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The propagation of an electromagnetic wave in a direction perpendicular to both the applied static
magnetic field §0 and the static electric field EO in extrinsic indium antimonide (InSb), and wave
instability are studied theoretically. The dispersion equation D (w, k) relating the wave angular
frequency o and the wave number k is derived from Maxwell’s equations, the equation of momentum
transfer, and the continuity equation, using the magnetohydrodynamic approach and a one-dimensional
linearized theory. With the aid of the dispersion relationship, the propagation characteristics of the slow
electromagnetic wave in a collision-dominated semiconductor plasma is examined in detail, for both
n-type and p-type materials. The range of parameters considered are 1 < f <9 GHz, 1 < B, < 10
kG, and 0 < E, < 30 V/cm, and the variation of the phase velocity of the wave, v,, and the
amplitude constant of the wave, a = Im(k), with the parameters B, E, and the wave frequency f,
are investigated. It is shown that under proper conditions wave amplification, defined by Ba > 0, where
k =B + ia, and the wave instability, defined by w,w, < O, where @ = w, + i®,, is possible. For
example, under the conditions (wg /w)?* < 1 + p!B3 and [\7no/n{ <|k|, the threshold condition for the
wave amplification, the threshold condition for wave instability, the spatial growth rate (a > 0), the
phase velocity v,, and the threshold oscillation angular frequency w, = w, (for which w, = 0) as
functions of E,, By, f, and n, are derived, where w; and n, denote the dielectric-relaxation angular
frequency and the carrier density of the material, respectively. u, denotes the carrier drift mobility
which takes a negative value for the electron. The effect of the carrier density gradient on v ,» @ and
E , (the threshold electric field for instability) is also briefly discussed.

INTRODUCTION

In recent years, a great deal of attention has
been given to the study of microwave-emission
phenomena from InSb subject to crossed static
electric and magnetic fields, by various authors.!~2
It is generally believed®!! that some sort of in-
stabilities in the semiconductor plasma might be
responsible for these emissions. However, it ap-
pears that little attention has been given to the
question of how an electromagnetic wave in the
microwave-frequency range may travel once it is
excited within the materials subject to the crossed-
static-fields configuration.

The purpose of this paper is to report a study of
the propagation characteristics and the possibility
of instability of a microwave traveling in a direc-
tion perpendicular to both a static applied electric
field _ﬁo and magnetic field ﬁo, where E L ﬁo It
should be noted that this particular choice of static-
field configuration is of interest because it permits
the coupling of electromagnetic-wave energy into
and out of the semiconductor plasma. Using the
one-dimensional small-signal linearized theory,
the dispersion equation for the electromagnetic
wave under consideration is derived in Sec. II from
the Maxwell equations, the equation of momentum
transfer, and the continuity equation in the mag-
netohydrodynamic approach. With the aid of the
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dispersion relationship, the propagation character-
istics of the electromagnetic wave is studied in de-
tail for the collision-dominated case in extrinsic
InSb. The possibility of instability of the slow elec-
tromagnetic wave is investigated and the threshold
condition for the wave instability is also derived.

BASIC EQUATIONS AND DISPERSION
EQUATIONS

The electromagnetic fields in the semiconductor
are governed by Maxwell’s equations:

~ 9B
VXE=--7, (1a)
~ - 8D
VXH—J+a—t, (lb)
v-D=p, (e)
v:B=0, (1d)

where the current density J and the carrier charge
density p are given by

J= > gon, ¥, (2a)
s
and

p=7_ g, (2b)
s
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in which z,, v, and g, denotes the carrier concen-
tration, carrier velocity, and carrier charge, re-
spectively. The subscripts s take either e for the
electron or k for the hole, and ¢q,=-e and g,=+e,
where e > 0.

