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Abstract. A comprehensive investigation of propagation of new longitudinal electro-kinetic modes and
novel properties introduced due to presence of negatively charged colloids in semiconductor plasma is
presented. By employing the multi-fluid balance equations, a compact dispersion relation for the cases
in which wave phase velocity is either larger or smaller than electron thermal velocity is derived. This
dispersion relation is used to study wave phenomena and electro-kinetic mode instability numerically. We
find important modifications in electro-kinetic branch as well as the existence of new modes of propagation
in colloids laden semiconductor plasma. The results of this investigation should be useful in understanding
the characteristics of longitudinal electro-kinetic wave in colloids laden semiconductor plasmas whose main
constituents are electrons, holes and negatively charged colloids.

PACS. 52.35.Fp Electrostatic waves and oscillations (e.g., ion-acoustic waves) — 72.30.+q High-frequency
effects; plasma effects — 61.72.Ww Doping and impurity implantation in other materials — 82.70.Dd Colloids

1 Introduction

The word plasma is generally used to describe a medium
consisting of mobile positive and negative charges. This
medium may contain some additional micron or sub-
micron sized fine solid particles, usually referred as “dust”,
which increases the complexity of the system. Hence
termed as “dusty plasma” or “complex plasma”. It is the
most general form of the plasma found in space environ-
ments such as in the lower ionosphere of the earth, aster-
oid zones, and planetary atmospheres as well as in vari-
ety of low temperature plasma devices. The presence of
the additional component i.e. “dust” inside the plasma
introduces some unique potential structures and alter the
properties and dispersion characteristics of various waves
produced in it, when this additional component is charged
due to different processes such as collection of electrons
from surrounding, ultraviolet irradiations or sputtering of
energetic ions etc. These charged dust particles are consid-
ered to have large mass significantly greater than that of
positive ion masses and many orders of magnitude larger
charges (positive or negative), which can fluctuate in time.

In the last decade, this field of dusty plasma has
opened a new and fascinating research area. The forma-
tion of plasma crystal and the existence of noval types of
waves in dusty plasma are the two interest receiving areas
of studies. An ordered structure of heavy charge particles
was first theoretically predicted by Ikezi [1]. After Ikezi’s
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prediction, the dust Coulomb crystal formation has been
demonstrated in a number of laboratory experiments. Re-
cently Niels et al. [2] have experimentally pointed out
that in strongly coupled dusty plasma, under some spe-
cific physical conditions the particle have the ability to
organize themselves in the form of ordered spatial struc-
tures to form a new “plasma crystal”’. Hence finds wide
applications in studying physical processes in condensed
matter such as melting and phase transitions as well pro-
vides a strong motivation for investigating the collective
properties in strongly coupled plasmas.

Since metals and semiconductors also contain large
number of mobile charge carriers representing the system
of plasma, which resembles the gaseous plasma regarding
collective oscillations, but also expected to be different in
many respects like collision frequency, carrier mobility and
the frequency of excited modes. Thus to study the mate-
rial structures a lot of researches have been reported on
excitation of linear and non linear waves and their insta-
bilities in solid state plasmas [3].

On the other hand a number of laboratory experiments
have been carried out for colloid formation of metal ions
(such as Ag™, Cu™, Fet, etc.) by ion implantation tech-
niques in solid materials [4]. This implantation of metal
ions in the host material would modify its high mag-
netic coercivity, nonlinear optical properties etc. These
ions when implanted inside the host materials, gets neu-
tralize and somehow agglomerate to form colloids. In this
way, the presence of colloids in addition to mobile charge
carriers present in semiconductors resembles the dusty
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gaseous plasma system. Though the role of dust parti-
cles in finding the new dust modes in gaseous plasma
and plasma crystal formations have been studied exten-
sively during last decade, but the study of these analogous
phenomena in semiconductor plasmas remain untouched.
Very recently, Salimullah et al. [5], first time predicted
the possible Coulomb lattice formation in piezoelectric
semiconductors. Later, in the same medium, the role of
electron-phonon coupling in the formation of wake poten-
tial was also reported. But, wave propagation phenomena
still remains untouched.

