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Current instability phenomena in a tunnel diode
and electron self-organization processes

In the article the mechanisms of electric instability in semiconductors are considered. The origin of negative
differential conductivity of different types are described. On the example of functioning of the tunnel diode
the mechanism of formation of the concentrated instability in semiconductors resulting in N-shaped volt-
ampere characteristic of the diode is considered. It is shown that the «semiconductor structure consisting of
two layers of semiconductors with different type of conductivity and an external source of electric energy»
system can be considered as an open non-equilibrium thermodynamic system in which self-organization pro-
cesses are possible. Operation of the tunnel diode in terms of the theory of self-organization in semiconductor
structures is analysed. Processes of self-organization are resulted by change of concentration of carriers of a
charge in power zones of p- and n-semiconductors of types which make the tunnel diode and therefore the di-
rection of streams of electrons changes. The description of the movement of carriers of a charge in the con-
sidered semiconductor structure at various values and external shift is given: in an equilibrium state, at the re-
turn shift; at the direct shift and tension which have values less peak value; and tension exceeding «voltage
dip». In a thermodynamic non-equilibrium system there can be processes of self-organization of various na-
ture — tunneling and injection of electrons. At the same time the direction of processes of self-organization is
defined by features of power ranges of the semiconductors making the tunnel diode and intensity of interac-
tion between system elements.

Keywords: self-organization, semiconductor, electric instability, tunnel diode, negative differential conductiv-
ity.

And to the arising oscillatory phenomena in them rather large number of publications and monographs
is devoted to a pilot and theoretical study of instability of current in semiconductors [1-3]. Emergence of
such number of works is connected with a possibility of practical use of the phenomenon of instability of
current in semiconductors for creation of high-frequency generators, amplifiers, etc.

Fluctuations of current in semiconductors arises when the differential conductivity becomes negative.
Emergence of the site with the negative differential conductivity (NDC) is possible on volt-ampere charac-
teristic (VACH) with dependence of mobility and concentration of carriers of a charge in the semiconductor
from electric field strength.

Differential conductivity 6, can be written down as [4]

_dj din(n) din(n)
Ca= _enu(1+dln(E)+dln(E)J’ M

where E — electric field strength; j — electric field strength; n and © —concentration and mobility of carri-
ers of a charge, respectively; e — electron charge.
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As appears from the given expression, 6, becomes negative if a concentration (or mobility) carrier

quickly decreases with growth of electric field strength £. NDC is usually observed on a certain site VACH.
At the same time VACH or N-, or S—type are observed. In these cases in VACH appears a so-called «fallingy
site, i.e. the site with negative differential conductivity.

If the system is on the «falling» site VACH, in a sample there can be an instability. It is usually con-
nected with the concrete origins NDC. For example, if the negative sign third composed in the right part (1)
is the reason of instability, the instability is called drift. Its mechanism caused by interval transitions was for
the first time explained with Ridley, Watkins and Hilsum [2].

If NDC is connected with the second composed in (1), then it is called concentration. Concentration
NDC arises as a result of sharp reduction of concentration of free carriers with increase in the field.

Both origins of NDC lead to N-shaped VACH. And both are connected with a warming up of electronic
gas: in the first case the drift speed of carriers decreases with growth of the field at their constant concentra-
tion. In the second — NDC arises as result of sharp reduction of concentration of free carriers with increase
in the field. There is one more origin of NDC connected with a warming up of electronic gas. Here the cause
of NDC is caused by various dependence on temperature of processes of transmission of energy and an im-
pulse to a lattice. Such NDC is implemented on the «falling» site of S-shaped VACH and carries the name of
overheating imbalance. The majority of the electric non-stability leading to NDC in semiconductors can be
considered as the self-organization arising in an open thermodynamic non-equilibrium system [5]. The
«semiconductor structure — a power source» system acts as the last.

In the previous works of authors [6, 7] processes of self-organization in semiconductor structures in the
presence in them drift NDC on the example of Gunn's generator and the avalanche and flying diode were
analysed.

In the present article in terms of the theory of self-organization processes in the tunnel diode are consid-
ered in which the concentration NDC mechanism leading to N-shaped VACH (Fig. 1) is implemented.
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Figure 1. Static characteristic of the tunnel diode. U, is the peak tension, i.e. tension characteristic of the maximum cur-
rent direct direction; the U, nd tension of «failure» characteristic of the minimum current

The tunnel diode has the special characteristics distinguishing it from ordinary diodes and stabilitrons.
If diodes and stabilitrons well pass current only in one party (in the return — only in the field of breakdown),
then the tunnel diode is capable to carry well current in both parties. This property is provided by features of
the device of the tunnel diode: very narrow p-n transition and significant amount of impurity. It is known that
for production of tunnel diodes semiconductors with high concentration of impurity are used — from 10"
t010?° cm . Such semiconductors are called degenerates, actually being semi-metals. In them levels of impu-
rity atoms form the power zones merging with the main resolved zones — valent and a zone of conductivi-
ty — the semiconductor. As a result Fermi's levels will be located not in the forbidden zones of
n-semiconductors and p-types, and in their resolved zones, i.e. in a valent zone of the semiconductor of
p-type and in a zone of conductivity of the semiconductor of n-type (Fig. 2).

