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An analytical investigation of excitation of acousto-electric 
mode was made in n-type piezoelectric ion-implanted 
semiconductor plasma by employing hydrodynamic model 
of inhomogeneous plasma. Using the multi-fluid balance 
equations along with the elastic and Maxwell equations, a 
compact dispersion relation for the cases in which colloidal 

grains are either stationary ( 0)od  or streaming 

( 0)od   is derived. We find that the choice of ho-

mogeneous medium is favourable in achieving higher 
acoustic gain per radian and the results of the investigation 
should be useful in understanding the characteristics of 
longitudinal acousto-electric wave in ion-implanted 
piezoelectric semiconductor whose main constituents are 
electrons and negatively charged colloidal particles. 
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INTRODUCTION 

The importance of colloids laden semiconductor plasma for a number of applications in 

processing of materials, fabrication of devices, etc [1-3] made it a subject of study rather 
intensively. The influence of the highly charged and massive colloids, formed within the ion-
implanted semiconductor material, on the plasma properties, wave propagation characteristics, 
in finding the novel wave modes and in modification of existing plasma mode spectra is a 
subject of great current interest. Recently, this medium has attracted plasma and device 
physicists in finding the new modes of electro-acoustic [4], Alfven [5], electro-kinetic waves 
[6] and instability of acouto-electric wave in colloids laden or ion–implanted semiconductor 
plasmas. 

Most of the earlier investigations of phonon-plasmon interaction have been made for 
homogeneous semiconductors [7-11]. Under crossed fields configurations complete 
homogeneity of a plasma system can not be achieved due to the Lorentz force. Development 
of a complete homogeneous crystal medium is practically impossible. On the other hand, the 
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inhomogeneity may be induced in a material by non-uniform doping or by exposing it to non-
uniform radiation. If the system has gradient of density, temperature, pressure, magnetic field 
etc. a plasma current or a particle drift exists otherwise in the presence of d.c. electric field the 
gradient enhances the particle drift. 

The interaction between the electron streams and various waves present in an 
inhomogeneous system have aroused great interest because under certain conditions 
amplification or generation of various types of waves, both electromagnetic [12-14] and 
acoustic is easily possible in such system [15, 16]. Guha at. el. have analyzed the theory of 
acoustic wave amplification in an inhomogeneous semiconductor. Motivated by the 
fascinating works of Ghosh et. al. [4, 16, 17] we intend to report the investigations made on 
the dispersion and absorption characteristics of phonon–plasmon mode in inhomogeneous 
colloids laden semiconductor plasma. The interaction between electrons and lattice vibrations 
is one of the fundamental interaction processes in solids; it gives useful information regarding 
the physical properties of the host medium. By the application of a d.c. electric field the 
acousto-electric interaction can lead to amplification of acoustic wave which has been utilized 
for the fabrication of delay lines, acousto-electric amplifiers and oscillators etc.     

THEORETICAL MODEL 

In the present model, we considered an inhomogeneous piezoelectric semiconductor 

sample of infinite extent in the presence of implanted ions which consequently turn to neutral 
colloidal particles. The medium is subjected to a dc electric field applied along the z-axis. In 
the present paper, we have analyzed the role of inhomogeneity due to the density gradient on 
the acoustic wave propagation which is taken to be propagating along the z-axis and the 
density gradient n0 is taken in the direction of wave propagation. Since the electrons move 
swiftly in presence of d.c. electric field therefore we consider that the neutral colloids tend to 
acquire a negative charge due to various sticking processes. The average size of the colloids is 
assumed to be much less than the inter-grain distance, the electron Debye radius, as well as the 
wavelength, so that they can be treated as point masses [18]. Hence, the material can be safely 
treated as the multi-component plasma consisting of electrons and negatively charged colloids 
under hydrodynamic limit. 

For the wave, we assume that all perturbations vary as exp [I (t – z)] in which (, ) 
are the frequency and wave number. Under the considered geometry, the wave equation in an 
elastic piezoelectric medium becomes 

      2 2 ,x zc u i E      … (1) 

where  is the piezoelectric coefficient of the medium and all other symbols have the same 
meanings as defined by Steele and Vural [19]. 

If the wavelength is much smaller than the density decay length –1( = n0/n0), we can 
make the “local approximation” by assuming  independent of z. Then, for electrons the 
continuity equation yields 
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where n1 and n0 are number density of electrons and colloids, 1e  and 0e  are velocities of 

electrons and colloids. 
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Since the colloidal particles are independent of the above approximation, therefore, for 
negatively charged colloids the continuity equation yields 

     11

0 0

,
( )

d

d

n

n




 
 … (3) 

where 1d  and 0d  are drift velocity of electrons and colloidal particles. 