The motion of carrier type s is governed by the
equation of momentum transfer, and written in the
following form:

av, _ V%, VN
- —Ts Y s
dt (E+v xB) vV, s (3)

s

where v, denotes the carrier thermal velocity.
The carrier concentration and carrier velocity
are related by the continuity equation

- 9,
v- (nsvs)+-57%s-=0. )

Each of the variables, electric field intensity E,
magnetic flux density -}5, velocity ¥, and the carrier
concentration n, is assumed to be the sum of an
equilibrium or the time-invariant part (subscript
0) and a small time-varying part (subscript 1),

e.g.,

n=ng +nle"(“’"§"’) .
Here w and k denote, respectively, the wave angu-
lar frequency and the propagation vector. The
static system of equations is given by

vXxE,=0, (5a)
vxH,=J,, (5b)
v-D,=p,, (5¢)
v-B,=0, (5d)
5o= 27 asnos¥0s, (6)
S
Lo (B +7,,xB) -v,7, - 22 Lu0, ™)
and
V* (n4g¥4,) =0 ®)

On the other hand, under the linearized theory,
the time-varying system of equations is given as
follows:

kx -E.l =w“oﬁ1; (9a)
k Xﬁl =i31 - w€1€o§1 s (9b)
-1; l-‘51 _lpl ’ (Qc)
k- ﬁl =0, (9d)
3 Z (n()s-‘.’ls +-‘;Osn1s)! (loa)

Z Ashis (10b)
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[i (w -k- vOs) +Vs]-‘.’ls +Vlsx acs

“4s F o5 xB,) i s (M) E, (1)
ms 1 0s 1 2 nOs ’

where w,,=-q,By/m, in which m , denotes the car-
rier effective mass, and

v [(nOs."’ls +nls_‘703)ei(w‘—k.r)]
+iumue“‘”"ﬁ")=0 . (12)

From Egs. (8) and (12),

s 2 ek nE a2
where
Vo= gy /Mo, - (12b)
The combination of Eqs. (9a) and (9b) gives
kX KX E,) +£2E, =iwd, . (13)

By combining Eqs. (10a) and (12a),

Z qsno.ll:vls +V0s<(5+:;% =VOL>} , (14)
s S

and the combination of Eqs. (9a), (11), and (12b)

yields

2 > > -
. > - - v kK+iyg) Vv
(lw’ +Vs)vls +Vlsx wcs - —B‘E(L—Z‘i_u>

W +17 g Vo

=4s (S’.)El + s K@y E) (15)
m,\w W

’
S ms

where
! l..
we=w-kV,,
k= wip €€, =w?/c?,

and c =the speed of light in the material.

Upon the elimination of J and vls from Eqgs.
(13)-(15), a vector equatlon governing E can be
obtained, which is expressible in the form G E
=0, where G= {G,,} is a square matrix and E , is
a column matrix. Consequently, the desired dis-
persion relation is given by setting the determinant
of G equal to zero, i.e., |G, =0.

The element of the determinant G;; depends upon
the static velocity of carrier which is determined
by the static electric and magnetic field configura-
tion. From Eq. (7),

Vos +Vos X1y =p.s—E.:° -D ¥, (16)
where

Be=qs/mg vy,

Ne=Wes/Vs,

D,=v%/2v,=KT /my,,
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in which g, = +e for hole and g, = —e for electron.

u, and D denote the carrier drift mobility and
carrier diffusion coefficient, respectively. The
components of the static-carrier velocity, V,,, can
be given by solving Eq. (16), in a Cartesian coor-
dinate system:

1
Vor =T x4 +13) +u, (0,0, =1,) +u, (0, +n,n,)],
1
oy =Tz 4 e +17,) +4, (1 +113) e, (01, = 11,)) (172)

1
VUog = 1 +n2 [ux(nxnx —ny) +uy(nx +77, Th) +ux(1 +713)] )
Mo

where

G=uE,-Dy (17b)
and

ng=[a[*=nZ+n+n. (17¢)

Suppose that the spatial rate of change of the static
quantity is much smaller than that of the time-
varying quantity, i.e., |¥,| <|k|. Then by taking
k=(0,0,%), and By= (By,, B,,, 0), for the case of an
extrinsic semiconductor, either p type or n type,
after some algebraic manipulation the elements of
the determinant, G,;,, are obtained as follows:

Gy = k3 —E7)
B2 /W' kv kv
(%) we-m- () (%) 2
k2 ) [ w
G,y—‘:l ” Y.y,

B (2)wo-vy (k) () p2],

kz! kv,
Gye=- AP [in+< :/ )P};

A w
kP w
Glz_kg— A Z)—’ ’

where
A=P(PQ-Y2-Y?),

P=w'/w-jzZ, k}=w}/c?,
ezp-F(05). ()
W' =w =k, ,
Y,=Y,cos¢, Y,=Y,sing, Y,=w,/w,
By, =B,cos¢, B,,=B,sing, Z=v,/w.

For the case of the crossed-static-electric and
magnetic fields configuration of interest, by taking
E,=(E,0,0), and B,=(0, B, 0), i.e., ¢ =37, the
expressions in Eqs. (17a) and (18) are simplified
considerably. In this case, Y =0, Y =Y, 7,=0,
1,=Me 7M.=0, so that the static velocity is given by

1
Vor =T 57E = e, +u,n,),

Uy Uy, (19a)
Voe :1—:"—77—(23 (~u.mno+u,),

where
Uy, =lhEo=Dyy,=1Eq =Dy 5; %iqu
uy=-D,Yy=-D,,1,—o%'-;", (19b)
u,=—D,y,=—D3%;%7§°.

Assuming that 8n,/3y =0, thenu,=0 so that v,,=0.
For this case, the desired dispersion relationship
is given by

0 G,
G yy

0| =0, (20)
0 G,

GXX
G

zx

where
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Gxx= (kg"kz)

L[S () (ti)

(1)

Expansion of Eq. (20) gives
Gy, (?GxxGu - Gx:sz) =0, (22a)

J

which implies that

G,,=0 (22b)
or

GyxGep = GG,y =0. 22c)

This suggests that the mode linearly polarized in

the y direction, i.e., in the ﬁo direction is uncou-
pled to the mode polarized in the x or z direction.
Using the fact that A =P(PQ - Y?) for the case un-

der consideration, Eq. (22b) gives the dispersion

equation for the mode linearly polarized in the di-
rection of _ﬁo, as

c?R? wi(w=-kv,,)

w? T Wi (w =k, —iv,)’ @3)
on the other hand, under the assumption
|w/w| < |v/w|, and v, =0. (24)

Equation (22¢) gives the dispersion equation of the mixed mode (hybrid mode) as follows:

I:kﬁZ <%>2 +i (B2 ~k%)(Z% + Y?) <%,> +k3Z <k—z’“>2]

X \izki +iko(Z2 +Y?) <%>] +k, [Yz (f—’>2 —Zz(%‘ )2} =0. (25)

PROPAGATION CHARACTERISTICS OF AN
ELECTROMAGNETIC WAVE IN A COLLISION-
DOMINATED PLASMA

For the collision-dominated plasma, we can take
|w =Ry, | <V, (26)

so that Eq. (23) becomes a quadratic equation in
in & or in w. It is not difficult to show that there
is no spatial growth or instability of wave possi-
ble for this mode. Consequently, no further con-
sideration is given to this mode. On the other
hand, for the hybrid mode described by Eq. (25),
it can be shown that under a proper condition an
instability of wave can exist, which is to be shown
in Sec. IV. However, it is of interest to examine
the propagation characteristic of the hybrid mode
here. For convenience of discussion, Eq. (25) is
written in the following dimensionless form:

A+ A + A2+ A E +A, =0, @7)
where

A =0%(Z% +Y?),

A;==8,[2(Z%+Y?) -izX(1 -2 - 62)],

A, =[(Z2+7?)(1 -82) +62X2] - iZzX (1 — 62 - 352),

A, ==28{[X% - (2% +Y?)] +i2ZX},

A =[X? - (2% +Y?)] +i22X,

r

where
(=0 /C, X=wi/w?,
5, =0,./C,
t=ck/w.

