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CURRENT OSCILLATIONS IN IMPURITY SEMICONDUCTORS WITH
BOTH SIGNS OF CURRENT CARRIERS IN THE PRESENCE OF AN
EXTERNAL ELECTRIC FIELD, A TEMPERATURE GRADIENT

AND A WEAK MAGNETIC FIELD (p_+ H<<C)

E.O. Mansurova”®

Institute of Physics, Ministry of Science and Education, Baku, Azerbaijan

Abstract. It is theoretically shown for the first time that in an external electric and weak magnetic fields,
when there is a temperature gradient, an impurity semiconductor radiates energy from itself with a certain
frequency. The values of the frequency of current oscillations and the limit of change of the external
electric field are found. It is shown that the resistance in the medium has only ohmic character. It is stated
that in the above semiconductor, when the concentration of electrons and holes are determined from the
obtained expression in theory, the injection of contacts plays a major role for the appearance of the
indicated current oscillation in the circuit.
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1. Introduction

In conducting media under the influence of an external electric field, charge carriers
receive additional energy of the order of eEl from the electric field (e is the elementary
charge, E is the electric field strength, | is the mean free path of charge carriers). In this

case, charge carriers have an energy of the order of %kOT + eEl (k,_ is the Boltzmann

constant, T is the lattice temperature) and the redistribution of charge carriers over the
medium occurs in an uneven manner. This redistribution of charge propagates as a wave
inside the medium. These waves can be unstable and therefore energy radiation begins
from the crystal. The mechanism and cause of the appearance of unstable waves in
different conducting media are different. Therefore, the theoretical study of unstable
states requires different mathematical approaches. If the excited wave inside the medium
does not go outside (ie, there is no current oscillation in the external medium), then the
frequency of this wave is a complex value and the wave vector is a real value. In the
opposite case (ie, frequency w=wo, wave vector k = k, + ik"), current fluctuations occur
in the external circuit and the medium radiates energy with frequency wo.
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In Hasanov et al. (2011, 2013), Hasanov and Hasanova (2018), Demirel et al.
(2012), Guseynov (2024), Aliev and Hasanov (2018), Ibragimov et al. (2024), we
theoretically studied various instabilities in semiconductor media and obtained some
analytical formulas for an external electric field and for the current oscillation frequency.
However, in impurity semiconductors, the excitation of unstable waves depends on many
factors due to the presence of various impurity centers in the medium. Impurity centers,
depending on the charge states, are capable of capturing (recombination) or emitting
(generation) charge carriers. These recombination and generation processes can excite
unstable waves inside the medium.

Gold atoms in germanium, in addition to the neutral state, can be singly, doubly and
triply negatively charged centers. These impurity levels are located at different distances
from the conduction band of the semiconductor. Depending on the temperature of the
semiconductor, these energy levels are more or less active levels. In the experimental
work (Iglitsyn, 1966), singly and doubly negative levels were active. In what follows, we
will use the experimental model (Iglitsyn, 1966). It is clear that there is a Coulomb barrier
around the negative charge. Electrons that have received energy from an external electric
field can overcome this Coulomb barrier and be captured. As a result of thermal transfer,
electrons can escape from the impurity center into the conduction bands. Due to the
capture of electrons by impurity centers from the valence band, the number of holes
increases. As a result of recombination and generation of electrons and holes, the
electrical conductivity of the semiconductor changes. In Hasanov et al. (2011, 2013),
Hasanov and Khalilova (2013), Hasanov and Hasanova (2018), Jabarov (2023), Demirel
etal. (2012), Aliyev and Hasanov (2018) analyzes of kinetic equations in a semiconductor
with singly and doubly negatively charged centers are presented in detail. These papers
present the results of a theoretical study of internal and external instability. However, the
equilibrium values of the electron and hole concentrations were arbitrary.

