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Effect of Density Gradient
on the Acousto-Electric Wave Instability
in Ion-Implanted Semiconductor Plasmas
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Using hydrodynamic model of inhomogeneous plasma, an analytical in-
vestigation of excitation of acousto-electric mode was made in n-type piezo-
electric ion-implanted semiconductor plasma. By employing 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
(Yoqa = 0) or streaming (¥oq # 0) is derived. We find that the choice of ho-
mogeneous medium is favorable 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 piezo-
electric semiconductor whose main constituents are electrons and negatively
charged colloidal particles.

PACS numbers: 61.72.Vv, 72.30.4+q, 82.70.Dd

1. Introduction

Physics of colloids laden semiconductor plasma is recently studied rather
intensively because of its importance for a number of applications in processing of
materials, fabrication of devices, etc. [1-3]. 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 acousto-electric wave [7] in colloids laden or ion-implanted
semiconductor plasmas.

In the last decade, most of the earlier investigations of phonon—plasmon
interaction have been made for homogeneous semiconductors [8-12]. Under crossed
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fields configurations complete homogeneity of a plasma system cannot be achieved
due to the Lorentz force. Also it is practically impossible to develop a complete
homogeneous crystal medium. On the other hand, the 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 dc
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 con-
ditions amplification or generation of various types of waves, both electromagnetic
[13-15] and acoustic is easily possible in such system [16, 17]. Guha et al. have
analyzed the theory of acoustic wave amplification in an inhomogeneous semicon-
ductor [17, 18].

Very recently, the present authors have reported an analytical study on ex-
citation of modified electro-acoustic modes and its absorption characteristics in
n-type homogeneous semiconductor plasma embedded with colloidal grains [4].
In this report authors found a strong resonant interaction between the acoustic
mode and a colloidal particles-modified electro-kinetic mode due to the piezoelec-
tric nature of the medium. Working in the same direction, in the present paper we
focused our attention on the acousto-electric wave interaction in inhomogeneous
semiconductor plasmas.

Motivated by the fascinating works of Ghosh et al. [4, 17, 18] in the present
paper we intend to report the investigations made on the dispersion and absorption
characteristics of phonon—plasmon mode in inhomogeneous colloids laden semicon-
ductor plasma. The interaction between electrons and lattice vibrations is one of
the fundamental interaction processes in solids; it gives useful information regard-
ing the physical properties of the host medium. By the application of a dc 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 ampli-
fiers and oscillators etc. As far as our knowledge goes, no study has yet been
reported on the acousto-electric wave interaction in colloids laden inhomogeneous
piezoelectric semiconductor plasmas.

The manuscript is summarized as follows. In Sect. 2, we present the theo-
retical model and derive a dispersion relation for acousto-electric wave interaction
in the ion implanted semiconductor plasmas. In Sect. 3, we present numerical
appreciation and discussions. In Sect. 4 we briefly conclude the results obtained.

2. Theoretical model

In the present model, we considered an inhomogeneous piezoelectric semi-
conductor sample of infinite extent in the presence of implanted ions which conse-
quently 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
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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 Vng is taken
in the direction of wave propagation. Since the electrons move swiftly in presence
of dc electric field therefore we considered 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 [19]. 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(wt — k2z)] in
which (w, k) are the frequency and wave number. Under the considered geometry,
the wave equation in an elastic piezoelectric medium becomes

(—pw2 + 0&2) Uy = ikBE,, (1)
where  is the piezoelectric coefficient of the medium and all other symbols have
the same meanings as defined by Steele and Vural [20].

In deriving Eq. (1) we have assumed that the solid is piezoelectric and has
cubic symmetry. This assumption simplifies the tensor components of relevant
physical parameters without diluting the physical significance of the interactions
to be studied. The acoustic wave is taken as a shear wave that propagates in the
z direction, which in this case is a (011) axis of the crystal. The lattice displacement
u is taken only in the x direction, which is a (100) axis. For such a wave there will
be an electric field component in the k direction. This geometry is appropriate to
many piezoelectric semiconductors of group I11-V.

If the wavelength is much smaller than the density decay length 6=1 (§ =
Ang/ng), we can make the “local approximation” by assuming k independent of z.
Then, for electrons the continuity equation yields

no_ (k4 10)Y1e 2)

no W71906(Fu'716).

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

nmo_ k914 ' 3)

ny (w— kdoq)

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

write
_i(e/me)Er.
9. = "L (@)
and

where
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B ) Dv.k(k +19)
F(w, /43) = w "{1908 1V, m, (6)

and

G(w, k) = w — k¥ — ivg. (7)
Here e and z4e are the charges on electrons and colloids, respectively. z4 = gq4/e is
the ratio of the charges, ¢4 on a colloidal grain to the electron charge e. ¥y and
vy 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 [20].

