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Excitation of unstable waves in impurity semiconductors with two
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Abstract: From the linear theory, analytical formulas of the electric field are obtained for the excitation of
growing waves in semiconductors with two types of charge carriers. The frequencies and increment of the
vibrational waves are determined. Analytical formulas are obtained for the electron capture frequency and for
the hole emission frequency. It is proved that in the presence of an external strong magnetic field, the excitation
of growing waves is amplified. The appearance of growing waves in a semiconductor requires more number of
holes than the number of electrons.
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I.  Introduction

Theoretical research of excited waves inside an impurity semiconductor has practical implications for
the preparation of high-frequency devices. Determining the conditions for the excitation of oscillations of
physical quantities inside a semiconductor is fundamental to the creation of high-frequency generators and
amplifiers.

In [1-6], some conditions for the appearance of fluctuations in physical quantities in impurity
semiconductors with specific impurity levels under the influence of an external electric field and under the
influence of an electric and magnetic field are theoretically analyzed. In these works, the critical values of the
electric and magnetic fields were calculated theoretically when vibrations appear in semiconductors with two
types of current carriers, when the semiconductor has singly and doubly charged impurity centers.

These impurity centers can be captured (recombined) or emitted (generated) by current carriers under
the influence of external influences. As a result of recombination and generation of current carriers, a
redistribution of charges occurs and unstable waves are excited inside the semiconductor. In this case, the
semiconductor goes into a nonequilibrium state. In a nonequilibrium state, a semiconductor emits high-
frequency waves from itself, and becomes a source of energy. The frequency of the excited waves and the
values of the electric and magnetic fields when an oscillation occurs inside the semiconductor is determined
from the solution of the dispersion equation obtained from the basic equations. Due to the high degree of the
dispersion equation, its solutions are possible in certain approximations.

We will show in this theoretical paper that when solving the dispersion equation, the use of physical
approximations makes it easier to find the critical values of the electric and magnetic fields corresponding to the
beginning of the oscillations inside the semiconductor. The found values of the oscillation frequency, the ratio
of the equilibrium values of the concentrations of the charge carriers, create convenient conditions for new
experimental work.

Basic equations
There are impurities in the semiconductor Ny = const . From

Ng =N+N_ (1)
N, is repeatedly negatively, N_is twice negatively charged centers.
The concentration of electrons n_ and holes n, is much lower than the concentration of impurities,

ie.
n, <<N,N_, n_<<N,N_u N>>N_ (2
The continuity equations for electrons in the indicated semiconductor will have the form:
on . on
—+divi_=y_(0)n,_N_—y_(E)n_N :(—J (3)
ot ot rek

j=-n_u (E)E-D_Vn_
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Here: » (0) is the electron capture coefficient in the absence of an electric field, y (E) is the

- NON, : . , L
electron capture coefficient, n,_ = I:I 9 is the concentration obtained from the stationary condition, i.e.

0
(aij -0.
ot rek

The continuity equation for holes will look like:

. o on_
at+ +d|VJ+ — }/+( E)nlJrN, _7+(O)n N_ Z(Ejmk (4)

-

by =-n,u(E )E - Ij+§n+

4, (E)-ToaBmKXHOCTH OBIPOK U BIEKTPOHOB, D, -kKoadduuneHT nuddy3nn IbIpok U SIEKTPOHOB.

1, (E) is mobility of holes and electrons; D, is diffusion coefficient of holes and electrons.

In the presence of recombination and generation of charge carriers, the condition of quasineutrality
means that the total current does not depend on the coordinates, but depends on the time

divd = ediv(j, -] )=0 (5)
In the presence of recombination and generation of charge carriers, the number of once and twice
negatively charged centers changes, and therefore the equations determining the changes in the centers with

ek ek

Il.  Theory
To determine the dispersion equation, we must solve together (3-4-5). However, due to the nonlinearity
of equations (3-4-5), we first need to linearize them as follows.

n,=nl+n,, N =N°+N’, E=E,+E', n, <<n?, N’ <<N° E' << E, @)
We introduce the following characteristic frequencies:
V.=y_ (EO) N, is frequency of electron capture;

v, =7,(0) N is frequency of hole capture;
vE =y, (Ey )Ny is frequency of emission of holes;

v=V, +V =7,.(0)n° +7, (Ey)n, +7 (Ey)n_+y (0)n,_ are combined capture and emission
frequencies by nonequilibrium centers.
Linearizing (3-4-5) considering

n, ~ gitlcat) pr_ gikeat) (8)
(k is wave vector, @ is frequency) we obtain the following dispersion equation
3
a)3+a)fa)2+(a)g)a)+(a)g) =0 9)
Here:
1 .
0o _ - Ho_ yyE _ ~u
o = o [kqu (ozr ot )+|(0'+V+ o;vf)}
0 2 1 V4 ' ! Hoo . 14 7y E
(a)z) =—/|olv.V, —olv. —+i (o_v_ku+ +olV: ku_)
ot Hy
Here:

(a)g )3 = —iy[ofv_ku+ +GZVEkU_j|
o

diny; (E)

din g ——— oy =eny
din(E3)

To obtain dispersion equation (9), we used the following inequalities

ot =oc p+o, Bl Bl =1+2 yol=oy ,ol=0y, r5=
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Y E
ﬁ +

ek, L
frequency is a quantity, and the wave vector is a real quantity, i.e.

