure 10. that the transverse acoustoelectric voltage
spectroscopy is a very sensitive method for high resistivity semiconductors. It is an ideal
technique to study the InAs samples, because their electrical properties (high resistivity and
high carrier mobility) are just in the high sensitivity TAV range.

As it was mentioned before, the electronic properties of the near-surface region may be
changed by external electrical voltage perpendicular to the surface. It is a very simple
method of influencing the surface semiconductor properties. In Figure 11 the experimental
dependence of the amplitude of the transverse acoustoelectric voltage Uat upon the external
voltage Ud for InAs sample is presented.

Figure 12 shows the theoretical function of the amplitude of TAV versus the surface
potential Us for InAs singlecrystals.

Us denotes the value of the surface potential in kT units: Us = e®ds/kT and ®s denotes the
surface potential in the semiconductor [6] (in Volt unites).

The function presented in Figure 12 was calculated basing on the theoretical relations
quoted in [49]. In order to determine this relation, we had to know the following bulk
parameters presented above: the mobility concentration of the carriers, the permittivity and
the electrical conductivity for the investigated InAs crystals.
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By using both functions: the experimental relation Uae = {(Ud) and the theoretical relation
Uae = {(Us), one may propose the method of determining the surface potential value in
semiconductors (for zero external bias voltage). This method of determining the surface
potential was discussed in detail in [45].

The theoretical dependence of the TAV amplitude upon the surface potential Us is
calculated with an accuracy up to an arbitrary constant multiplier K [45]. (The constant K
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may be interpreted as a so called aperture constant). For K we may substitute the value for
which the maximum in the theoretical relation Uae = f(Us) and the maximum in the
experimental relation have the same values. For the experimental characteristic Uae = f(Ua),
the value Uat = 1 corresponds to the case for which the external voltage Ud is equal to zero.
For the theoretical relation Uat = f(Us), the value Uat = 1 corresponds to the surface potential
of the investigated semiconductor sample.

For the investigated InAs sample, the value of the surface potential ®s obtained by applying
this method was equal to ®s=-0.11+0.02 V [49].

The transverse component of the electric field of the acoustic wave in the piezoelectric
waveguide acting on electrical carriers in semiconductors changes its concentration in the
near-surface region. The new steady state of the concentration is reached after the time
period which depends on the carrier lifetime. The properties of the electrical surface
semiconductor differ from the bulk ones. Therefore, the values of lifetime in the bulk and in
the surface may be quite different, too.

The lifetime of the minority carriers may be determined from the shape of the transverse
acoustoelectric signal. It was shown in [49] that the transverse acoustoelectric signal u 4 p(t)
is described by the following mathematical formula:

t - -
taplt) = Uy ——| ' 7" | (13)
T, -7

a e
where:
Uae - transverse acoustoelectric amplitude,
Ta - time constant of the experimental set-up,
Te - effective life time of the minority carriers.

For the case, when the time constant of the experimental set up ta is much longer than the
life time of minority carriers (ta>>te), the value of the time constant of the acoustoelectric
signal is practically equal to the life time of minority carriers te.

(The condition ta >>1e is usually easy to be satisfied). The life time te was determined making
use of this method. For the InAs sample under investigation the life time of the minority
carriers is equal to e = 2.0%:10*s (before the surface treatment).

The experimental measurements of the TAV amplitude versus the surface acoustic wave
power allow to estimate the intensiy of the influence of the surface processes on the total
conductivity of the investigated samples. If the interactions between the electric carriers and
surface traps are not intensive, the amplitude Uat versus the acoustic power of the surface
acoustic wave is a linear function. If the interactions of the electric carriers with the surface
tarps are intensive, relation Uak = f( Pax) is non-linear [42].

The very important advantage of the method based on the transverse acoustolectric effect is
the possibility of checking the semionductor surface in the course of the alteration of the
surface properties. We think that this fact will allow to control the changes of the surface
parameters after various surface treatments due to the technological process.
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In [44,45] we presented the results of the determination of the surface potential, the life time
of the minority carriers, and the type of electrical conductivity obtained for Si, GaP and
GaAs single-crystal samples, which vary in their bulk and surface properties.

