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The frequency of current fluctuations in two-valley semiconductors
in an external electric and strong magnetic (uH > ¢) fields

Boltzmann's kinetic equations have not been used to date to study nonequilibrium phenomena in semi¢onduc-
tors, and therefore, to obtain analytical expressions for the oscillation frequency inside the semiconductosand
the critical external electric field, it is of theoretical interest. In this theoretical work, the frequency of oscilla#
tions occurring inside a two-valley semiconductor of the GaAs type in an external constantgleetric field and
in an external strong magnetic field (uH > ¢, p-mobility of charge carriers, H-magnetic ficldfstrength, c-
speed of light) is calculated. It has been proved that the critical values of the external eldetric field fully corre-
spond to the values of the electric field, which were obtained by the Gunn experiment. Tgis proved that unsta-
ble waves are excited in GaAs if the crystal dimensions are L, > 4L, and L, <f§pAnalytical expressions
are obtained by theoretical calculation for an external constant magnetic field, Whenfunstable oscillations are
excited inside the sample. It is proved that the growth rate of the excited wavesyis much less than the wave
propagation frequencyy <« wq. Numerical comparisons of theoretical expressions for the frequency of oscil-
lations are carried out using the data of the Gunn experiment wo~107 <%0° Hz,

Keywords: oscillations, frequency, distribution function, electric field, magnetic field, current-voltage charac-
teristic, multi-line semiconductors, Boltzmann's kinetic equatigns.

Tatroduction

In theoretical works [1-4], current oscillations imjtwo#4valley semiconductors of the GaAs type in an ex-
ternal electric field, and in external electric ardd strong magnetic fields are investigated by solving the Boltz-
mann kinetic equation. In these works, the critical values of the electric and magnetic fields were calculated
from the condition

L =0,=0(1)

(j 1s the current flux density, £ 1S the electric field, o4 is the differential conductivity). However, from
condition (1) it is impossiblé'to determine the frequency of the current oscillation. Therefore, it is of great
interest to determing,the currentfluctuation in the presence of condition (1). In this theoretical work, we will
calculate the frequeney of euitrent oscillation and the critical value of the electric and magnetic fields by ap-
plying the Boltzmann kinetic equation.

In 5] a theoretical study was made of the radiation of energy in strong electric and magnetic fields from
two yalley Semiconductors of the GaAs type, in which the Gunn effect was discovered. It is known that dur-
ing radiation a\GaAs sample is in a nonequilibrium (unstable) state. In this theoretical work, the condition for
the emission Of energy from two valley semiconductors is theoretically investigated by applying the Boltz-
mann kinetic equation. Such a theoretical approach is not considered in periodic and theoretical works and is
of scientific interest. The application of the Boltzmann equation proves that the condition of energy emission
from the GaAs sample, (i.e. the frequency of the current oscillation corresponding to the value of the electric
field in this case), fully corresponds to the Gunn experiment.

Theory

Typical examples of the dependence of the current density in a spatially uniform system on the field
strength under conditions when there is a falling section on the current-voltage characteristic are shown in
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Figure 1. The dependence of the current density on the electric field in two-valley semiconduetors of'the GaAs type is
an N-shaped characteristic.

An essential feature of the characteristic in Figure 1 is that in a certain range®f currents j, < j < jp, the
field strength is a multivalued function of the current density. In this current range, the system can be in one
of three spatially homogeneous states. The Gunn effect is associated with an"N-shaped characteristic. With
negative differential conductivity, electric charges in the system are distributédsinevenly, i.e. spatial regions
with different values of charges appear in the system (i.e., electricalydomains appear). One of the mecha-
nisms for the appearance of domains is the Ridley-Watkins-Hillsuma mechanism [6, 7]. In electronic gallium
arsenide GaAs, the dispersion law is as follows
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Figure 2. Electron energy versus wave vector in GaAs.

Since the energy, distance between the minima is relatively large (A= 0,36eV,A> T, T), is the lattice
temperature) undefjeonditions of thermodynamic equilibrium, the presence of upper valleys (minima) practi-
cally does notlaffect the statistics of electrons.

