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                               (Abstract)

   This paper investigates the propagation of surface carrier waves which are associated
with drifting carriers in a semibounded semiconductor. The description is done on the
basis of a kinetic theory under the specular reflection for the carriers at the semicondu-
ctor surface. The dispersion equation is derived and compared with that which is obtai-
ned from the hydrodynamic theory.

  1. Introduction

  The space charge waves associated
with a drifting stream of carriers in a
semiconductor are called carrier waves.
Recently the surface carrier waves sup-
ported by a finite semiconductor have
received a great deal of attention, main-
ly on account of the possibilities of con-

structing a new type of travelling-wave
amplifiers by using an active interaction

between the carrier waves and an exte-
rnal curcuit.

  Kinoi' has discussed at great length
the loss properties of the surface carrier

waves with zero-temperature approxima-
tion and has refered to much of work
of this problem. Sumi2', Dean and Ro-
binson3', and Wang`) have used the hy-
drodynamic theory for the carrier stream
to study the effect of carrier tempera-
ture on the surface carrier waves. Ho-
wever the hydrodynamic theory, which
describes the average properties of a
system of carriers, does not always re-
flect the thermal motion of carriers pro-

perly. As in the case of surface plasma
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waves, a kinetic theory based on the
Boltzmann equation for the carrier stre-
am is expected to provide a more detail-
ed information about the propagation of
the surface carrier waves. The kinetic
theory has been used so far by Pines
and Schrieffer5), Robinson and Swartz6),

and Kobayashi and Fujisawa" in work
on the one-dimensional carrier waves
(bulk carrier waves) in an unbounded
semiconductor.

  In this paper we shall present an in-
vestigation of the surface carrier waves
by using the kinetic theory. To simplify
the theoretical treatment, we consider
an isotropic, homogeneous semiconductor
bounded by a dielectric half-space and
assume that the carriers are specularly
reflected from the boundary surface. We
can use the electrostatic approximation
since the average drift velocity of the
carriers and the phase velocity of the
surface carrier waves are suMciently
small cornpared with the velocity of
light. We shall deriveageneral expres-
sion for the dispersion equation of the
surface carrier waves. In order to ev-
aluate the dispersion equation explicitly,
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we shall make an approximation which
is valid for the carrier waves of micro-

wave range in an usual'semiconductor
at room temperature. An approximate
dispersion equation is obtained and
brieflycompared with the corresponding
equation which has been derived by
using the hydrodynamic theory.

  2. The solution of the Boltzmann equa-
   tion

  We consider a homogeneous and iso-
tropic semiconductor with one species of
mobile carriers, which is confined to the

half-space y>O and bounded by a dielec-
tric for y<O (Fig. 1). We assume thata

  '                 yb

                              z

        Dietectric (e) •
     Fig. 1. Semibounded semiconductor
           and dielectric .

                                  ttstatic electric field Eo is apptied in the
z direction and the carriers are drifting

in this direction with an average velocity

vo through a uniform background of sta-
tionary lattice ions. The dynamics of
the carriers in the electrostatic approxi-

mation may be described by the lineari-
zed Boltzmann and Poisson equations:

  (lgr, +p•7+ .q. E, aa,,) f(-,l b, ,) ' • -

    -- .q. E• aO.- f, + ( aOt f), a)

                           '  =  E--7q (2)                   ' (' ili' ''                      :t
          '  72q---,P, '' (3)

Semicondu tor<es)
e-Eo"--ny )vo

/
x

  p-qfrlf(7, i, t) d3b (4)
      -co
where q, m*, and v are the charge, the
effective mass, and the velpcity variable

of the carriers, e, is the permittivity
of the semiconductor, E and if are the
electric field and the potential of the
perturbation, f and p are the perturba-
tions of the velocity distribution func-
tion and the charge density of the car-
riers', fo is the stationary velocity distri-

bution function, respectively, and (af/
at), represents the collision term of
the carriers.

  We assume that fo is a displaced Max-
wellian :

  fo = (/iT;v.), exp[- (VivV.o,Z)2] (s)

where vT and no are the thermal velo-
city and the equilibrium number density
                   Aof the carriers, and z is the unit vector

in thezdirection. ,
  The simplified collisien models of a
relaxation type are commonly used for
the collision term (af/at),. Following
three-models have been introduced in
work on the one-dimensional carrier wa-

ves.

