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THE NONLINEAR THEORY OF GUN’S EFFECT

E.R. GASANOV, R.K. GASIMOVA
Baku State University,
Baku, Az-1145, Z.Halilov str.,23

The nonlinear theory of Gun’s effect has been constructed. The amplitude and the frequency of the current oscillation in the second
approximation by the method of Bogolubov-Mitropolski have been found. The amplitude and frequency of the current oscillation in the
GaAs have been calculated for the typical experiment. The amplitude of the current oscillation as the function of the electric field has been

calculated in the first approximation.

The phenomena of the current instability, which firstly
was observed in the compounds GaAs and InP [1] are called
Gun’s effect. The frequency of the current installation mainly
lies in the ultrahigh frequency range (UHF) and differs from
the low-frequency oscillation [2]. The mechanism of Gun’s
effect was supposed in the refs. [3,4,5]. The authors of these
works show, that in the materials GaAs, InP, probably, the
number of the carriers with the low energy decreases at the
increase of the external electric field strength. Moreover, the
electrons transit to the superincumbent energetical bands or
in the case of the low-frequency ranges they transit on the
ionized traps in the forbidden band.

The mobility of the electrons decreases strongly with the
comparison of the mobility in the lower trough at the electron
transfer in the upper energetical bands. When transfer of the
current carriers is higher, than the definite value, the material
conductivity decreases and the negative differential
conductance appears:

S—IIE:O'd<0 (1)

At the values o, <0 the electric field E in the crystal

becomes nonhomogineous and the acute regions of the
electric field, i.e. *“domains” creat. The theoretical
investigations are strong nonlinear because of the domains
and the amplitude of the current oscillation in the crystal
depends on the time.

Moreover, at o, <0 the redistribution of the space

charge begins and this process leads to the UHF radiation.
The small-signal theory (i.e. near the threshold 5, ~ 0) of

this phenomenon have been constructed in the ref. [6].
However, the dependence of the amplitude on the time and
on the frequency of the oscillations hadn’t been investigated
theoretical.

In our paper we will declare the nonlinear theory of the
amplitude and frequency of the current oscillation, based on
the model of Gun’s effect at the existence of the external
constant electric field. We will consider, that transport time in
the low-mobile states is neglible small and the carrier
concentration in the main vale decreases inversely of the
some degree of the electric field. Besides it, we will suppose,
that the number of the ionized donors doesn’t almost change
and the current oscillations are only because of the electron
transition in the upper energetical states. As it is shown in the
ref. [6], the mobility in the upper energetical state in GaAs is
more less, than in the central vale, D is the electron diffusion
coefficient in the lower trough for GaAs 130 cm/sec.. The

total carrier concentration N=n+n’, the carrier mobility

and u' correspondingly, diffusion coefficients D and D
satisfy to the following relations:

D>>D', u>>u', n>n" . )

The number of the carriers in the lower (central) vale will
be equal to the some part of f of the total number of the
carriers:

n=fN=f(E)N )

-1

m
E
parameter T (E) =(m-1) m—l+(E—j [71.
a
Here E, is the electric field, at which the current

oscillation begins. The parameter m is calculated
experimentally as the ratio of the ohmic current to the real

current in the point E, = E, (at oy = 0).
The static current is
E
Iy = 03B, foXo, X ==, (4)
Ea
where o, is the sample conductivity in the weak field. We

will follow on the experiment [7] in calculations. The ration
of the dynamic conductivity o to the conductivity in the

weak field o, has the form:

g o __1 d_
° o, o,E, dx,

df
f o+x, —2 5
(fo + °dxa) (5)

So = fo[l_m(l_ fo)]

The value Sy is the ratio of the tangent of inclination angle
of the VAC curve at E = E, (work point) to the tangent of

inclination angle at the weak fields. At E, > E, it is

negative. In the point of the zero inclination x,=1 and

f, = _% . The statistic current in this point is:

XO
m-1
l,=——o0,E, and m=
m I
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The dynamics of the current transition through the sample
is characterized by the following equations:

In the frameworks of “small-signal” theory, by method
[7] for the solution of these equations it was supposed:

| —ef NﬂE+Dea(f N) I, =1, +01, =1, + LOE", _ I, <<,
0z E=E +E =E =E, + EQO¥", E, <<E,
Ol _ N © N =N, +N, =N, + NOE™, N, <N,
0z ot )
o0E,
|1+5E:O’ vo=—HE,. For the finding of the amplitude values E, N, | the

condition (7) isn’t enough and it is need to find the solutions

(6) at the any values E;, N; and Iy, i.e.
The equation system (6) is enough for our goals, i.e. they

connect between themselves the three unknown values I, E, N. |

I=1,+1, I <1y, I,>1,, N=N;+N;, N; <Ny, N;>Ng,
E=E,+E,, E <E,, E >E, '

(8)

We will find the solutions of the equation systems (6) at the conditions (8) by the Bogolubov- Mitropolski method [7].