_2zm
L is linear sample size.

(10)

It should be noted that when oscillations occur inside the semiconductor, the complex oscillation
o=ay+io Kk =k, —T,(m =0,£1,+2,..)

(11)
& 3o} (1, — 73, )@~ )-2(rs 73 )y +£y3_\/i ~ 73V

A
Nz
(12)
3ap @y —of +(71, —3’20)?—500501+(73+ —73,)(‘002 _5012)+(

Substituting (11) into (9) we obtain the following equations for determining @, and @, .

}a)o —(73_ ko, +73, ku_)(v+a)1) =0

’ ’ /Ll—
V3 Ve —¥3 Vo —
It is easy to verify that at 7§+ =4y, 7,, equation (13) it has the form:
If

ja)l Jr(;/&kuJr +73, ku_)a)o =0 (13)

@+ (“’02 _wlz)_{h-v; AR %j“’l ~(7a kv, +73 ko_ )y =0
+

A o’v_[ o’v_ %
My O{VE
form (14) we obtain:

(14)
15
- (15)
2 2 13
2 zez o[ ] [ohv | o2 (L) (16)
N y7n o’v_ | o7 Vv
In obtaining formula (15), we took into account that
2
7vE 1
K2 ,2E2 = oLV, M
H By 2
Equating (16) and (17) we get:

ofct U
Mo _

)

(17
3
[V_ j
= =| =
M pot (O'f’) v
From (15) and (18) we easily obtain:

(18)
e
ye Lrve

Uy,
otV
v

(19)

Thus, relations s (18) and the hole emission frequency v¢ (19) are found from equation (14).
Putting (18) in (17) we obtain the electric field

4y’
EO =

o’

a)lz

Vo2 (o VYo
ki, '(O_f;ﬂ )% (i:\)/__ J {\\ﬂy

(20)
2] (] 2
ny \v_ V. ot
easily obtain:

(21)
Substituting the values @, and @, from (21), taking 73% =4y, 7, into account equation (12), we
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(ku+ )3 —3ku+a2 (VL )2 +(7/JO ~72 )(kzuf —azvlz)—Z{Z(yloyzo )% 7/3}ku+avl +
(22)

+{;/3vjr —2(;/]07/20 )% v %}kuf —(7/37ku+ +kzufu+)(v+avi) =0

From (22) we obtain

n B w Bl

I11.  Oscillations in the above semiconductor
in the presence of a strong (. H, >c) extermal magnetic field

The current flux density in the presence of a magnetic field is:
B =N E+n g, [EH]+n, 4, H(EH)-D,Vn, -D;, [Vn,H] -D, H(Vn,H)
j=-npuE+n g [EH]-n_u, H(EH)-D Vn +D, [Vn H]-D, H(Vn H)
We investigate the excitations of longitudinal waves, for which the Maxwell equations

(23)

(dal =—ic[KE'],H'=0 are valid. Linearizing equations (4,5,6) with allowance for (23), we obtain the

following dispersion equations

@® + Q0* + Q2w+ 23 =0 (24)
Here:
Q- olv_—octv - o,U_—0O_U, k, +i(o, o),
ot o
L =ov -ov =ti(oo +ov, )k +
+
o, (—"M- O A jk +io [G+“l- A Ol jky, (25)
o o u o u o
9 =—v(o,v +o.v, K -0, Ol Ol Moy e e OO ky
o o U o U o

o’ o’
@, Z_LVE’QL =Vl = 1By

o o

It is known that in a strong magnetic field
H
f = g1, FE0 (26)

Equating the real and imaginary parts of the dispersion equation to zero, taking into account (26), we
easily obtain:

otk M
o - 2a)0a)+ wy — ;| = 2wy, (0, —@_ +a)0(a)v—a)v—j—
i (08 o) 2enen ) u (27)
—o (o0_—w_v, )k —kyv (0,0 —0,0,)=0
“u_k
302w, - + T 20 @ + (0, — 0. ) - 0? )+ @ oV, a)v'£+
W Wy — Oy o Wy @0, (+ )(a’o 1) 1 i 28)
+ay (0,0_+o_v, )k, =0
It can easily be verified that equation (28) is satisfied if the following expressions hold
y7
wy = g vi,a)l =&,E0—3a)+l_x L = O- ,U+ ﬂ’u Ly,n—+=& (29)
6ot 3 2mu, g” y7a HO . u,

Substituting (29) into (27), we easily obtain:
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2
u° ’ ’
o V_U_ _V_
vi=2n 28 'V"V=V'[ﬂ j
Oy Vil HVy

