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Abstract- By theoretical investigation of the current 

fluctuations in two-valley semiconductors, it has been 

proven that the crystal size is the main factor. Analytical 

expressions are obtained for the radiation frequency and 

for the oscillation increment. The intervals of variation of 

the external electric field during radiation are found. 

Analytical expressions are obtained for the transition 

times between the valleys. It has been proven that in 

order to excite current oscillations in multi-wavelength 

semiconductors, the size of the sample must be certain. 

The critical value of the electric field, when the current 

fluctuations appear, is almost the same as the value of the 

electric field obtained by the Gunn experiment.    
 

Keywords: Transition Time, Upper Valley, Lower 

Valley, Crystal Size, Current Density, Electric Field, 
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1. INTRODUCTION                                                                         

In 1963, Gann, studying the behavior of gallium 

arsenide in the region of strong fields, discovered a 

phenomenon consisting in the occurrence of current 

oscillations with a frequency of 109-1010 Hz when a 

constant electric field is applied to the crystal. This 

phenomenon is called the Gunn effect. Many 

semiconductors, including gallium arsenide (GaAs), have 

a fairly complex band structure.  

For the first time, the Gunn effect was observed in 

samples of gallium arsenide GaAs and indium phosphide 

InP with n-type electrical conductivity. The threshold 

field strength for GaAs is 0.3 MV/m, and for InP it is 

about 0.6 MV/m. To explain the Gunn effect, it is 

necessary to take into account the complex structure of 

the conduction band of semiconductors, which is not 

reflected by the simplest energy diagrams. 

Let us consider the mechanism of instability leading 

to high-frequency oscillations of the current using the 

example of the Gann experiment. Let an external voltage 

be applied to a semiconductor of length L. If the 

semiconductor is homogeneous, then the electric field in 

the sample is also homogeneous, but any real crystal has 

inhomogeneities. This leads to the fact that in this place 

of the sample the field strength has an increased value. 

With an increase in the strength of the external field, the 

critical value here is reached earlier than in the rest of the 

sample. Because of this, in the region of inhomogeneity, 

transitions from minimum A to minimum B begin PCS 

Figure 1, i.e., heavy electrons appear. Mobility here 

decreases, and resistance further increases. This leads to 

an increase in the field strength at the point of 

inhomogeneity and a more intense transition of electrons 

to the B minimum. The field in the sample becomes 

sharply inhomogeneous. If the curve has a convexity 

downwards, m>0. If the curve has a convexity upwards, 

then m<0. In this case, the particle will accelerate in the 

direction opposite to the direction of electron 

acceleration, i.e., it will behave like some imaginary 

particle with positive mass and charge. Within the 

framework of the method, this particle is called a "hole". 

In the central minimum, corresponding to the point 

k=0, electrons have a significantly lower effective mass 

and greater mobility than in the side valleys. When 

exposed to a weak field, electrons populate the lower 

valley, since their drift velocities and quasi-momenta are 

small. In strong electric fields exceeding a certain 

threshold value, most of the electrons acquire additional 

energy and go to the side valley. Such a transition is 

accompanied by a decrease in the mobility of charge 

carriers, and since the current density is proportional to 

the mobility, a section of negative differential 

conductivity appears on the current-voltage characteristic. 

In multi-valley semiconductors, radiation begins in 

the presence of a certain critical value of the external 

electric ( krE ) field. In the Gunn effect in two-valley 

semiconductors of the GaAs type, the electric field krE is 

approximately 
32 10  V/cm . In theoretical works [1-7] it 

is proved that under the influence of a strong magnetic 

field ( H c  ,  is mobility of carriers, H is magnetic 

field, c  is speed of light), it is possible to reduce the 

values krE at which energy radiation starts from the 

sample. This process, on the one hand, creates the 

possibility of obtaining alternative energy, on the other 

hand, leads to the creation of high-frequency devices 

(generators, amplifiers, etc.) [8-11]. Therefore, a 

theoretical study of the phenomenon of energy radiation 

is promising and very important. In the Gunn effect, the 
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emission from a two-valley semiconductor GaAs 

occurred depending on the sample size. 