  (i) Pines' mode15'

  ( eat f),== -vf . (6)

  (ii) Robinson's mode16'

  (aat f),= -y(f- i,fo) (7)

  (iii) Kobayashi's mode17'
                          '
  ( aa, f),- -y (f- ill Fo) (s)

where v and n==p/q are the average car-
rier-lattice collision frequency and the
perturbed number density of the car-
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 riers, and Fo is a equilibrium Maxwel-
 lian :

  Fo = (v/liT:v.), exp[' 2Vv.2 ,] (g)

                         '
We discuss briefly the physical differe-

 nces among these models. It is obvious
that Pines' model (6) does not conserve
the crriers. Robinson's model (7) con-
serves the carriers, but implies that the

velocity distribution tends to relax to-
ward the displaced Maxwellian (5). As
was pointed out by Kobayashi.and Fuji-
sawa7' , this model would be appropriate
for a plasma stream composed of a set
of electrons and ions drifting with the
same velocity vo. In the present case,
however, the lattice ions are stationary
and the velocity distribution tends to
relax toward the equilibrium Maxwelian
(9) due to the carrier-lattice collision.

0n the other hand, Kobayashi's model
(8) conserves the carriers and reflects
such a relaxation process properly. Ac-

cordingly, we will adopt Kobayashi's
model (8) as the collision term.
  We must specify a boundary condition
for the distribution function fat y=O.
To simplify an analytic treatment, we
assume an idealized boundary' surface
where the carriers are reflected specu-
larly. Then the boundary condition can
be expressed as follows: ':"i•

   f(v,,y=O) -=f(-v,,y-O). (10)

It should be noted that the boundary
condition (10) can be applied in spite of
the presence of a current in the semi-
conductor, since the average drift velo-
city of the carriers is parallel to the
boundary surface y=O. . .
  Following the method proposed by
Guernsey8), we can• resolve the system
(1)-(4) with (8) and (10). Let the perL

 turbation be of the form exp [-i(tut-- Bz)]

 and independent of x, where to and B
are the angular frequency and the pro-
pagation constant of the surface carrier

waves. This implies that we consider
the response of the system far enough
away from an initial perturbation. Be-
aring in mind a Fourier-Laplace trans-
form with respect to z and t, we assume
that B is real and w is complex with a
small positive imaginary part.

  In order to be able to apply a Fourier
transform with respect to y, we conceive

the semiconductor to extend into the
region y<O and continue f and E specu-
larly to this region as follows:

  f(v,, -y) -f(-v,, y) (11)

  E, (-y) === E, (y) (12)
  E, (Hy) =HE, (y). (13)
  By virtue of (11)-(13), the boundary
condition (10) can be achieved and the
Boltzmann equation (1) is satisfied for
all y. We define the Fourier transfotm
and its inverse transform by

        co  a(c)-Iq(y) e-icy dy, a4)
       -H oo oo

  q(y) -= i. fth(C)eiC' d4. (ls)

          -co
Substituting the explicit collision term
(8) in (1) and applying the Fourier tra-
psform to (1)-(4), we obtain the follow-
ing relationships between the Fourier
components :

  .q. E, aa.,fN- i [ (o + iy) - (4v, + Bv.) ] f'"

    = il,;:; Np -i i*AvO 4 [4vy + B(vz-vo) ] di ,

                               (16)
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  (c2 +B2) q'" --- et -2 aay q(+ o), (17)

      co P--gfff7d3b, . (is)
         '     -oo
where q(+O) and aq(+O)/ay denote
the values of q(y) and eq(y)/ay just
inside the semiconductor. In the above,
we have .suppressed the common factor
exp [-i(tot-Bz)]. Thedifferentia! equa-
tion (16) with respect to v, can be solv-

ed in a straightforward manner under
the condition that 7 tends tQ zero as

lv,l-->oo. Substituting the result in
(18) and integrating over the whole ra-
nge of v, after somewhat tedious calcula-

tions, we obtain the following expres-
sion for the charge density pN (see Ap-

pendix A):

  J 2tog2P,z,(ct,)

  'i5rs=i+iv,,z..sa,s2,)(C2+B2)gNo (ig)

where
            ia  z(ct)=i2e-a2fe-e2 de (20)
            "ca

     (D+lV  ai=-/2g (21)
     (D -- Bvo + iy
                              (22)  a2==       /22

  ,s2 =- [v,2(c2+B2) +i9.;Illo B] i'? (23)

top=(noq2/m*e,)i'2 is the plasma frequency

of the carriers, Z(a) is the usual
plasma dispersion function9', Z'(a) deno-

tes its derivative and 2is defined such
               '
that the real part of 9 is positive when
C and B are real.
  Substituting (19> in (17) a,nd applying

the Fourier inverse transform (15), we
can deduce the expression for q in the

semibounded (y>O) semiconductor as
follows :

              yZ(ai)
         oo 1+i  g == --l- J (c2+BII)4BtiZc) e'c' dc aay q(+o)