The main purpose of these investigations was to explore the influence of the surface
treatments for the values of the surface parameters. The samples were measured after
mechanical and chemical surface treatments which are applied during the technology of
electronic devices. We also tested the surface parameters after mechanical grinding with
alumna powders of various granulations and after polishing with diamond paste. We also
tested the surface parameters after the cleaning of the sample in acetone, benzene, methanol
and after chemical etching in HF acid or in 3HNOs + 10H202. After the surface treatments,
the samples were rinsed in methanol and deionized water. We applied various
combinations of simultaneous mechanical and chemical treatments.

Figure 13 presents the changes of life time of the minority carriers in the InAs sample after:
a) grinding with alumna powder (grains No100) , b) diamond paste polishing, c) HF acid
etching [49].
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Figure 13. The life time of minority carriers in InAs after different surface treatment: a) alumna powder
grinding, b) diamond paste polishing, c) HF acid etching [49]

In these studies we observed that the life time of the carriers changed very essentially after
alumna powder grinding.

The changes of te stopped after some hours, but with different steady state values than
before the surface treatments.

The steady state value of the minority carriers life time after grinding with alumna powder
is equal to te = 2.5::10*s. In Figure 13, the time 1, denotes the steady state of life time of the
minority carriers before the surface treatments, equal to to=2.0:104s.

The very long time of the transient state of the life time shows that in the surface processes
not only fast surface states take part but also slowl surface states in the oxide layer.
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2.2.3. Conclusion

It follows from the presented results that the transverse acoustoelectric method (TAV) is
useful tool for studying the electrical and electron surface properties of semiconductors. On
the example of IaAs (111) it was shown, that the TAV method allows to determine
experimentally the surface potential and the effective live time of minority carriers, as well
as the type of the surface conductivity in the near-surface segion. Indium arsenide is a
relatively new semiconductor material. This material is used, among others, in the
technology of luminescence and electroluminescense devices, as well as target material for
laser diodes, hallotrons and gaussotrons.

Basing on the theory of acoustoelectric effects, one can present also the results of the
theoretical analysis ofr TAV versus the surface potential. These theoretical results and the
experimental relation Uak versus the external voltage Ud allowed to determine the value of
the surface potential in the investigated InAs sample by zero bias voltage.

In the case of the IaAs (111) sample the surface potential determined by means of our
acoustic method was equal to Us=-0.11£0.01 V.

We presented the theoretical results of the acoustoelectric voltage versus the electrical
conductivity in the near-surface region. It follows from this result that TAV is a very strong
function of the carriers concentration and only in the case of restricted concentration
partitions the TAV amplitude differs from zero value. In the investigated InAs (111) sample

these concentrations are in the range: 1.3::1015 + 7.0%::1016 cm 3.

We proved that the values of 1. depends on technology the type of technology of the surface
preparation. The largest changes of tec in the InAs sample were observed in the case of
mechanic alumna grinding (No 100) and for HNOs acid etching. The changes of te after
these surface treatments were of some tens percents. After cleaning and boiling in different
alcoholes, benzene and acetone the changes of life times were less, only about some
percents. The smallest changes of t. were observed after benzene cleaning (2-3 %). After
diamond paste polishing the changes of e amounted to about ten percents.

The Transverse Acoustoelectric Voltage Method is non destructive. Moreover, this method
does not require ohmic contacts with the tested semiconductor samples. This method
provides the possibility of determining the values of the parameters in high and very high
frequency ranges.

The results presented above were obtained for surface acoustic wave frequency of 134 MHz.
The surface semiconductors may be investigated by means of the SAW techniques up to
some GHz. Results of the semiconductors surface investigations of III-V group in a very
high frequency range have been presented in [48,49].

From the presented measurements it follows, that acoustic methods may be very useful
complement for existing electrical, photospectroscopy and photoemission methods of
semiconductor surface investigations.
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3. SAW application in gas sensors

The SAW sensor set-up is based on frequency changes in a surface acoustic wave dual delay
line system, which is nowadays well known — Figure 14.