Therefore, it is gentle, theoretically, to investigate the 

radiation conditions of a two-valley semiconductor at 

different crystal sizes. In this theoretical work, we will 

investigate some possible conditions for the radiation of a 

two-valley semiconductor (GaAs type) in the presence of 

an external constant electric and strong ( H c  ) 

constant magnetic field. Let us prove that the dimensions 

of the crystal ( , ,x y zL L L ) play an important role for the 

radiation of the crystal. 

 

2. BASIC EQUATIONS OF THE PROBLEM 

An essential feature of the characteristic in Figure 1 is 

that in a certain range of current values, the field strength 

is a multivalued function of the current density. In this 

range of current variation, the system can be in one of 

three spatially homogeneous states. The Gann effect is 

related to the N-shaped characteristic. With negative 

differential conductivity, electric charges in the system 

are distributed unevenly, i.e., spatial regions with 

different charge values appear in the system (i.e., electric 

domains appear). One of the mechanisms for the 

emergence of domains is the Ridley-Watkins-Hilsum 

mechanism. In electronic gallium arsenide GaAs, the 

dispersion law has the following form 

The dependence of the energy of charge carriers on 

the wave vector in GaAs has the form: 

 
Figure 1. Energy dependence on the wave vector 

 

Since the energy distance between the minima is 

relatively large ( 0.36eV = , ∆≫Тр is lattice 

temperature), under thermodynamic equilibrium 

conditions, the presence of upper valleys (minima) has 

practically no effect on the electron statistics. However, 

with a sufficiently strong heating of electrons by an 

electric field, some of them go to the upper minimum. 

The effective mass of electrons in the lower valley ma is 

much less than the mass of electrons in the upper valley 

mb. Therefore, the electron mobilities in the 

corresponding valleys are related by the relation. 

Energy gap is 0.36eV = between valleys in GaAs. 

Charge carriers between two collisions receive energy 

from an external electric field eEl  ( e  is electric charge, 

E  is electric field, l -length of free path of charge 

carriers) and when eEl =   from valley “a” of charge 

carriers pass into valley “b”. The effective masses and 

mobility in the GaAs crystal in the valleys have the 

following values. 

00.072am m= , 01.2bm m=  (1) 

where, 0m  is free electron mass. 

a b   (2) 

During the transition of charge carriers from valley 

“a” to valley “b”, current fluctuations occur and radiation 

of the crystal begins. The concentration of the crystal is 

constant and has the form: constа bn n n= + = . 

The current flux densities in the corresponding valleys 

аj  and bj , and the total current j  

а bj j j= +  (3) 

The equations of continuity in the valleys "a" and "b" 

are as follows: 

div

div
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a
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b b
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The ab  is time of transition of charge carriers from 

valley “a” to valley “b”. The bа  is the time of the 

reverse transition of charge carriers. 

where, aб ба  . The current flux densities in the 

presence of electric and magnetic fields are as follows: 

1 2

1 2

a a a a

b b b b

j E EH H EH

j E EH H EH

  

  

   = + +
   

   = + +
   

 (5) 

In (5), the diffusion terms are not taken into account 

and the inequality 

, , ,a b a b a bE D n    (6) 

Maxwell's equation defines the relationship between 

alternating electric and alternating magnetic fields: 

rot
H

c E
t


= −


 

 

3. THEORY 

When studying the Gunn effect on GaAs samples, no 

dependence on orientation was found, which speaks in 

favor of this assumption. We will assume that for the 

lower valley intervalley scattering prevails over 

intravalley scattering, and for the upper valley intravalley 

scattering prevails over intervalley scattering. 

The study of charge carriers in a nonequilibrium state, 

when they move in a crystal, under the influence of 

applied external fields, electric, magnetic and thermal, is 

of great theoretical and practical interest. In a stationary 

state, the electric field (as well as other physical 

quantities) does not depend on time.  

Under the influence of an electric field for a stationary 

current, electrons should be scattered on any 

inhomogeneities of the lattice (vibrations of atoms or 

crystal defects) and would give the lattice the energy 

accumulated in the electric field. Under the action of 

external forces, the state of charge carriers cannot be 

described by an equilibrium distribution function ( )0f  , 

however a non-equilibrium distribution function ( ),f k r  
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must be introduced, which is the probability that electrons 

with a wave vector k  (quasi-momentum k ) are near a 

point r . 