As appears from the drawing, the bottom of a zone of conductivity of the semiconductor of n-type and a
ceiling of a valent zone of the semiconductor of p-type are divided by very narrow locking layer. Thus, the
transition thickness (a potential barrier) in the tunnel diode is very small (about 107> microns), what are two
orders less, than in ordinary semiconductor diodes. Through such thin potential barrier carriers of a charge
are capable to tunnel. At the same time resultant current transition will be defined by p-n- as the difference of
electronic streams from one layer of the semiconductor in another. If to consider the power source and the
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tunnel diode consisting of the high-alloyed n-semiconductors and p-types, as an open non-equilibrium ther-
modynamic system, then the physical processes happening in it will satisfy to the basic principles of syner-
getic. Namely:

—in an equilibrium state when the diode is not affected by a power source, n-semiconductors and
p-types exchange substance (equal quantities of electrons);

—in the presence of a power source charge carriers in semiconductors at its expense accumulate excess
energy on length of a free run and transfer it due to collisions from not an ideal crystal lattice to a crystal.
Temperature increase of a crystal which is transferred to the environment results, i.e. the considered system
is open and is in a non-equilibrium thermodynamic state.
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Figure 2. The power chart of the tunnel diode in an equilibrium state. By circles are designated electrons.
Shooters noted the electrons capable to pass into an adjacent semiconductor layer

When the return tension is put to the diode, equilibrium state is broken and its power chart (Fig. 3)
changes. At the same time there is an increase in a potential barrier and change of provision of level of Fer-
mi: the ceiling of a valent zone of the semiconductor of p-type rises, Fermi level ¢, at the same time is dis-

placed up, at the same time the bottom of a zone of conductivity of the semiconductor of n-type falls, and
Fermi level ¢,, displaced down. Electrons of a valent zone of the semiconductor of p-type which are at the
power levels below Fermi level ¢, , will be located opposite to the free power levels of the semiconductor
of n-type lying higher than the Fermi level ¢,, (Fig. 3). Current through p-n- the transition directed from the

n-type semiconductor to the p-type semiconductor results. With growth of the return tension this current in-
creases very quickly as density of electrons in the depth of a valent zone is extremely big and even small in-

crement of potential difference (¢, — @, ), will be followed by a significant change in a stream of electrons

from the p-type semiconductor in the n-type semiconductor.

Figure 3. The power chart of the tunnel diode at the return shift

Thus, again there is an exchange of eclectrons of elements of a system, i.e. in a system the self-
organization process having the form of the directed transfer of electric charge between semiconductors with
different type of conductivity is observed. At the same time the direction of the self-coordinated process is
defined by features of properties of the interacting system elements (features of power structure of semicon-
ductors and the directions of fields of an external power source and the internal field of transition) and the
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nature of interaction between them. Let's consider processes of self-organization in the tunnel diode when
external tension in the direct direction is put to it. The following cases are of interest: when the size of exter-
nal direct shift does not exceed peak tension, i.e. when 0 < U < U; (Fig. 4), when the condition is satisfied
U <U<U, (Fig. 5), when U= U, and, at last, when the size of direct shift exceeds tension of «failure»
U> U, (Fig. 6).

Figure 4. The power chart Figure 5. The power chart Figure 6. The power chart
of the tunnel diode at a tension direct  of the tunnel diode at a tension direct  of the tunnel diode at a tension direct
shift, there is less peak (U < Uy) shift Uy < U< U, shift, exceeding tension «a failure»
Uu>U,

In the first case (Fig. 4) as a result of decrease in a potential barrier Fermi's level of the semiconductor
of n-type is displaced up, and the p-type semiconductor — down. As a result, a part of electrons of a valent
zone of the semiconductor of p-type will appear opposite to power levels of the forbidden n-type semicon-
ductor zone, and a part of electrons of a zone of conductivity of the semiconductor of n-type — opposite to
free power levels of a valent zone of the semiconductor of p-type. It will lead to decrease in intensity of tun-
neling of electrons from the p-type semiconductor in the n-type semiconductor. There will be a primary
movement of electrons from n- in p-area. The direction of process of self-organization changes under the
influence of features of interaction of the contacting semiconductors called by action of an external power
source.

When Fermi level of the semiconductor of n-type ¢ by Fn, rising, is compared to a ceiling of a valent
zone of the semiconductor of p-type, current via the tunnel diode accepts the maximum value (Fig. 1,
a point 1). It corresponds to the maximum intensity of process of self-organization.

