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Physical processes in Gunn diode and energy balance

In article the physical processes happening in Gunn diode which is under the influence of strength electric
field exceeding threshold value are analyzed. It is shown that because of transition of electrons from the low-
er central power area to the top side valley of a power range of arsenide of gallium carriers of a charge are di-
vided into two groups: the «light» and «heavy» electrons having respectively big and smaller drift mobility.
At the same time there is an electric domain which resistance is more than resistance of other part of Gunn
diode of therefore tension of internal electric field of the diode will exceed electric field strength out of the
domain. With growth of tension of external electric field falling of potential on the domain/grows, and out of
the domain decreases. Growth of drift speed of electrons of the electric domain and reduction of drift speed of
electrons out of it is at the same time observed. Formation of the domain comes to the end when drift velocity
electrons in the domain and out of it are compared. Steady state in Gunn diode is established when integral
Lagrangian reaches the minimum value.

Keywords: power range, power valleys, and electron, drift velocity, integral Lagrangian, potential, electric
field strength, electric domain, Gunn diode.

It is known that formation of the domain of the strong field in the environment is connected with the
fluctuations of a spatial charge resulting in not stability. In the carrying-out substance for which of Ohm’s
law is fair fluctuation of a spatial charge fades. This attenuation under the exponential law to a constant
Maxwell time of a relaxation [1]

T, =¢€/4no,=¢e/4ngn,n,, (1)

where & — dielectric constant of medium; 6,— conductivity; g — electron charge; p,— electron mobili-

ty, n,— electron concentration.

Maxwell relaxation time canbe explained as follows. The spatial charge resolves under the influence of
the related field. According to Coulomb's law this interaction in inverse proportion to dielectric permeability
of the environment &. Therefore t, €. On the other hand, the resolution of a charge occurs quicker, than

conductivity of the environment is more G,.

In semiconductors, as is well-known [1, 2], the fluctuations of a spatial charge causing instability do not
resolve. This scientific work is connected with a research of the nature of emergence of fluctuation of a spa-
tial'charge which results in not stability on the example of Gunn diode.

In total instability in semiconductors which are in a basis of functioning of the majority of semiconduc-
tor_devices, are rather well studied [3, 4]. This instability can consider as manifestation of the self-
organization arising in thermodynamic nonequilibrium system.

Functioning of the diode of Gunn is connected with not stability caused by fluctuations of a spatial
charge in GaAs gallium arsenide — the semiconductor which possesses a specific power range (Fig. 1).
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Figure 1. Structure of energy bands of gallium arsenide of GaAs
in the crystallographic direction [111]

The power chart GaAs [5, 6] constructed in space of quasi pulses in the crystallographic direction [111]
has several minima — several power valleys (Fig. 1). The effective mass of’electrons in the central outer val-

ley m; =0,072m, (here m,— electron mass) much less than the effective mass of electrons in outer valley

m, =1,2m,, 1. m, >>m, . Therefore in this semiconductor there can be electrons with various mobility

q(r) _a{7)

M, =—7-"u pu,=—-"- — «light» u «heavy» electron. The ratio between concentration of «light» u

m m

1 2
«heavy» electrons changes depending on intensity of external exciting electric field. At the same time full
concentration of electrons of conductivity in the semiconductor remains invariable: n, = n, +n, . It results in

some features of transfer of a charge via the semiconductor which are the cornerstone of the principle of op-
eration of Gunn diode.
Gunn diode represents a sample of gallium arsenide of GaAs or InP indium phosphide of n-type. If to

put electric field to a sample £, which is more than some threshold value then in a sample £, to a sample

nop
there is an area of strong electric field (domain) drifting from the cathode to the anode and disappearing at
the anode. This process periodically.aepeats. And when forming the domain current decreases, and at disap-
pearance — again increases.
In Gunn diode near areas of the anode and cathode there are always defects (Fig. 2). Local electric field

E strength near defects can/exceed threshold tension £ > E,  electric field. Increase in energy of the elec-
trons which appeared in-these areas is as a result possible, and they will be able to pass into an overlying side

minimum. A part of the energy received by electrons from an external source will be transformed to thermal
energy, i.e. there is'energy dissipation.
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Figure 2. Gunn sample — the uniform semiconductor material GaAs
with two ohmic contacts and high-quality distribution of the field along a sample [2]

