Y. Y. . Fen Bilimieri Enstidsd Dergisi
Yl : 2010, Cit : 15, Sayt : 1, Sayfa :7-10

Unstable Waves in Doped Semiconductors and Their Theoretical
Investigations

Ali Ihsan DEMIREL! Eldar Rasuloglu HASANOV? Ekber Zeynalabdinoglu PANAHOV'

'Facuity of Sciences and Arts, Yuzuncu Yil University, Van, Turkey
2Baku State University, 23 Z. Khalilov str., Az. 1148, Baku City- Physical institu of the Azerbaijan
National Academy of Scences, 33 H. Javid ave., Az. 1143 Baku, Azerbaijan

Abstract: When 1-valent and 2-valent solids are used as doping into semiconductors, in ceriain values of extemnal

electric field, increment waves occur. Freguency and in
depending on external electric field and charge carrier dens

results have been compared.

crement of the wave have been analytically investigated
ities in equitibrium case. Also theoretical and experimental

Key words: Doped serniconductors, Charge carrier density, Current osclllations, Charge mability,

Katkil Yariiletkenlerde Kararsiz Dalgalar ve Bunlarin Teorik incelemeleri

Ozet: Bir ve iki valans degerli kahlar yaniletkene katki maddesi ofarak kuliamidiinda dig elektrik alanin bilinen
degerierinde dalga artiyt meydana gefir. Frekans ve dalgadaki art:ig harici elektrik alarna ve yak tasiyici
yoSunluklanndaki denge dururnuna bagh analitik ofarak incelendi. Bu arada tecrik ve deneysei sonuglar kargiastinidi.
Anahtar kelimeler: Katkilanrmis yaniletkenler, YOk tagtyic: youniugu, Akim titregirleni, YOk devinirigi

Introduction

Existing of doped semiconductors in electric field is
important to bring up some of their physical phenomena
and heips to develop some experimental and theoretical
comments abaout their physical properties. For example,
when a doped semiconductor placed in a homogeneous
and constant external electric field inside and outside of
the semiconductor different electric fields appear. Inside
component directs to environment energy supply and
generates a radiation. Utilizing of this application various
devices are build up. Occurring an oscillation in current by
the application of extemal electric field to the
semiconductor caused to develop Gunn devices [Gunn,
1963]. Oscillations of current in doped semiconductors can
be causes of recombination and generation of the charge
carriers. It is clear that, the energy supplied from external
electric field by charge carriers, should be larger than
around Coulomb potentials barriers to get over them. That
is, the value of the carrier drift velocity produced from the

external electric field should be uE, = S " Where E, is
the external electric field intensity, 4 is the mobility of

the charge carriers and S is the sound elasticity wave
velocity in the semiconductor medium. Particles having

v, = uE velocity are called hot charge carriers. After

the events of recombination and generation, these carriers
in doped semiconductors, that electrons and holes, have
their own numbers and these process take place in a very
short time. Durng the recombination and generation
process outside of the device an oscillation occurs in
current, which is called unstable wave. In fact, this
unstable case starts after non equal distributions of
electrical field take place inside and outside of the doped
semiconductor.

In doped semiconductors, doping materials can
have several valent values. For example gold, as a doping
materal, can posses neutral, 1+, 1-, 2- and 3- valent
values in gemmanium. Again copper atoms can take

neutral, 1+, 2+ and 3+ valences values and etc. [Bruevich
et al, 1972). Such doping materials can form different
energy levels in the forbidden band interval. Formed
energy levels by doping atoms can hold electrons or holes
and can leave them.

Existing an external effect, such doping centers
become active in any case. According to ref. [Bruevich et.
al, 1972}, 1- valence atom and 2+ valent atom of goid
became more active than other. Electrons {and holes) take

energy from external electric field as eEof {e: elementary

positive charge, £: mean free space). Electrons with this
amount of energy can get over Coulomb potential
surrounding 1- value center and be captured by the
centers (recombination). However, from doped centers to
the conduction band electron can pass by the thermal
energy. That means, after recombination and releasing of
electrons, the number of electrons in conduction band
changes. In the other side, the number of holes increases
with doped centers capturing of electron from valence
band, Process of capturing and releasing of electron and
holes change the number of charge carriers in crystal.
Since there are Coulomb barriers around holes, as
increasing of electric field intensity, coefficient of holes
capturing decreases [Hasanov et al, 2009a; Hasanov et al,
2009b: Hasanov et. al, 2008¢), on the contrary, coefficient
of electron capturing of by negative centers increases in a

large applied electric field (eE £ >> kT ky is the

Bolzmann constant and T is the temperature). It is
experimentally found that there is increasing in electron
capturing coefficient and decreasing in hole capturing
coefficient [iglitsin et. al, 1960]. From these experimental
results frequencies of internal waves have been calculated
[iglitsin et. al, 1960] for 1- valent and 2- valent vaiues.
During inside waves increase, current of outside device
oscillates. For this reason we will investigate inside wave
increments.



