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Abstract- The theory of current oscillation in
semiconductors with deep traps in an electric field is
constructed in this paper. It is proved that the ratio of the
equilibrium values of electrons and holes is the main
parameter for the appearance of a current oscillation in the
circuit. The oscillation frequency varies as a function of
injection at the contacts. It is proved that there are four
possible cases for the appearance of a current oscillation in
the external circuit. Analytical formulas are found for the
frequency, electric field, and for capacitive or inductive
resistance in the circuit. It is obtained that when the
frequency of the current oscillation is greater than all
characteristic frequencies in the theory, only one wave is
excited inside the semiconductor. It is proved that in the
frequency region less than all the characteristic
frequencies in the theory, several waves are excited inside
the semiconductor.
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I. INTRODUCTION

A lot of work has been devoted to the experimental and
theoretical investigation of current instability in impurity
semiconductors and to the arising vibrational phenomena.
The appearance of such a number of works is connected
with the possibility of practical use of the phenomenon of
current instability in semiconductors for the creation of
high-frequency generators, amplifiers, and also the desire
to develop theoretical models for explaining the various
causes of the appearance of instabilities in semiconductors.
The Gunn effect [1, 2] due to the special structure of the
conduction band of some semiconductors became very
widely known.

In [3-5], current oscillations in semiconductors with
deep impurity levels are investigated. The rate of capture
of charge carriers by an impurity center in a
semiconductor, in general, depends on the energy of the
charge carriers. The presence of an electric field can
increase the energy of the charge carriers should depend
on the electric field. Thus, the stationary concentration of
charge carriers can change with increasing electric field.
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The rate of capture of charge carriers c in electric fields
increases when impurity centers (i.e. traps) represent a
repulsive Coulomb center for electrons.

It will be possible to experimentally detect current
oscillations in semiconductors with deep traps by
investigating the impedance introduced into the circuit by
a semiconductor. Under certain conditions of wave
growth, the active resistance introduced into the circuit by
a semiconductor is negative in some frequency region.
Some impurities in the semiconductor create centers that
are capable of being in several charged states (once,
doubly, triply, positively or negatively charged).

Gold atoms in germanium can, apart from the neutral
state, can be once positively charged and single, doubly
and triply negatively charged centers. Such impurity
centers correspond to several energy levels in the
forbidden band. These levels are able to capture electrons
or holes depending on their charge states. As a result of the
capture and emission of charge carriers by such deep traps,
current oscillations in the semiconductor occur. (i.e.
impedance imbalance).

In [5-7], a linear and nonlinear theory of current
oscillations in semiconductors with deep traps was
constructed. In these theoretical works, the values of the
electric field and the frequency of the current oscillation
are found for an unstable state of the semiconductor. In this
theoretical work, we will investigate the current
oscillations with a certain frequency in a semiconductor in
the presence of concrete deep traps in an external constant
electric field [8, 9].

Il. EXPERIMENTAL PART AND DISCUSSIONS

In the future we shall have a semiconductor with
carriers of both signs, i.e. electrons and holes with
concentrations of n. and n., respectively. In addition, there
are negatively charged deep traps with a concentration of
No in the semiconductor. The part-concentration of singly
charged traps «, N. is the concentration of negatively
charged traps

No=N:N_, (n.2,n:+%)<<(No,N°,N.%) 1)
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The continuity equation for electrons in a
semiconductor with the above trap types will have the
form: The continuity equation for electrons in a
semiconductor with the above trap types will have the form
of:

%eriyj, = (0)n_N_—a (Eg)n N =(%) )
where, j_ is the electron flux density, a_(E) is the electron
capture coefficient of singly negatively charged traps in
the presence of an electric field.

E=0 a (0)=a_(E) 3)

In Equation (2), n;- is determined for stationary and
equilibrium conditions

on_ NON
E—O, ay =a_(E), nlz( Ni)o

The flux density j- in the absence of a magnetic field and
the temperature gradient is given by

j_=-n_u (E)E-D AL (5)
where, g is the electron mobility and D_ is the electron

diffusion coefficient.
The equation of continuity for holes will have the form

6”*] ©)
ot rek

)y = n+,u+ (7)
where, a.(E) is the coefficient of e mission of holes once
by negatively charged traps in the presence of an electric

field. The a(E) is the hole capture coefficient of doubly
negatively charged traps without an electric field.
J (8)

0

(an+J =0, a+(E):a_(0), I']l+:[n+N
ot rek NO

In non-stationary conditions, the number of doubly and

once negatively charged traps changes and determines the

change in the once negatively charged traps. Therefore, the

equation defining the change in the traps with time has the

(4)

+

agt +divj, =a, (E)n,N—a, (0)n,N_ :(

(E)E-D,Vn,

form:
%:[amj _(%j ©)
ot ot rek ot rek

In the presence of recombination and generation of
charge carriers, the quasineutrality condition means that
the total current is independent of the coordinates, but
depends on the time
divi =ediv(j, —j )=0 (10)

When there is a fluctuation in the current in the external
circuit, the current-voltage characteristic of the
semiconductor has a falling section and the real part of the
impedance is negative. Therefore, you need to calculate
the impedance of the semiconductor. In the presence of a
vibration in the outer chain, the wave vector of the
oscillation is complex, and the frequency is a real quantity.

