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A theoretical investigation has been made of electromagnetic waves propagating in a semiconductor
superlattice (SL) consisting of alternating spatially dispersive and nonspatially dispersive layers. The
dispersion relations for both an infinite SL and a truncated SL are obtained by assuming the specular
reflection boundary conditions of Kliewer and Fuchs and using a transfer-matrix approach. A specific
type of spatial dispersion is chosen for exploration in detail, namely that caused by a dc drift current
moving in alternate layers parallel to the SL layer interfaces. Amplifying instabilities are found for cer-

tain ranges of frequency and wave vector.

I. INTRODUCTION

We report on a theoretical investigation of surface elec-
tromagnetic waves propagating in a semi-infinite semi-
conductor superlattice (SL) consisting of alternating spa-
tially dispersive and nonspatially dispersive layers. The
dispersion relation is obtained by using the specular-
reflection boundary conditions' and a transfer-matrix for-
malism.?

As an example of an application of this theory, we con-
sider the spatial dispersion caused by a dc drift current
moving parallel to the SL interfaces. We explore SL
space-charge-wave (SCW) instabilities associated with dc
drift currents. Extensive theoretical work has been done
on SCW instabilities in structures simpler than the SL
(for a listing of some of the pertinent papers, see Ref. 3).
For example, there are so-called resistive-wall instabilities
in gas plasmas that have been used for amplifying mi-
crowaves.* Such instabilities also occur in solid-state
plasmas.?

Instabilities in a superlattice consisting of two-
dimensional electron sheets periodically arranged in a
dielectric medium have been treated by Hawrylak and
Quinn.® In the present paper, we analyze a different su-
perlattice system in which the current carriers occupy
finite thickness slabs.

In what follows, we first obtain the transfer matrix for
the SL period using the specular-reflection boundary con-
dition. Dispersion relations are then presented for the
cases of infinite and truncated superlattices. Simplified
cases of two- and three-layer media are considered as a
check on the theory. A specific application is made to
the case where alternate SL layers carry a dc current
moving parallel to the interfaces.

II. TRANSFER MATRIX FOR THE SL PERIOD

Consider the SL geometry shown in Fig. 1. Here we
have alternating spatially dispersive and nonspatially
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dispersive layers with dielectric functions €(k,w) and
‘€lw), respectively. We first consider the electromagnetic
fields in region 1. The fields near the left- and right-hand
interfaces, but still inside region 1, are related by the
transfer matrix M,

E,

B, , (2.1

o+—

where we assume p polarization for the incident radiation
and where

cos(ga) iZsin(qa)

M,= 2.2)

iYsin(ga)  cos(qa)

Z, is the surface impedance of the semiconductor given
by

—_ 4qc

= 23
we ()’ 2.3

Z,

Y,=1/Z,, c is the velocity of light, and o is the frequen-
cy. The dielectric function of layer 1, €,(®), is given by
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FIG. 1. Geometry of an infinite superlattice.
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2
)
ef0)=€D [1-— 1, (2.4)
)
where €!) is the high-frequency background dielectric

constant and w,, is the plasma frequency. The quantity g
is the wave vector in the direction normal to the inter-
faces

172

9= ) (2.5)

2
@
2 ey(0)—k?
c

where k,, is the wave vector parallel to the interfaces.

Consider next the spatially dispersive layer whose ma-
terial has a bulk dielectric function, €,(k,®), and in
which a drift current is present parallel to the interface.
In this layer we assume that the carriers are specularly
reflected at the interfaces. To determine the field in this
region, we use the specular-reflection additional bound-
ary condition (ABC) of Kliewer and Fuchs.! We begin
with the approach of Wallis, Castiel, and Quinn.® We
periodically repeat layer 2 of Fig. 1 until all of the space
is filled. The fields at z=2nb are all identical for
n=0,%1,..., and the fields at z=(2n +1)b are all iden-
tical for n =0,%1,... . We next impose the “mirror im-
age” ABCs as

E,(nb*)=E,(nb"), dfz’ (nb*)= —L(nb_)
(2.6)