However, with.a sufficiently strong heating of electrons by an electric field, some of them pass into the
uppenminimum. The effective mass of electrons in the lower valley m, is much less than the mass of elec-
trons in the upper valley m;,. Therefore, the electron mobilities in the corresponding valleys are related by
the relation

Hp > Hq (2)

If we designate the concentrations in the valleys n, and n;, we can write an expression for the current
in the form
J = engpE + enpupE (3)
n=n,+ n, = const (4)
(we neglect the diffusion current due to eEl > k4T, e is the elementary charge, is the electron mean
free path). In works [5-6], without taking into account the intervalley scattering (it is considered small in
comparison with the intravalley one), by solving the Boltzmann equation, more specific conditions for the
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appearance of current oscillations were obtained. In the scientific literature, there are no works devoted to
theoretical studies of the Gunn effect taking into account the intervalley scattering based on the solution of
the Boltzmann kinetic equation. We will theoretically analyze the influence of a strong magnetic field on the
Gunn effect, taking into account the intervalley scattering, and calculate the frequency of the current oscilla-
tion under the above conditions by solving the Boltzmann kinetic equation.

Basic Equations Of The Problem

Under the action of external forces, the state of charge carriers is described by the distribution function
f (E, F), the value that is necessary when considering transport phenomena, f (E, F) is the probability that an
electron with a wave vector k (quasimomentum hz) is located near the point 7. We consider stationary pro-
cesses, then f (E, 17) is clearly independent of time. The distribution function is found from the kinetic
Boltzmann equation. It is known that the distribution function changes under the influence pf exteinal factors

and under the influence of collisions with lattice vibrations (phonons) and crystal defeéts. dnjthe considered
stationary state, the influence of these factors mutually compensate each other.

(%)external + ((‘;_};)coll =0 (5)

In the presence of external electric and magnetic fields, equation (5) has theXformy[8]
- e(2  1r-m _(of
va+ﬂf+;hH”%f—(mme®

Here ¥ = %Vks(z) is the electron velocity, Vi u V7 is the @radient in the space of coordinates and wave

vectors.

When solving the problem, we neglect the anisotropyt The, fach that no orientation dependence was
found in studies of the Gunn effect on GaAs samples $peaksin favowof this assumption. We will assume that
for the lower valley the intervalley scattering prevails over thedintravalley one, and for the upper valley, the
intravalley scattering prevails over the intervalleyione. Then the Boltzmann equation for the lower valley can

be written in the form
) (50) =
+ =0(7
(6t internal 0t Jintervalley )

And for the upper valley — in the fotm

o’ ary _
( Jt )internal * ( ot ) =0®)
Davydov [8] showed that in aistrong electric field the distribution function has the form:
ﬁ —
f=fo+2H O
fo is the equilibriim disteibution function, is the momentum of charge carriers. It is clear that you can
write

fe=fe+ 5010 = £+ fP (10)
Distribution, funetion f? found from equation (8) in [9]
= Bemwe(e" (1) fp = —mele 5O (1)

Here

nh*pu

3D* k
Iy = ol (13) @y = S

e2m2h8p2ul (14)

It is clear that for the valley "a" you can write similar formulas (13-14) replacing "a" with "b". [}, is the
mean free path, D is the deformation potential, T is the temperature of the lattice, p is the density of the crys-
tal, ug is the speed of sound in the crystal.

Let's calculate the total current

J=TJa+]Jp (15)

- 2e

OOP
] = s Iy Bf wdk (16)

Cepus «dusuka» Ne 4(108)/2022 67



G.M. Mammadova

Davydov [9] showed that in the case of intravalley scattering f;” in an external electric and magnetic
field £ has the following form

ap =
e2m2h8p2ul

f* and a,, are obtained if we replace "b" with "a" in (17-18). After an easy calculation of the current
density j, and j, from (16) we get:
> e2lgagA | = 2 am2 2 == c0(7/,) (am2 7/a 1(3/,) ram2
= {E (B20) + [BH) S (=) + H(EH) =2 (5 ) (19

Ja 12m2h2m2 |~ eZl12H? elgH? \ ag

After calculating the total current by the formula
o T=he+h o)
8ncm, /2 E, a

A — 14ty 2+ <% "2‘“‘11/2H2r(3/ )[1 +ty‘1zl/2ﬁ] 21)
Jz = 3\/7(3/2)1(1112 1ty—277aB z 2¢2m, 2