        -oo
                              (24)
where

  D(o--1+iV,/Z-S%')-20g3,z,(a,). (2s)

The value of q(+O) is obtained by
settingy=O in (24). This gives a rela-
tion between g(+O) and aq(+O)/ay,
which will be used to derive the disper-
sion equation of the surface carrier wa-
ves. However, it should be noted that
the value of aq(+O)/ey is not correct-
ly obtained by setting y=O in the deri-
vative of (24) with respect to y. This
is because the Fourier representattion
of aq/ay (regarded as defining a func-
tion in -oo<y<co) is antisymmetric in
y and jumps by amount of assumed sur-
face charge in crossing the plane y==O.

  3. The dispersion equation of the sur-
   face carrier waves

  In the dielectric region (y<O), the La.-

place equation holds and hence the po-
tential is given by

  go == Cexp (Å} By) (26)
where C is an arbitrary constant, the
upper sign on B holds when B is posi-
tive, and the lower does when B is ne-
gative. The assumed dependence of the
form exp [-i(Åët---Bz)] has been sup-
pressed in (26).

  To determine the dispersion equation
of the surface carrier waves we must
specify the boundary conditions on the
field vectors aty=O. The specular re-
flection condition (10) implies that there

is no charge accumulation on the boun-
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dary surface. Therefore the normal di-
splacement as well as the parallel elec-
tric field are continuous across the bo-

undary. With the help of (26), the bo-
undary conditions are expressed as fol-
lows:

                a  q(+O) ==C and e,                  q(+O) ==e(Å}B)C                ay

                               (27)

wheresis the permittivity of the die-
lectric. Settingy==O in (24) and apply-
ing the boundary conditions (27), we ob-

tain the dispersion equation of the sur-
face carrier waves as follows:

                yZ(ai)
          eo 1+i  -2f•+ (Å})SJ (,,.Bl()llil!io dc -= o. (2s)

          -eo
The dispersion equation (28) is general
within the framework of the electrosta-
tic treatment. It is noted that the effect

of the first-order term Eoaf/av, in the
Boltzmann equation (1) is included in 9
given by (23). It we set Eo=y=vo=:O in
(28), then (28) reduces to the disper-
sion equation of the surface plasma wa-
ves in a collisionless plasma half-space
8'. We have adopted the collision model
(8) on the ground of the arguments in
Section 2, and restricted our attention
to this collision model. If one uses the
other two collision models (6) and (7),
the dispersion equations different from
(28) will be derived (see Appendix B).

  4. Appreximate dispersion equation

  The dispersion equation (28) is com-
plicated by the presenoe in the integr-
and of the plasma dispersion function Z
(a). In order to evaluate (28) we mi-
ght perform the numerical computations
on a particular case. It is perhaps more
instructive, however, to give an approxi-

mate dispersion equation which includes
a correction to the result derived from
the hydrodynamic theory. It is known
that if lal;})5 is satisfied, Z(a) can
be evaluated in terms of its asymptote
for lal>>1 with high enough precision.
When the imaginary part of a is posi-
tive, the asymptote is given9' by

  Z(a) =` - i(1 +21a2 +43a4+"') ' (29)

Bearing this in mind, we shall derive
the approximate dispersion equation for
(28).

  We consider the surface carrier waves
of microwave frequencies in an usual
semiconductor at room temperature.
Then the appropriate values for the fre-
quency, the propagation constant, and
the other parameters can be taken in
following rangeszo> :

  1.f.`N',06,i:l?g.tE],:`l.O,61I2111b,i{iliig.Otl",.Z')

                               (30)

Taking (30) into account and assuming
an phenomenological relation qEo/m* == vvo

between Eo and vo, it is numerically con-
firmed from (21)-(23) that lail}?)5 and
1ct2I;}l)5 are satisfied when KISIBI. It
can be readily shown that both the ima-
ginary parts of ati and a2 are always
positive whenever w<v. In the region
ICIfSIBI, therefore, we can use the
asymptote (29) for Z(ai) and Z(a2) with
enough precision and obtain the follow-
ing asymptotic expressions for the inte-
grand in (28):

  D(c) =r D, -- e; [v2. (c2 +B2) +i 3Zi<Ig]

                               (31)

  i+i y.Z.-Sc.e•) -:,,, :l,.
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where

  Do=

y [v2. (C2+B2) + iBqEo/m*]
(Q) + iy) 3

(32)

       o tu2,
     a)+iy (to-Bv,+iy)2'
                               (33)
 Di= (toSYtly)3+ (tu-3BYv2,W+2piv), .