E,(nb*)=—E,(nb"), )= ),
2.7)

where bt means slightly to the right of the interface at b
and b~ means slightly to the left of the interface. From
Maxwell’s equation,

V><E=—%l'3 , (2.8)
where the dot above the vector means time

differentiation, we have, taking the field dependence as
expli(k-r)—owt], the result

—_ E.V 2.9
*  dz 29)
and the conditions given by Egs. (2.6) and (2.7) lead to the
result

B.(nbt)=—B (nb7) . (2.10)

Now we need to find solutions to the wave equation.
To this end, we use Fourier transform ¥ as follows:

FE()]=Ek,)= [ * dze""E(2) , (2.11)
F dﬁ—f’ ——ikEk)+ 3 AEmbE "™, (.12
where

AE(nb)=E(nb~)—E(nb™) . (2.13)
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We also have
2
7| 4EE) | pop )
dz?
+ 3 |4AEWD) 4 AE(nb)
o dx
xe™ ™. (2.14)

Now we can proceed to the electromagnetic wave
equation which we want to Fourier transform. If we
combine the Maxwell equations

1 4B

VXE=——— (2.15)
c ot
and
v><B—4—’TJ+ 1 9D (2.16)
c ot
with
D=€E, (2.17)
we can obtain the wave equation
<—>CO2
V(V-E)—V’E=¢—E. (2.18)
c
In component form,
3? »? _
% &c—m~8“ﬁvz—eaﬁﬁ Eg=0, (2.19)

where B is summed over components x, y, and z; §,g is
the Kronecker delta.
Fourier transforming Eq. (2.19) gives

0)2 2 2
Py €, —k; |E,(k,)+ 2eyz+k k, |E,(k,)
b | dAE,(nb)
=§e —tszEy(nb)—T
+ik,AE,(nb) (2.20)
and
? o?
— €, thk, |E(k,)+ | =€, .—k} |E,(k,)
c
ik, nb
=Ye * [ik,AE (nb)] . (2.21)

n

Equations (2.20) and (2.21) can be simplified by use of the
relations

AE,(nb)=0 (2.22)
In addition, we can, from Eq. (2.9) write
dAE,(nb) g
—ik,AE,(nb)+————=— —AB (nb) . (2.23)

dz
Using these results in Egs. (2.20) and (2.21), we have
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o’ 2 o’ E,(k,)= A,(k,) (2.36)
—2 €,y —k; |E,(k,)+ 2eyz%-k k, |E,(k,) y\ Pz nyzz_Tz :

ik, nb Inverting the Fourier transform gives
=>e —AB (nb) (2.24)
n dkz —ik,z Tzz
E)=[—=e "——E—4,k,). (37
and 2m T,T,—T,
? o? Because of the series of 8 functions, the Fourier integral
=€, tkk (k) + | =€, —k}|E,(k,)=0 reduces to
_lo & —ilms Fy_ 1y -
(2.25) Ey(z)_ cb Izz_we [BX(O )—( I)Bx(b )]

Equations (2.24) and (2.25) can be written in the form

T.V.V Tyz Ey(kz) Ay
sz Tzz Ez(kz) 0 4 (226)
where
w?
Tw= 7% k2 2.27)
T =T _wZ k
yz Zy—.—c_eyz‘{“ ykz , (2.28)
T _w_Z _k2
== 7%=y (2.29)
and
zk nb
=3 | aB b)’ (2.30)

We next consider Eq. (2.30). We begin with the expres-
sion

AB, (nb)=B, (nb”)—B,(nb™) . (2.31)
For all n, we have
B,(0%)=B_(2nb*),
(2.32)
B.(—bF)=B_[(2n +1)b*] .
Thus, Eq. (2.30) can be written as
4,=22p (0" )—e BTN 233

n

The summation over n in Eq. (2.33) is zero unless 2k,b is
a multiple of 27, in which case the sum diverges. Conse-
quently we have