Due to the larger mass of ions compared with the mass
of electrons in gaseous dusty plasma system only low fre-
quency perturbations are seen, when the electron inertia
became negligible whereas in semiconductors, the charge
carriers, electrons and holes have high number densities
and comparable masses. Therefore, it is expected that low
as well as high frequency perturbations can be excited in
the so-called “ion-implanted semiconductor plasma”.

A survey of available literature [4,6-9] indicates that
the optical properties of implanted colloids formed within
the host materials have been thoroughly investigated.
Nevertheless, to the best of our knowledge, no attempt has
yet been made to study the effect of implanted colloids on
the properties of the host semi-conducting medium. The
presence of implanted colloids creates a charge imbalance
in the plasma of the host medium and is expected to mod-
ify waves and instabilities phenomena. Since, a study of
wave propagation through a medium can provide tremen-
dous insight regarding properties of ion-implantated semi-
conductor, comprehensive efforts in this direction are
much needed.

The presence of implanted charged colloids can have a
strong influence on the characteristics of the usual plasma
wave modes, even at frequencies, where the colloidal grains
do not participate in the wave motion. In this case, the
colloids simply provide an immobile charge neutralizing
background. However, when one considers frequencies well
below the typical characteristic frequencies of electron
plasma, new dust mode appears in dispersion relation de-
rived using multi-fluid model of plasmas. Some of these
new modes are very similar to those found in negative ion
plasmas, but with some important differences unique to
these media.

Motivated by the present status and the works of
Salimullah et al. [5], in the present paper, we have focused
our attention on the dispersion and absorption character-
istics of the simplest mode i.e. longitudinal electro-kinetic
wave in the ion-implanted semiconductor plasma. The pa-
per is organized in the following manner. In Section 2, we
outline the basic equations describing electro-kinetic wave
propagation and derive a dispersion relation for electro-
kinetic wave in the ion-implanted semiconductor plasma
using multi-fluid plasma model. The dispersion relation
reveals that the presence of colloids not only causes new
mode of propagation but also modifies the existing modes.
In Section 3, we present numerical appreciations of the re-
sults obtained and discussions. The important conclusions
drawn from the study are listed in Section 4.

2 Theoretical formulation

In the present model, we have considered an ion-implanted
semiconductor plasma system, consisting of electrons,
holes and negatively charged colloids. Both electrons and
holes may be collected by the dust grains, but since
the electrons move more swiftly than the holes, there-
fore we have considered that the grains tend to acquire
a negative charge. These charged colloids act as a third
species or foreign particles inside the medium, but have
significant effect on the behaviour of plasma. Hence, now
the plasma that contains electrons, holes and negatively
charged colloids may be treated with “multi-component
plasma” model.

Here we have assumed that all the colloids are of uni-
form size. This size is assumed to be smaller than the
wavelength of perturbations, inter grain distance as well
as electron Debye radius, then these colloids can be treated
as negatively charged point masses [10].

It is well-known fact that unless one considers the low-
est part of the grain mass spectrum and very low fre-
quency modes, the conclusion is that the grain dynamics
can be ignored with respect to the electron / hole dynam-
ics. Hence, the medium can be safely treated as multi-
component plasma consisting of electrons, holes and sta-
tionary negatively charged colloids under hydrodynamic
limit.

In the present model, we have studied the linear dis-
persion relation for low frequency electrostatic waves in
unmagnetized semiconductor plasma. For this let us con-
sider an n-type semiconductor sample of infinite extent in
presence of implanted colloidal particles, and the carrier
motion is assumed to be entirely along the z-direction.
Then the condition for charge neutrality in plasma with
negatively charged colloids is given as:

(1)

where n, (o = e, h, d) is the number density, z, is the
charge states of electrons, holes and colloids respectively,
in which z.q = gq/e is the ratio of negative charges gq
resided over the colloidal grains to the charge e on elec-
trons and it is assumed that z, = —1 and z;, = 1 for
further calculations.

