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Abstract. Propagation of hypersound in a semiconductor superlattice in the presence of an 
external electric field of the form E = Eo t El cos(wr) has been studied theoretically. The 
analytical expressions obtained for the absorption coefhcient are presented graphically. It is 
observed that in the absence of an AC electric held the dependence of r on E" is non-linear 
unlike the homogeneous b u k  material where the dependence of r on Eo is linear. The inclusion 
of an AC electric field affects the relation between r and Eo depending on the values of E1 
and or. For a given El .  the peaks of the cwve of r against Eo decrease, shift and eventually 
oscillate for increasing values of wr, i.e. from or  << 1 to mr >> 1. 

1. Introduction 

The study of acoustic effects in semiconductors and particularly of acoustic wave 
amplification by drift carriers has attracted much attention [1-13]. It is known that, when 
an acoustic wave passes through a semiconductor, it may interact with various elementary 
excitations. In such an interaction the acoustic wave may lose or gain energy under certain 
circumstances. The latter is known as amplification and the former as attenuation of the 
acoustic wave. This idea of acoustic wave amplification was theoretically predicted in 1956 
by Tolpygo and Uritskii [ l ]  and by Weinreich [Z] and experimentally observed for CdS by 
Hutson et al 131 and for n-Ge by Pomerantz [4]. Since then there has been much work 
carried out, both theoretical and experimental. 

The study of this phenomenon in a superlattice (SL) has also attracted attention. Shmelev 
and Zung [ 141 have calculated the absorption coefficient and renormalization of the short- 
wave sound velocity in a SL. Azizyan [ 151 also calculated the absorption coefficient in a 
quantized electric field. The possibility of hypersound amplification in a quantized electric 
field was investigated in [16,17] and in a non-quantized electric field in [IS]. In this 
paper, we consider the amplification of hypersound in a SL in the presence of both DC and 
AC electric fields which hitherto has not been considered. The DC electric field is non- 
quantized, i.e. eEod << ZA (d is the period of the SL, ZA is the width of the lowest-energy 
miniband and e is the electron charge). The acoustic wave will be considered in the short- 
wave region of ql >> 1 (q is the acoustic wavenumber and 1 is the mean free path of an 
electron). Such an acoustic wave could be considered as a flow of monochromatic phonons 
(of frequency wq). 

t Permanent address: Department of Physics, University of Cape Coast, Cape Coast. Ghana 
$ Permanent address: Ghana Atomic Energy Commission, Accra, Ghana. 
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2. Theory 

This problem will be solved in the quasi-classical case, i.e. ZA >> s-'(h = 1). The applied 
electric field E ( t )  = Eo + Er cos(wt) is directed along the SL axis (z  axis). The sound 
absorption coefficient is determined by the expression U191 

S Y Mensah el a1 

where A is the constant of deformation potential, p is the density of the sample (SL), s is the 
velocity of sound, f (E,) is the distribution function and p is the momentum of the electrons. 
To determine the distribution function in the presence of the external field E(t ) ,  we solve 
the Boltzmann equation in the s-approximation and assume further that T is constant. The 
kinetic equation is given by 

Performing the transformation p -+ p - p' where 

and then taking into consideration the energy of SL in the lowest miniband, which is given 
p' = eEot' + (eE1 /w){sin(wt) - sin[w(t - t ' ) l]  

by 
~ ( p )  = p:/Zm + A[l - cos(p,d)l (4) 

where p~ and pr are the quasi-momentum components across and along the SL axis 
respectively and m is the transverse effective electron mass (in the x-y plane), the 
equilibrium distribution function is given by 

irdn exp (-q) 
fo(p) = m T l o ( A / T )  

In equation (9, T is the temperature in units of energy, n is the electron concentration and 
l o ( x )  is the modified Bessel function. We solve equation (1) for a non-degenerate electron 
gas and obtain for the absorption coefficient of sound 

> I  -sin[& - r')]) 

where 0 is the Heaviside step function and b = w,/[ZA sin(fqd)]. 
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3. Results and discussion 

We obtain the solution of equation (6) by making the approximation T > A, wq and then 
integrating and averaging over the period of the AC electric field. The resulting solution is 
given by 

m 

kc-m 
(7) 

where 

eEld  z = -  2' = 22 zc = eEodr 
w 

and Jk(n) is the Bessel function. 
The following particular cases of equation (7) will be considered. 

(i) In the absence of an external field, i.e. at z = 0, zc = 0, we obtain from equation (7) 
the absorption coefficient of phonons 1141 given by 

(8) 

>> 

(IAIZq2)nO(l - b2) w, ro = 
2pswqA s i n ( 4 q d ) m E '  

It is worthwhile to note the appearance of a 'transparency window' when 
2Asin(fqd); in this situation, ro = 0. This is a consequence of conservation laws. 

