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PREFACE

Ths nonlincar electromagnetic dohavior of semiconductors
and dielectrics has aroused a great denl of interost in physic!
and enginearé in the last decsde, owing to its wide applicatior
in signal genergstion and amplificatien, and guided wave propag:
tion particularly at niier&wa:ve and lagsor freguencies, Althoug
a vast amount of literature ~> on this gubjact 46 ovaeiloble,
vigorous research in this fisld is baing mrently. pursued,
The power of a sourco is usually limited by tochnical
regtrictions and thereforo, it 4is bacoming grovingly ioportmt
to concentrate the available power to a narrov region, The
concantration of power 1is very usoful for nonlinear applicatior
because t:he-etﬁ.ciency of o nonlinear machanisn Ancroasos
rapidly with the strength of electromagnatic fields.

The pguldsnce of electromagnetic waves at optical
frequencies has been successfully achiocved by ucing the specla
designed fibres in which dielectric constant {5 meximum on the
axis ond decreaces monotonlcally sway from it., This inhomogon
provides a machanism for guidance of the beam, Uchida ot al.
and Kita et al.s
performance of such fidres (usually known as 'Selfec' .fibros,

have verified experimantally tho satisfactory

Recantly o vast amount of work has also baon roported o
the solf focusing of laser beams in nonlinoar mdia&'m. In
many nonlinear media, the dielectric constant i3 an incroasin
function of wave intenaity. Yhen such a madium 4o subjected

to an electromagnetic bzam with nonuniform intensity distribu
along its wavefront, the modium bahaves an optically inhomoga

ous, In most of the comronly exeited modeg, wave intenoity i



maximum on the beam axis and decreases away from it, hence the
induced inhomogeneities tend to focus the beam, The beam is
similtaneously influenced by the diffractiocn phenomenon, The
basic physicé of self focusing of an intenss electromagnetic
beam can be understood b& considering the propagation of &
uniform parallel cylindrical beam passing through a medium in
which the variation of refractive index with the field is
given by

4

W= N+ YHEET (1)

vhere Yo 1s the field independent part of the refractive
index, M, EE" 4s 1ts field dependent part and Yy 1is some
coafficient, determined from the nature of nanlineari’tk._
Eq.{I) 1s valid only at relatively small intensities such that
Maee® << m, |

If the amplitude of the slectric vector is A, and th
absorption of the beam by the materisl is neglected, the
refractive index in the space illuminated by the beam is Vi, 47V
while that outside 1t 48 M, ., It should of course bs rememb
that in fact tho intensity decreases continuously withq it
distance of a point from the axis of the beaﬁ); the presently
assumed discontinuity in intensity at the boundary of a
cylin&ér, is a convénient approximation, justified byme
rigorous analysis, Hence rays making an angle § with the ax
will suffer total internsl reflection when

6 <0 | (1)

where 0, (.LL - 0c  bveing the critical angle) is given by

MNo
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8ince both and 4 are o one gats
. 2 , . Z
1= (%) = 1= (M2fo,)

or 0 = 2Mafgfy (m

A beam of radfus (.  may bs considered as obtainad
from the incidence of a plana wave front on an apsrture of
radius (L . We know that on account of Fraunhoffer's
diffraction all the power of the boam will not be carried by
rays parallel to the axis but there will be a directional
diatribution of intensity, A very lsrge fraction of the pover
will be carried by rays making an angle less than O, with th
axie, vhere (O 1s given by

80{. — Ooéi)\o/za_’no

b

where )o/y, 18 the wavolength of the raiiation in the mater:
and the first minimum of the diffraction pattern is alomg g
The condition thet the bosam does not lose power |
approciably 1s equivalent to rays making en angle legs than
with the axis, being not lost from the beam; this is only
possible when ‘

0. > Ou o | (1
2o that such rays will suffer total internal reflection at ¢
boundary =znd hence return to the beanm,
Thus the condition for the faocusing of the heam is

6(. > 04 5



which reducesn to .

