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The ac small-signal impedance of electro-acoustically active semiconductors is calculated. Essential for the ac description
presented is the introduction of potential troughs that are coupled to the amplified acoustic waves. The calculated imped-
ance shows a frequency dependent behaviour and resonances which are in good agreement with experimental results for CdS.

1. Introduction. For many years now continuous interest has been shown in the electro-acoustic effect, i.e. the
amplification of travelling acoustic waves through interaction with supersonic drifting charge carriers in piezo-elec-
tric semiconductors.

As a first step White [1] gave in 1962 a linear description of the electro-acoustic effect known as the linear
small-signal gain theory. In 1965 Greebe [2] used the linear small-signal gain theory to calculate the consequences
that boundary conditions have on the impedance of semiconducting piezo-electric plates. Strong nonlinear inter-
action of space charge waves with stress waves, however, restricts the usefulness of linear theories.

The most prominent nonlinear effects appearing in the sound amplification process are current saturation,
electro-acoustic domain formation, current oscillations, parametric interaction of sound waves, large current fluc-
tuations in the saturation current, and impedance effects. Several authors [3—7] have tried to describe these non-
linear phenomena. Since, however, descriptions of this kind, which start from basic principles, are very difficult,
many of these phenomena are not yet understood quantitatively.

In 1967 Moore [6] avoided the use of nonlinear equations by suggesting that the observed current saturation
and current fluctuations are caused by bunching of free charge carriers in potential troughs which are coupled to
the amplified acoustic waves via the piezo-electric effect. He described the observed current fluctuations in CdS
by a trough creation—annihilation process.

In 1978 Zijlstra and Gielen [7] modified this theory by accounting for transit time effects in a local description.
They neglected the displacement and the diffusion current in the expression for the current density and assumed
that the creation and annihilation of troughs are independent of electric field strength. As a consequence they
found a frequency-independent impedance. Experimentally, however, the observed ac impedance of electro-
acoustically active CdS crystals turned out to be frequency dependent. In fact experimental results showed in addi-
tion to the familiar dielectric roll-off, another, lower frequency roll-off in the range of 1 MHz.

The aim of this paper is to show that the observed frequency dependence of the ac impedance can be explained
if the local description is extended by taking into account diffusion, space charge, displacement current and the
electric field dependence of the trough creation and annihilation rates. It should be noted that this calculation
holds for crystals where a continuous type of amplified acoustic flux is observed (i.e. where no electro-acoustic
domains are observed) and when a one-dimensional description obtains.

2. Theory. We consider here an n-type piezo-electric semiconducting crystal, where the electric field is applied
along a symmetry axis, the x-axis. In the case of CdS the x-axis coincides with the cg-axis.
Current saturation is explained by the assumption that part of the electrons in the conduction band are trapped
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in potential troughs which are associated with the large amplitude acoustic waves and which therefore move with
the sound velocity. If we assume that these troughs are spontaneously created and annihilated throughout the
crystal, the master equation for the trough density n, reads [7] ,

on,/dt=p — b —vg On[ox , (6] /

where p is the creation rate of troughs per unit volume, b the annihilation rate of troughs per unit volume, # is time
and v, the trough velocity.

Although the inclusion of diffusion and space charge is important in the ac case it can be shown that for the
steady state these can be neglected *1. This implies that the steady state values of the electric field strength £, the
free electron density 714 and the density of electrons trapped by troughs 71, are independent of x [7]. In addition
we make the approximation that each trough contains /V electrons, where N is not explicitly dependent on x. The
density of trapped carriers is given by

ng=Nn, . - @)
Applying the trough model the current-density equation becomes
j= —qngvq — qngg + an an/ax + aD/ot ’ (3)

with j the total current density, —q the electron charge, vy the drift velocity, D,, the diffusion constant, n the total
electron density in the conduction band and D the electric displacement.

Egs. (1)—(3) are completed by Gauss’ equation, the carrier-continuity equation, the piezo-electric relations and
the wave equation. Note that the introduction of the trough model removes the need for cumbersome nonlinear
equations. When deviations around a steady state are small the equations can be linearized.

For small deviations around the steady state we have in first order approximation

Ap — Ab = —An, /7 + (3p/IE — 3b[3E) zg—o AE @)
with
7= —(3p/dn, — 3b/dny) 5y g

the mean lifetime of fluctuations in the trough density. We assume in addition that the number of electrons per
trough N depends on the electric field strength; thence

AN = (ON/OE) pp=q AE . (5)

Finally we obtain a set of 10 linear homogeneous differential equations in 10 variables, which can be solved by
considering solutions of the type exp i(wt — kx).