In the present configuration the electrons and charged colloids acquire perturbed motion 
in accordance with first-order momentum balance equation and we can write 

     1( / )

( , )
e z

ez
i e m E

F
 

 
 … (4) 

and      1( / )

( , )
d d z

dz
i z e m E

G


 

 
 … (5) 

where    0
0

( )
( , )

( )
e

e e
e

Dv i
F iv

i

   
      

    
 … (6) 

and      0( , ) e dG iv       … (7) 

Here e and zd e are the charges on electrons and colloids, respectively. zd = qd /e is the ratio 
of the charges, qd on a colloidal grain to the electron charge e. od and vd are the drift velocity 
and momentum transfer collision frequency of the colloids. All other symbols have their usual 
meanings as defined by Steele and Vural [19]. 

Using eqs. (1) to (7), we get the dispersion relation for phonon-plasmon interaction in 
inhomogeneous piezoelectric semiconductor plasma as 
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where K2 = 2/c is the dimensionless electromechanical coupling coefficient. The plasma 

frequencies for electrons and colloids are given as 
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which n0e,d are the unperturbed number densities of electrons and colloids, respectively. 

In absence of density gradient ( = 0) and charged colloids (pd = 0), Eq. (8) represents 
the phonon-plasmon interaction in piezoelectric semiconductor plasma. 

 In the collision dominated regime 0 0( ,  and , )e d e e d dv v v v v v       under the 

approximation vs/ = 1 + i, where the gain per radian  is << 1. Eq. (8) yields 
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in which 2 /D s D    is the electron diffusion frequency, , 0 , / 1,e d e d s      

2
, , ,/ .Re d pe d e dv    The sound wave is amplified only when gain per radian α obtained in eq. 

(9) is positive. 

Now we shall focus our attention towards the amplification characteristics of sound wave 
for two distinct cases i.e. of stationary and streaming charged colloids. 

2.1 Case 1: Stationary Colloids (od = 0) 

Unless one considers the lowest part of the grain mass spectrum and very low frequency 

modes, the grain dynamics can be ignored with respect to the electron dynamics. Thus for ul-
trasonic frequency regime and robust colloidal grains, we can safely assume v0d = 0 and 
consequently d = –1. Using this approximation Eq. (9) reduces to  
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From Eq. (10a) it may be inferred that this mode will be amplified only when 

     e > 0 … (10a) 

and     
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It is clear from numerator of eq. (10) that the inhomogeneity factor (/) tends to decrease 
the value of gain per radian. It may also be inferred from eq. (10b) that the limiting value of 
frequency below which one gets amplification, increases further in presence of inhomogeneity 
(/); hence the wave frequency spectrum width for which one gets acoustic gain enhances. 
Thus it may be concluded that the presence of inhomogeneity in the medium effectively 
modifies the instability criteria. 
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2.2 Case 2: Streaming Colloids (0d  0) 

In this case we consider the dynamics of colloidal grains. To study the amplification 

characteristics of the acoustic wave, we will discuss different velocity regimes as follows. 

2.2.1 When e > 0 and d > 0 i.e. 0e > s < 0d 

In this regime, the expression for gain per radian (eq. 9) reduces to 
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It may be inferred from the above equation that acoustic wave will be of amplifying 
nature only when 
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Thus the gain per radian in this velocity region will be 
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One can infer from eq. (11 b) that in this velocity regime the wave will always be of 
amplifying nature but the value of gain per radian is modified due to the presence of density 
gradient in this velocity regime. 

2.2.2 When e > 0 and d < 0 i.e. 0e > s < 0d 

From eq. (9) one can find that the gain per radian for this velocity regime as  
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From eq. (12) one can infer that α will be positive only when the expression within curly 
bracket in numerator is positive. Thus the gain per radian in this velocity region will be 
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In this case even though the charged colloids move slowly in comparison with acoustic 
phonon speed, one gets the amplification of sound wave in a frequency regime given as 
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It may be inferred here that gain per radian in the inhomogeneous medium decreases and 
simultaneously frequency spectrum width for which one finds gain, increases due to presence 
of density gradient. Hence the amplification characteristics of acoustic wave in this velocity 
regime is always decided by the physical parameters of the non-uniform semiconductor 
medium. 

2.2.3 When e < 0 and d > 0 i.e. 0e < s < 0d 

In this velocity regime, Eq. (9) yields that positive α is possible only when 
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and the value of gain per radian will be 
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Even though the electron drift is smaller than the acoustic speed, one may get the sound 
amplification in inhomogeneous semiconductor plasma where the inhomogeneity is due to the 
density gradient. Hence this is a new amplifying mode in phonon-plasmon interaction in 
piezoelectric semiconductor plasma. 

2.2.4 When e < 0 and d < 0 i.e. 0e < s > 0d 

In this velocity regime one will always get decayed mode ( < 0); hence it is of no 
importance. 
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RESULTS AND DISCUSSIONS 

Now we made calculations to study amplification characteristics of acoustic mode 

supported by the colloids contaminated plasma present in an inhomogeneous semiconductor 
viz. InSb using the result obtained in the previous section. The parameters chosen are: me = 
0.014m0, m0 being the electron free mass, md = 10–27 kg, L = 17.54,   = 0.054 C m–2,  = 5.8 
× 103 kg m–3, oen  = 1024 m–3, n0d = 1018 m–3, ve = 3.5 × 1011 s–1 and vd = 3.248 × 1010 s–1. We 

have used eqs. (10), (11a), (12) and (15) for the numerical calculations and the results are 
displayed in Figs. 1-4. 