Equation (27), being a quartic equation in £ or &,

has four roots, which are written in the form,
k=B, +ja,

where I=1, 2, 3, and 4.

Once the values of the static-field strengths E,
B,, and the wave frequency f are specified, and if
Vn, is also known, then the coefficients A are de-
termined so that Eq. (27) can be solved numerical-
ly.

The physical parameters for z-type indium anti-
monide used in the present sample calculation are
taken as follows:

€,=11.5, m,=0.013m,, m,=040m,, T=T7°K,

L, ==-5x10°cm’V~'sec™!,

n,=2.8x10"ecm3,
The calculation was made for the range of param-
eters E;<30 Vem™, 1<B,<10 kG, and 1 sf<9

GHz, in the absence of carrier density gradient.
The result of the calculation reveals that three
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roots have the attenuation constant a so large that
wave propagation is not possible. Consequently,
they are of no interest. However, there is one root
which has a large phase constant 8, but a small

|@| <4 em™!, which will permit the propagation of
the wave in the material. For this root, 3> 0, and
the amplitude constant, @ may be positive or neg-
ative, but its magnitude is small compared with
the other three roots. Positive a represents the
spatial growth of the wave while negative a repre-
sents the attenuation of the wave. For the range of
parameter considered, B is approximately propor-
tional to f so that the phase velocity of the wave

v, =w/B, is constant with respect to f. The varia-
tion of v, with E, and B, are illustrated in Fig. 1,
for f=5 GHz. Figure 1 shows that v, decreases
monotonically with B, and increases with E .

It should be noted that ¢ =7.17x10° em/sec for
€,=117.5, and the refractive index of the wave
cB/w=c/v, is in the range of 3x10° <¢/v, <Tx10*
which implies [£[?> 1. Thus, the slow electromag-
netic wave is permitted to propagate in the materi-
al. It should be noted that if

«1, (28)

XZ
'1 YA
then the first three terms of the left-hand side of
Eq. (27) are of importance, and the propagation

constant of the slow waves can be given approxi-
mately by solving the following quadratic equation:

AgP+AE+A,=0, (29)
which can be rearranged into the following form:
g%~ (g+ih)g + r +is) =0, (30)
where
- Yo _(1_52
g=2, h 1772 (1-56%),

[

2
r=1-52 (1 Tam2/’

s=_1—§91-75(1_52-265),

0
with
£=£0,=ky, /w, 6°=08%+62,

TIOEY/Z='-U-,BO, YOEX/Z= wn/w-

wg =0, /€ denotes the dielectric relaxation frequen-
cy and 0, =, g.n, is the conductivity of the intrin-
sic material under consideration.

Wave amplification

In order to determine whether or not the wave
can be amplified, we set the wave angular fre-
quency w to be real and investigate the behavior of

the complex propagation constant B =B +ia. Ampli-
fication of the wave arises when Ba>0, and the
threshold condition is given by @ =0 and 8 #0.
Substituting ¢ =Bv,, /w +i(av, /w) in Eq. (30)
yields a set of two real algebraic equations relat-
ing B and @, from which we obtain the following:

Buo/w=3 g +{3[ (p* +q*)"/ 2 +p]}/2, (31a)

avy, /w =3 k¥ {3[(p* +q*)' /2 -p]}'/?, (31b)
where

p=1(gf-h? -7, (31c)

q=(s-3gh). (31d)

Taking v,, to be positive, since 2<0, for a>0 only
the lower sign in Eqs. (31a) and (31b) need be con-
sidered.

The threshold condition for wave amplification is
given by =0, or

2s/gh=1x(1=4r/g?)/2, (32)
which can be expressed as
25 v
e 1Yo
1-62 {1 1 +n0] ’ 33)

provided that
yi<l+nmi.