Solving for k and using boundary conditions in accordance with experimental circumstances, for instance free
end surfaces yielding zero stress at the boundaries, we obtain the following approximate expression for the ac small
signal impedance *1

[exp(—ikyL) — 1] [exp(—ikyL) — 1](ik,By — ik1B;) J
Z(w) = L 1-K?2 ! L2 LT T (6)
Ala/(r71 +iw) + 0y + 04 + 03 +iwe] kykyL[exp(—ikyL) — exp(~ik,L)]
where we used the reasonable assumption
K26, 51 <1, @)

with L the contact spacing, A the contact area, K, = (e2/ec)!/2 the electromechanical coupling factor, where e is
the piezo-electric constant, € is the dielectric permittivity, ¢ is the elastic constant;

*1 Details to be published elsewhere.
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a=q(04 — v) N(Op/dE — Ib/OE) pp=(
01 = quig with p the electron mobility, o, = q,u'r'zS with u’ the mobility of trapped electrons,

03 = q(0q — vg) i BNOE) pp= » Ky =(wfvo)(1 —3K26)), Ky =—(wlv)(l — 1K26,),

1-— l—)d/US — l(O/O)D

By

1 Ug/vg — i[w/wp + (ar + 0y + 05+ 03)/ew]

1 +04/vy — iw/wp

Brp=—- ;
1 +54/v — i{w/wp + [a(r=! + 2iw)~1 + 0 + 0, + 03] /ew}

where wp = sz/Dn is the diffusion frequency.
Substituting reasonable values for the unknowns into eq. (6) it is found that the second term in eq. (6) only
contributes significantly at frequencies given by

f=@m+1)vy/2L, m=0,1,2,3, ... 8)

Note that L/v is the transit time of sound waves.
Three limiting cases are of interest for our measurements:
(i) w — 0, then (6) becomes

Z(0) = L/A(ar + 0y + 03) ®)
(0, vanishes, beca.use ' is assumed to go to zero when w = 0);
(i)
w> oy + 0yt o3 +[a/(r~ 1 +iw)] /e,
then
Z(w) = L[iAd we , (10)

corresponding to the dielectric roll-off of a device with capacity C = e4/L;
(iii) intermediate frequencies, where

0yt 0y + 03> liwe + /(71 +iw)| .
Then we find an impedance which is given by

Z(w)=L/A(0) + 05t 03) . (1)

3. Experimental results and discussion. Measurements were carried out on semiconducting CdS (p = 30  cm)
with the electric field applied along the c-axis (typical dimensions A = 1 X 1 mm2, L = 1.5 mm). From the thresh-
old voltage defined by the onset of the current fluctuations [8], Brillouin scattering data and the knee-voltage in
the current—voltage characteristic it was clear that transversal off-axis waves were amplified in accordance with
earlier reports [9].

Since off-axis waves with wave vectors making an angle from 10° to 50° with the direction of the electric field
are expected to be amplified [10], the resonances predicted by eq. (8) will be smoothed out over a larger frequency
interval. This smoothing out will occur because in practice we have a distribution of trough velocities, which corre-
sponds with a distribution of transit times.

Fig. 1 shows the result of an impedance measurement at 150 V, a value which is 25 V above the treshold voltage
defined by the onset of the current fluctuations [8]. Resonances appear at frequencies given by the odd harmonics
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! Fig. 1. Ac impedance of semiconducting CdS at 150 V (25 V
above the threshold voltage). The solid line gives the best fit
L L | —= FREQUENCY i) ' calculated impedance with the help of eq. (6). Resonance fre-
1 2 3 7 10 10 10° quencies are indicated by arrows.

of 500 kHz. So from eq. (8) we find the trough velocity vg = 1.53 X 103 m s—1. The value of the trough velocity
v is somewhat lower than the sound velocity of transverse waves (1.8 X 103 m s~1), but can be interpreted as the
projection of the sound velocity of 30°-off-axis transverse waves on the direction of the electric field strength.
Physically this would mean that troughs are carried along in the direction of the phase velocity of the amplified
acoustic waves,

Using the threshold voltage V= 125 V and the sound velocity v, = 1.53 X 103 m s—! we find a mobility of u
=y L[V, =2X 10-2 m2 V-1 5~1 which is in accordance with mobility values in the literature [11]. The solid line
in fig. 1 is calculated with the help of eq. (6). An unambiguous fit to the measurements can be obtained, if 7= 1.79
X1077s,a=—5.77 X 106 (2 ms)~1 and o, + 05 + 05 = 2.77 (2 m)~. It should be noted that in eq. (6) we used
u' = constant in the frequency range considered.

Additionally from the current—voltage characteristic we find at 150 V, 71g = 6.1 X 1020 m—3,50 g, = 1.95 (2 m)~!
and 7ig = 4.3 X 1020 m=3, and with the help of eq. (10) o5 = 0.21 (2 m)~1. It follows therefore that g, = 0.61
(2 m)~! which means that u' =8.9X 10-3 m2 V-1 51, ‘

From the above we can conclude that trapped electrons are less able to respond to an alternating external elec-
tric field than free electrons.

A value of & <0 has the physical meaning that an increase in the applied voltage causes an increase in the num-
ber of troughs. On the other hand, the number of electrons per trough decreases when the voltage is increased,
because 03 appears to be positive.

More experimental data are necessary to complete the physical picture regarding the voltage dependence of the
introduced variables. However, it is clear that problems concerning the ac small signal impedance can be solved in
a very comprehensible and simple way.
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