P77 Re ,
‘ 2 2
vhere P=T&" Mo & Ao 13 the power of the boam and Fcx
is the coritical power of the beam given 'by
2 2
Py = 2:220.C (
e 25¢Ma (W)

It 13 thus seen that vhen P< P 4 0O < D4 and hence the
beam will diverge. For P=F , Oc=0. mnd hence the
beanm will propagate uniformly without convergence snd divergenci
We may further extrapolate, a3 mey be shown from rigorous
analysis also (cf, Akhmesnov ot al.y), that vhen P> P, Oc 7 6
the convergance of the beam will occur., On defining two
important paremeters, viz., IJ, (the diffrection length) and
Rmg (the self focusing length), |
R, G o RO | (VL)
T e 2 ~
and iy

Mo ‘ {/TZ\.
Rng = a’(:m;_n |

The conditions for convergence and divergence are likewl
RLY Ry and R < Rt respectivelysla= 2T Vi, /)~ &nd |
is the froe space wavelength, Thus, ons can consider the
nonlinear modium to act as a converging lens of focal length 1t
vhile the phenomenon of 4iffraction can be approximated by the
behavior of a diverging lens of focal length R, .

The above thsory is in reascnable agreement .vith
experimonts in dielectrics (e.g, cs Yo

It is very instructive to realizs the avalanehe nature



the golf focusing e?fect, Conaider a boam propagating in a
nonlinear medium, defined by Eq.(I), As the beam gots focused
due to nonlinearity, the intensity increases causing enhencemsnt
of tho nenunéaﬁty and hence in the extent of nonlinear
foousing, ‘
| The studies on self focusing of electromagnetic waves
reported so far are confined to dielectrics, UWe have made mv
first attempt to study the s50lf focusing of electromagnstic

wvaves in semiconductors on account of free carrier ncnlinearities,
In case of semiconductors the nonlinearity ariseg due to the
nonlinear dopendence of the free carrier current density T

‘on the slectric vector £ . For a wave of frequency ¢) the
effective dielactric constant (. of a semiconductor can ba
defined as | o

Cog = €= WIS, (%)
GT = Of -G ; (Xo)
whers G~  1s the conductivity and ( = is the lattice
contribution to the dielectric constant, Hence
vhere B
v
| éw‘ = €L - L‘w**"""ﬁw
d A
an €, = 4%
o
For lov intensities of electromagnetic basnm < and Vi

are constant which implies that the current density « 48



(=]

proportional to'ths eléctri.c vactor E o For higher
intensities of the wave <, and < depend on the magnitude
of the elactric vaétor» and consequently £, mnd c; are
functions of the eléetric vector, For not very high powers of
the beam ( P10 watts, £~ 1 esu at microwave mQuencies}‘
this relationship is quadratic in naturae i,e, \

Eog = €y L€+ é\\LEEl" 2 éizEE‘* ' (X0}

In the presont thesis we have carried out study of .
this nenlinearity in somiconductors under various situations
of interest, |

It is instructive to recapatulate the physical processes,
leading to the dependence of the conductivity of a semiconductor
on the electric vector,

In equilibrium (1,6, in the absence of an electric
field), tho temporature of the frea carrisrs is the sams as
that of the crystal so that the net energy exchange between the
carriers and the lattice of the erystal is goro, When an
olectric field 1s applicd free carriers gain energy from the
field, and honce acquire a temperaturs highar than that of
the erystal. In the steady state the power gained by the
carriers from thé' electric fiold equals the power lost by the
carriers to the lattice (by collisions)., For moderate values
of tﬁe electric field the rise in ths temperature of the
carriers is proportional to the sgquars of the electric field,
The change in the temperaturs of ths carrisrs leads to
corresponding changes in the collision frequency and effective
mass of carriers; the second effect is important in the éans



of III-V semiconductors e,g. InShb, The first effect is not
important in tho focusing of the waves,