Here
-1 _ m m a l 1L 2
A=tz /Zylz—b,‘}/:—a’zz—a,t:—b’ :Zle gl
m mp ap la
_(Ex\? 2 4 3
emaat® = ¢"(¥) = (1- &)’ pf o Smgmiter )
E X Yn2eZnBp2ul

We write (21) in the following form
j = oF + o, [Bh] Mgy h[ER}(23)

K is unit vector in the magnetic field. Compaging (23) with (21), one can easily write the expressions
0 + 0, 0,,0,. When obtaining an expression for theleurrefit density j, (21) we direct the electric field and
the magnetic field H, as follows
Eo'& hEy, Hy = hH, (24)
The E,, value is obtained from the following,condition

d]z
T =0(2)

When estimating EZ for GaAs, théwalue
2
EZ = 43,84(V/s)” (26)
For all strong electric'fi¢lds
E > E, (27)
quite satisfied. Now let's’ calculate the frequency of the current oscillation. When an alternating electric
field E is excited ingide the medium, an alternating magnetic field H' arises, which satisfies Maxwell's equa-
tion
Z—Z = —crotE’ (28)
The current density in the presence of electric and magnetic fields has the form
j = 0E + oy [EH| + 0, H|EH] (29)
Let us direct the external electric and magnetic field as follows
E, = RE,, H, = hH, (30)
(ﬁ is the unit vector in z). We find the variable value j, jj/,, j, from (29) taking into account (28-30),
then we get

o= o (1= 1R Bk o (14 o) - S By + =R 61
jy = —o1E+ (0 - 2SR By oy (14 ”‘yE°) E, (32)

20'2 CkyEo

jz = (0 +0y)E, — (Ex + Ey) (33)

68 BecTHuk KaparaHgmHckoro yHmBepcurteTa



The frequency of current...

Equating j, = 0 andj;, = 0 to zero, we find E, and E;, from (31-32) and supplying E,, Ej', in (33), we
obtain for j, the following expressions

]', _ [O’ +ZazckxE0 (1+ ¢ ckzUE, ¢ CkykzuEy E, Ccky c Eo) Zazcky@(cky
z 2 wHy w Hy

WH @ ' uHy w2 Hy @ uHoHo
cukzckyEy

w
@ '
) B2 69
When deriving expression (34), we used the conditions of a strong magnetic field uH, > c. Equating

expressions (34) and (21), we obtain the following dispersion equation for determining the frequency of cur-
rent oscillation

= 3 ZozckxEo( ﬂ) 2 20,5ckyEy 0,CkyEg (Lﬂ ﬂ) _
(0, —6D)w> + ——(1 +H0 w’ + w + ckyuk,Eqy T H, + ZH0 0 (3%5)

H, Hy Ho

Here
~ SnCZmZ/Za;l/‘* @ = 1 1+ ty~27Z8 + ezlzzzHZ“zlz/Z 1—-(3/ )+ (1 +t —121/2 ) 36
o = 3\/§F(3/2)laH2’ = 1+y_3/229/4[5’ Y :B 2c2my, 2 Yy ﬁ ( )

Equating 0, = 6® we easily obtain

1
1, -1 /2
Hy\2 _ _ | 8ctm2a, 't

(—HO) =1, Te. Hy = Hy = [—3 T /Z)ema] (37)

s

Putting the values of a; in (37), we easily obtain

1 PR W
= o) () /8'< ,f) (%) 5 o)

g () o
0_< 1/2> ela((p) (39)

cZm

8 1/2-<k0T )1/8
32r G/ \moid

Thus, the value of the electric field is obtained during current fluctuations in the above two-valley semi-
conductors of the GaAs type. In [8], it was‘@btained that taking into account (26)
E, = E,, = 1500/, (40)
Supplying (40) to (39), it 1s,easyito see that
uHy > ¢
From the solution of the"di§persion equation (35), we easily obtain

From (38) we get

(p:

1
oy = — ety ok (1) 12 (41)
12 2Hy, — Hy \Ly

For growing fluctuations

1
_ CkgEy | .ckzEo (Lg\ 2 _ .
w = 2H + l—HO (Ly) = wy + iy (42)
Rrofn (42) 1t is seen that in the crystal L, > 4L, (43)
Y K wy

Thus, with the size (43) (L,-can be any), current oscillations (i.e., instability) are excited under an elec-
tric field (39) In the calculation, we direct E; along Hy. Of course, any orientation of the electric and mag-
netic fields could be chosen. For other orientations, it is necessary to obtain expressions (21) and (34) in the
same orientations, and then find the vibration frequencies in the same orientations.