N P

b (2.34)

zexp ik, 2bn]= 2
1

This, in effect, eliminates the k, dependence, and Eq.
(2.33) becomes

P 1T

A
b

=227 5 B.(0")—(—1)B,(b7)]5
c b4

(2.35)
Equation (2.26) can be solved for E, (k, ) as

T,

zz

3 (2.38)
T,T,—T,

k,=lm/b

Just inside the boundaries of region 2, we obtain from Eq.
(2.38) the following, where for the last square-bracketed
form of Eq. (2.38) we use [ ]:

iw _
Ey(o+>=gzl[Bx(o+>—<—1)’Bx(b Nk, =tmr6 >
(2.39)
_ i _
E,(b )=E§[(—I)IBX(O+)—Bx(b Nk, =t2r6 -
(2.40)
These expressions can be written in the form
E,(07)=v,B,(0")—y,B,(b7), (2.41)
Ey(b’)=y1Bx(O+)—7/2Bx(b_) , (2.42)
where
. © T
X zz
— (=" , (2.43)
LA ,=2_m T, T,—TL |k,=ins
. © T
X0 2z
=— —_— . (2.44)
Y27 ,=2_w T, T..— T} |k=lu/b

We can now obtain the transfer matrix for region 2 (see
Fig. 1). To be consistent with Fig. 1 labeling we replace

0" byb and b~ bya’ in Egs. (2.41) and (2.42),
E,(b7)=y,B.(b7)—yB,(a"), (2.45)
E,(a*)=yB.(b")—y,B.(a™). (2.46)

Solving Eq. (2.46) for B, (b~ ) and substituting the result
into Eq. (2.45) enables us to write the following matrix
equation:

E E
¥ ~ |y
B |, =M, B, L+ , (2.47)
where ﬁz is the transfer matrix given by
r2 viTri
- Y1 Y1
M, = (2.48)
1o
Y1 Y1
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It is easily verified that the determinant of ﬁz is unity.
We can obtain the transfer matrix for layers 1 and 2 by
matrix multiplication of M, and M, to give?

M=if = |y " 249
SR My My, | ’
where
2_..2
M“=$cos(qa)+ Y2"¥1,y sin(qa) , (2.50)
1
2_.2
M12=i$lein(qa)+ LE AU 2.51)
1 1
_ 1 .Y2 .
M,,=—cos(qa)+i—Ysin(qa) , (2.52)
Y1 Y1
_.Z, . Y2
M,, =i—sin(ga)+ ——cos(qa) . (2.53)
Y1 Y1

The quantity M is the transfer matrix for the SL period.

III. THE SL DISPERSION RELATION

Having obtained the required transfer-matrix elements
in Sec. I, we next consider the dispersion relations for an
infinite SL and a truncated SL. These expressions involve
the matrix elements of M [Eq. (2.40)] and, consequently,
are of a very general nature, i.e., appropriate for any type
of spatial dispersion.

A. Infinite SL

Following the approach of Mochan, del Castillo-
Mussot, and Barrera,? the dispersion relation for an

infinite SL is
cos(Qd)=1(M, +M,,), (3.1)

where Q is the Bloch wave vector and M, and M,, are
given by Eqgs. (2.50) and (2.53), respectively. The quantity
d =a +b is the fundamental SL period.

B. Truncated SL

The dispersion relation for a truncated SL is?

M,
M”+_Z ._ZMZI_M22=0 >

where the matrix elements M,;, M,, M,,, and M,, are
given by Egs. (2.50)-(2.53). For surface modes, the im-
pedance Z is given by

2 172
[9)
60'—2_k2] .
(4

(3.2)

_ ¢
z=-= 2 (3.3)

where, for a vacuum half space, ;=1 so that we can
write

_icao

, (3.4)
w

where ay is the vacuum decay constant given by
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ky——%5

; 3.5)

As a simple check on the dispersion relation given by
Eq. (3.2), consider the case of a semiconductor-vacuum
interface. For this situation, the required matrix ele-
ments are given by Eq. (2.2). For the wave vector g we
use the relation [see Eq. (2.5)]

172
=ia, ’

2
. ®
q=i kyz—?e,(w) (3.6)

where a, is the decay constant for the semiconductor half
space. Using Eq. (3.2), we obtain the result

z?=2z?%. 3.7)

Taking the positive square root and using Egs. (3.4) and

(2.3), we obtain
a

elo)=——,
oo

(3.8)

which is the standard result for surface polaritons’ at an
interface between semiconductor-vacuum half spaces.