Af=f- {

Figure 14. The SAW dual delay line system based on frequency changes. The abbreviations: ®a , Pt -
phase shift introduced by amplifier and transducer respectively, A - amplifier; v, vo - velocity of the
SAW in a measuring and reference paths [24]

On a piezoelectric substrate (usually LiNbOs) two identical acoustic paths were formed
using interdigital transducers [50]. Next an active multilayer sensor structure is formed in
the measuring line by vacuum deposition processes. The second path serves as a reference
and can compensate small variations of ambient temperature and pressure. Both delay lines
are placed in the feedback loop of oscillator circuits and the response to the particular gas of
the active multilayer is detected as a change in the differential frequency Af, i.e. the
difference between the two oscillator frequencies f and fo.

Principally, any change in the physical properties of a thin active multilayer, due to its
interaction with gas molecules on a piezoelectric surface can affect SAW propagation.
However, from the practical point of view only the two following effects have a potential
meaning. Namely, a change in the mass density of the multilayer, and a change in its
electrical conductivity cause significant changes in the velocity and attenuation of the SAW
and consequently changes in the frequency f and Af .

At first, according to D'Amico [51], we used a palladium (Pd) layer as a sensitive material in
experimental results. A palladium film absorbs easily hydrogen molecules and is a well
known material for the detection of hydrogen. Hydrogen absorption and desorption cause
changes in the density, elastic properties and conductivity of the Pd film. The process is
completely reversible. The obtained result was unfortunately very weak — Figure 15. The
changes of the frequency Af do not exceed 50 Hz for 0.5 % and 1 % for hydrogen in nitrogen
at 30 °C and this is almost the detection limit of the equipment. At higher temperatures there
were no better results. When a 720 nm CuPc layer was used the sensor response amounted
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to about 600 Hz, but only at higher temperatures than70 °C. The result is shown in Figure
16. It is also a well- known fact, that phthalocyanine films must be thermally activated to
detect gas. The investigated CuPc layer with a thickness of about 720 nm was obtained by
means of the vacuum sublimation method, using a special aluminium mask.
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Figure 15. Changes of the differential frequency versus time at two concentrations of hydrogen for 20
nm of palladium at 30 °C [51]

The source temperature was about 600 °C and the thickness was measured by the
interference method. Before the specific process of sublimation, CuPc powder (Aldrich) was
initially out-gassed at 200 °C for 15 to 20 min in vacuum (10 Torr). The CuPc vapour source
was a crucible placed in a properly formed tungsten spiral. A copper-constantan
thermocouple was used to control the temperature. In the case of multilayer structure the
obtained results are very promising. We can observe recurrent changes of the differential
frequency of the measurements system in the function of the medium hydrogen
concentration in nitrogen at 30 °C and 50 °C of interaction — Figure 16.
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Figure 16. Changes of the differential frequency Af versus time concerning a multilayered sensor
structure at 30 °C with different concentrations of hydrogen in nitrogen [24]
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Such a good work of the sensor may be explained as follows. As already mentioned above, it
is well known, that the palladium film easily absorbs hydrogen molecules. However, when
we use only a metal (palladium) layer on a piezoelectric substrate (which was LiNbOs Y-Z),
the metal layer shortens the electric field associated with the surface wave. Consequently,
the sensor can detect only the mass loading. When only a CuPc layer is used, the sensitivity
of this compound is too weak to detect hydrogen molecules, besides, the conductivity of the
layer at room temperature is too high and this sensor must be temperature-activated.
Nowadays it is well established, that in the case of phthalocyanine compounds in a SAW
system the electric effect is much greater than the mass loading. So that, to take full
advantage of the high sensitivity offered by the SAW sensor, the thin film conductivity must
be in some particular range [25,52,53]. The multilayer structure (CuPc 720 nm + 20 nm Pd)
on a LiNbOs Y-Z substrate has probably its resultant electrical conductivity well fitted to the
high sensitivity range of the SAW device and can detect hydrogen molecules even at room
temperature.