Discussion Of The Results

In valley semiconductors of the GaAs type, current oscillations occur under the influence of an external
electric and strong (uHy > c) magnetic field. The frequency of this oscillation wg (42) is close to the fre-
quency of the Gunn effect, i.e. wy~107 = 10° Herz. This proves that the application of the Boltzmann
equation is quite valid, although the Boltzmann equation in strong fields is not always applied. By directing
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E, =1Ey, Ey = JE,, Hy = tHy, Hy = JH,, one can carry out a theoretical calculation and determine the criti-
cal value of the electric field (including the magnetic field) and the frequency of current oscillation. Of
course, with such calculations, conditions (43) will most likely change. Theoretical analysis of current fluc-
tuations in multi-valley semiconductors of the GaAs type shows that the sample size at current fluctuations is
significant. This fact was confirmed in the experiment of Gunn. It should be noted that it is necessary to
solve the problem in a non-linear approximation, which requires the solution of partial differential equations.
This problem can be solved only by the asymptotic solution of a differential equation with the Bogolyubov-
Metropolsky method. The conclusion is to obtain an expression for the critical value of the electric field (39)
and for the oscillation frequency (42). They are indicated in the derivation and evaluated numerically using
experimental data.
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.M. MamenoBa

CrIpTKBI BJIeKEPIIIK KOHEe KYILITi MATHUTTIK epicTrepaeri (nh>c)
eKi BadieHTTi KapIblIaiioTKI3rilrepaeri TOKTbIH (UIYKTYalus sKUTIri

JKapTeiTal@EKi3MINTepaer] Tene-TeHCi3 KyOBUIBICTapABbl 3epTTey YIIH Ka3ipri yaksITKa JeiiH borsiMaHHbIH
KUHESHKaIBbIK BeH/ICYI KOIJaHBUIMA/IbI JKOHE JKapPThIIai OTKI3riuTeri TepOesic )KUUTIriHIH KoHe KPUTHKAIIBIK
CBIPTKBIBJICKTP OPICiHIH aHATUTHKAJIBIK ©PHETiH Iy TEOPHSUIBIK KbI3BIFYIIBUIBIK TYABIPaAbl. Byl TEOPHUSIIBIK
JKYMBICTA CBIPTKBI TYPAKThI JIEKTP Opici MEH CHIPTKBI KYIUTI MarHUT epicTepinae eki skonakTl GaAs TuITeri
JKapTHUIANOTKI3Il iiHae TybIHAANTEIH TepOeric xuiniri ecentenred (WH>>c — 3apsaTsl TackIMangaynibl-
JIapIBIH KO3FAIIFBIIITHIFE, [/ — MarHuT epiCiHIH KepHeyi, ¢ — JKapbIK JKbUITAMIBIFED). [IIKi >koHE CBIPTKEI
TI30€KTiH *KULTITH KO3BIPY YIIIH YITiHIH 6JIIIeMi aHbIKTAIFaH O0Tybl KaXKET CKeHI JoeneH . YITi imiHae
JKOHE CHIPTKBI Ti30€KTe TYpaKch3 TepOenicTep iy naiiaa Ooirysl YIIiH YITiHIH Genriti 6ip Y3BIHABFEI OOTYBI
kepeK. CBIPTKBI JIEKTP OpiCiHIH KPUTHKAIBIK MoHAepi ['aHH ToxipnOeciMeH ajbIHFaH JIIEKTP OpiCiHIH MoH-
JiepiHe TOJBIK Colikec KemeTiHi alkpiHmanael. Erep kpucrangsiy emmemi Ly>4L,, Lx<< Ly Gonca, TypakcbI3
TonKeiHAAp GaAs-1e KO3bIPbUIAThIHBI JoIenaeHreH. TeopHsIIbIK ecenTey apKbllbl YITiHIH iliHAe TYpPaKchl3
TepOericTep KO3FaH Ke3/1e€ CHIPTKBI TYPaKThl MarHUT OPiCiHIH aHAIWTHKAJIBIK ©PHETi aablHABL. TeopHsIbIK
€CeINTeyJIep CHIPTKBI TYPAKThI 3JIEKTP Opici MEH CBIPTKbI MarHUT epici Oip OarbITTa OaFbITTaNFaH Ke3ze

opwiHTanansl, s¥au, H, =hH, , E =hE|, . Ko3IsIpaThIH TONKEIHHEIH ©CYyi TONKBIHHBIH TapalybIMeH V<<

z %
(Do canbICTBIPFaH/a AEKalIa a3 eKeHi HaKThUTaHabl. ['aHH ToXipuOeciHIH AepeKTepiH maijanaHa OTHIPHII