Theoretical Work
The densities of electron and hole in unit

volume are M_ and #, respectively. In doped

semiconductor let us assume that 1- valence atoms
and 2- valence atoms concentrations are N and N.
respectively. Their total is a constant, that is

N, =N+ N_ = Constant (1

In doped semiconductor the continuity eguation is as
following,

on. +divJ_ = on. (2)
at ar Feconm.

Where J_ =-—n_yu (E)E— D Vn_ is the current
density of electrons, L_ is the electron mobifity and

D_is the diffusion constant. In the right side of
. (an] | .
eguation (2} the term of | —— is the capturing
Fecom.
and releasing time derivative of electrons and
characterizes the number changes of them.

Releasing of the electrons increases the
number of free electron inside the semiconductor
sample and on the contrary capturing of electrons
decreases it. Thus we can write

(%] - 0_(Qn_N_—p_(EWN 3

where @_(0)n,_N_ tem is the releasing of electrons
from 2-valence of doped and @_(E)n_N temm is the

electron capturing of 1-valent of doped. @_(0)is the
temperature  dependent releasing  coefficient
and @_(E) is the electric field dependence capturing

coefficient. When E= 0 @_(F) must be equal to

@_(0)and according to this concept following
eqguations can be written. At the same time eguation
(3) contains »,_ density and in nonexistent of electric
field, stable equilibrium case, equation (4) can be
written.

an_ — . —
(_GTJ,M =0; g (E)=0_(0) (@)

If we replace equation (4) into equation (3) we obtain
following resuit.

_nN,
i

Where nf is the density of electrons in equilibrium

n, ®)

state, N, is the 1- valent doping density and N' is

the 2- valence doping density. For holes continuity
equation (2} can be written as follow.

on, on
—+d/ = N-p(OnN|—
o + ¢+(E)nl+ ¢+( )n+ -( Y ),,_.,m (8)

J+ HJI,{(E)E _D+Vn+
Where J,, u, (E) and D, are the current density,
mobility and diffusion coefiicient of holes respectively.

When E=0 @ (E)=¢,(0) In stable
equilibrium state hole density is as following form.
n’N?
n =10 't
I+ ND

Where nf is the density of holes in the stable state.

Time dependent change of the doping with 2-valence
determines change of the doping with 1- valence.
According to this case, time dependent doping with
charge of 2- values changing depending on time is as
following equation.

aL = an*’) — @:‘_ (8)
ar ar Fecom. ar FeCam.

During the time of non existent of recombination and
releasing events accarding to conservative of particles
it should be written

An, = An (9)
In the existence of recombination and refeasing
process, conservative of free charge carriers [4] can be
written as

awJ = ediv(J, - J_)=0 (10)

Equation (10} shows that the density of the
current (J) is not the function of the coordinates but

only ttme. !t is clear that when there is no current in
outside circuit, inside device is in the case of unstable

and J, = Constanf. Thus the current density is as
follow.

J=J,+AJ, AJ=0 {11)
inside the crystal declined or increased waves form by
the effect of the electic field and they are called
unstable waves. Inside the crystal relations between

unstable wave time, the density of the charge carriers
and the electric field can be written as follow.

(An,,An_,AN_,AE) = ¢ (12)
In this particle wave (monochromatic) fom k is the
wave vector, r is the radius vector and @ is the

forming wave frequency. Obtained frequency from the
dispersion formula is complex

Q=@ +Y
and the wave vector is real.

(13)

k—”m( =1,2.3..) (14)
— ] m="1, &, J,..
L

Where L is the length of the crystal. Wave vector given
in equation (14) is the statement that there is fixed
widening wave. Here we will investigate for the cases

of N> N n, <<(N,N_)and
n_<<(N,N.). Equations (2, 6, 8, 19) conclude

inside unstable wave’s frequencies increment in @,




and j . Non linear dependent of electric field terms in

equations (3, 6, 8, 10) are as follow.
n,(x,t) = ng +An, (x,0)
AN (x,0) = N° +AN_(x,0)
E=E, +AE(x,1)

Using equation (13) we can form them linear
and can obtain following equations system

(15)

) j ) '
AN = -(f’d"':w) +(?d+;w)An+ (16)
o, +0 oL+
—iotn, -0 (‘V_An_ L AE)=
ax e
(17)
AN. _An _n. g AE
o S W
L3 O-+
imAn, + (V+An+ +—AE) .
[
18
AN an, m, g AE "
r, . T K
1
AE=—(AJ—ev, —ev_An_) (19)
d

Note that when equations (3, 6, 8, 10) made linear, as
equations (16, 17, 18, 19), external electic field

E, — E,_goes toward x-axis and these characteristic

terms are obtained;
T +T
eE L >> kT 0,y =
Terd
1
~@_(En’ +¢_(0)n,_

o -

5 =9, (0n, +o,(E)n, Where 7, and 7,
d

are the recombination and releasing time of electrons

and holes respectively, that they are produced by

unbalanced doping.
d E
vy = f, 1+—ln‘u—*(2—°) E,is the diift
dIn(E})
velocity of the electrons and holes in the electric field.
,dIne,(E)
By =2———=—
d]n(E )

is a constant which has no

unit. 7_, [ — = @_(E,)N,] is the capturing time of
T

the electrons. T, , [ ] @, (0)N"] is the capturing
T

+

[ —

L2

time of

time of the holes. T, [ ~ =¢+(EU)N0] is the

refeasing holes.