We have also used hydrogen phtalocyanine covered with a thin palladium film. Interaction
results with hydrogen gas are shown in Figure 17.
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Figure 17. Changes of the differential frequency Af versus time in a multilayered sensor structure at 23
0C and at different concentrations of hydrogen in nitrogen [52,53]
3.1. Acoustoelectric effect in the piezoelectric — semiconductor layer

In the case of small disturbances, both mass and the electric load mentioned above may be
considered separately, assuming that the total effect of a relative change of the wave vector

111



112  Modeling and Measurement Methods for Acoustic Waves and for Acoustic Microdevices

Ak/ko and the velocity of propagation Av/ve, is the sum of both these component

disturbances [22].
ko ko ) \Ko ),

Making use of the theory of disturbances [54], the contribution of each of these effects can be
determinates theoretically. From the physical point of view it seems to be essential that the
influence of each effect (mass and electrical) should be considered separately from its
reaction to the interaction of the layer with gas. In the case of an electric effect we may
assume that the mass of the layer is m=0. The electric “load” results from the effect of the
interaction of the electric potential associated with the surface wave with mobile charge
carriers in the layer.

3.2. Electrical surface perturbations

In these problems the mechanical boundary conditions are unperturbed. If the electrical
boundary conditions are perturbed only at the upper surface y=0, the perturbation formula
is [23,54]:

_o[¢(0)5;(0)-'(0)0, (0)]

(Ak) =~ P (15)

where the index ¢ refers to the change of the wave number due to disturbances, electrical
surface perturbations.

In these problems the mechanical boundary conditions (T=0) are unperturbed. Unperturbed
electrical boundary conditions are usually neither a short-circuit [0(0) = 0] nor an open-
circuit [Dy(0)=0]. The best agreement between the perturbation theory and exact numerical
calculations is obtained by using the so-called weak coupling approximation, in which the
stress field T is assumed to be unchanged by the perturbation.

We can define an impedance per unit area [30,55]:

ZE<0>=[Z.&Z; J 16)
y=0

y

It will be assumed, that unperturbed problem provides free electrical boundary conditions
at the substrate surface, that is, the region above the substrate (y<0 in Figure 18) is a vacuum
and extends to y— . The space-charge potential satisfies the general form of Laplace. For
this region Laplace’s equation is reduced to [30]:

Vo =0 17)

The unperturbed potential function is therefore:
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Figure 18. Electrical surface perturbations [30]

D=0y (y)e ™ =eVe ™, y <0 (18)
and the normal component of electrical displacement is:
D =—kee¥e ™ <0
y 0 y (19)
Consequently, the unperturbed surface impedance is:
Z,(0)=—— 20)
E iwkyg,

The perturbed boundary conditions will be specified in terms of the normalized surface
impedance:

(1)

The potential of the perturbed fields ¢’(0) and the electrical displacement Dy(0) are now
related to the unperturbed fields:

?(0)=p(0)+ A

22
D! (0) = D, (0) + ko, A @2)

where

2
T_ [T . T (T
£, =1|€y62 (gyz)
and the approximation ko’ = ko has been made. The electrical displacements Dy(0) and D,’(0)
are expressed in terms of potential. At the end the electrical potential and induction may be
expressed as:
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0'(0)= iz «»Mww) @)
F & —iggz%(O)

k 6‘0(6‘0 +6‘Z;)

D' (0)=- 24
O (24)
At the end we obtain:
A_k _ [ Ao 1+iz%(0) 25)
k, )., T

1-i-"2z(0
-1z
80 E( )

for the unperturbed boundary conditions (electrically free), and perturbation of the velocity
due to an electrical short-circuit on the boundary (sc):

2
(MJ ol o) (26)

Uy 4p

This is the Ingebrigtsen formula for electrical surface perturbations of SAW Rayleigh waves.
It is also applicable to other types of piezoelectric surface waves when the appropriate

. 1 .| Av . .
normalized surface wave potential is used in [—J . Since the unperturbed wave satisfies
%

sc

free electrical boundary conditions, then Ak—0 in (2.13) when:

Zp(0) |

27
zol” 27)

zp(0)=
The influence of the effect between the electric potential associated with the acoustic wave
and the carriers of the electric charge in this layer leads to a decrease of the velocity. This

effect depends on the electromechanical coupling factor K?. The Ingebrigtsen formula for
electrical surface perturbations of SAW Rayleigh waves is reduced to the form [23,30]:

2 f
Ak :K_ 1+1z;(0) (28)
k, 2 el
1-i-22.(0)
0

where
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3.3. Infinitesimally thin semiconducting sensor layer

We consider first the RF interaction with an infinitesimally thin semiconductor, regarded to
be thinner than the Debye length. For the width w in the x direction, the one-dimensional
equation of motion is:

apy

o (29)

I, =pyHE,~D
where I: is the total RF current in the direction z, 01 and po1 are, respectively, the RF and dc

charge density per unit length. The quantities 1 and D are, respectively, the carrier mobility
and diffusion parameters. By combining the one-dimensional equation of continuity:

dl
—Z +iwp, =0 30
% iop, (30)

with (2.17) and assuming that all RF quantities vary as exp[i(wt - kz)], it follows that the RF
charge field is related by:

p1(@-iDK?) = kpy E, (31)

Although thin, the semiconductor layer has a finite thickness &, width w and the volume dc

P
Po = %h

Following the conventions established by White [49] for the volume acoustic wave in

charge density is:

configurations, where we define the relaxation frequency .= M and the diffusion
&
2 kT
frequency oy, = BO =—B— 41, where ks - Boltzman’s constant, T — temperature.
We then rewrite (31) in the form:
(“’j ekh
®
pS = —EZ (32)
.o
1-i—
@p

where p, = P %

3.4. Surface impedance of single semiconducting sensor layer

Figure 19 presents the schematic diagram of the layered SAW gas sensor.
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When y < 0 in Figure 19, we assume isotropic conditions. The space-charge field boundary
conditions for single semiconductor layer in the plane y=0 are respectively: ¢(0) = ¢(0*) and
Dy(0") — Dy (0%) = 0s, where Dy(0") = €0 Ey(0). Since we assume that the field solution has an

N
electrostatic form E=-V¢ , we imply that E = ikogo(y,z) .

By applying Gauss’ law and potential continuity in the plane y=0, the impedance z£(0) can
be expressed in the following form:

- -h
/ Semiconducting sensor layer
R /_\\4- 7~ e o %
Z
LiNb03Y-Z
YY

Figure 19. Schematic diagram of the layered SAW gas sensor [30]

-1

zp(0)=| —i+

(33)

where os = 0  is the surface conductivity of the layer.

In the case of the diffusion effects are small (D~0), the surface conductivity is independent of
the frequency of the wave propagation and surface impedance z£'(0)is only function of the
surface conductivity os

-1

2,(0) = (—H s J (34)
€Y

3.5. Dependence of the SAW velocity vs. surface layer conductivity

Imaginary and real parts in the equations indicate changes in the attenuation and velocity of
an acoustic wave [22]:

22 pm {A—k} 20 _Re {A—k} (35)

ko
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When the diffusion effect vanishes (D=0), the perturbation of velocity will be independent of
the frequency of the propagated wave.

The reduction of the velocity of propagation is mainly caused by two phenomena [22,30]:

a. The mass load on the crystal surface, resulting this time from the phenomenon of
adsorption of gas particles on the layer surface, the surface density may be disturbed
due to the additional mass of absorbed gas particles and the elastic modulus of the
isotropic layer and

b. The electric “load” resulting from the interaction of the electric potential associated with
the surface wave with mobile charge carriers in the layer. This results of changes in the
electric conductivity of the layer due to the interaction of this chemically active layer
with gas.