Fig. 1 illustrates the absorption characteristics of acoustic mode using density gradient () 
as a parameter for stationary colloids (case I). It is clear from the graph that for all values of  
the gain per radian () follows the identical nature of variation with wave frequency () i.e., 
the gain first increases with increase in frequency, achieves a maximum value and then starts 
decreasing with increasing frequency. For   2.214 × 1011 s-1 the characteristics of the mode 
is reversed and it starts showing decaying nature for all possible values of . It means that to 
get amplification of acoustic mode in presence of stationary colloids, one has to confine in a 
frequency regime for which  < 2.214 × 1011 s–1. Hence, one may define a critical frequency 
cr << 2.214 × 1011 s–1, which is the reversal point of the wave amplification nature.  

 
Fig. 1. Variation of gain α with wave frequency  using  as parameter at                    

E0 = 103 V m–1 for stationary colloids (see Sect. 2.1). 

It may also be inferred from the graph that the acoustic gain per radian is always larger in 
homogeneous medium ( = 0) than in inhomogeneous media (  0). Consequently,                  
the maximum gain obtained in homogeneous sample (max   7.3 × 1012 SI units at                  
   1.5 × 1011 s–1) is the largest. But the value of wave frequency at which one gets maximum 

gain (max) is found to he shifted towards higher frequency as  increases. Hence in non-
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uniform medium in the presence of stationary colloids the value of gain constant and the 
maximum achievable gain decrease. Thus, the homogeneous medium is always the best choice 
for obtaining the maximum value of acoustic gain per radian in colloids laden semiconductor 
plasmas. 

 

Fig. 2. Variation of gain  with wave frequency  using  as parameter at               

E0 = 103 V m–1 for 0e > s < 0d (see Sect. 2.2.1). 

Figure 2 infers that in the velocity regime 0e > s < 0d the acoustic mode is always of 
amplifying nature for the frequency regime under study. With the increase in the wave 
frequency, the gain per radian increases parabolically. But as the uniform medium ( = 0) 
changes into the non-uniform one (  0), the value of gain per radian decreases. Hence, in 
this velocity regime also, the highest value of acoustic gain is possible in a homogeneous 
medium. 

Fig. 3 depicted the variation of acoustic gain per radian  with wave frequency  using  
as a parameter when 0e > s < 0d. It is clear from the graph that all the curves show identical 
nature of variations i.e. the gain first increases with wave frequency, attains a maximum value 
and then starts decreasing with increasing wave frequency. It may be inferred from this figure 
that the amplification of acoustic wave is possible only when   1.659 × 1013 s–1. The 
maximum gain obtained decreases with increase in . The frequency at which one obtains 
maximum gain shifts slightly towards higher frequency point as  increases. Here also one 
gets largest gain only in a homogeneous medium. Hence inhomogeneity due to the density 
gradient is found to be unfavourable for acoustic wave amplification in ion-implanted 
piezoelectric semiconductor. 

Figure 4 displays the gain per radian () versus wave frequency ω using density gradient 

() as parameter when 0e < s < 0d. In this velocity regime amplification of acoustic wave is 

possible only when  > 4.217 × 109 s–1. In the present case even though the drift velocity of 
electron is smaller than the acoustic phonon speed one obtains gain for the acoustic mode, 
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which is a very fascinating result, obtained in this study. Here in the lowest part of wave 
frequency, the gain is found to be insensitive while towards higher frequency it increases very 
sharply with frequency. 

 
Fig. 3. Variation of gain α with wave frequency  using  as parameter at                     

E0 = 5 × 103 V m–1 for 0e > s < 0d (see Sect. 2.2.2). 

 Wave Frequency ù(10 10 s-1) 

 

Fig. 4. Variation of gain  with wave frequency  using  as parameter at 

E0 = 102 V m–1 for 0e < s < 0d (see Sect. 2.2.3). 
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It is found that the frequency regime for which one gets amplification is different for 
different cases studied. The range of gain value is found to be maximum for case in Sect. 2.2.1 

when 0e > s < 0d and it is minimum for case in Sect. 2.2.3 when 0e < s < 0d.  It is true that 
one obtains minimum gain when electron drift is slower than acoustic speed, but for ordinary 
sample in this limit acoustic mode is always found to be decaying. 

CONCLUSION 

Hence in this paper we have investigated a novel possibility of acousto-electric wave 

interaction in non-magnetized inhomogeneous piezoelectric semiconductor. It is concluded 
from the above study that growth rate may be increased by decreasing the density decay length 
for the same system parameters. Thus the choice of homogeneous medium is favourable in 
achieving higher acoustic gain per radian in ion-implanted piezoelectric semiconductor. Since 
under crossed field configuration complete homogeneity of a plasma system cannot be 
achieved due to the Lorentz force, one should consider the inhomogeneity of the system while 
studying the propagation characteristics and instability of electromagnetic wave. Thus for the 
experimental verification of our theoretical idea, we propose to initiate a serious laboratory 
experimental efforts. 
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