The electrons which passed into a side overlying minimum of a power range from the category of
«light» will pass into the category of «heavy». Thus, reduction of number of «easy» electrons will be fol-
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lowed by increase in number of «heavy» electrons, i.e. the coordinated behavior of subsystems of these two
classes of electrons will take place. In the considered system the self-organization process caused by feature
of power structure of the semiconductor will proceed. Speed of drift of «light» electrons to the anode is more
than the speed of drift of «heavy» electrons. As a result in the neighborhood of defect from the cathode be-
cause of a congestion of «heavy» electrons the negatively charged layer is created, and from the anode be-
cause of a lack of electrons there is a layer positively charged the donor impurity. The new structure —
the domain consisting of two layers is created: the negatively charged layer formed from the cathode by sur-
plus of «heavy» electrons, and from the anode — the positively charged layer formed by ions the donor im-

purity (Fig. 3).
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Figure 3. Distribution of concentration of electrons and electric field strength
in a crystal after formation of the domain [5]

Thus, during process of self-organizationsin:the considered system there are more complex and more
perfect structures.

Resistance of a domain layer determined by the movement of «heavy» electrons exceeds resistance of
other part of Gunn diode determined by the movement of «light» electrons.

The direction of electric field of the domain £

dom

coincides with the direction of the exciting field at-

tached to the semiconductor. Therefore, with a growth of the external field, in process of formation of the
domain the field grows in it,and outside the domain decreases. It leads to increase in drift speed of «heavy»
electrons in the domain and to reduction of drift speed of «light» electrons beyond its limits, i.e. the coordi-
nated course of processes in system is again observed. In some time point the drift speed of the movement of

«heavy» electrons ofV,,,, that is speed of the movement of the domain, will appear the equal drift speed of
the movement of «light» electrons v, ,, :

V. =0, @)

a0p
As a result of it process of formation of the electric domain will end, and it will begin to move from the
cathode to theranode.
It is obvious that the speed of drift of "easy" electrons will be less than the speed of drift of electrons for

lack of the electric domain v,,, <0, , as electric field strength out of the domain E; less tension of the field
in the absence of the domain E;: E, < E. Therefore after formation of the domain density of current de-
creases up to the value

Jmin =MV .5, 3)

The minimum value of density of current through a crystal remains during time of the movement of the
domain through a crystal or during time of its flight from the cathode to the anode

Zan(u = l/ UJ()p 2 (4)
where [— crystal length.
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At achievement of the anode the domain disappears and density of current increases up to value /

of the domain corresponding to absence. After that at the cathode the new domain is formed, and process
repeats (Fig. 4)
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Figure 4. Dependence of the current passing through Gunn diode from time: t, — time point corresponding
to the beginning of formation of the domain; t; — time point corresponding to the end of formation of the domain;
t, — time point corresponding to the beginning of disappearance of the domain on the‘anode; t,— time point
corresponding to total disappearance of the domain on the anode and to origin‘of the second demain on the cathode [5]

The considered mechanism of operation of the device with intervalley transition of electrons corre-
sponds to a transit time [6, 7]. Electric field in the domain grows insthis mode during its formation, and out-
side the domain decreases. For this reason only one domain as transition of electrons in side can come from
the central valley only in the domain where totals electric field strength exceeds threshold value can be
formed.

Transit time of the domain from the cathode to the anode has to exceed time of its formation otherwise
the domain will not manage to be created. Therefore the condition of emergence of the electric domain in
Gunn diode will have an appearance:

=1/v > gggpyunanyl >> £,60/(quL,) . (5)

t}’l
1ponl
Let's consider balance of energy in Gunn's diode in the presence of the electric domain.
Formation of the electric domain leads to the following changes in structure of Gunn diode and his volts
— the ampere characteristic:

— out of the domain there are areas where transfer of a charge is carried out by «light» electrons 7, , drift
with a velocity v, , and area.in the domain where the charge is transferred by the «heavy» electrons drift-

ing with a speed v,,,, whichisdess, that v , , thatis v, <v

a0p a0p

— resistance of area of the electric domain will exceed resistance of other part of the semiconductor of
the diode of Gunn.out of the domain. Therefore power failure on the domain U __ will be more, than volt-

eHym

age drop on other part of the diode U, out of the domain: U, >U,

emym ene

— currents proceeding on the domain 7, and outof /_, it will be various: /7, <[ <1, .

eHym

Let's analyzed balance of energy in Gunn's diode in case of formation of the electric domain.
Let tension be attached to the diode U, . In case of lack of the electric domain in the diode current will