If each component has a mass mg, charge state z,,
density n,,, thermal velocity vy,, momentum transfer col-
lision frequency v, and charge density p,, then this multi-
component plasma system is described by their continuity
and momentum equations as

ZRNOR = ZeNoe + 2dN0d,
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Here the subscripts 0 and 1 in equations (2) and (3) repre-
sent zero and first order quantities, respectively. Assum-
ing the first order quantities varying as exp [i (wt — kz)]
[where w and k are frequency and wave number of the
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propagating mode respectively], and following the proce-
dure adopted by Steele and Vural [11], the dispersion re-
lation for longitudinal electro-kinetic wave is obtained as:

w2
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and € = eger; € being the lattice dielectric constant.

Comparing equation (4) with the equation (4-3b) of
Steele and Vural [11], we find that the last two terms of
R.H.S. of above equation (4) are the additional terms rep-
resenting the contributions of holes and charged colloids in
the medium. The third term is responsible for the mod-
ified character of electro-kinetic waves in colloids laden
semiconductor plasma. Hence, if we neglect the presence
of holes and charged colloids our equation (4) reduces to
equation (4-3b) of Steele and Vural [11].

Now we shall focus our attention towards the principal
point of this paper i.e. instability characteristics of the lon-
gitudinal electrostatic mode in colloids laden semiconduc-
tor plasma medium. Hence, we shall study the dispersion
relation under two different physical situations.

2.1 Case 1: Slow electro-kinetic mode
(w < kvtea kvth)

If the phase velocity of the wave is less than the thermal
velocities of electrons and holes both, the mode may be
termed as slow electro-kinetic mode. Therefore, for slow
electro-kinetic mode, under collision dominated or low fre-
quency regime (w < Ve, vp), dispersion relation (4) re-
duces to

w? w2, w2y

1— Pe — +
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(5)
Equation (5) may written in the form of polynomial in w as
w? —iw® [wre (K*AD. — 1) + wrn (K2AD), —1)]
—w? [k (K*ADeADn — Abe — ADn) WReWRA — Whg)

- k4)\%6)\%hw§dwReth =0. (6a)
where wge,, = wz%e, n/Ve,h, is the dielectric relaxation fre-
quencies of electrons and holes, respectively.

One can infer from equation (6a) that in absence of
charged colloids (wpq = 0) the polynomial reduces to
w? —iw [wre (K*ADe — 1) + wrn (K2AD), —1)]

- [kQ (K*XbeADr — Abe — Abi) wrewrn] = 0. (6b)

It can very clearly demonstrated by equations (6) that the
presence of colloids introduces two new modes of propa-
gation in the system.

2.2 Case 2: Fast electro-kinetic mode
(kv € w K kvee)

If the phase velocity of the mode is less than electron
thermal speed but more than the hole thermal speed, the
mode may be termed as fast electro-kinetic mode. Thus
for fast electro-kinetic mode the dispersion relation (4)
reduces to
2 2 2
w Won n “pd —o. (7)
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Equation (7) may be rewritten in the term of polynomial
inw as
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In absence of colloids (wpq =0) we get from
tion (8a) as

inth + iw? [(k2>‘2De — ].) WReWRR T+ wih}
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It can be inferred from equations (8) that the presence of
charged colloids induces one additional mode of propaga-
tion for fast electro-kinetic wave in the host medium.

3 Result and discussions

We have considered the longitudinal electro-kinetic wave
is of the form expli(wt — kz)] and so the wave may be
growing in time when w; < 0 so that the power is be-
ing extracted by the wave from the medium which causes
temporal instability. On the other hand the wave may be
decaying in time when w; > 0 so that power is being ab-
sorbed from the wave by the medium so that wave would
suffer an attenuation. We have discussed in this paper the
effect of charged colloids on the phase and attenuation
constants of the wave.

