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THERMORECOMBINATION WAVES EXTRINSIC SEMICONDUCTORS WITH TWO
TYPES OF CHARGE CARRIES

E.R. GASANOV, AV. ISLAMZADE
BSU, Institute of Physics Problems*Az- 1143, Baku, Z.Khalilov street, 23
ANAS Institute of Physics? Az- 1143, Baki, H.Javid ave. 131
aygul_islamzade@mail.ru

It is theoretically shown that a non-stable thermorecombination wave propagates in semiconductors with the singly and doubly
negatively charged impurity centers in the presence of constant electric field and constant temperature gradient. The frequency and
increment of the thermorecombination wave are calculated. An analytic formula for the constant external electric field at which the
wave instability begins is found.
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In paper [1], it is shown that hydrodynamic motion
in  non-equilibrium plasma, in which there is a . 1(Vn n
temperature gradient VT, results in the magnetic field E'=E+—| —-—+ 3)
excitation. In that paper, it is found that the plasma with a e\ n- ny
temperature gradient VT has oscillatory characteristics
noticeably different from normal plasma. In the absence i=]_+ L, Oy =enguy, o =enguy,  (4)

of external magnetic field and hydrodynamic motion in
the plasma, transverse "thermo-magnetic® waves are
possible, in which oscillations of the magnetic field alone
take place. If there is a constant external magnetic field

H,, then the wave vector of the thermo-magnetic wave  and using Maxwell equation rotH = 4_” ] we obtain

Substituting equations (1), (2) and (3) in the equation (4),

must be perpendicular to it and lie in the (ﬁo ,VT) plane.

In paper [2], conditions for the occurrence of
thermo-magnetic wave instability in solid plasma with a (

the following expression for electric field:

vn_  Vn, _
= T L AVT
n n,

single type of charge carriers (electrons) have been  § _ _A'[ﬁTﬁ]JrLrotﬁ + I
analyzed theoretically. dro e

In paper [3-5], the instability conditions in the
isotropic and anisotropic solid-state media with charge
carriers of a single type have been theoretically derived.
However, conditions for the occurrence and instability of , .
thermo-magnetic waves in extrinsic semiconductors with AZ= "% roma0
two types of charge carriers remain indeterminate. o ' 2

It is clear that the determination of instability .
condition in specific impurity semiconductors is of great 0=04+0_,01=0), 01
scientific interest. In this theoretical paper we investigate
conditions for the occurrence of non-stable
thermorecombination waves in extrinsic semiconductors
with two types of charge carriers.

(®)

Here

_ _ . "t
a=a_-ay;, a=a_-al

A detailed description of mathematical method,
which enable (5) to be obtained from vector equation
(1-4) is given in paper [1]. In (5), the quadratic terms in
- magnetic field and the diffusion terms are neglected

In the presence of electric field E, of gradients of  pecayse in semiconductors k,T <<€E,/, where k, is the
the electron N_ and hole N, concentrations, and B

BASIC EQUATIONS

Boltzmann constant, ¢, — mean free path for holes and
electrons, and E, is external constant electric field.

In extrinsic semiconductors the kinetic equations,
which take the recombination and generation of charge
carriers into account, must be added to equation (5) for

temperature gradient VT, the current density for
electrons and holes is of the form [1]:

— %k
= o_E 4 01— [E*I-_'I]_ o VT—a [@Tﬁ] 1) electric field.
- = e e - - Certain impurities in semiconductors create centers
which can be in several charged states. For example, Au
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atoms in Ge can be singly positively charged as well as
singly, doubly and triply negatively charged centers, and
besides that they can be in neutral state.

Several energy levels in the band gap correspond to
such centers. Depending on their charged states, these
energy levels (impurity centers) can capture electrons or
holes. As a result of such capture, concentrations of
electrons (in the conduction band) and holes (in the
valence band) change, therefore the electrical conduction
in semiconductor also changes.

In various experimental conditions, these impurity
centers are more or less active, so the recombination and
generation proceed generally via a certain number of
impurity centers. For example, in experiment [6] (we will
use its results), singly and doubly negatively charged Au
centers in Ge were active centers.