In this theoretical work, we will investigate current oscillations (i.e., external
instability) in semiconductors with singly and doubly negative impurity centers in an
external electric field Eo - in the presence of weak magnetic fields (i.e., u1Hy << c, p4-
are the mobility of holes and electrons, c is the speed of light). Taking into account the
injection at the contacts of the semiconductor, when the concentrations of electrons n_-
and holes n+ -are determined from the relation n,u_ = n_u,. In addition to the above
conditions, the semiconductor has a constant temperature gradient AT=const.

2. Basic equations of the problem
The kinetic equations for electrons and holes in semiconductors by the above

impurity centers have the form (Hasanov et al., 2011; 2013; Demirel et al., 2012; Hasanov
& Hasanova, 2018; Aliyev, 2018; Hasanov & Khalilova, 2013; Iglitsyn, 1966).

aait_ + dlv]i = V_T],_ [V+n+ +v_ T’ + (V+n+ﬁ++v 7” ﬁy) 3(#+‘r]++y_n )] n

v—iw o+01
y e(usni+unl)
+V r] ﬁ o+01 ' )
6 ! . .y ! ¢ .u T] +.un_
=+ divji = —vnh + ["+n+ +vonl + (vin Bl +von_ ﬁy)—( otor |-
—v+n+ﬁy el um) ), (2)

o+0q

220



E.O. MANSUROVA: CURRENT OSCILLATIONS IN IMPURITY SEMICONDUCTORS WITH BOTH SIGNS...

dl o = dl ,
By = 2dln“(gg) Uy = sy, By =2 ‘g;) ny <%, E' K Ey, T K eEyl.

T = k,T,, T,- grating temperature, | - mean free path. v_ = y_(E,)N,- electron capture

frequency, v, = y,(E,)N,- hole capture frequency,vE =y, (E,)N,- hole emission
0
frequency, n. = "NIZ°, N, =T N N, = N,N_ total concentration of impurities, N-

singly negatively charged centers N_ - doubly negatively charged centers, N >> N_,

o=0, +to_=eMpus +n-p), o1 = € (Ml By + n-p-p-), v=vl+vl-
combined frequencies of capture and emission of electrons and holes by no uniform traps

(No, N2) >> (n2).
3. Results and discussion

In the presence of an external magnetic field and a temperature gradient, the current
densities for electrons and holes have the form:

Jo = —n_p_E* —n_w_[E*H] — a_VT — a' [ VT H] -
Jf=niueE" + 77+ﬂl+[E H] + a+VT + a+[VT H]
] =e(y —J2). 4)
Substituting (3) into (4) we find
E*=ﬂ 2[E*H] = VT + 2 [ VT H], (5)

herec =0, +0_,a=a, +a_,q =ad, +a_.

It was proved in Gurevich (1963) that in the presence of a magnetic field and a
temperature gradient, hydrodynamic motions of charge carriers arise and the electric field
inside the medium has the form:

«_ gy WH T’
E*=F+ +e(n0 nﬁl)' (6)

First, we find E¥ from the vector Equation (5) as follows. We write (5) in the
following form

E' =4 +2[HE]. @)
Denote B = %ﬁ them
E*=4 +[BE (8)

From the vector Equation (8) we can easily obtain:
E' =74 +[BA]+|B[B E]| ©)

Expanding the vector product in (9) at u,Hy < C and substituting the resulting
expression for E* in (6), we easily obtain the expressions for the electric field

F=_ [l —%’[Wﬁ] + 22 H] +AVT + (‘71]”_‘ W’—;) (10)

e ny
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Substituting (3-4), taking into account (10) in (1-2), we obtain the following
dispersion equations for determining the wave vectors k; and k.,

x* —ux? + fx — 6y +i6; = 0, x = Lyk. (11)
1 Ut+Ho, o 1 w .,
Here u = ——; == q° = -—
o _prar P+ T 804 Vi
o Lyuw o LEvove-e?) o Liwv_ o T
f_ 2.2 Y0 — 2,2 » V1 — 2,2 ’EZ__
H-p+Eja H-p+Ejap_¢@4 U-p+Ejap_@4 eLy