Il

Substituting (8) into (6) and denoting X = we obtain:
op =
X:(f05+ foi—'— foi.i_l_ fl+ f15+ flm"' fl N1E1]+
Eo NO NO EO EO N0 NOEO o

+BL f0&+ f, + flm
Vv, 01 N, N,

oE ol oN E

,=-—¢c—2>; Lt=e—21 ;f=(5-f)2

1 81: a 7 81: 1 ( 0 O) EO

We will express the change of the electric field through 'where k is the wave vector, propagating on Z axis. If we
the change of the current carriers for the reducing the

N _ . .
equation (9) to one nonlinear equation by the following way: ~ denote y =—=, so taking into consideration (10) from (9),

0

ill obtain the following nonlinear equation for y for
E, oN & 0°N ae
,=—>——21 andthen I, =— -+ (10), finding:
Nokv, ot Noku ot
|
o* f,| dy 0 1 ’
Yy wpy=C0T| OV WOV gy LN e gy Py
ot g ot ot kv, \ .on on
, (12)
1 m(l- f Dk
sm—f )y V) |4 g ME=fo)oDkfdy oy
kv, Lon Vo ot "ot
o, T, 2
Here o7 = —°°(k v, + DK?). Yyl Y 12)
o 0 >ty Y|
€ ot dr
The nonlinear equation (11) respect of y can be reduced to o f
the equation of Van-der-Pole one. For this we denote where r=—=220 is the small parameter for the typical
f W,
T=w,t and = 9070 and reduce the equation (11) to cm? cm
& w, crystal GaAs, D = 130 , Vv, 100 —
the dimensionless equation. Then the Van-der-Pole equation sec sec
assumes the following form: o, ~ % 102 sect , r << 1

c
&
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The solution of the equation (12) is as follows da ) 5
—=rA@)+r-A@)+r’Aa)+..
y =acos(r +0) =acos(wt +0) =acosy at r=0. (13) ) 4 (14)
_ _ _ —"Vza)o+rBl(a)+rsz(a)+r3BS(a)+...
We will use Bogolubov-Mitropolski method [7] for the dr

finding of the solution (12) at r=0 by the following way: |

27 27
@ dy ) . w dyj
wher a)=——2|F| y,—= |sinydy ; B,(a)=——> | F| y,—= |cosyd
A(a) Zﬂl(ydrj wdy () Zﬂa“ydr wdy
X dB, \ w, | dF : du, \dF | .
a)=———| 2AB,+A,—a|-—||u,—+]| A cosy —aB,;siny+w,— sinyd
A, () Z(All AzdajZEO Y A cosy 1 SINY Odl//dy' yay
o AdA\ o, F| dF : du, \dF
B,(a)=-——| B ——~—2|-—> ||u,—+| A cosy —aB,siny +w, —~ |— |cosy d
,(a) 2( 1T daj Zﬂa-l‘{ldy A cosy SNy Odl// dy’ yuay .
=, g, cosny +h sinny 1% ( dyj
U, =9, — ; n=—|F| y,——|cosn
=02 o 9, =— ! V. cosnydy
2z
h, :EJF(y,ﬂjsinnwdy/
Ty dr
We confine ourselves only by the second approximation. ! mDke
Firstly, we will find the amplitude in the first approximation 1-f)>1 (18)
from equation (14): Vo
da, As f, <1, so we obtain the values of the change interval
E =rA @). (16) of the constant electric field:
Substituting the equation (13) in the equation (15) after 2, 3
the integration, we will obtain E,>E, 0 (19),
3Dke
da, _rw,| m{d- f,)Dks _1la: at which the current oscillates with the frequency @, .
dt 2 Vo Indeed, it is clearly seen from the equation (15), that

B,(a) =0 and that’s why the frequency is @, . As it is seen

Solving above mentioned equation we find: from the equation (17) the amplitude @, tends to the initial

[[ﬂ(l—fo)Dkosil}t% value a,, (a1 - ao) att—0.
2 Ve
a = ge ° ;. Y =acosy. B
(17) It is need to calculate the U, a—l//l,g0 in the second
v

From the equation (17) it is seen, that the amplitude of the ~ approximation for the finding of the amplitude @, and the
current oscillation increases exponentially for the crystal  frequency of the current oscillation .