Using Eqgs. (1) to (7), we get the dispersion relation for phonon—plasmon
interactions in inhomogeneous piezoelectric semiconductor plasma as

2 242 _ wge(“—i_ié) _ Wﬁd
(" = w205) {1 Klw —Doe(r = i0)]F(w, %) (v — wa) Glw, k) }

= K?K%092, (8)
where K? = [32/ce is the dimensionless electromechanical coupling coefficient.

. . . 2
The plasma frequencies for electrons and colloids are given as wye = 1/ <%= and
e

Wpd = zi;j:;’d in which nge,q are the unperturbed number densities of electrons
and colloids, respectively.

In absence of density gradient (6 = 0) and charged colloids (wpq = 0), Eq. (8)
reduces to Eq. (8-20) of Steele and Vural [20] and represents the phonon—plasmon
interaction in piezoelectric semiconductor plasma.

In the collision dominated regime (w < v,, V4 and kK¥ge K Ve, K¥oq K V)
under the approximation ks /w = 1 + i« [21], where the gain per radian « is < 1,

Eq. (8) yields
1 WRe (A+B)1{ WRdYe , WRd W

2

a=§K2% I+ —+ ——
w WReYd  WRe WpHYeTVd

0 2
o0 Wra ( w_ oW )
K WRe \WD7Yd  WD%eVd

_<5)2[%+1 (1-ma ity ew w? ] )
K Ve WRe Yd WRe sz’)/e’yd

in which wp = ¥2/D is the electron diffusion frequency, Ye.d = Voe,a/Ps — 1,
WRe,d = er,d/Ve,d~ The sound wave is amplified only when gain per radian «
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 (Vg =0)

It is a well-known fact that unless one considers the lowest part of the grain
mass spectrum and very low frequency modes, the conclusion is that the grain
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dynamics can be ignored with respect to the electron dynamics [22]. Thus for ul-
trasonic frequency regime and robust colloidal grains, we can safely assume ¥oq = 0
and consequently 74 = —1. Using this approximation Eq. (9) reduces to

: _
172, WRe _ WRdYe _ 90 (_2
i (1o e [y () 2 (24 o]}
~ | 10
o s o)
where
A(%)Q{H&%5ww<%+ll>'2,
w WpDWRe WRe R WRe WRd wp /|

and

oy 01 [w  wr  wre+ D]V
‘ WpYe K% WD w w :

From Eq. (10a) it may be inferred that this mode will be amplified only when
[Yel >0 (10a)

. 5 1
w<wplyel [J—Be 142 (24 —)]. (10b)
WRd|7el K Vel

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

and

further in presence of inhomogeneity (§/k); 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.

2.2. Case 2: streaming colloids (0gq #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 v. >0 and vq4 > 0 i.e. Yge > s < Ypq
In this regime, the expression for gain per radian (Eq. (9)) reduces to

2
w ) 2w w
|:1+(WD|'76) _2; (wDI’Ye‘ +wD'ye|2):|}

A+ B
It may be inferred from the above equation that acoustic wave will be of amplifying
nature only when

w 2 1) 2w w
I+ (——) >2- + S -
le'Vel K le'Ye‘ le'YEl

Thus the gain per radian in this velocity region will be

a =

Ye
Yd

WRe

b oo {14 s

(11a)
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2
il {1+ 2] 1+ ()]

A+ B ’
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()]
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‘ wplyellval & |7el w w|ydl
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(11b)

A (wRe>2 {1+ w? WRd
w WDWRe

Ye
Vd

and

One can infer from Eq. (11b) 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 ve >0 and 74 < 0 i.e. Yge > s > Jpq

From Eq. (9) one can find the gain per radian for this velocity regime as

[1 + (WDM)Q - 28 (a2t + oot '>H

A+ B
From Eq. (12) one can infer that a will be positive only when the expression within

o =

$Releae {1 - ga

e

WRE:

(12)

curly bracket in numerator is positive. Thus the gain per radian in this velocity
region will be

12 WRe
o~ %’ (13a)

A+ B
(wRe>2 { w? WR4 8 W <%| +1 1 )F
1+ - - ——w - ,
w WpDWRe WRe R WRe WRd wp |'7d|

_|,Y 2{1+ WRd _éi |:w WRe wRd(|’7€|+1):|}2
— I, _ WRd R4l T )L
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where

Ve
Vd

A

and

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

ey (o wlm (150)

regime given as

WRe
WRd

Ve

It may be inferred here that gain per radian in the inhomogeneous medium de-

w < Wp|7vel [

creases and simultaneously frequency spectrum width for which one finds gain,
increases due to presence of density gradient. Hence the amplification character-
istics of acoustic wave in this velocity regime is always decided by the physical
parameters of the non-uniform semiconductor medium.
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2.2.3. When v. <0 and v4 > 0 i.e. Yge < s < Jpq
In this velocity regime, Eq. (9) yields that positive « is possible only when
Yd