0 ~107 +£10° Hz Tep6ertic RHUiMriHIH TEOPUAIBIK OPHEKTEPIH CAHIBIK CANBICTBIPY JKY3€Te aChIPBUIIBL YT
iminaeri TepOenicTepi KO3ABIPY YILIiH CHIPTKBI AIEKTP Opici MEH CBIPTKBI MATHHUT OPICiHIH OaFbIThI MaHbBI3/IbI
PO aTKapaThIHBI AHBIKTAIFaH.
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Kinm ce30ep: tepbenic, xuinik, Tapany QYHKIHACHL, 3JEKTP ©pici, MarHUT epici, BOJIBT-aMIIEPIIIK cCUIATTa-
Machl, KOII ChI3bIKTBI XKapThlIail eTKi3riurep, BosbliMaHHBIH KUHETHKAIBIK TCHJCYI.

.M. MamenoBa

Yacrora urykTyanuii Toka B ABYXBaJEHTHBIX MOJTYNPOBOTHUKAX
BO BHEIIHHMX YJIEKTPHYECKUX H CHJIBHBIX MAarHUTHBIX (nh>c) mossix

Kunernyeckue ypaBHeHHs bonbIiMaHa 10 HACTOSIIETO BPEMEHH IS HCCIIEIOBAHHS HEPAaBHOBECHBIX SIBICHHUN
B MOJTYIPOBOJHUKAX HE MCHOIB30BaHbI U TIO3TOMY JUIS MOyYEHNS aHATUTHYECKUX BBIPAKCHUH IUIS1 4aCTOTHI
KoneGaHus BHYTPH MOTYNPOBOAHUKA M KPUTUUECKOTO BHEIIHETO HJIEKTPUIECKOTO OIS MPEACTABIAIOT TEO-
permdeckuil mHTepec. B HacTosmel paboTe BBIYHCIIAETCS 9acTOTa BOSHUKAIOIINX KOJeOaHUH BHYTPU IBYX-
JIOJIMHHOTO MOJyNpoBoAHUKA Tula GaAs BO BHEIIHEM IIOCTOSHHOM JJICKTPUUYECKOM I10JI€ U BO BHEIIHEM
CHIIBHOM MarHUTHOM Tioiie (UH >> ¢ — TMOIBIKHOCTh HOCUTENEH 3apsiga; [{ — HampspKeHHOCTh MAarHUEHO-
IO 1OJIsA; ¢ — CKOPOCTh cBeTa). Jloka3aHo, 4To pazmep o0pasla a1 Bo30yxIeHHs KoneOaHuil BHYRPH U BO
BHEITHEH NeNM JODKHBI OBITH OmMpeneneHHbIM. [loka3aHo, 4TO IJIs MOSIBICHHS HEYCTOWYMBBIX KONeOaHuMit
BHYTPH 00paslia ¥ BO BHEIIHEH memnn oOpaser] JOJDKeH UMETh ONpeAeieHHy0 IuHy. OnpenencHo, MTo Kpué
TUYECKHE 3HAYCHMs BHEIIHETO 3JIEKTPUYECKOrO IOJ BIIOJIHE COOTBETCTBYIOT 3HAYCHUIO HHEKTPUYECKOTO
HOJIS,, KOTOPBIE MOJIyYeHBI dKCIIepuMeHTOM [aHHa. J[okazaHO, YTO HEyCTOIUYMBEIC BOJHBI BO3OYIKIAAIOTCS B
GaAs, ecn pasmeps! kpuctama Ly, > 4L,;L, < L, Lx<KLy. TeopeTnueckum pacueToM MOITyICHbLAHAIINTH-
YeCKHe BBIPKEHMS I BHEIIHETO MOCTOSHHOTO MarHUTHOTO TIOJIS, IPH BO30Y KICHHH HEYCTONIBEIX KOJIe-
OaHmit BHYyTpH oOpa3na. TeopeTHdeckre pacdeTsl BHIIONHEHBI, KOTAa BHEITHEC AIOCTOIHHOE SIIEKTPUIECKOe