In the presence of an electric field, electrons and

holes gain energy on the order of eE ¢, (where e is the

positive elementary charge) due to the electric field.
Therefore, in the presence of the electric field, electrons
can overcome the Coulomb barrier of the singly charged
center and be captured. Electrons can also be generated
owing to thermal transitions from impurity centers to the
conduction band. The number of holes increases due to
the capture of electrons from the valence band by
impurity centers, and decreases due to the capture of
electrons from impurity centers by holes. The probability
of charge carrier generation and the probability of charge
carrier recombination are different, and it leads to the
change in concentrations of electrons and holes in
semiconductors. A detailed description of kinetic
equations for electrons and holes in the above-mentioned
semiconductor was given in paper [7]. These equations
are of the following form:

on_ . on_
—+divj_ =y_ (O)nl_N_ —y_(E)n_N = (—J
ot rec

(6)
0N,
Ng=N_+N, =const n;_ = No (7

Here N is a total concentration of the singly negatively
charged centers N and the doubly negatively charged

centersN_, and N,_ is a characteristic concentration
found on condition that

an_
Eq =0, (—j =0 (8)
ot rec

£~ A orfce ]+
w

Linear zing equation (10), we get:

on - on
— 4 diviy =y (E)n, N—-y, (O)n+N_ = (_JFJ
ot rec

©)

B nENg

Ng

My

In equations (6-10), »_(0) is the coefficient of
electron emission by the doubly negatively charged
centers in the absence of electric field, y_(E) is the
coefficient of electron capture by the singly negatively
charged centers, and y, (0) is the coefficient of hole

capture by the doubly negatively charged centers. The
variation in the doubly negatively charged traps with time
determines the variation in the singly negatively charged
centers. Therefore, the equation determining the variation
in charged centers with time is of the form:

ON_ _(anJrj (an_j
ot at rec ot rec

In order to obtain the @(K) dispersion relation, the set of

equations (5), (6), (7), (9) and (10) must be solved
simultaneously, taking into account the Maxwell equation

(10)

oH ~
— = —crotE (11)
ot

where ¢ is the velocity of light.
For this purpose, we linearize the set (5-10) in the
following way:

E=EO+E; Ny =ng +n}; VT = const

(.0, ) - oI (KF—at)

L 0

E' << Eg n} << nj (12)

Here K isawave vector, and @ is the wave frequency.
Substituting equation (11) into (5), we get:

(13)
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0, EEg : ,
N ;),ET+Q)_(EO)”_ —a)+(0)n+
N’ = 0 _ (14)

v—iw

Here

/ 0
v=v, +tv_= 7/+(E0))n1+ + 7O +7_(0)nl_ +y_(E0)n_

A= 7By os +7-Enlp: @_(Eg) =7—(EgN’, o, (0) =7, (ON°

0. = dno, .
* T dn(E?)’
- i0'05 iCO'H . iCO'H S O'_?Elk n’ n’
ot <250 i )| ), S
- e e ew e (n2 nj
Tk
Elz_; (15)
e
dhai

Expanding the vector products in (13), we get:

[1+“’_T+ ic2K2 jﬁ, o cA’IZ(@TE’) . icZIZ(lZE’)Jr iEllz (E—EJ EoE’ |

0 0 + ﬁTAU —2
o Arogw 4rw oy k {nZ ni Eg
daA
U= 2—2 (16)
dAE

where @, = —cA'KVT is the frequency of thermo-magnetic waves [1]. Multiplying (15) scalar wise at first by EO and

after that by k , We can easily get:

o H n'— n;‘ . Lo - n'— n;—

Z T n_ ng
(17)
A'ck -
a=——— (Eok):EOKCOSa
a)TAU CoS o

It should be noted that a # o0 and so in the expression for @ one cannot assume & = 90° . Hereinafter we will
omit superscript 0 of the equilibrium quantities ng ) N° , B . Substituting (15-17) into the set (6-9), we get:
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n iaE
—iw—ikuja+ Ay (0) + oy (Bg) g, —L - [iz, +w, (0)]¢n; +
ny E v_iw
(18)
n n n iaE
ikuyat e M o, (Bg) e, —L+ i o (E)]in. =0
n_ n_ n v_iw
 n_ ny n_ iaE’ VoL ,
|—ku_a——kul_—a)_(E0)—go_—+ - [|/1++a)+(0)] n, +
n, n_ n, E v—lo
(19)
. . iaE’ v_ [
+<—iw—iu_ka+ A_(E)+ a)_(EO)go_ —_— il + a)_(EO)] n=0
E v—iw
Here
aE' N N aE’
A—m—=2; ——=24 o, 0)-u k=2,(0) o _(Ey)+u_k=2_(E)
E n_ n, E
Let us write equations (18) and (19) in the following form:
n. +A,n"=0
Z 2 20)
Agny +24n_ =0

Substituting A;,4,, 45,4, from equations (18-19) into (21), we get an equation determining the frequency and

increment of “thermorecombination” wave:

@ +i(A_+A, Jo+B,B_—A,A =0 (22)

’

i
A_=-iku_a+A_(Ey) +w_(En)p_ —
0 0 E

’

) n, n, [
A, = |ku+a—+n—ku1Jr -, (Eg)oy B

n_ _
23
. n_ n_ n_ iaE’ ( )
B_ =iku_a—-—ku_ —o_(Eg) —o_—
n, ng n, E
n n n iaE’
B, = iku+a—++—+ku1Jr —a)+(E0)£</’+ e
n n n

It is too complicated to solve the equation (22) taking into account (23), so we will solve the equation (22) for certain
analytical expressions of the external electric field. It is easy to verify thatif A = A, then

_kE'" o, (E)N
w+(0)(p_{1—”(0)—+((0))nl+%}
. . _
B + + + @ (24)
w w
Kee_ 5_+—Tr_+—T#—+r+
ck ck p_
- . 2
a_0_EnVT ay0,EVT B_ [v_
L=—a—— hh=—5 —i —=|— (25)
E“n_pu_ E“n,puy By Vi
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Taking into account (24-25), from (22) we get:

. . V_
0)1,2 = _lA_ i |B+ ——

(26)
Vi

Substituting A and B, , we get the following expressions for the frequency and increment of thermorecombination

wave:
aE' v_ n vV_ n aE’
2 :—ku_a+a)_(E0)¢_———kU+a—++—60+(E)_+(/’+_+
E v n 1% n E
+ - + -
(27)
v ng
+i ——ku1+ - A(E)
v, n_
aE' v_ n V_ n aE’
@, :—ku_a+a)_(EO)(p_—+—ku+a—+——60+(E)_+(ﬂ+__
E v n v n E
+ - + -
(28)

- i{v—_n—"L g, + ,1(}5)}
n

vy n_

ANALYSIS OF THE OBTAINED RESULTS

As follows from (26-27), the wave with
frequency w, (28) is a damped wave, and there is no
energy  emission  from  the  above-mentioned
semiconductor at the frequency @, . Emission from the

above-mentioned semiconductor occurs if the wave
increment

v_ ng

vy n_

is positive, and a high hole concentration and a low
electron concentration are required for that. One can see

from (27) w=w, +iw, that a~1.

W
magnetic waves decrease frequencies of
thermorecombination wave, and the frequency of electron

The thermo-

|capture and the frequency of hole emission increase
frequencies of thermorecombination wave.

Probably, there are values of @, (E,;) and @, at

which semiconductors with the above-mentioned model
emit energy nearly stable. Such a situation can occur at
certain values of the external electric field and the
constant temperature gradient.

The presence of constant and alternating magnetic
field can change conditions of the thermorecombination
wave generation. When energy is emitted from a medium,
a resistance of the medium decreases and the current
variations in external circuit occur. For investigation of
external instability (i.e. when the real part of impedance is
negative Rez <0), the impedance of semiconductor has
to be calculated. This problem requires taking into
account the boundary conditions across electric field at
ends of the medium and of course the injection at ends of
the medium.
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