Under the condition (28), |¢%/p?| <1, so that Egs.

n = InSb

V@ (‘05 cm/sec)

FIG. 1. Variation of phase velocity v , with the magnet-
ic field strength B, for different values of applied static
electric field Ej at f = 5 gHz, inn-type InSb at T = 77 °K.
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(31a2) and (31b) become, respectively,

Bge _y _ 20 :
> =1- =6 (34a)
and
2 3
(‘%u) =_<zl;" (12_532) 5,. (34b)
0

If 62 is much smaller than unity, the phase veloc-
ity of the wave v, =w/B, and the amplitude constant
a, are given by Eqs. (34a) and (34b), respectively,
as follows:

v, = Vg (35a)
and
2
0=2 140 g5 ) (35b)
C Yo

which suggests that when the phase velocity of wave
is approximately synchronous with the static car-
rier velocity in the direction of wave propagation,
the amplification of the wave can take place, and
the rate of _patial growth a>0, is proportional to
E3 and increases with E .

INSTABILITY OF SLOW ELECTROMAGNETIC
WAVES

In order to determine the instability of the wave,
we set the propagation constant & to be real and
investigate the behavior of the complex angular
frequency @ =w, +iw;. Instability of the wave
arises when the imaginary part of the wave angular
frequency w; becomes negative, and the threshold
for the onset of instability will occur when w;
vanishes.

Threshold conditions
The dispersion relationship of slow electromag-

netic waves under consideration, Eq. (29), can be
rearranged into the following form:

@2 = (go +iho)p + ry +is,) =0, (36)
where

8o = (K5,/a)(1 +n3),

hy=(1/a)(l - 8% -2632),

7o=02/a) 1 +n3)K?* +1],

$o=(Kb5,/a)(1 -52),

a=(1+n3)(1 -62),

in which K =ck/wg and ¢ =&/ wp.
It should be noted that when 6,~0 and 6_-~ 0, then
8o~ 0, hy=~1/(1 +n2), r,~0, and s,~0, so that
@ ~i/(1 +n%). Consequently, Im(p)=w,/wg>0.
This suggests that in the absence of static electric

field and density gradient, instability of the wave
is not possible.

Equation (36) can be solved analytically for ¢
which has the form

@ =w,/wp +i(w;/wg), (37a)
where

w,/wg =5 gox {3 (6§ +a3)/? +po )P /? (37b)
and

w;/wg =3ho#{3[(p2+43)'/? -poli'’?, (37c)
in which

po=3(g5-h3) -7, 317d)
and

Qo =S0 =380/ - (37e)

Since w,>0 and g,>0, we take the upper sign in
Egs. (37b) and (37¢) so that w,>0. In order to have
negative w,, it is required that the second term
must be greater than the first term on the right-
hand side of Eq. (37c), since k,>0. Consequently,
the threshold condition for the wave instability is
given by w, =0. Using the same approach as that
used for deriving the threshold condition for wave
amplification, with the aid of Eqs. (32) and (36),
the desired threshold condition can be obtained in
the following form:

_52 1/2
=0 )) . (38)

62(1 +6%) —(52
1-5%-262 \ ° K2(1+7}

For 62«1, Eq. (38) becomes
6,=1/K(1 +m2)/2. 39)

On the othezr hand, the threshold oscillation fre-
quency w, defined as the value of w, at which w; =0
in Eq. (37a), can be given as follows:

&_ sz { <2 1—62 >1/2]
U)R_l—ﬁi 1+ Gz—m‘)' . (40)

If 62 is much smaller than unity, then with the
aid of Eq. (39), Eq. (40) is reduced to

wy/wp=1/(1 +17§)‘/2. (41)

DISCUSSION OF RESULTS

In the absence of the carrier density gradient
(vn,=0), 5, and 6, are given by

-0 1,0
=0 =M%
o, 1+n2 f 1+n% (42)

where 8,=—- p Ey/c and n,=— iy B,. It should be
noted that since the carrier drift mobility u, takes
a negative value for the electron and a positive val-
ue for the hole, 6,>0 and 6,<0 for electron while
5,>0 and 6,>0 for hole.
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For a moderate electric field strength E,, 63«1
so that with the aid of Eq. (42), the threshold con-
dition for wave amplfication, given by Eq. (33), be-
comes