1oJIe ¥ BHEIIHEe MArHUTHOE I10JIe HaIpaBJIeHbl OJUHAKOBO, TO €CTh ﬁo = ZHOZ ; E‘O :};EOZ . Hoxazano, uro
WHKPEMEHT HapacTaHhs BO30YXIaeMBIX BOJH HAMHOTO MEHbIIE, YeM YacTOTa PacHPOCTpaHEHHS BOJHBI
Yy < wq. [IpoBeneHbl YUCICHHBIE CPABHEHUS TEOPETUUCCKUX BBIPAKCHHMIA 1Tl YaCTOTHI KoIeOaHuil ¢ moMo-
IIBIO JAHHBIX dKcrepuMeHnTa ['aHHa o, ~ 107 +10° Hz. Jloxa3aHo, €0 HANpaBiicHUE BHELIHETO IEKTPHUUE-
CKOTO TIOJISl ¥ BHEITHEr0 MarHUTHOTO IIOJIs JUIsl BO3OYXAeHHsigKOIcOaHuii BHYTpY 00paslia UrparT Cylie-

CTBCHHYIO POJIb.

Knrouesvie cnosa: KOJ'[GGaHI/IH, qacToTa, (byHKLII/IH paclpeacicaus, SJICKTPUIYCCKOE I10JI€, MarHuTHOE I10JIC,
BOJIbT-aMIIEpHAA XapaKTCPUCTHUKA, MHOTOJIMHEHBIC TIOJTYITPOBOJHMKH, KUHETUYECKUE YPaBHCHUA Bonpma-
Ha.

Reference

1 Hasanov, E.R., Khalilova, Sh.G., & Mustatayeva R.K. (2019). Current oscillations in semiconductors with deep traps in
strong electric and magnetic fields. IQSR Jousknal of Applied Physics, Vol. 11, 13-18.

2 Hasanov, E.R., Khalilova, Sh.G) Tagiyeva;Z.A., & Asadova, S.S. (2019). Current oscillations in semiconductors with deep
traps in strong electric and magnetie, fields, 15th International Conference on ‘“Technical and Physical Problems of electrical
Engenering”, 22, 103—107.

3 Hasanov, E.R., & Mustafayev, J.J. (2017). Non-linear fluctuations of concentration of charge carriers and electrical field in
semiconductors. International Journalon “Tehnical and Physical Problems of Engenering”, Vol. 9(3), 39—43.

4 Hasanov, E.R., KhalilovajiSh.G., & Mustafayeva, R.K. (2021). Instability in two gaas valley semiconductors in electric and
magnetic fields. 1 7th Taternatienal Conference on “Technical and Physical Problems of electrical Engenering”, 12, 60-63.

5 Hasanov{ E.R., Mustafayeva, R.K., Mammadova, G.M., Khalilova, Sh.G., & Mansurova E.O. (2021). Excitation of Growing
Waves 4y Impurity Semiconductors with Two Current Fluctuations in Two-Valley Semiconductors in Strong Electric and Magnetic
Fields. /IOSRJ@tinal of Applied Physics (IOSR-JAP), 13(1), 55-62.

6 “Ridley, BK., & Watkins, T.B. (1961). The Possibility of Negative Resistance Effects in Semiconductor. Proc. Phys. Soc.,
Vol. 78, 293

7 Hilsum, C.H. (1962). Transferred Electron Amplifiers and Oscillators. Proc. IRE, Vol. 50, 185.

8 Anselm, A.L (1962). Vvedenie v teoriiu poluprovodnikov [Introduction to the theory of semiconductors]. Moscow;
Leningrad: Gosudarstvennoe izdatelstvo fiziko-matematicheskoi literatury [in Russian].

9 Davydov, A.B. (1937). On the theory of the motion of electrons in gases and in semiconductor. ZhETF, Vol. 7, 1069.

Cepus «dusuka» Ne 4(108)/2022 71