Equations (6a) and (8a) being of fourth degree in com-
plex wave frequency (w = w, + iw;) with complex coeffi-
cients is not easy to solve analytically and so we have
solved it numerically. In numerical calculations the fol-
lowing parameters have been used: m. = 0.0815mg, mg
being the free electron mass, my, = 4m., mqg = 10727 kg,
er, = 15.8, nge = 10 m=3, ngp, = 5 x 10 m=3,
Ve = 3.463 x 10 s71 p, = 1.194 x 10! s and
vg =3.422 x 108 s~ ! at 77 K.
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Fig. 1. (a) Variation of growth rates of first existing mode
with wave number for slow electro-kinetic wave. (b) Variation
of growth rates of second existing mode with wave number for
slow electro-kinetic wave.
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For slow electro-kinetic mode, one may infer from
equations (6a) and (6b) that the presence of negatively
charged colloids are responsible not only for two new
modes but also for the modification of wave-spectrum of
two existing modes. The variations of w, and w; with
positive real values of k for this wave are illustrated in
Figures 1-3. Figures la and 1b display the variations of
growth rates (w;) of first and second existing modes with
k with colloids concentration ngg as parameter. These two
modes are found to be aperiodic (w, = 0) in nature in pres-
ence as well as in absence of charged colloids. Figure 1la
infers that in absence of colloids this mode is growing in
nature (w; < 0) and its growth rate reduces with increas-
ing k. At k ~ 1.8 x 108 m ~', w; becomes zero and beyond
this point the mode becomes decaying in nature. It also in-
fers that the presence of colloids do not have any effect on
witill k ~ 1.1x10° m~—!. For k > 1.1 x 10 m~! the effects
of charged colloids on attenuation characteristics are vis-
ible. Beyond k& > 1.1 x 108 m~! the growth rate is higher
than that found in absence of colloids. For ngg = 104 m—3
the crossover from growing to decaying nature is not found
in the k-region under study. But for ngg = 10 m~3 we
found that the mode crosses over from amplification to
attenuation nature at k ~ 2.6 x 10% m~!. Figure 1b illus-
trates that the second mode has just opposite nature of
variation of w; with k, as compared to first mode (Fig. 1a).
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Fig. 2. Variation of real frequencies of two new modes with

wave number for slow electro-kinetic wave.

40
3sf p
3of T

25t
20f

10" m3

Growth rate o, ( 10°s7! )
O

Nog= 104 m3
0 . . . . .
0 5 10 15 20 25 30

Wave Number k ( 10° m’! )

Fig. 3. Variation of growth rates of two new modes with wave
number for slow electro-kinetic wave.

Hence one may conclude that the wave spectrum of exist-
ing two modes are modified in presence of charged colloids
beyond a certain value of k, but they remains aperiodic in
nature. Figure 2 displays the variations of w, with k of two
new modes introduced due to presence of colloids with ngg
as parameter. It is found that both the modes have exactly
opposite nature of variations with k. Hence, if one propa-
gates along positive z-direction then other one propagates
along negative z-direction. But magnitude wise both have
the identical phase constant. It may also be seen from
this figure that the presence of charged colloids increases
the magnitude of phase constants of both the modes. But
the nature of variation does not change. Due to condition
(w < ktte, k) imposed for the propagation of slow
electro-kinetic wave, it is not possible to increase phase
velocity of these two new modes indefinitely by increasing
the colloids concentration. Hence, it may be inferred that
the charged colloids induce two new modes of propagation
for slow electro-kinetic wave that are not only periodic
in nature but also propagate in opposite directions with
equal phase speed.

From numerical analysis, it is found that these two
oppositely propagating new modes are decaying in nature
and their attenuation constants (w;) are exactly identi-
cal. Figure 3 shows the variation of w; with k considering
noq as parameter. The values of w; for both the modes in-
crease with increments in k£ and ngq. Hence, the instability
characteristics of slow electro-kinetic wave are directly in-
fluenced by the presence of charged colloids.

Under the fast electro-kinetic wave limit, one gets three
modes in absence and four modes in presence of colloids.
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Fig. 4. Variation of real frequencies of two existing periodic
modes with wave number for fast electro-kinetic wave.