The solution of Equation (11) in general form is very difficult. Therefore, we will
investigate oscillations in the considered medium with frequencies

o= +(v_v)2 (12)
Taking into account (12), from (11) we easily obtain:

— 12 1 — _,1/2 Sy
X = Ul =i 5 X2 ult =i (13)

After finding the dimensionless wave vectors x; and x,, we can calculate the
impedance of the medium as follows

Z=2[%E(x t)dx. (14)
J1-0
Find E'(x, t) from (10)
" f_x I n- _ N+
Be=2 s+ Dtk + 1) (G- %) (15)
dlnA
Q= 1_5_0' E;, = AgyVT;y = zdln‘(‘E)

n_ and n’} must be found, taking into account injection, on the contacts of the
medium as follows

n. = cye*1* 4 cyetkeX pl = ctetki¥ 4 cfetke* | (16)
Considering thatat x = 0,7} = § $ J and that x = L, n} = &% J; (17)

we find from (16) taking into account (17) for the constants C;, and C;", the following
expressions

5 Qeik2ly_gL SL_s50e llex etkalx _ gL
Cr =Jx koL G =y ]x = 2+:
etkaLy ellex elkzLx ellex elkzLx ellex
sk 6°elkll‘x
!c—-* T (18)
etkaLly _pikqLy
or
- S—pl. = _ s=Jl. .t _ ST, Sl
Cl _61]36' CZ _62])6' Cl _61 X1 CZ _62]x (19)

Substituting (15) taking into account (18-19) we obtain the following expressions
for the impedance of the medium
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T ko\ (67 6
Z:—(1+k—2><—t— 1)(el"lLJf—1)+
1

eq n2 UM
T ki\ (85 & Ly
PR () - e

When deriving (15), we take into account that H' = 0, T.e. kKIE.
When obtaining the values of the wave vectors ki and ko, we take into account the
inequality

1
61 . Lyv ¢ 1 (u \2a _
fO > u_% l.c. EO > TEE(Z) = Exar' (21)

Substituting Cf—fz into (20), taking into account (21), we obtain:

-fa-ofs-Fe2G-Hlu-e vt @

ng  n Uy Vi

It can be seen from (22) that the impedance of the medium is purely real, i.e. J,,Z =
0. This means that when oscillation (12) appears, there is no capacitive and inductive
resistance inside, i.e. resistance is ohmic. To find the electric field when the current
fluctuates in the circuit, we must solve the following equation

Z+R=0. (23)

Thus, Equation (23) v has the form:

3
_ T p-\z (6L-282 84289 R _ _ Ly
Z—ie(pzoél(m) ( = - )+1+ =0, Zy ==, (24)

From (24) we can easily obtain the following expression for the electric field at the
appearance of current oscillations with frequency (12)

Eq

4T 5_ &
14——Lt= —-—g
~eZor py\n2 3

here r =1+, 6_ = 6% — 262, 6, = &% — 259,
0
For a positive value of Eo with frequency (12) shows the following limiting cases

Ey = (25)

60

- ) n- 2
1) ===, 260>6L wu 269> 6L === or
) n- s S Y
n? &L 1
2 = 5L Ey = Ej, w = +(_v,)z.
2) n-<§ or <50 E, <E w=+(vv)%
1,’+ 8i n+ 607 0 1 —-YV+J)°
o sk 52 1
3) "0 > —= or —= > = Ey, < Ej, w=—(_v;)z.
Ny () 64

223



ADVANCED PHYSICAL RESEARCH, V.6, N.3, 2024

n® sk n? &0 1
4 E < E or E < E, EO > El! w = —(V_V+)2.

4.  Conclusion

Thus, the value of the external electric field in all listed cases exceeds the
characteristic field Ecar, but does not exceed the value of E1. Then the radiation of the
medium occurs when Eo changes from Ecar to E.
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