GaAs: | After the simple calculation we find:
2 2
u, =3R cos2y _ Dk gsinZy/—l ; du, =-R Dk gcosZy/+sin21//
6 6w, dy @,
(20)
R = m1- f,) a’; g,=- m— f,)o, a2
3kv,0, kv,

Substituting the equation (20) in the equation (15), we obtain the following values for A,(a) and B,(a) after the
integration:
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A(a )__ Dk’e ka€+m ma)o+2ma)0 _lad
Vo Vo 6kv, 6kv,
2
B, (a )_ mDke ) 96 kae+m w,ma’” 1)
Vo Vo 6k v,
2
_apkee M| 2Me, |, MOKE | g 0) 4 Bra?
6kv, | kv, Vv,
|
Substituting the equation (21) in the equation (14), we da
obtain the equations for the finding of the oscillation d—=a)0[rA1(O)a+r2La3] (24)
frequency in the second approximation: t
da
=rA (O)a+r’La’w (22)
dt A ’ dd—li/:a)z =a)0[1+ rZBz(O)+B;r2a2] (25)
‘L—"t’_w,,_a)o+r5(0)+3'2 2 (@)
|
where A (0) = m(L-f)Dke . g 0)- [kagj
Vo Vo
13 ! 2
B - Moy (4o mDke | 4Dk m2| 2% Dke
24kv, Vo 12v, kv v
Lo mw, Dke 1-m— mDke | ma,
48kv, v, v, 24kv,
After the integration we obtain from the equation (22):
a & .
82 L rAl(O)wot fAlT(O)mot 172 (D1/2 ’ y a2 Cos y (26)
Gl T e
A(0)
|
2
As f, <1, so for the typical GaAs, A(0) = mbke a2 — 2 or
VO 2 —rAl(O)a)t aZL
and 2 0 Y
L m? e, [Dkgjz_ mw, M, (Dkgjz A (0)
© 48kv, | v 2kv,  48kv,| v a
] :n 0 0 0 0 a, = 0 — (28)
A0)  48kv, v, e o 4 M® DKE
@7) 48kv, v,
rA(0) mDk o, f m Dk It is easy seen from the equation (28), that amplitude in
) ~ L, x———0o, fit>>1 the second approximation decreases and tends to the constant

~ 0
2 2v, &w, 2 v,

Taking into consideration the experiment conditions [7]
and (27), which has been proved in the experiment for the
typical GaAs from the equation (26), we obtain:

limit (i.e. to the value, not depending on time).

1/2
48kv, v,
a, - o
mw, Dke

(29)
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The frequency of the current oscillation is defined by the  the equations (17) and (26) in the equation (10) serially in the

) - dy _ first and second approximations. We will calculate the
expression (23), i.e. —— = @, and the expression phase low  cyrrent amplitudes only in the first approximation because of
dt the striving of the amplitude of the current oscillation to the

is W =aw,t. It is possible to find the amplitudes of the constant limit in the second approximation (29). After the

current oscillation on the formula (10), substituting a from , Simple calculation we obtain:
J, = 0B, K1 + vy et 28 siny - (8% - 1)cos y]

x = 91 _ fo(l + %J[Zﬂ siny - (8% - 1)cos yp"*
V,

ooEo 0

(30)

From the equation (30) it is seen, that oscillations of the lfind 512 since the harmonic functions sin y and cos y

current amplitude X have the oscillating form as the S o0 ation (30), and further it is need to find the
functions sin y and cos y in dependence on time. Using Tz —
which define the

the equation (30) it is possible to find the experimental values values Jy =Jypy and Jy = Jyp,,
OX minimal and maximal values of the amplitude of the current
X (i.e. E = 0) with the time and the maximum conditions  oscillation.

2 —
for X i.e. %<o. However, for the finding Jl it is need to
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E.R. Hasonov, R.K. Qasimova
QANN EFFEKTININ QEYRI-XOTTi NOZORIYYOSI

Boqolyubov-Mitropolski riyazi metodu ilo GaAs kristalinda ceroyan rogslerinin amplitudu ve tezliyi nezeri olaraq hesablanmigdir.
Birinci yaxinlagsmada coerayan ragslorinin amplitudu elektrik sahasinden asili olaraq hesablanmigdir.

9.P. T'acanos, P.K. I'aceimMoBa
HEJIMHEWHASI TEOPUS DODPEKTA TAHHA
IMoctpoena HenuHeiHas Teopus 3dekra [anHa. HaiimeHpl aMIUIMTyJa W 9acToTa KojJeOaHWS TOKa BO BTOPOM
npubmkeHnn MetonoMm boromobosa-Murpomnonbckoro. s THIHYHOTO 3KcrepuMeHTa B Kpuctamie GaAS BBEIYHCICHBI
4acTOTa W aMIUIATyJa KolieOaHWsA Toka. BeumciieHa B mepBOM NPHOMIDKEHHH aMIUIATyJa KoJeOaHUS TOKa KakK (YHKIUS

SJIEKTPHUYIECKOTO TT10JIA.
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