Let us direct the external constant magnetic field and the electric field as follows
|:|0 :ﬁHOZ :F‘Hol E0 :TEOX =il

iE, (i',h are the unit vectors in xand z).
From (1) we easily obtain:

! -

: cogHy ctoyHo e oHg o TNl n
=g 2*—+i———, E =E'- v, +—ik| +-— 10
By =1B—J— . Jooy ke (10)

+ _

Here: 7J is the unit vectorsin y, K is the wave vectors in, & = i, +0'
From (10) we easily obtain:

_— H _(n HoE HS
E,E :EOE;——”OXC °E;+|El(n—;—n—5JEokaX+ 00 ) 4 0 0% 0
oo

c c?
H (17)
12 U
(5) =B3|1+—=
cE,
We consider longitudinal oscillations and therefore from the Maxwell equation —— = —crotE~ we
find

[kE"|=0

(12)
Substituting (1) in (12) we obtain:
o kHo
kyE; —k,Ey + =20, =0 (13)
K EL —kEy + 520 o 14
2Ex —KyEz + c Uy = ( )
i ’ I(Z HO ' ’ ’ ’
k E, —k,E} + vy —Ho (kewy +kyvy +k,05 ) =0 (15)
We consider a one-dimensional problem and therefore
Jy =0 (16)
J; =0 17
e _g

p (18)

From (13-18), after algebraic calculations, we obtain for the components of the variable electric field
Ey, E;

y» E; and for the components of the velocity of hydrodynamic movement v,, v
expressions

! ’

y» vy the following

L2E , a, iEq L, L2
E,=—"u, Ey:_EOf,u;:—cE s U +9£—Xu+—;u
LyL, Hola af uHy, aB L, L
Ez':iU,(ﬂ':n:(;_né » By Ikxluzwi%_y_' o N, —pn’ Hotyy
L, n, n n_ty E, ¢ n_ty_ CEy
cE L2 E, (L .
ug, =1l1-—= 1y, v = ¢ C—l[—xu+|(p’J (19)
Ho LyL, uHy Eo (L
We assume that

= Uy =y, Eg 5> Hy -
Uox =Ugy =Wyz, Eg >> 07

(20)
Substituting (20) in (6) we obtain:
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L5 H : ' L5 H , '
(—X+—061+|kXLXJn—++{a X +—°¢92—|kXijn 0

- 0 o=
LL & S ) 0 -
H .E ! H .E '
—r+—2R, +i=tk,L, n—g+ —0+—=2R, —i=tk,L, n—5:0
Eo Eo N Eo Eo n-

Substituting (20) into (6), expressions for dimensionless constants &,,0,.r,R;,R, are easily obtained.

Due to the bulkiness of their expression, we do not write out. Equating the real and imaginary parts to zero the
dispersion equation obtained from (21) we obtain for the external electric field E,, for the magnetic field H,

the following expressions

b
Ey = Ho 2210 (1+ 2”—H°j; #-Ho =(Ej (22)
c c c =
From (22) it is easily seen that » H, <<cand
N
B, =Hg| -+ (23)
HO
In obtaining (23), we used expressions for the sample length
2
L =27 ¢ (24)
eHo \ 1 Ho
If (23-24) is valid from the dispersion equation (21) for
a T
L, =2zL, =(27) — 25
y =27, =(27) - (25)
For frequency @, and slew increment @, , the following values
@y =2V,, @ =V, (26)
(25) it is true if the magnetic field and the velocities of hydrodynamic motions have values
Hy=S 1 @7)
W 2r
vr (o, +an )y
Uy =gy =0y, =—/mm 28
0x Oy 0z A,GOHO ( )
Where vy is the speed of propagation of thermomagnetic waves
v =cA'VT (29)
The ratio of electron and hole concentrations is determined by the expression
0 {1+ aj(l-i-}/j
el s S 29)
n, #H 1+—
B

IV.  Discussion

Thus, the theory of the excitation of vibrational waves inside a semiconductor with two types of charge
carriers in an external constant electric field is constructed. Analytical formulas for the wave frequency are
obtained. It is shown that the increment of the growing wave is greater than the propagation frequency of this
wave. This is due to the presence of recombination and generation of charge carriers. The values of the electric
field, electron capture frequency, and hole emission frequency are determined. It was found that the ratio of the
equilibrium values of holes and electrons has certain values when oscillations appear inside the indicated
semiconductor. In the presence of a constant strong external magnetic field, for the appearance of growing
waves inside the specified semiconductor, more holes are required than electrons. In a magnetic field, analytical
formulas are obtained for the capture frequency m of the hole emission frequency. In the presence of a magnetic
field, the growing wave is excited in a semiconductor with a certain size. An analytical formula is found for
determining the size of a semiconductor. It was found that with an increase in the external magnetic field, the
growing waves are excited at lower values of the external electric field. This means that the magnetic field
quickly redistributes the charges in the sample and the semiconductor goes into a nonequilibrium state.
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