n’; 't_}_ ﬁ*):\ and

Q, -1—1+a( s B n“’ ﬁ+]:\ are
r,| o,\r.n n’ tf

the characteristic frequencies. Where
din p, (E,)
O, =0_+0,, 0,=¢€n | $— 200
o - O'+ 1 1#:I:|: dlﬂ(Eg) ]

if we replace equations (15, 18) into equations
(16, 17), using eguation (12) condition, we can obtain
following equations.

[l+ﬂ—*l(l-n_r_) +is)
ko, [T, AT FLINLLE 8,440
" g, 1162 +07) 1, ok |

-~

(20)

0o +nl) B }
LA IR B =0
{ g, ’JF.: [ 5ok,

" [ L +%l(l-—ﬂ_r_Xm_, +im)]
oy, (T, AT n_ev, (21)
B phn,

e, r,(0 +o7) ta,E,
i RO 0 o, +io) 1 nev 4 lanz0
G, (m_,+m ) Tt a,E

Transforming formuia {19, 20) to dispersion
equation as following forms

AAn, +A_An_=0
B,An, +B_An_=
AB —AB, =0
following equation is obtained.
Oy tid
o+’

iofl+2) ko, [ 1), LEIZN oy
11 OAL fz }L AR

mko‘ v 1k0'_v_ 7, 1
(- 42—
o, o1, | Tx

(22)

This dispersion equation is obtained from following
values of 3, parameters and electric field in &, <0
oondition

0
L
o

- (24)
oo pmpmer)”

Since eguation {23) is a fourth degree of @
frequency it is difficult to adopt it to a geometrical
statement. For that reason, to solute this equation we
will take some conditions of the parameters Xxand



T

experimental results.
If x>>1 and 7, =7_ that is, in the

equilibrium state the densily of free electrons is larger
than that of holes and the capturing time of electrons is
equal to that of holes. [n that case intemal waves in
mentioned semiconductors quickly decline and their

These conditions must be convenient for

. L. T+
incrementis j < 0. in the case of x >>1 >>1
T

and

follow.

(a); +m2{mz

o+ im{

Where @,

ﬂ_ﬂ+-l

-
* > x it is possible to write equation (23) as
T

imx+ia), pr.l o ur 11

2 3
7T

T+ F—Td' x au+rd T+ x

Jo
_ ko_v

— is a charactenstic frequency.
o,

if we separately make equal the real and the
imaginer parts of equation {25} to zero, we can obtain
foliowing equations.

,
a)o - l#+

H.
2
(a1 tey, 1
Y — e .\
p+ I'+ Td 2(74. mwr)
if we replace the value of electric field given in
equation (24) into equation (26), according to
@, >> j condition, we obtain following statement.
4 3 1
— 7_
#+ rd T+ 2waf t+
Seeing that equation (26) statement is
conservative, the wave including @, in equation (25),

X
{25)

(26)

T

(27}

and increment of j, becomes unstable and comes out
to outside the device forming oscillation in the current.
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Related with the electric field and the densities, this
equation can be written as follow

(An,,An_,AE)~ ¢/

= D(x)e’ cos(myt +5)

Where Jis the phase of the wave. The wave
increases with time and becomes unstable. To
calculate the @, frequency and the J increment of the

outside devices wave (equation 28), firstly it is
necessary to measure the impedance (complex
resistance) of the semiconductors having above
merttioned model.

(28)

Conclusions

The aim of this study is to leam about the
unstable waves interior the semiconductor crystal.
Manufactured devices, using the principles of the
Gunn's effect, work in the range of 10°10" Hz
frequencies. Critical value of the electric field were
obtained interval of 200-300 V/cm. if we look at these

values for @, frequency, as the length of the crystal

L = ] cm, we can obtain it as Q) = 10% = 10 rad’s.

The increments of the waves for the same values can
be obtained j =10 — 10’ Hz, which show that

theoretical work is quite well agreement with the
experimental studies.

it can be said that, when solids having 1- and 2-
valence values are used as doping material into p-lype
and n-iype semiconductors, waves can occur inside
the doped semiconductor by an external applied
electric field. For the waves, if the time of the electron
capturing is longer than that of the holes, the wave is
declined, in contrast, the time of the electron is lesser
than that of the holes, the wave is increased. [n this
process the density of the electrons must be larger
than the density of holes in equilibrium state. The
capturing of the electron is more dominant compared
to the capturing of holes. These results are obtainable
for the doped semiconductors having the

parameters x >>land7_ << 7, Appropriate model
semiconductors can be understood from their
@, frequencies and f increments. Refated apparatus

made of such semiconductor material can be more
durable.
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