IV. SPATIAL DISPERSION
CAUSES BY DRIFT CURRENT

A. Theory

The theory developed above is very general in that it
did not specify the components of the dielectric tensor for
a particular type of spatial dispersion. In this section, we
will consider in detail spatial dispersion caused by a dc
drift current flowing parallel to the layer interfaces (the y
direction). We proceed by utilizing the transport equa-
tion for the motion of a charge carrier in the semiconduc-
tor,

v vv="Y2 4 ¢ gt yxBl—w, @
ot m*N m* c
and the continuity equation

%%+V-(Nv)=0 , 4.2)

where v v, m* e, and N are the carrier velocity, collision
frequency, effective mass, magnitude of the electron
charge, and electron concentration, respectively. The
term VP is the carrier thermal pressure gradient, and E
and B are the total electric and magnetic fields, respec-
tively. We also make use of the Maxwell equation,

_10¢B
c ot

Linearizing Eqgs. (4.1)-(4.3) and proceeding as in Ref. 3,
we obtain the following components of the dielectric ten-
sor for layer 2 taking k=(0,k,,k,),v=(0, Vy,,0):

w§2 o*+ ng kz2

w2 (w—"ky sz )2

VXE= (4.3)

€, (k,0)=€2 |1— , (4.4)
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1) k,V and
6. (k,w)=¢€, (k,o)= —e?—2—2_ = (45)
w- O *"ky sz B‘ 5
X — =k (4.16)
) De2 &
e ko)=e; |[I—— |, (4.6)
1) so that Eqgs. (4.8) and (4.9) reduce to
where we have used the plasma frequency for layer s, —ik,c csch(k,b)
namely, V1= 3 , (4.17)
(2) @ea
€x@ |1————
o 47N, e? “?) (0—Vy,k,)
ez e¥m* ’ and
From these results we can obtain expressions for the T y,= _lky ¢ COth(ky b) (4.18)
of Egs. (2.27)-(2.29) and for y, and y, [see Egs. (2.43) @y [1— w5,
and (2.44), respectively], € @ (@—V,,k,)?
y Ky

io B —_—
y1=———=—==csch(bV/B,/B,) (4.8)
¢ VBB,
and
io B —_—
V2= ——coth(bV/B,/B,) , 4.9)
1P2
where we have used the expressions
T, T,—T,;,=B +kB,, (4.10)
T,.=8B;, 4.11)
and where
2 2 2,
B=eD | |y _ €2 | ;2
1 c? c? ) »
22
X 1=, (4.12)
(0—k,V,, )
— (2)(0_3?_ V%}’ 0)_2 (2) 1_6‘)32
B, € " _ 2 2% 2
¢t (o—k, V) ¢ ®
o 1— k)
€ 2 ( —kV )2
c o—k,V,,
4 2
—repple Ty (4.13)
Tt ok, V)
and
2 w?
—0 )y _Te2 | _,2
B;= czeoo 1 = k, . (4.14)

It is of interest to explore the nonretarded limit be-
cause retardation has little effect on amplifying instabili-
ties of interest here.> Consider the expressions for 8, ,,
and B; given by Eqs. (4.12)-(4.14) which enter in the ex-
pressions for ¥, and v, above. After a little algebra it can
be shown that

3 _.2
B _ <k 5 , (4.15)
\/BIEZ 6(3,)0.)2 ( L }

1_

For the infinite SL, the dispersion relation is given by
Eq. (3.1). Using the nonretarded forms of y, and y,
given by Egs. (4.17) and (4.18), we obtain the following
dispersion relation:

cos(Qd)=7 |2 cosh(k,a)cosh(k,b)

1
2

€
+—sinh(k,a)sinh(k,b)
€

€
+—2sinh(k,a)sinh(k,b)
€

) (4.19)

where k, is the wave vector along the SL interface and

(6]
=l 1—— |, (4.20)
(0]
2
we
=€ [1-——2— | . (@.21)
(Cl)_Vozky)

In these expressions w,; is the plasma frequency specified
by

47N, e?