6Hym

proceed /, .
The processes happening in Gunn's diode have several temporary characteristics:
— time of a relaxation of «light» electrons 7, = U, ;
q

—average time of drift 7, ~of «light» electrons with a speed v ,,: 7, = l/ V,,, » in the presence of

the electric domain,;
—average time of drift 7, =/ / U,,, Of «light» electrons with a speed v,,,, when the electric domain is

absent.
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Average speed of drift of electrons of v, on the diode for lack of the domain is more than average
speed of drift of v, electrons in the presence of the domain, i.e. the average time of drift of electrons of
7, in lack of the domain is less, than the average time of driftis 7, in presence of domain.

Between average times of drift of electrons via the diode at absence in it the electric domain 7, op and

in presence of electric domain 7, and in presence of electric domain:

aop — U«"‘)P — Esue — Usue (6)
E U

aop a a

Power I U, arriving from an external source to Gunn diode, after formation of the electric domain
will be distributed as follows:
— a part of power of (] -1 )Ua will be spent for formation of the domain;

eHe

—a part of power of /_ U, will be allocated out of the domain;

— and part of power of [ U

amU aym — Will be allocated in the domain and it will be spent-for overcoming
resistance of the environment at the movement of the domain from the cathode to the anode.
If to neglect losses on thermal energy, then according to the law/of energy conservation equality will

take place
ul,=1,U,.+L.U,.. +(L,—1,)U,, (7

6HYmM "~ GHYM 6He

where U, =U,-U, — tension on the domain, /, =eN, / 7, —— current via Gunn diode in absence of

electric domain.
Having increased both parts of equality of (7) for the period.of 7

apen ®

aop

we will receive balance of energy
in the range of time, corresponding to the average time'of a relaxation of the 7, electrons
wy=w, W, +W

nep gHe poom ? (8)

where W, — energy transferred by a source to Gunn diode during a relaxation 7 W __ — energy, re-

apen ® eHe

ceived by electrons out of the electric domain;. J/,,, — energy spent by the domain for overcoming re-

sistance of the environment, that isthe energy concluded in the domain; W, —

mations of the domain - potential energy of the domain. Let's find expressions for each component of energy
in (8).
For lack of the electric domain during the free run of 7, between collisions the energy equal will be

energy, spent for for-

reported to Gunn diode

w,=I1Uz, . =(—gN/t)U,z

a "’ apen a ,1pez -

—-gNU, Laper ©)
aop
The energy received from an external source during a relaxation by 7 electrons which are out of the

apen

domain will-be equal

ngle = IGHEUSHETHPE'Z (10)
U E U E
Considering ratios of (6) and [ =1 —*<=[ —*<, 6 U,  =U, 6 -—2<=U -—*% , equality (10) it is pos-
g (6) o v g U, E quality (10) it is p
sible to lead to the following look

E,, _gN_ E, E t E’
WGH@ = ISHEUGHET.'I en = I UaT'l el — = — 71 el - qNU =y HE - W =y * (1 1)

v " E; 2 r, " E > E j wp Ea

This part of energy during dispersion of electrons on a crystal lattice turns into thermal energy. The en-
ergy spent for formation of the domain during a relaxation of 7, , that is the potential energy of electrons

in the domain which is saved up in an interval between collisions with phonons can be presented how
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_I 1_ gHe UT :_ﬂ 1_ gHe UT :—qNU 1_ ng{g pen

aTJpeﬂ —ta E a " apen E a® apen
a a a a a

/4

poom

= (Ia _I(me)U

E
=W, l_f . (12)

The energy spent by the domain for overcoming resistance of the environment at its movement from the
cathode to the anode is equal

U N u ol _Eue |T
W =1 Uz =7 sue (1] _UJ T —_1 —soHe | ] ——¢ge |- =—gNU oue | | _ Zene apen (13)
nep sne ™~ d " apen a Ua ( a ene ) apen ,Z.a a Ua ( U J pen q ¢ E ( E ] ’Z'a

a a a

Having divided both parts of equality (8) into full number of electrons of conductivity in'Gunn diode of
particles of N , we will define the energy received by each electron from a source during the average time
of a relaxation 7,

WN = Wene + Wnep + Wp()o,w . (14)

In equality (14) composed by w,_ defines the kinetic energy of the chaotic movement-of electrons out
of the domain turning into thermal energy. It determines the size of an integral Lagrangian [4-7]