-2e-2)]

and the value of gain per radian will be

2
172 WRe WRA w 9 2w _ w
2 I el <5 {wﬁi {H(wme) +25 (me\ me?)]} ,
- A+ B » (15)

2
1) -1 1

L Swra <%| _ )} |
R WRe WRd wD|’Yd|

B = |v.|? {1 4 Wre 01 [” ywre  Ora(le| =1) D] }2
‘ wplvellval ~ Kl lwp  w w7l

Even though the electron drift is smaller than the acoustic speed, one may get the
sound amplification in inhomogeneous semiconductor plasma where the inhomo-
geneity is due to the density gradient. Hence this is a new amplifying mode in

WRe
WRd

w > wp|vel [

de
Yd

Ve
Yd

A:(O.)Re)2|:1+ w?  WRd
WDWRe  WRe

and

phonon—plasmon interaction in piezoelectric semiconductor plasma.

2.2.4. When v, <0 and v4 < 0 i.e. ¥ge < I5 > Jpq
In this velocity regime one will always get decayed mode (a < 0); hence it
is of no importance in this report.

3. Results and discussions

To have numerical appreciations of the result obtained in the previous sec-
tion, we made calculations to study amplification characteristics of acoustic mode
supported by the colloids contaminated plasma present in an inhomogeneous
semiconductor viz. InSb. The parameters chosen are: m. = 0.014mg, mg be-
ing the electron free mass, mq = 10727 kg, e, = 17.54, 8 = 0.054 C m~2,
p = 58X 10% kg m™3, nge = 10%* m™3, ngg = 10"® m—3, v. = 3.5 x 10!! 57!
and vy = 3.248 x 10'° s71. We have used Egs. (10), (11a), (12) and (15) for the
numerical calculations and the results are displayed in Figs. 1-4.

For stationary colloids (case 1), Fig. 1 illustrates the absorption characteris-
tics of acoustic mode using density gradient (§) as a parameter. It is clear from the
graph that for all values of § the gain per radian («) follows the identical nature
of variation with wave frequency (w) i.e. the gain first increases with increase in
frequency, achieves a maximum value and then starts decreasing with increasing
frequency. For w > 2.214 x 10! s~! 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 w < 2.214 x 10! 71
define a critical frequency we, ~ 2.214 x 10! s~!, which is the reversal point of

. Hence, one may
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Fig. 1. Variation of gain a with wave frequency w using § as parameter at Fy =
10® V m™* for stationary colloids (see Sect. 2.1).
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Fig. 2. Variation of gain a with wave frequency w using § as parameter at Fy =
10® V. m™* for ¥ge > 95 < Yoa (see Sect. 2.2.1).

the wave amplification nature. 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 x 102 ST units at w ~ 1.5 x 101! s71) is the
largest. But the value of wave frequency at which one gets maximum gain (max) is
found to be shifted towards higher frequency as J increases. Hence in non-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.

Figure 2 infers that in the velocity regime Jg. > 95 < ¥y the acoustic mode
is always of amplifying nature for the frequency regime under study. With the
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Fig. 3. Variation of gain a with wave frequency w using § as parameter at Fy =
5x 10° V. m™! for ¥ > 95 > Poa (see Sect. 2.2.2).
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Fig. 4. Variation of gain a with wave frequency w using § as parameter at Fy =
10> V m™* for ¥ge < 95 < Yoa (see Sect. 2.2.3).

increase in the wave frequency, the gain per radian increases parabolically. But as
the uniform medium (6 = 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.

The variation of acoustic gain per radian « with wave frequency w using ¢§ as
a parameter is depicted in Fig. 3 when ¥y, > 95 > ¥p4. 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 in-
creasing wave frequency. It may be inferred from this figure that the amplification
of acoustic wave is possible only when w < 1.659 x 103 s~!. The maximum gain
obtained decreases with increase in §. The frequency at which one obtains max-
imum gain shifts slightly towards higher frequency point as § increases. Similar
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to the first case, here also one gets largest gain only in a homogeneous medium.
Hence inhomogeneity due to the density gradient is found to be unfavorable for
acoustic wave amplification in ion-implanted piezoelectric semiconductor.

Figure 4 displays the gain per radian («) versus wave frequency w using
density gradient (§) as parameter when ¥g. < J5 < Yoq. In this velocity regime
amplification of acoustic wave is possible only when w > 4.217 x 10° 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, 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.

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 max-
imum for case in Sect. 2.2.1 when ¥y, > 5 < gq and it is minimum for case in
Sect. 2.2.3 when ¥, < ¥5 < ¥gq. 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.

4. 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 favorable 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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