Hence here only one new mode is induced by the presence
of charged colloids. Out of common three modes one is
found aperiodic in nature in absence as well as in pres-
ence of charged colloids. The variations of w, with k for
different values of ngg for remaining two modes are shown
in Figure 4. Solid curves show the variation in absence
(nog = 0) of colloids and dashed curves represent the
variation in presence (ngg = 10'* m~3) of colloids. From
this figure one may infer that one mode is co-propagating
whereas other is counter-propagating with wave propaga-
tion direction (z-axis). Phase speed of both the modes re-
duces to zero at k ~ 3 x 10° m~! in absence of colloids. In
presence of colloids this critical value of k£ at which phase
speed reduces to zero decreases nearly to 2.4 x 106 m~1.
The value of the phase constant for both the modes remain
unaffected by charged colloids up to k ~ 1.1 x 106 m~!
and beyond this value of k, phase constants decrease due
to the presence of charged colloids. Hence the propagation
characteristics of two existing periodic modes are modified
by the presence of charged colloids.

It is found numerically that out of three existing modes
counter propagating periodic mode and aperiodic mode
have identical values of growth rate w; and they are de-
caying in nature. The co-propagating mode have different
growth rate and is amplifying in nature. The variations
of these w; with k for ngg = 0 and ngg = 10 m=3 is
shown in Figure 5. It is seen that the growth rate of am-
plifying mode (i.e. co-propagating one) increases with the
increase in k. On the other hand, the attenuation fac-
tor of aperiodic and counter-propagating modes is also
increasing with the increase in k. The presence of col-
loids increases the growth rate of amplifying mode and
decreases the attenuation factor of decaying modes beyond
k~1.1x10° m™'. Below & = 1.1 x 10° m~*, colloids do
not affect the values of w;. Figure 6 displays the nature of
variation of w; of the newly induced aperiodic mode with
k for different values of ngq. It may be seen from the graph
that the growth rate |w;| of the new mode is unaffected by
the increment in k; but increment in ngg increases its value
drastically. From Figures 5 and 6 one may infer that the
charged colloids introduce one additional amplifying mode
and modify the wave spectrum of existing three modes
and hence a direct effect on the propagation and instabil-
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Fig. 5. Variation of growth rates of three existing modes with
k for fast electro-kinetic wave [1 for aperiodic and counter-
propagating mode; 2 for co-propagating mode].
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Fig. 6. Variation of growth rates of new mode with wave num-
ber for fast electro-kinetic wave.

ity characteristics of the fast electro-kinetic wave has been
seen.

To conclude, we have discussed a noval possibility for
longitudinal electro-kinetic wave propagation in semicon-
ductor plasma in presence of charged colloidal particles.
We focused our attention on two different cases in which
phase velocity of the wave are either larger or smaller
than the thermal velocity of the free electrons. Both the
cases correspond to the real laboratory experiment under
different wave number regimes. We found that, there ex-
ists a strong resonant interaction between electro-kinetic
wave and colloidal particles. In the case of slow electro-
kinetic wave, it is found that the charged colloids induce
two new modes of propagation which are periodic in na-
ture but propagate in opposite directions with same phase
speed. The instability characteristic is also found to be af-
fected by the presence of charged colloids. Hence, charged
colloids not only modify the wave spectrum of the slow
electro-kinetic wave but also become responsible for the
existence of two oppositely propagating noval modes.

In fast electro-kinetic wave regime, charged colloids be-
come responsible for only one new mode of propagation
that is found to be amplifying in nature. In this regime
too, we found modifications in wave spectrum of three
modes, which are available in absence of colloids also.

It may be mentioned here that the present theory
provides a qualitative picture of wave spectrum of lon-
gitudinal electro-kinetic mode in semiconductor plasma
in presence of charged colloids. We have not only found
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modification in electro-kinetic wave spectrum but also the
existence of new modes is established. Thus for the ex-
perimental verification of our theoretical idea, we propose
to initiate a serious laboratory experimental efforts us-
ing semiconductor plasma where the parameters of the
medium could be varied over a wide range of values with-
out much difficulty.

One of the authors (PT) thanks Ms. Pragati Khare for the
help rendered by her during the course of this work. We would
like to thank the referee for valuable suggestions to improve
the manuscript drastically.
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