The electric effect has one very interesting feature, namely it causes significant changes in
the propagation velocity of the SAW only in some particular range, which depends only on
the properties of the piezoelectric substrate (which was LiNbOs, Y-Z); the metal layer
shortens the electric field associated with the surface wave [22,30]. According to this theory
we can prove that surface conductivity influences the detection features of SAW gas sensors.
The initial value of the conductivity determines the point of sensor work. The value of
acoustoelectric interaction in the sensor configurations fulfill an important role in the
sensitivity of the sensor. Figure 20 presents the characteristics of the relative change of a
surface acoustic wave and its attenuation in the function of conductivity. In the case of
LiNbOs the cuts Y-Z as piezoelectric substrate the high sensitivity range of the sensor in the
region:
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Figure 20. Velocity and attenuation of the SAW wave propagation versus the electrical conductivity of
the sensor layer [22]
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O

0.15<—5 <5 (36)

UOCS

3.6. Analytical model of the SAW gas sensor

The concentration profile of the gas molecules in the sensor layer depends on the
phenomena of gas diffusion in porous material. The mechanism of gas diffusion through a
porous material depends on the size of the pores and the type of surface diffusion:
Knudsen’s diffusion and a molecular one. If the pores ranging from 1 to 100 nm in radius
the Knudsen diffusion occurs. The Knudsen diffusion constant, Dk, depends on the
molecular weight of the diffusing gas, M, the pore radius, r, temperature, T, and the
universal gas constant, R, as follows [26,28]:

_4r [2RT

D == 37
Ko 3\ zM (37)

Two assumptions, i.e. Knudsen diffusion and first-order surface reaction, allow to formulate
the well-known diffusion equation [26-28]:

oC o*C
6tA =D, asz ~kC, (38)

where Ca — is the concentration of target gas, t - time, y distance from the bottom layer,
counted from the piezoelectric substrate, k is the rate constant.

. . o .. 0C .
The general solution of this equation in the steady-state condition 8_1,‘A =0 is:

C,=C exp(y\/DZ]+C2 exp(—y\/DzJ (39)
K K

here C: and C: are integral constants.

For boundary conditions at the surface (y =-h): Ca = Casand 0C/dy = 0 the following equation
can be obtained [26,28]:

COSh(‘y‘Jk / Dy) (40)

474 cosh(|-n|\k/ Dy)

Cas is the target gas concentration outside the film at the surface y = -h. The concentration
profile depends on the thickness of the sensor layer and the constants k and Dk. The gas
concentration inside the film is not constant. As in resistance sensors of the gas we may

assume that the electrical conductance a(y) of the sheet exposed to the target gas is linear
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to the gas concentration (C, ) [26]: J(y) =0, (1i a-C A), where o, is the layer conductance

in the air, a is the sensitivity coefficient. In resistance sensors the electrical conductance of

the whole film is given by integrating O'(y) over the whole range of y (y =-h;-0). That

treatment has been proposed by Sakai, Williams and Hilger [26,56]. We can’t treat a
semiconductor layer in a homogeneous way of thinking, because the profile of molecule gas
concentration in a semiconducting sensor layer changes with the distance from the
piezoelectric substrate and may influence the acoustoelectric interaction differently. To
analyze such a sensor layer in SAW configuration we have to assume that the film is a
uniform stack of infinitesimally thin sheets with a variable concentration of gas molecules
and with a different electric conductance. Each sublayer is in another distance from the

piezoelectric wave-guide (Figure 21).

LiNbQ, Y- Z
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Figure 21. Model of a sensor layer in SAW system (n-sublayers) [57]

Figure 22 presents blocks whose common admittance is calculated basing on the law of
impedance transformation and electronic equations. Then we applied the common

impedance to the Ingebrigtsen formula.
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Figure 22. Diagram analysis of saw-type sensor [57]
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The common admittance was applied in compliance with the Ingebrigtsen formula, which
consisted in the defined impedance Z'E(O) on the surface at y = 0. The main problem was the

calculation of the common normalized admittance which can be easy apply in the
Ingebrigtsen formula. By using the impedance transformation law we counted the common
admittance “which is seen” by an acoustoelectric wave on the plane y = 0.