0% = T (4.22)
m; €,
where N, is the carrier concentration in the ith layer, e is
the magnitude of the electron charge, m* is the carrier
effective mass, and € is the high-frequency dielectric
constant.

to take into account the presence of optical phonons in

either layer type, we add the term
2 2

Wy —aoT
ew
05—’

to either €, or €,, or both. In this term, wy is the trans-
verse optical-phonon frequency and w; is the longitudi-
nal optical-phonon frequency.

For the truncated SL, the dispersion relation is given
by Eq. (3.2). Using the nonretarded forms of ¥ and y,,
as before, we obtain the following dispersion relation:
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[sinh(k,a)+€,cosh(k,a)]sinh(k,b)e; —[(1—€])cosh(k,b)sinh(k,a)]e,

The presence of optical phonons in a truncated SL can be
taken into account as indicated above for the infinite SL.
We next discuss the criterion for the existence of sur-
face waves for the SL geometry considered here. We fol-
low the analysis of Camley and Mills,® who considered a
truncated SL interfacing a vacuum and with alternate
layers also a vacuum. For our geometry this corresponds

to taking
€6=1. (4.24)

For this case the dispersion relation given by Eq. (4.23)
reduces to

(1—€3)[cosh(k,a)+sinh(k,a)]=0, (4.25)
from which we obtain the result
e==x1. (4.26)

In their treatment of the truncated SL, Mochan, del
Castillo-Mussot, and Barrera? give the following form for
the dispersion relation:

M,

Z:— - -
Mu_e'Qd

Mzz_eiQd
M, ’

(4.27)

where for our case, the M,; are given by Egs.
(2.50)-(2.53). Equation (3.2) was obtained from eliminat-
ing ¢’ from Eqs. (4.27). Using the first equation of
(4.27), replacing iQ by — 3, we have that

My,

e Pl=M, +—~
z

=[sinh(k,a)+cosh(k,a)]

X | 2-sinh(k,b)+cosh(k,b) | . 4.28)
€
For €,= +1, Eq. (4.28) reduces to
e Fi=, kyd s 4.29)

which gives —f8 =ky. This is not a surface wave, as dis-
cussed by Camley and Mills.® For €,= —1, we find that

b—a

B=k, I (4.30)
which gives a surface wave as long as
b>a . (4.31)

It is of interest now to look at some limiting cases of
the above dispersion relations and compare them with
published results.

B. Limiting cases

Regarding the infinite SL dispersion relation given by
Eq. (4.19), it can easily be shown that this is equivalent

—¢,[€;sinh(k,a)+cosh(k,a)]sinh(k,b)=0 . (4.23)

r
to the result obtained by Camley and Mills® when the
drift velocity ¥V, =0.

For truncated SL, we first consider a semiconductor-
vacuum interface. To obtain this geometry, we take a =0
and b= w [refer to Fig. 1]. It is straightforward to show
that the dispersion relation [Eq. (3.2)] for this case
reduces to

Z2=92, 4.32)
where
ik, c ?
v2=— |1 P 4.33)
WES (@—Vyk,)

Using Eq. (4.33) and the expression for Z given by Eq.
(3.4), we obtain from Eq. (4.32) the result

w%z
(w - sz ky )2

6(2)

o

=—1, (4.34)

which has been obtained previously® using a different ap-
proach.

If we replace the vacuum with an insulator with dielec-
tric constant €,, Eq. (4.34) becomes

2
WDer
6(2)(1_ e

o m =—€g . (4.35)

Further, if we replace this insulator with a nondrifted
solid-state plasma with dielectric function €'.(1
— w?,/0?), Eq. (4.35) becomes

2
WDe2

(0—V,,k, )

2
el

[0
iy 1——2}. (4.36)
(0}

©

e? [1— =—¢

For this case, we have amplifying instabilities.