We represent the quantities n., N, N. E as follows

14

n,=n’+An,, n=n’+An, N=N°+AN
N=N°+AN, E=E,+AE

(An,, An_,AN ,AE) ~ gi(K-ot)

where, Q =a_(E;)N, is frequency of electron capture by
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singly charged traps, Q, =a_(Eo)N, is frequency of
emission of holes by singly charged traps, Q, =, (0)N°
is frequency of trapping holes by doubly charged traps,
O, =a, (0)n) +a, (Eg)m, is combined frequency of
capture and emission of holes by nonequilibrium traps and
Q'=a_(0)n) +a_(Ey)n® is combined frequency of

capture and emission of electrons by nonequilibrium traps
as well as the coefficients.
dina, E,

7 =
& 2{ din(Eg)J

From Equations (2), (6) and (9) it can be easily
obtained that
1. (Q.)An" +[%—iku_n9jAE"—m AN” =0
0
" 7
My Sl JAE"—Qi AN =0
E

@)an! +[ikﬂ+n+
0

AN" = ; 1 {Q_nﬁ -Q. AN +(n,y.Bn.Q_p7 )AE }
Q+Q -iw E

AE" = i(—197An” —-8,An] +ik IMAnj —ik IyﬁAnf
o e e

2B oy AN =0
EO

2. (Q_ —iw)An. +n°Q g7

(7/7 _iw)AnJ’r _n1+7/+ﬂi/__Q,+ AN =0

AE’
Eo

’

, , AE
Qnl —a An + (n1+7+ﬂ1n—ﬂz)_

AN" =
By

Q'+ -iw
AE" = l(AJ -ed An. —ed An;
o

,_9+=,LI+E0,An+=Ani+ni (12)
An.=AN_+N’ ,o0=0_+0,

Eliminating AN’ , AN” | AE’, AE" from (11) and
(12), we obtain the following system of equations for
determining An,, An, and the wave vector

o_(K)an" +¢,(k)an", =0

(13)
F_(k)an"_+F.(k)an", =0

9 (0)An"_+¢,(0)An’, +9A) =0
F_(0)An'_+F.(0)n',FAI =0

The coefficients ¢,, F, and ¢,F are easily obtained
when  passing from (11)-(12) to (13)-(14)

(14)
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To obtain the value of the wave vector k, we solve the

dispersion equation obtained from

p_(k) F.(k)=g. (k) F_(k) (15)
However, the expressions for determining the wave

vector from (15) are too cumbersome, and therefore we

obtain from (15) the expressions for the wave vector in the

two limiting cases.

1. High-frequency case @ >>Qy, 7,, Q'+

a[w(n? -n0)+i(n°Q, -n.Q +n,y p + n?Qfﬁf)}

“ o _ ey, (B0, %0 )’
e, Eq | (N2 —n2)+-—— i B —
(4]
(, < o [0l —0,) (B0, + lny,). (16)

T oo(n”-nl)?

(n’e_+n%c)]-iwo(n® —n?)

When solving the dispersion Equation (15) or using
small parameters

Q! TO

t <1, <<,
Q, eEyd, =
are length semiconductors and T is temperature and ergs.
2. Low-frequency case o <<Q,, Q. , 7,

fi _ooln’Q? -nl0l -(Q_+0Q,)(.Q_A +n,y. B)]

<<1, DJr:I;z+
T

k=1 E,(n°Q. -n Q +n°Q_p" 7)?
2 eup, 0(n+ -2 +nC —ﬂ—+n1+7+ﬂ+)
- fy —if,

f5
fy =c?e[2n.n, (Q_+Q,)-(n.Q_B7 +n,y, B1)(n_+n,)]

+oo(n_FQ_+n,y, fL)N_+n) o +0,) (17)

f4 = ia(n+Q+ - n—Q—:BZ + n1+7+ﬂi/)[(n—ﬁfv— + n1+7/+ﬁ+}—/) :
(o_+0,)-0o(n.Q_+n.Q,)]

fs=[(c_+o,)nv 7 +n,7.B)—c(h Q +nQ)]?
The deviation from the equilibrium values An, is
representable An, (xt) = uje™* +uje™* +U*Al in the
following from
An, (xt) = 67 e"* + gre* + o Al (18)
The constants u and 6 are determined from the
boundary conditions. To formulate the boundary
conditions, we take into account that the contacts are
always rectifying to some extent, so the so-called ohmic
contacts represent not more than a limiting case. And
depending on the transmission directions of both contacts,
two types of boundary conditions can be distinguished.
On both contacts, particles of the same sign are injected