Purther, 1f the boam 15 inhomogensous 1,6, the elsctric
vector doos not have tha same value along a wavefront, the
carrier tomperature will also vary along the wave fremt, In
the steady state the net carrier current is zero and hence a
carrior temperature distribution elso leads to a distridution
of carrier concentration along the waveT"front, Since ths
carrier coﬁcentmﬁion 13 related to the effective dielectric
constant, we obtain in effsct a distribution of dielsctric
constant along the wave front, which in tum loads to self
focusing of the beam. This effect is not very apprecisble in
case of semiconductors vith a single type of carriers dus to
the phenomenon of spaco charge, Howover vhen both types of
carriers are present the mechanism discusssd in this paragraph
becores vory important in the self focusing of the doanm,

The free carrier nonlinearities sppear at relatively
low powers (~- 10 wWdlls ) and are therefore, important in the
interaction of moderately strong microvaves vith semiconductors,
It is important to msntion here that basides these focusing
mochanisms in sericonductors the powsr of the boam is
similtanocusly lost due to absorption by the eavriers, The n
linear effacts become loss and less effective with the aivance
ment of the wave. Thus to obtain appraciable focusing of
microvaves, the focusing length due to nonlinearity should be
less than the diffraction length (. 4 k. u®, |5 being the
propagation vector and ., 1s ths dimension of the boam)
and also the damping length; the damping length is L 2 (2 él



It mey also be mentioned here that the free carriers sre
important only vhen the carrier concentration is high i.e, when
the effective plasma frequency is comparabls with the wave
fraquency. | | |

We have presented an elemontary version of the quantitati
considerations for evaluating the nonlinear dielectric constant
in the cases digscussed sbove, Starting with the expressions
for dinlectric constant thus obtasined the focusing of the
waves in the semiconductors has been studied by solving the
wave equation in the WKB approximation, The intonsity
distribution has boen taken to Jbe Gaussion at the entrance eand
paraxisl rey approximation has beon used to cbtain analytical
exprossion for the amplitude and transverse dimension of ths
boam, |

A chaptervise summary of the thesis can dbe given as
follovws:- ’

We have suggastea a new type of nonlinesrity vhich is
prominaent vhen both types of carriers, i.e, holes and electrons
are present in the semiconductor, To separate the effoct of the
dependence of 1, on -7, W have considered the case of germaniu
where vy . doss mot depend on . It has been shown that the
self focusing of electromagnetic waves due to fress carrier
nonlinearities is possible in feasidle sample lengths for easily
obtainsble paweré of the besm, For the focusing of higher
frequency waves, the powsr of the deam hns to dbe enhanced
considerably because , decreases with increasing ., very
rapidly, The nonlinearities, important in self focusing appear#




thrcugh the radi.strmution of carriers; tha rolaxation

tima nonlinearity is not significant in cousing galf focusing,
It is also important to mention harae that at lov lattice
temperatures, the rise in random onergy of carriers (above
the tharmal equilibrium value) due to the power absorption
from the wave is ruch greator than the drift energy,
Thereforo ths nonlincaritics are mainly due to the former,

In this chapter a study of th? mutuasl intoraction of
tuo propagating wodes in nonparabolic semiconductors in
prosence of a static magnetic fmlci has boen made, To reducs
ths mathematical complexity, the case of n-InSb has been |
chosan whare nonlincarity appearé through tha ener&"dependencg
of carrier mass. The focusing of tvo modes has bien found to be
much different, As a result a very large changs in the
ellipticity of the wave along the direction of propagation is
obtained, The nonlinear effects in the ellipticity predominate
over the linear»effacts. In the helicon limit, focusing
length of th2 order of one centimeter ig predicted whonever
axial electric field exceeds 0.3 esu. With increasing carrier
concentration the focusing effect is, however, reduced. The
focusing in this 1imit 13 important when((0 - (J)>y and w/wg
Those phenorena are useful in having a good insight into tho
nonlinear maschanisms in the sample because in some instances

polarization and phase measurements are easior than the



it

amplitude measurements,

For the focusing of high frequemcy (optical range)
waves in a feasidle length, the gample requires high carrier
concentrations, To achieve this,the crystal has to be doped
with impurities, This sddition of impurities gives rise to
enhanced scattering of electrons and hencs tha absorption of
the wave increamsss. The criteria for the appreciable focusing
"to occur are that o |