We will use these expressions over the
whole range of integration of C. Of
course the asymptotes of Z(a!) and
Z(ct2) are invalid in the region ICI>IBI,

but we may expect the error to be small
since the integrand in (28) becomes ex-
ceedingly small in this region.

 Following the approximation mention-
ed above, the integral in (28) can be
evaluated by means of the residue cal-
culus. After straightforward calcula-
tions, we obtain the approximate dis-
persion equation as follows:

  (1+IZ'L) + (.-Bavtu,3+ iy)2

     (Å})B (b- a) (D3
                 ==O (34)    +     7(a)-Bvo+iy)2

Where
  '  r== [B2- :, (f]: -iB,,q.EÅí)]ii2, (3s)

     ; ' 1+ i3BqEo/m* (Åë - Bvo+ iv) 2
   a==         Do-i(BqEo/m"y2)Di '
                               (36)
             3v2   b==-        (to-Sv,+iy)2D, ,

and r is defined such that the real part
of r is positive when B is real and to is

complex with a small positive imaginary
part. Equation (34) hasbeenderivedon
the assumption that B is real. This ex-
pression can be analytically continued,

however, by requiring that the upper
sign on B applies when the real part of

ee 2 ig ee 1 ;ll ng iFm 55 tEl{

B is positive and the lower does when
the real part is negative. The complex
roots of B for real to give the propaga.
tion constants of the surface carriet
waves, which ,are excited•at 'a signal
frequency of to. Equation (34), after
being rationalized, yields a polynomial
equation and the roots for B can be de-
termined numerically. Because of the
algebraic complexity, it is dithcult tg co-
mpare (34) directly with thb dispersion

equation obtained by using the hydro-
dynamic theory.
  In order to show clearly the difference

between the kinetic and the hydrodyna-
mic treatments, it is convenient to con-
sider the collision-dominant ( l (D -- X9 vo i <v)

situation which has been commonly as-
sumed in.the latter treatment. It this
case, (34) is further simplified as fol-
lows:

                                   '  i..f•.ios(-+-BB.<r.c,-.at)+,:(es3,tu.Rff.))-o

                               (37)
where

  rc == [B2---i vV4 (1Slg(iDQ.);y-lgv,)]i/2 , (3s)

                                'and oR==to2p/v is th6 dielectric relaxa-

tion frequency. In the above we have
used the phenomenological reation qEo/
m*=vvo. On the other hand, the
corresponding dispersion equation obta-
ined in the hydrodynamic treatment is
given2)•ii) by

  i+-gs+i`"ti;-(Å}aB,f2ith,-,.e)=-o (3g)

where

  7'h=[l32'-i vV2. ((D-Bv,+itu,)]ii2 . ' (,lo)

Frotn a brief comparison ' (37) with (39),

we find that the fourth term in (37),



Surface Carrier Waves -- 65 -

which depends on the ratio 3(DR/v, gives

a correction due to the finite spread
of velocity distribution of the carrier
stream. It is seen from (38) and (40)
that a similar correction is also included

in the expression for T.. It is noted
that in our approximation, r given by
(35) provides the attenuation const-
ant of the surface carrier waves in the
transverse direction inside the semicon-
ductor. Setting 7-==O or T.--O, therefore,

from (35) or (38) we can obtain an ap-
proximate dispersion equation for the
one-dimensional carrier waves with the
same correction as mentioned above.

  5. Concluding remarks

 We have presented a kinetic treatment
of the surface carrier waves supported
by a semibounded semiconductor, by us-
ing the Boltzmann-Poisson equation and
assuming the specular reflection of car-
riers at the boundary surface.
  The principal results of this work are
summarized as follows :

  (i) A general expression for the di-
     spersion equation of the'surface
     carrier waves is given by (28). In
     the absence of collision and static
     electric field, this reduces to the
     dispersion equation of the surface
     plasma waves.
  (ii)' An approximate dispersion equa-

     tion (34) is valid for the surface
     carrier waves of microwave fre-
     quencies in an usual semiconductor

     at room temperature.
  (iii) A simplified dispersion equation
     (37) is useful in a collision-domin-

     ant situation. This includesacor-
     rection, which depends on the ra-
     tio of the dielectric relaxation fre-

     quency to the collision frequency,

     to the corresponding equation ob-
     tained in the hydrodynamic treat-
     ment.
  Although for simplicity, we have con-
fined ourselves to the system of one set
of carriers, the present analysis can be