We can see, that impedance transformation law takes the form [57]:

i-tgh(kyh)+zg(~h)

£(0)= , 41
70 1-i-z,(~h)-tgh(kh) 4D
The Ingebrigtsen formula for ,,n” sublayers is as follows [57]:
do_ _Re{A_k} _
UO kO
n-1 2
K2 |:GT2 (1+“CA,y=o)+;GTZ(%)]((%/GT2(%))} (42)
_7 n-1 2 et 2 , :
{GTZ(HQCAMHZGTZ(yf)f(yf,GTz<yi))} +[1+Zg(yi,%(yi))} (2,Cs)
i=1 i=1
where: Cg =g, + 85
2
1-| tgh(ky,
f(yilo-(yi)): [ ( )} 5 (43)
2 o(v:)
[1+tgh(ky,) | +| tgh(ky,)-
€0l
( 2
[1 + ’cgh(kyl.)}2 + tgh(kyl. ) . [ i yi)J
0%
g(vio(vi)= 5 (44)
2 0(%)
[ 1+tgh(ky,) | +| tgh(ky,)-—=
€%
Eg L-T
and o, =07 exp T | a(yi):ao[1+a-CA(yi)] , O, :a(O), ks — Boltzman
B ‘112

constant, Eg —band gap energy

3.7. Numerical results

According to the transformation law we calculated the common admittance on the surface
y=0. The gas concentration profile was counted basing on the concentration of the profiles
[58], which are different for gases, depending on Knudsen diffusion constants, temperature,
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molecular weight, the gas constants R and the thickness of the porous sensing materials
with an assumed porous radius. A simple model of a structure consisting of porous sensing
material is shown in Figure 19. Molecular hydrogen dissociated to atomic hydrogen on the
outer catalytic surface of Pd. Adsorbed hydrogen atoms then act as electrical dipoles at the
metal semiconductor interface and involve changes in the work function in the surface
conductivity of the semiconductor material [53,58]. The target gas, diffusing in the sensing
layer, is gradually consumed in the surface reaction. Under steady-state conditions the gas
concentration inside the sensing layer decreases with the increasing diffusion depth,
resulting in a gas concentration profile which depends on the rates of the surface reaction
and diffusion reaction. Other gases like NHs, CO2, NO2 can diffuse similarly as hydrogen
into porous sensing material depending on its temperature, molecular weight and the
physical parameters of the sensing layers.

Some numerical results concerning the gases mentioned above are presented in Figures 23,
24, 25. We assume the following values for the involved constant o, =v,Cg = 1.6x107%[Q7"],
sensitivity coefficient a=1 [ppm], thickness of the sensor layer 100 [nm], temperature 300

[K], pore radius 5 [nm]. As a sensor layer we use thin film of WOs.

Velocity change [%]

0 200 400 600 800

Gas concentration [ppm]

Figure 23. Velocity changes of the SAW wave propagation vs. gas concentration [58]
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Figure 24. SAW wave propagation velocity changes vs. thickness of the sensor layer for 300 ppm Hz,
CO2, NO2 or NHs [58]
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Figure 25. SAW wave propagation velocity changes vs. temperature of the sensor layer [58]

3.8. Conclusions

a. Experimental studies have shown high sensitivity dual sensor layer system especially:
semiconducting polymer layer (CuPc) and palladium catalyst thin layer for hydrogen
detection. It is also observed in the palladium phase transition at concentrations above
2% hydrogen in synthetic air.
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The designed mathematical model of a SAW sensor is based on the electric effect which
results from changes in the electric surface conductivity of the layers os(y), due to the
interaction of this chemically active layer with gas.

In the analytical model we introduce sheet conductance which is assumed to be linear
to the gas concentration.

We divided the porous semiconductor layer into sublayers. According to the
transformation law we calculated the influence of the impedance above the
piezoelectric substrate on the relative change of velocity versus the concentration,
thickness, size of the pores and temperature.

We assumed the Knudsen diffusion in porous sensing materials in which pores in the
range from 1 to 100 nm in radius do prevail.

The analytical model allows the optimization of sensor parameters of a sensor layer and
the correct choice of sensor conditions
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