(ii) At zc = 0 from equation (7) we obtain 

and, when w >> qii and CO >> wq (ti is the characteristic velocity of electrons), we can 
maintain only k = 0 in equation (S) ,  thus obtaining 

r = r0&). (10) 

In this case the coefficient of sound absorption depends on the amplitude of AC electric 
field in an oscillatory manner. In the asymptotic limit z >> 1, equation (IO) gives 

r =constant x cosz - - - :) 
It is interesting to observe that equation (1 1) is similar to that for the coefficient of sound 
absorption in the quantized electric field [ 151. This analogy is probably not accidental since 
in a quantized electric field electrons undergo Stark oscillations, while in our case electrons 
in an AC field undergo harmonic oscillations. 
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(iii) When z = 0, we obtain 

which agrees with the result in [18]. 

Eo 
From equation (12) we noted that, when eEodr << I ,  i.e. in a linear approximation to 

Making use of equation (13) we can find the field strength 

where the sound absorption switches over to amplification, i.e. r becomes negative. The 
value E,SL has the sense of a threshold field. With T = 300 K, A = 0.1 eV, d = lo-* cm, 
S = 5 x IO5 cm s-l, r = loL2 s and uq = 10” s-] the threshold value E i L  = 18.7 V cm-l. 
As indicated in [IS], this value is smaller than that of a homogeneous semiconductor (bulk 
material) where E?”’ = 60 V cm-l (at the same value of r and with effective mass 
m = 0.2m,). 

Furthermore, when eEodr >> 1, we obtain from equation (12) 

40,T SL - 
Eo - Azedr sin(qd) 

which is four times that in equation (14). Thus, using the same parameters as indicated 
above, we obtain E,SL = 74.8 V cm-I. 

In fact, for eEods >> 1, an analogous result can be obtained from figures 1 and 2. The 
solid curve represents the response in the absence of an AC field. This curve cuts the ze axis 
at approximately 0.34. Equating this value to zE and making EiL the subject. we obtain 

0.34h 
ed r 

-, 

(Note that h = 1 everywhere but for numerical evaluation we have indicated it.) This then 
gives the value of E i L  to be about 74.7 V cm-I which agrees very well with the numerical 
calculations. 

(iv) Finally, when UT << 1, we obtain from equation (7) after a lengthy manipulation 



HF electric field effect on hypersound amplification in SL 3483 

2.5 I 

2 

1.5 

1 

I 

-5' 0 5 10 -1 I -10 -15 

where os = eEodt,  o: = 2w,, p = eErdt  and p' = 28. 
The dependence of r on EO for a given El is presented graphically in figure 1. 
The figure shows the absorption coefficient r against constant elechic field EO. The 

p"k values decrease with increasing values of or for ot << 1 .  However, at ot = 0.9, 
some slight oscillation is observed and, for o r  >> 1. e.g. or = 5 ,  the curve oscillates. We 
also observe a shift in the peaks for different values of or(<< I). This can be explained 
with the help of equation (17). Whenever o,, = 8, i.e. EO = El, we expect a peak in that 
neighbourhood, since p = zor, so that, as ot increases, the peaks shift towards larger 
EO. Figure 2 indicates a decrease and shift in the peak values of different z for a given 
or(< 1). 

It is also interesting to note that for wr << I the threshold field EiL  can be obtained 
from the figures. Figure 1 reveals that the threshold field EiL increases with increasing or 
for a given E l .  Similarly figure 2 indicates that EiL increases with increasing El for a 
given ut. Hence, to obtain an optimal threshold field EiL, it is necessary to regulate both 
E, and or. 

As indicated in [18], the non-linear behaviour of r with EO may permit the use of a SL 
as a hypersound generator in a way similar to the long-wave sound generator operating on 
a homogeneous semiconductor [20,21]. 

4. Conclusion 

The propagation of hypersound in a SL in the presence of DC and AC electric fields has 
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Figure 2. Dependence ol rlro on 2,: --. 
mr = 0.5, z = 4. 

= 0; - -  -. UT = 0.5, = 2; - _  -, 

been studied theoretically. Analytical expressions have been obtained for the absorption 
coefficient r under different conditipns. It is shown that the dependence of r on EO is 
quite different from that of a homogeneous semiconductor. In particular, when an AC field 
is absent or weak (w7 << l), we observe a non-linear dependence of r on EO. When 
w7 >> 1 the dependence of r on EO tends to be oscillatory in form. 
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