easily extended to the system of two
sets of carriers. It'  is expected that a
similar analysis provides a more detail-

ed information about the two-stream
instabilities of the surface carrier wa-

ves.
  Before concluding, we should point out
that in a real semicQnductor, there are
several situations when the specular re-
flection condition is not necessary satisfi-

ed. However it is difficult to present an
analytical method to take into account
such situations. The only simple alter-
native is to assume a completely diffu-
sive boundary where the carriers, arr-
iving at the boundary, are scattered with
a complete loss of their velocity, that is,

f(v,>O,y==O)=O. This boundary model
is analogous to that of a completely ab-

sorbing boundary in the hydrodynamic
treatment, which has been introduced
by Barybini2) for a carrier stream in the

presence of depletion layer near the
semiconductor surface. As distinct from
the specular reflection, the diffuse scat-

tering of carriers produces the macrosc-
opic surface charge as a result of the
charge accumulation on the boundary
surface. The Boltzmann-Poisson equa-
tion in this situation can be solved by

using the Wiener-Hopf technique, but
we must evaluate the magnitude of the
surface charge density in order to ach-

ieve the boundary value problem. An
approximate solution method for the di-
ffuse scattering condition will be presen-

ted in future studies.
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Appendix A
  We first consider the case where
qEo/m*>O. Then the solution of the di-
fferential equation (16) with respect to

v,, which is bounded for iv.l-)oo, is
given as follows:

        Vz .v .v  7= :Z i [ qY.e, Fo (vi) -i .q.qv4 {cvy

       -co
    +B (V; -vo) } fo (V2) ]exp [- i{A (v,)

    -- A(v2))] dvl (Al)
where

  A(vz) - 7ii,[gvz- (to +iv-cv,) v,] .

            . - (A2)
Introducing the integration variable u=

v,-v2, (Al) reduces to

         tv eo 7== ql !iiiY.P, FoJexp[-B(u)]du

            o
         .v oe    Pi EY,4 fo f [CV,-Bu

             o
    +B(v,-vo)] exp [-C(u)] du (A3)

where

                    m*        u  B(U) == 2v2.(U'2V2)-i 2qE, "

        Å~ [Bu+2 ((D + iy - Cv, -- Bv.) ] (A 4)

             vou  C(u) -=B(u) +
             v2.

Substituting (A3) in (18), the integra-

tions over v., v,, and v, can be ev-
aluated shortly. We thus obtain

 J.. :f l,-a? ege ..p [- (,.e-Z"., u

            '
    - iai ) 2] du - ( qMi,) 2es(D3 (C2+B2)

          co    Å~ the-": ,f uexp[' (,/421*q2E, u- ia2) 2]du

                              (A5)
Introducing the transformations of inte-

gration variable defined by

  0i=-t2-*qlik"+iai,

                               (A6)
        m*2 .  e,=: -             u+la2       i/2qEo

and taking into account the fact that
-n/4<arg9<T/4, (A6) maybe rewritten
in the following form:

               ial  J- -'/i2iY 'p" e-a? l e-ei do,+2 ebfll3(42+B2)gNp

               - oo
           ia2      xe-aZ I (02-ict2)e-6: dO2. (A7)

           -oe
Furthermore, introducing the plasma di-
spersion function defined by (20) into
(A7), after some rearrangement of ter-
ms, we finally obtain (19).

  For qEo/m*<O we can also obtain (19)
by proceeding in a manner similar to
that for the case of qEo/m*>O.
Appendix B
  Substituting the collision term (6) in
(1) and following anal•ytical methods si-

milar to those presented in Section 2,
Section 3, and Appendix A, for Pines'
model we obtain the following dispersion
equatlon :

  i• +(Å})-i.3 IOe (4,.B43D,(c) -o (Bi)

          -eo
where

  Dp (C) ==1- 2toS',z' (a,). (B2)

Similarly, using the collision term (7),
for Robinson's model ;we obtain the fol-
lowing dispersion equation:

 ,t,.(,t)#ofe(i+.th'ttt'2-cr.il),L),,---., (.,)

          -oo
where
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 D,(c)-1+iY3S-ct22)---2(Oi]IPI,z,(at,). (B4)

It should be noted that in the absence
of collision, that is, in the case of v==O,

(28), (Bl), and (B3) reduce to the same
dispersion equation. Using the approxi-
mation presented in Section 4, from (Bl)
and (B3) we are able to derive the ap-
proximate disper' sion equation for each
collision model.
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