We next consider a more complicated limiting case,
namely, that of a two-interface system. Referring to Fig.
1, we take @ =0 to eliminate the first layer, retain the spa-
tially dispersive layer with dielectric function €,(w,k) and
thickness b, and add a layer of thickness ¢;(— x). We
label this region 3. Its transfer matrix is

- cos(gty) iZ;sin(qty)
M,= iY,sin(gt;)  cos(gts) 4.37)
Thus for our two-interface system, the transfer matrix is
- my; my,
= , (4.38)
my; My
where
_ "2 Zy .
m,; =—cosh(a;t;) — —sinh(ast;) , (4.39)
Y1 Y1

2

2_
= YZY ri cosh(a3t3)—%2~23sinh(a3t3) , (4.40)
1 1

my,
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Y2 .
my, =Y3—251nh(a3t3)+icosh(a3t3) , (4.41)
Y1 Y1
2,2
Y2—vY .
my,= Zy 1Y3smh(a3t3)-f-%cosh(oz;;h). (4.42)
1 1

In obtaining these expressions we have used the result

2 172
k.yz_f:i% =ia3 . (4.43)

q=i

Putting the above matrix elements in Eq. (3.2), multi-
plying through by 7, and grouping terms, we have

ri—vi

VA

Zy

z

—Z [cosh(a;ty)+ | —Z3—y,— +7,ZY,

+(r3—vdy,

Xsinh(a;t3)=0 .
(4.44)

In the limit #;— oo, the above equation can be reduced to

(Y2,—Z )y, +2Z)=y%. (4.45)
Now
ica3
3 = > (446)
Cl)63

and Z is given by Eq. (3.4) so that Eq. (4.45) can be writ-
ten in the form

icay icay

Ya— Yo =92 (4.47)

WEy w

For the nonretarded limit, using Egs. (4.17) and (4.18) we
can rewrite Eq. (4.47) as

(e,+1)e,+€3)—(e,—1)€,—€3)exp(—20)=0, (4.48)
where
‘032
e,=€? |l (4.49)
(Cl)_ky sz)
and
0=k,b , (4.50)

a result equivalent to those obtained by other means for
V,,=0," and for V,,70.'° This dispersion relation [Eq.
(4.48)] exhibits amplifying instabilities.

Finally, we consider the limiting case of a truncated SL
in the nonretarded limit, neglecting the drift current.
The dispersion relation is given by Eq. (4.23), with ¢,
given by Eq. (4.20) and €, by Eq. (4.21) with V,,=0. This
result is in agreement with those obtained by Szenics
et al.,'' and by Camley and Mills,® using a different ap-
proach.
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C. Numerical results

In order to provide an explicit example of the results
that can be obtained with our treatment, we have ob-
tained numerical solutions to the dispersion relation for
an infinite SL given by Eq. (4.19). We use the reduced
variables w/w,,, k,a, and V,, /aw,, for frequency, wave
vector, and drift velocity, respectively. The values of the
parameters appearing in the dispersion relation were tak-
en to be w,,=V2w,, b=2a, V,,/aw,=0.5 and
€ l'=¢2)=1, a value appropriate to GaAs.

The results for the dispersion relation are shown in
Fig. 2 when we input a real frequency » and calculate a
value of the wave vector, which may be real or complex:
k,=k xik,. For given Q and reduced frequencies well
above the value 1/V'2, we obtain the fast (F) and slow
(S) space-charge waves with real k, that are localized at
each_interface. As the reduced frequency approaches
1/V'2, the wave vectors for the fast and slow space-
charge waves approach — o and + o, respectively.
When the reduced frequency lies below 1/V2, two solu-
tions are found to the dispersion relation with their wave
vectors complex and, in fact, complex conjugates of each
other. One solution, therefore, decays as it propagates,
while the other solution grows as it propagates. We have
verified that the growing wave solution corresponds to a
convective (amplifying) instability by using a real wave
vector as input into the dispersion relation and obtaining
a complex conjugate pair of frequencies.!> The unstable
branch (I) starts out linearly from the origin, attains a
maximum value of |k,|, and then bends back to the left.
This behavior is in contrast to that of two contiguous half