An, (0) = 6°Al, An, (L) =6"Al
An_(0)=65"Al, An_(L)=65"Al
On both contacts, particles of opposite signs are injected
An, (0) = 6°Al, An_(L)=6"Al
An_(0)=68%Al, An, (L) =6"Al

(19)

(20)
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Using the boundary conditions (19)-(20), we determine
the constants u and 6 and after that, we can calculate the
impedance of the crystal as follows

1 L
=——| AE(x,t)dx 21
o[y 4B (21)
AE(x,t) = l[AI —ed An(x,t) —ed, An, (X, t)+
o
g0 )= vn, (0] (22)
e e
T
D, =— s
]

After algebraic calculations from (21) we obtain
expressions for the impedance of the following for

Z = Z[1— (™" —1) g + (€™ 1) 11, + 14 (23)
The values g, 14, 145, 14, are cumbersome, we do not

write them out.

z-1
O

>y o =e(n’u +nlu)

where, S’ is cross section of the crystal. Substituting the
values of k; and k» in the high-frequency and low-
frequency cases, we determine the real (ReZ) and
imaginary (ImZ) part of the impedance. Analysis of the

Equation (23) shows that, depending on the ratios of the
0
. . n
concentrations of the charge carriers (T.e.—->>1 or
+
nO
— << injections on contacts. And in the general case
n+
there are four variants in which ReZ and ImZ have a
definite sign.

The (n° >>n%) is given by &°, 2)(n° >>n%)is given
by 6%, 3)(n® <<n?), we have 6%, 4)(n° <<n%)is given
S-. In these cases, in the high-frequency and low-

frequency limits, have a definite sign. When a particular
frequency. Current fluctuations o =2v_

2
E E .
Rez B (B (Esmoﬁcosaj (24)
2
MZ _ 1 3B [ Eol [ging+—2 cosa (25)
ZO E]_ E2 Zﬁz
where,
9 1/2
e _ Lo ( LQvS J
157 v R I
27/+:u+134;:n fu*'queé‘E

If there is a fluctuation of the current in the external
circuit ReZ<0, a ImZ can have any sign. To find the electric
field from (25) at frequency (24), we must solve the system

ReZ R _.
Z Z

| OZ RO (26)
msz Ry

ZO ZO
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where, R is the positive ohmic resistance in the circuit for
reversing the resistance in the circuit and R; is resistance

capacitive or inductive nature. From the solution of (26)
we easily obtain:

(27)
0

If R, >0 and R, =2Z,, E, =§E1 with the boundary

condition (25) from the solution (26) we obtain:

12
845” 457 )i
YR=—-2, ;R =1+——; E; =2 | —
) 3 0 1 3 0 1 3

12 2
2)R=ZO;/37=&E N ;Eozi
uo B \lne E;
4LQ-p7 2 (L
RSP
nu p\u
O
4)R:R1=ZO;R1>0;E0=El;,37=n—6

2LO 1/2
o i,

Thus, in all four cases, the values of the electric field,
ohmic resistance, inductive or capacitive nature were
found. In the low-frequency case, substituting the values
of the wave vectors (17) into (23) after algebraic
calculations, we obtain:

1

E2
1) R=2Z,, R =3Z,, a):—7Q+, Ey=—2

E

2 1/2
E, - LQ N :( LQ, p J
Ny, 1Bl .ol B
2
2 w="5 R >0/ |R|=R=2,, Ey= 2
6 E, E,
1/2
g L0 Ezz( LO, ]
m Pl p,uec

Z
3)E,=E pfa% a):Q+(a+a11/2ﬂ_7)?0
1l

7 /4 Q
a:7+ﬂ++ﬂfnfﬂ7; al:/UL _
Q+ H Ny y+n+Q+
Q+ Ef_&
2 E22 ZO
4 Ey=—2; o= —
1 1 72
l-a+_———=+o(f’
Zo E22 1(ﬂ )
1/2
LQ, n, LQ,n,
S s 4
o peo” fl un_prpe
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I11. CONCLUSIONS

In semiconductors with the above-mentioned deep
traps, in a constant external electric field, unstable waves
with different frequencies are excited. These waves are
excited in different values of the external electric field.
Semiconductor contacts are injecting. The injection at the
contacts varies very much depending on the equilibrium
ratios of carrier concentrations n_/n, =¢ . The values of
parameter ¢ determine the frequencies and the electric field
at which indicated semiconductor is in an unstable state.

In all cases, an inductive or capacitive resistance
appears in the circuit. In the high-frequency case (i.e.,
when the oscillation frequency of the current is more than
all the recombination and generation frequencies are
typical), one wave with a certain frequency is excited in
this semiconductor. In the low-frequency case, several
waves are excited depending on the contact directions of
the crystal contacts. The obtained values of the electric
field and the oscillation frequency are quite achievable
experimentally.
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