The distribution function ( ),f k r is found from the 

kinetic Boltzmann Equation. It is assumed that the 

distribution function can change under the influence of 

two reasons: 1) under the influence of external factors, 2) 

under the influence of collisions of electrons with lattice 

vibrations (phonons) and crystal defects. 

In theoretical works [2-3], the Gunn effect is 

investigated in the presence of an external electric field. 

All theoretical studies are calculated without carrier 

diffusion. However, in the scientific literature there are 

no theoretical works devoted to theoretical studies of the 

Gunn effect taking into account intervalley scattering 

based on the solution of the Boltzmann kinetic equation. 

By applying the Boltzmann Equation, the influence of a 

strong magnetic field on the Gunn effect has not been 

theoretically investigated. 

In this theoretical work, we will investigate the 

influence of a strong magnetic field on the Gunn effect by 

applying the Boltzmann equation taking into account the 

intervalley scattering of charge carriers, and also, we will 

calculate the frequency of current oscillations in the 

presence of a strong magnetic field. 

0H c   (7)  

(  is the mobility of charge carriers, 0H  is the strength 

of a constant magnetic fields, c is the speed of light).  

An essential feature of the I-V characteristic is that in 

a certain range of current values, the field strength is a 

multivalued function of the current density. The energy 

spectrum of electron gallium arsenide is two-valley. With 

the help of an electric field, a charge carrier is heated in a 

sub band with high mobility, as a result, they acquire a 

sufficiently high energy and pass into a sub band with 

high energy and low mobility. The effective mass of 

charge carriers in GaAs are 00.072am m= , 01.2bm m=
 

The join solution of equations (2-7) determines the 

frequency of current oscillation in the sample. We choose 

the following coordinate system 

0 ,oxE iE= 0 oxE iE=  

where, ,i h  are unit vectors and 

a bj j j= +  (8) 

We find , ,x y zj j j    and under the condition 

0, 0x y zj j j   = =  

1 0 2

1 0 2

ax a x a y a z

bx b x b y b z

j E H E E

j E H E E

  

  

   = + +

   = + +
 (9) 

Supplying (9) to (4) taking into account (2) we easily 

obtain: 
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The dispersion equation obtained from (10) has the 

form: 
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where,  
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and taking into account that
 

( ) ( )1 2 1 2, , , ,b b b a a a      ,
 ab ba  from (11) we 

obtain: 
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Denoting baY =  considering, 0 1,y y iy= +  

1 0y y  form (12) we get: 
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From (14) we find: 
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The ab ba  leads to the following inequality: 
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Taking into account (16) from (13), we obtain: 

0 ,ay = 1
1

13

a
ab ba x y

b a
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=   (17) 

1 0y y  leads to inequality 
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Equating the right side (16-18) we get: 
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y xL rL= , 1

2
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L L
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We can easily verify that 1r   and therefore, 

x zL L , y zL L  (20) 

Thus, radiation occurs at a certain size (20) of the 

sample. 

 

4. CONCLUSION 

Thus, theoretical studies of current fluctuations in 

two-valley semiconductors of the GaAs type show that 

the crystal size under conditions of current instability is 

the main factor. The dimensions , ,x y zL L L  must have 

certain values for the radiation of the crystal. The 

transition time from the lower valley to the upper one is 

less than the time of the transition from the upper valley 

to the lower one. This physical fact is fully justified in 

Gunn's experiment. Charge carriers, receiving energy 

from an external electric field (order eEL ), go to the 

upper energy level, and the transfer of energy in the 

lattice is weak. The resulting nonequilibrium state of the 

crystal is returned to its original state by radiation. This 

process is slower than the transition to a higher energy 

level, then ab ba  .  

The values of a strong magnetic field ( H c  ) 

linearly depend on the external electric field ( 0 0~E H ). 

The direction of the magnetic field can change the 

radiation conditions. In this theoretical work, the 

magnetic field is directed perpendicular to the electric 

field. In a different direction of the magnetic field, you 

will probably get different values for the oscillation 

frequency and for the current oscillation increment. Then, 

for radiation, crystals of other sizes will be needed. Thus, 

adjusting radiation with crystal sizes requires samples 

with different sizes for the experiment. The critical value 

of the electric field, when the current fluctuates, is almost 

the same as the value of the electric field obtained by the 

Gunn experiment. To excite a current oscillation in multi-

wavelength semiconductors, the size of the sample must 

be defined. 
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