2
Amin = ml (U.v()p )min = (Weue )min = (WN - Wnep . Wp()oM )min : (15)
According to expressions (11) and (12) with growth strengths of electrie field to £ _, attached of Gunn

diode, w,,,,

electric domain will begin to be formed. Due to redistribution of number of «light» and «heavy» electrons
the number of «heavy» electrons will increase and to decrease at the same time number of «light». It will be
followed by reduction of average kinetic energy of «light» electrons. At establishment of steady state of the
diode integral Lagragian (15) will accept the minimum. value [8,9]. Thus, the main mechanisms of self-

organization of electrons in Gunn diode under the influence of external electric field of £ > E_  are:

Kpum

grow and w, , decreases. In other words, with"growth of tension at £>E, =~ in Gads the

— emergence of the «heavy» electrons connected with features of a power range of GaAs;

— increase in number of «heavy» electrons due to reduction of number of «lighty;

— growth of potential energy of «heavy» electrons due to reduction of kinetic energy of the chaotic
movement of «light» electrons;

—reduction of the integral Lagrangian corresponding to electrons of Gunn diode to a minimum.
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JI.B. Yupkosa, K.T. Epmaranteros, O.B. CkyOHeBCKui,
K.M. Maxanos, E.T. Apunosa, A. Omup6ex

I'ann ANOABbIHAAT bl (l)I/I3I/IKaJ'lblK npouecTep “KoHE IHEPIrust 0aJIaHCBI

[Ilamackl LIEKTIK KEPHEYIEH apThIK CHIPTKbI KEPHEYHIIH ocepiHeH ['aHH IUOIBIHIA JKYPETiH (U3MKAIBIK
yzaepicrep TanmgaHFaH. APCEHHJ TalIMil MIANAeTKI3TIIiHIH TOMEHI1 OPTalbIK YHEPrHs ©JKECiHEH KOFapbl
OyHip/e opHaJlaCKaH 3HEPIrUs eJIKECIHE KOILIy HOTIXKECIHJE EKTPOHAApP KO3FaJFBILITHIKTAPBI dp TYpIi —
YJIKeH JKoHe Kimire — OeuniHeTiHiri kepcerinreH. Keaeprici manaetkisrinitiy 6acka 6eiriHig keaepriciHeH
YJIKEH 3JIeKTp JOMEHI maiia GONaThIHABIFBI aWThUIFaH. DICKTP JOMEHIHIEri KepHEeYIiH TOMEH/EeYi OHBIH
CBIPTBIHIAFBl OHIpJCTi KepHEYIiH TOMeHJACYiHeH apThiK Oosajpl. CHIPTKBl KEpHEY apTKaHAa JOMEHIETi
KEepHEYIiH TOMEHJEYl ©cCil, OHBIH CHIPTBHIHIAFBl OHIpJe KEpHEY a3asjbl, HOTIXKECIHAE JIOMCHJICTI
SNIEKTPOHIAP/BIH BIFY KBUIIAMIBIFBl apTajbl, aj CHIPTKbl OHIpPJEri OSJIEKTPOHAAPBIH BIFY JKbUIIAMIBIFbI
TeMeHei. JJOMeHHIH iliHAeri 3IeKTPOHAAPABIH OpTAlla BIFY JKbULAAMABIFBI CHIPTKBI 3JIEKTPOHIAP/IbIH
opTalla bIFy bUIZAMIBIFBIMEH TEHECKEH/IC IOMEH TOJBIFBIMEH KaJbINTacaabl. ' aHH JMOABIHIA OPHBIKKAH
KYH OpHaFaH/ia MHTETrpAJIIBIK JarpaHKUaH €H a3 MOH KaObULIaHThIHABIFbI KOPCETIIreH.

Kinm coesdep: SHEPreTHKANbIK CHEKTP, 3HEPreTHKAIBIK ajKaObl, IEKTPOH, Aped]Tis JKbUINAMIBIK,
JarpamkuaH, HHTETPall, AJIeyeT, JIEKTP OpiCiHIH KepHEYIIiri, 3JIeKTp JoMeH, [ aHH quos!.