1"'772 yz >1/2
:———-Jl _._.__.0
|601 21770, <1 1‘”7(2) ’ 43)

and the phase velocity of wave, given by Eq. (35a),
and the growth rate, given by Eq. (35b), respec-
tively, become

_clngllsy|

e (44a)
and
w |2n8,]°
@ [2n8| (44b)

oy, MMy

On the other hand, the threshold condition for
wave instability given by Eq. (39) becomes

[8o] = (1 +m2)/2/K |n,]

and the threshold oscillation frequency is still
given by Eq. (41), which is expressed as

(45a)

1 w
fo=ﬂ (1—;5?)73. (45b)

Equation (43) suggests that the threshold electric
field required for wave amplification E, increases
with the applied static magnetic field B,, and with
the wave frequency f=w/2m, whereas it decreases
with the carrier concentrationz,. On the other
hand, Eq. (44a) suggests that the phase velocity
v, is proportional to E, and it increases with B,
when 1>7,, while it decreases with B, when 1<7,,.
For the case where 1< 73, v, is given as E,/B,,
which is the drift velocity of carrier in the direc-
tion of EOX ED and also in the direction of wave
propagation. This is consistent with Fig. 1. Since
Yo =wg/w, Eq. (44b) suggests that the rate of wave
amplification « is proportional to f?E3 so that it
increases with f and E,. It is also easily seen that
a increases with B, when 1> |n,| while it decreases
with B, when 1< |7,|, and o takes its maximum val-
ue of wd3/cyZ at n,=1.

It is of interest to estimate the range of the
threshold static electric field strength for wave in-
stability E 4, given by Eq. (45a), and the range of
the threshold oscillation frequency f, given by
Eq. (45b). For example, for a n-type InSb at T =77
°K, with €, =17.5 and p, = -5X10° em’V~'sec™?, if
7, is in the range of 0.5 <7, <50, then |5, is in
the range of 2.24x107% > |5, = 1073 for K =10°.

This suggests that E ;, is in the range of 32=E,
>14.3 Vem™ for B in the range of 0.1 < B, <10
kG. Thus, Ew can be in the range where Ohm’s
law still holds. On the other hand, if the carrier
concentration , is in the range of 10** <n <10

cm™3, then the dielectric relaxation angular fre-

quency w, would be in the range of 5.15X10" < w,
<5.15%10" rad. sec™. Now, if B,=10 kG or 7n,=50
so that w, =~ wg/7,, the threshold oscillation fre-
quency f, would consequently be in the range of
1.64 <f,<16.4 GHz, which is in the microwave-
frequency range.

The plot of |6,| vs |n,|, givenby Eq. (45a), is
shown in Fig. 2 for different values of K =ck/wy.

It should be noted, from Fig. 2, that for the n-type
InSb under consideration, B,=3 kG or n,=15, E
lies in the range of 14.3 <E 4, <47 Vem™', for the
value of K in the range 1000 = K > 300. Although
there are some experimental results on microwave
emission from n-type InSb have been reported,':*°
a direct quantitative comparison with the above
theoretical results is not appropriate since the
present theory neglects the consideration of the
boundary effect. However, it is of interest to note
that the plot showing the variation of the observed
minimum electric field required for microwave
emission,' E , vs 7, has similar shape as that giv-
en by Fig. 2 of the present paper.

On the other hand, the variation of the threshold
oscillation frequency, f,, with n, (or B,) given by
Eq. (45b), is to be compared with the experimental
result reported by Kobyzev and Tager® on the study
of coherent microwave radiation of #n-type InSh.
The curve “No. 2” on Fig. 3 of Kobyzev and Tager?®
shows that the radiation frequency decreases mono-
tonically with the transverse magnetic field B,
from f=4.8 GHz at B,=2 kG to f=4.4 GHz at B,=3
kG which has similar behavior as that given by Eq.
(45b) of this paper.