0.4 1
0.2 — n
0.0 | ] ] ] 1 | |

-3 -2 =1 (o] | 2 3 4 5 6

FIG. 2. Dispersion relations for fast (F), slow (S), and insta-
bility (I) branches of space-charge waves for V,, /aw,;=0.5,
b/a =2, and 0?,/w?,=2.
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€

¢ oal Q=0 |

0.2 -

0.0 | | |

|kz2|a

FIG. 3. Magnitude of the imaginary part of the reduced wave
vector vs reduced frequency for the instability branch of Fig. 2.

spaces of dielectric constants €(w) and €,(k,,w) for
which the unstable branch is strictly linear.® "Another
difference is that the unstable branch extends above re-
duced frequency 1/V'2 to reduced frequency unity.

The gain of the convective instability is measured by
the value of |k,|. In Fig. 3 we plot the reduced gain as a
function of reduced frequency. The gain is seen to in-
crease as the frequency increases, reach a maximum, and
then decrease. As the SL wave vector Q is varied, the
fast, slow, and unstable branches broaden into bands, al-
though the broadening of the slow branch is not discern-
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able in Fig. 2. Broadening of the gain curves also occurs
as seen in Fig. 3.

V. DISCUSSION

We have investigated the use of the transfer-matrix ap-
proach for a semiconductor superlattice with alternating
spatially dispersive and nonspatially dispersive layers.
The dispersion relation for this configuration was ob-
tained and applied to several limiting cases where the
spatial dispersion is caused by a dc drift current parallel
to the SL interfaces. The results for the limiting cases are
in agreement with those obtained by other means.

Of particular interest, however, is the exploration of
amplifying instabilities in semi-infinite SL structures. In
addition to the instabilities mentioned above, there are
optical-phonon amplifying instabilities.’* The semi-
infinite SL dispersion relation obtained above can be
readily modified to take into account optical phonons. In
addition, magnetic-field effects are of interest and possi-
bly can be incorporated into the above theory. These and
other effects, such as those due to temperature,14 are un-
der investigation.

ACKNOWLEDGMENTS

The work of one of the authors (B.G.M.) was support-
ed in part by U. S. Army Research Office (ARO) Con-
tract No. DAALO03-86-C-0016 and that of the other au-
thor (R.F.W.) by National Science Foundation (NSF)
Grant No. DMR-8918184.

IK. L. Kliewer and R. Fuchs, Phys. Rev. 172, 608 (1968).

2W. Luis Mochan, Marcelo del Castillo-Mussot, and Rubén G.
Barrera, Phys. Rev. B 35, 1088 (1987).

3B. G. Martin and R. F. Wallis, Phys. Rev. B 32, 3824 (1985).

4C. K. Birdsall, G. R. Brewer, and A. V. Haeff, Proc. IRE 41,
865 (1953).

SP. Hawrylak and J. J. Quinn, Appl. Phys. Lett. 49, 280 (1986).

6R. F. Wallis, D. Castiel, and J. J. Quinn, in Proceedings of the
Fourteenth International Conference on the Physics of Semi-
conductors, Edinburgh, 1978, edited by B. L. H. Wilson (Insti-
tute of Physics, London, 1979), p. 203.

7D. N. Mirlin, in Surface Polaritons, edited by V. M. Agrano-
vich and D. L. Mills (North-Holland, Amsterdam, 1982).

8R. E. Camley and D. L. Mills, Phys. Rev. B 29, 1695 (1984).

°D. L. Mills and A. A. Maradudin, Phys, Rev. Lett. 31, 372
(1973).

10F, Crowne, J. Appl. Phys. 57, 4772 (1985).

1R, Szenics, R. F. Wallis, G. F. Giuliani, and J. J. Quinn, Surf.
Sci. 166, 45 (1986).

12p_ A. Sturrock, Phys. Rev. 112, 1488 (1958).

13B. G. Martin and R. F. Wallis, Phys. Rev. B 40, 10436 (1989).

148 G. Martin and R. F. Wallis, Surf. Sci. 257, 230 (1991).