JL.B. Uupkosa, K.T. Epmaran6etoB, O.B. CkyOHeBCKHiA,
K.M. Maxanos, E.T. Apunosa, A. Omupoex

dusnyeckue nmpoueccsl B Auoae 'anda u 0asane yHepruu

B crarbse paccMoTpeHBI pHU3HYECKHE TIPOIECCHI, MPOUCXOIAIINE B ToAe [ aHHa, HaXoMAIIeMcs 10T AeHCTBHEM
BHEUIHETO 3JICKTPUYECKOrO II0JIsI, MPEBBILIAIOIIEIO MMOpOroBoe 3HaueHue. [lokazano, 4ro u3-3a mepexoia
2JIEKTPOHOB M3 HWKHEH IEHTPATbHOI HEPTeTHYECKOI 30HBI B BEPXHIOK OOKOBYIO JIONUHY SHEPTETUIECKOTO
CIEKTpa apceHHJa Taljius HOCUTENH 3apsAAa JeJsTCs Ha JABe I'PYIIBL: <JIETKHE» M «TSDKENbIE) 3JIEKTPOHHI,
obnanaromiye GONBIIUMH M MEHBIIUMH MOABIKHOCTIMHA. O0pasyeTcst dJeKTPUUSCKUil JOMEH, CONPOTHUBIIC-
HHE KOTOPOT'O MPEBBIIIAET CONPOTHBICHUE OCTATBHONW 4acTH auona ['anHa. B pesynpTare HampsyKeHHOCTh
BHYTPEHHETO 3JIEKTPHUYECKOTO IMOJS IUOoAa OyAeT MPEBHILIATH HANPSKEHHOCTh 3JIEKTPUYECKOTO MOJsI BHE
noMena. C poCTOM HaIpsHKEHHOCTH BHEIIHETO TOJISE MAJIEHHE MOTEHIIMaa Ha 00JIacTH IOMEHA pacTeT, a BHE
JoMeHa yMeHbInaetrcs. C poCTOM HaNpsHKEHHOCTH BHENIHETO JICKTPUYECKOTO MOJs Aper(oBas CKOPOCTh
JJIEKTPOHOB JIOMEHA PACTET, B TO BpEMsl KaK Apch(oBasi CKOPOCTh IEKTPOHOB BHE JIOMEHA YMCHBIIIACTCS.
Korna npefidoBbie CKOPOCTH BIIEKTPOHOB B JOMCHE M BHE €TI0 CPAaBHHBAIOTCS, (OPMHPOBAHHE JIOMEHA 3a-
Bepuraetrca. [lokazano, yro B auone I'aHHa ycTaHaBIMBaeTCs CTAlMOHAPHOE COCTOSHHE, KOTAAa WHTErpalib-
HBIU JIarpaH)kuaH NPUHUMAeT MUHAMAIBHOE 3HAYCHHUE.

Kniouesvie crosa: dHEpreTMUECKUil CHEKTP, IHEPreTHYECKHE MOJIUHBI, DJICKTPOH, ApeidoBas CKOPOCTb,
JarpaHXuaH, MHTerpajl, MOTCHIHWAJN, HAPSKCHHOCTh IEKTPUYECKOTO MO, JIEKTPUYECKUN TOMEH, TUOJ
T'anna.

References

SchurM:-Modern devices on the basis of gallium arsenide, Moscow: Mir, 1991, 632 p.
Levinshtein M.E., Pozhela Yu.K., Shur M.S. Gunn effect, Moscow: Sovetskoe radio, 1975, 288.
Shell E. Self-organization in semiconductors. The nonequilibrium phase transitions caused generatsionno-recombinational

processes, the lane with English, Moscow: Mir, 1991.

4 Domain electric instability in semiconductors. V.L. Bonch-Bruyevich, I.P. Zvyagin, A.G. Mironov, Moscow: main edition of
physical and mathematical literature of Nauka publishing house, 1972.

5
6
7
8
9

Pasynkov V.V., Chirkin L.K. Semiconductor devices, Moscow: Vysshaya shkola, 1987.

Usychenko V.G. Journal of Technical Physics, 2004, 74, 11, p. 38-46.

Usychenko V.G. Journal of Technical Physics, 2005, 75, 5, p. 19-27.

Usychenko V.G. Journal of Technical Physics, 2006, 76, 4, p. 17-27.

Usychenko V.G. Electronic synergetrics. Physical bases of self-organization and evolution of matter: Lecture course, Saint

Petersburg: Lan, 2010 pages: silt. — (Textbooks for higher education institutions. Special literature).

Cepusa «dusmka». Ne 1(85)/2017 21