R'HQ,' < IQ:L omd RMQ— < RCL >

that is the attenuation and diffraction divargénee should be
1egs important than the self focusing effect, With the
increasing doping in the smle,mé damping length ( ;s{f H
docragses and much of the power of the wave 13 lost in a short
distance, Thus the absorption appssss the focusing, When the
darping is very rapid,the focusing offect is almost néglisible.
A quantitative analysis of the problem has been given by us

in this chaptor. The limit on maximum frequency that can be
focused in the samplo has boen obtained in the perturbation
approximation, For sxample in n-InSh the maxisun frequency tha

can be focused at 77%K it io"c/g

NONRALAOOLAC nieonauetors |
In this chapter we have gtudied the nonsteady focusing

of eloctromagnetic waves in n-type InSb, where the nonlinearit)
mass dus to the ensrgy depsndence of the effective mass, The
energy relaxzation time T, ol carriers in InSHh at lovw umerat



1i

18 of the order of 10"a see, and hence the relaxation time for
nonlinearity 1is alsé of the some order, When s st.rang pulsed
bean having a duration ( ‘t'“’?o’a sec) comparable with the
energy relaxation time propagates in the semiconductor, initially
( t <<¢Ta) no facusiag occurs bacause the nonlinearity is set

up only in a time of the order of T,  therefore the beam
suffers diffraction divergence and the axiasl intensity decraases,
For the latter portion of the pulse ( t 5 T, ) the nonlinearity
418 get up and hence the beam gots focused; the axial Intensity
is thorefore enhanced. Thus the pulse is distorted very much
and the distortion may be used as a direct method to study the
energy rolaxation process inside ths sample., We have carried
out an adoquate analysis of the problem taking into account

the relaxation affécts, For a typicel case of n-InSb, when

B~ 1 esu the effoctive focusing length for the tail portion
of the pulse comes out to b ~ .5 cm vhen the sample 1s at

77%,

In the case of amplitude modulated continuous waves , .
focusing distorts the amplitude envelopse considerably. Mn
armplitude moﬁulated vave may bo oxpresgsed as

E=Ea( I+ M CbAt)g Hwt-kz) (R

1

vhers i 43 the index of mofulation, () 18 the modulation
frequency and (0 4s tho carrier frequency. The distortion of
the signal inside t.he semiconductor can be understood 1ike this.



i2

| = 2. 4o be much
Lot us take the modulation period Tam n to .
groator than the energy relaxation time, Then the nonlinesrity

4n the semple would be more when the smplitude of the wave is
more, Hence the high amplitude portion of the vave is focused
m_i'e than the portion of winirum amplitude,

We have carried out the quantitative analysie of wave
distortion in n-InSb in the case when the dispersion of side
bands can be neglected i.e, when the velocities of sids bands
are taken to be oqual to that of the carrier wave, This type
of distortion i.e, oiver‘ modulation of the wave is basically
differant from the usual nonlinoar domodulation which appears
due to nonlinear absorption, In case of a beam with aversge

powar ~~ 1 vatt, the index of modulation has basn found to
1ncragse by four times at JL'=108 sac".

VI,

The problem of polarization rotation of Gausaisn beans
based on the WKB solution of wave equation in self focusing
fibres has been investigatod {n this chapter, It has boen
found that near the focusing region the chmmge of polarization
ig appreciasble. Finite longitudinal size of the fidres

'mducéa the effective 'length'of ths samples for wave focusing.
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