Although the above qualitative comparisons are
not rigorous, the fact that the range of parameters
E,, B,, and f, under consideration in this paper is
quite consistent with those values often encountered
in the studies of microwave emission from InSb

K = 2410°
. ke2x30° ¢

K =410

_k=7v10?

K =10 x10°
. J U T S S
0 20 30 40 50

ot

FIG. 2. Plots of ¢y vs 5, for different values of K.
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tends to suggest that the wave instability in the
crossed-fields configuration might be responsible
for a certain class of microwave emissions ob-
served experimentally.?5+®

CONCLUDING REMARKS

In the present paper, the propagation character-
istics and the possibility of instability for the elec-
tromagnetic wave in extrinsic InSb have been stud-
ied. The applied static electric field ﬁo, the static
magnetic field Eo, and the wave vector k, are tak-
en to be directed along the x, y, and z directions
in the Cartesian coordinate system. The disper-
sion relationship for the wave was derived under
the assumption that the carrier density gradient is
not too large so that |(Vn,)/n,| <k is still valid.
Under the condition Eqgs. (28) and (33) (2 =1 +n2),
the detail analysis of the dispersion relationship
was made, the threshold condition for wave ampli-
fication, Eq. (39), the threshold condition for wave
instability, the phase velocity v,, Eq. (35a), and
the spatial growth rate @, Eq. (35b), as the func-
tion of 8, =v,,/c are obtained. These equations are
applicable both to z-type and p-type materials.

The numerical illustrations given in the preced-
ing sections did not take into account any effect
due to the static carrier density gradient which
might be present with the material. The quantita-
tive analysis of this carrier density gradient effect
requires the knowledge of the spatial distributions
of carrier density distribution, #,(x,y,z), which
can only be obtained by solving proper boundary
values problems.

For a qualitative analysis, however, the effect
of the density gradient on the v, can be examined
with the aid of Eqs. (19a) and (19b). For example
in a n-type material since u <0, v, will be in-
creased by the presence of density gradient if
dn,/8x>0 or dn,/8z<0. Suppose that the density
gradient exists only in the x direction, such that
ny,(x) =N,e?*, then Eqgs. (19a) and (19b) yield

Py — 5, =——lo¥
*Te+mE)’ f c@+nd)’

(46)

whereu =u E,-Dy,, so that it is easily seen that,

from Eqgs. (35a) and (35b), v, and a are increased
and a can be increased considerably since it is
proportional to v,,. On the other hand, from Eq.
(39) the required static electric field for wave in-
stability E , will be reduced in the presence of pos-
itive density gradient in the x direction. Thus, the
carrier density gradient can have significant effects
upon the threshold conditions, phase velocity, and
spatial growth rate.

The present study shows that the wave instability
is possible under a proper condition. The wave in-
stability is closely related to the phenomena of
the excitation of electromagnetic waves and noise
emission within the semiconductor material. For
example, a random fluctuation of the carrier
charge density at any point in the semiconductor
may produce a random fluctuation of the carrier
current density, which in turn produces random
fluctuation of dynamic electromagnetic fields.

This random fluctuation of electromagnetic fields
may manifest itself as a electromagnetic wave
(radiation or noise). Owing to the wave instability,
the wave may grow exponentially in time. When
the applied static electric fields are well above the
required threshold values for the instability, given
for example by Eq. (39), the temporal growth rate
may be sufficiently large so that the amplitude of
dynamic electromagnetic fields would be large
enough to propagate out of the material.

The present investigation tends to suggest that
once the electromagnetic wave in the microwave-
frequency range is excited somewhere within the
material, it can propagate and experience the
spatial growth if the conditions are proper; i.e.,
if the condition (33) is satisfied and the growth
rate given by Eq. (35b) is sufficiently large. This
wave may be coupled in and out of the material,
provided that the direction of wave vector is prop-
erly oriented with regards to the static electric
and magnetic fields.
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