In the second case when external direct shift exceeds peak tension, but Fermi level of the semiconductor
of n-type ¢@_ Fn there is less than tension of «failure» (Fig. 5), being displaced up, gets to the area of the for-
bidden p-type semiconductor zone therefore a part of electrons of a zone of conductivity of the
n-semiconductor appear opposite to power levels of the forbidden p-type semiconductor zone. It leads to re-
duction of current via the diode. On volt-ampere characteristic of the tunnel diode the site with a negative
resistance (Fig. 1, site 1-2) appears. Again there is a change of the direction of process of self-organization
of the movement of electrons in the tunnel diode.

Further increase in tension of direct shift leads to a bigger decrease in a potential barrier in the field of
transition p-n-. In case the size of shift becomes equal to tension of «failure», the bottom of a zone of con-
ductivity of the semiconductor of n-type is compared to a ceiling of a valent zone of the semiconductor of
p-type. Tunnel current decreases again to zero (Fig. 1, a point 2) as electrons of a zone of conductivity of the
n-semiconductor are located opposite to power levels of the forbidden p-semiconductor zone. It corresponds
to reduction to zero intensity of the self-organized transition of electrons from the n-type semiconductor in
the p-type semiconductor.

And, at last, at a tension of direct shift exceeding tension of «failure», the forbidden power zones of
n-semiconductors and p-types become «throughy» (Fig. 6) and tunnel current disappears. At the same time the
coordinated movement caused by tunneling of electrons through a potential barrier stops. Current via the di-
ode increases, but already at the expense of the ordinary mechanism — overcoming by electrons of a poten-
tial barrier — injections of carriers of a charge. There is a coordinated transfer of electrons mechanism of
which differs from the mechanism of the transfer connected with tunneling process.

Thus, in the thermodynamic non-equilibrium system consisting of semiconductors with different types
of conductivity, and a power source there are processes of self-organization of various natures (tunneling and
injection of electrons). The direction of processes of self-organization is defined by features of properties of
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elements of a system (features of power ranges of semiconductors) and intensity of interaction between sys-
tem elements (the sign and size of external tension).
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TyHHeJBbAIK ANOATA TOKTHIH OPHBIK ChI3bIFbI
JK9He JIEKTPOHIAPAbIH O3/iriHeH yibIMAACYbI

[lanmaeTKi3rimr 3JIEKTp OPHBIKCHI3ABIFBIHBIH Maiiia 00y MeXaHW3Mi KapacThIpbUIFaH. OPTYpIi Tepic
nuddepeHMaNbIK OTKI3rimTepAiy maiiqa 6omy MexaHusmziepi 3eprrenreH. TyHHENbIIK JHOITHIH KYMBIC
YCTaHbIMBIH TaNAay apKbUIbl AMOATHIH N-IIIIHIEC BOJBTAMIICPIIIK CHIATTaMachlHA OKeJeTiH cebentep
tananrad. TyHiCKeH MIanaeTKi3rilTep MEH JHeprusi Ke3iHeH TYpaTbIH )KYHeHi ©3MiriHeH YHbIMOacaThlH
ylepicrep, naipa OoyaThlH OPHBIKCHI3JBIKTHI aIlIBIK TEPMOJMHAMHKAIBIK JKYile peTiHIe KapacThIpyFa
GoNaThIH/BIFBI KOpceTireH. TYHHENBAIK AUOATHIH JKYMBIC YCTAHBIMBI CHHEPIeTHKA YCTaHBIMAPBI HETi3iHIe
TYCIHIIpUITeH. O3miriHeH JXYPeTiH yaepicTep ocepiHeH p- JKoHE n-TEKTeC MIANAOTKI3TINTEepIiH pyKcaTr
STLIIeH YHEPTHs KOJIAKTapbIHIA 3apsATACYIIBUIAP/IbIH IOFBIPJIAHY JOPEKeIICePiHiH e3repysepi HOTHKeCiHae
QNIEKTPOHIAP/IBIH ~ O3[IriHEeH TachiMajgaHy OarbITTapbl e3repicke yiubipaiasl.  JKyiieni Kypayiis
3NIEMEHTTEPIH ©3apa acepiiecy epeKIIeNiKTepine Kapail 3JIeKTPOHIapAbIH TackMailJaHyIapblHia naiiga 6o-
JaThIH ePEeKLISNIKTep MYKHAT TayaHFaH. KapacThIpbUIbII OTBIPFaH TEPMOAMHAMUKAIBIK XKylene maina 6o-
JaThIH O3[IriHeH YHbIMIAcaThlH YACPICTepAiH TaOUFaTTaphl opTYpIi. O3iriHe yiibIMIacaTelH YASPICTEPIiH
JKYpy OarbITTapbl LIATAOTKI3TIIITEPAiH OJHEPrust CIETPJIEpPiHIH epeKIIeTiKTepiHe, JHEeprus Ke3iHiH
KapKbIHbIHA TOYEJIIi.

Kinm ce30ep: e3piriHeH YHBIMIAcCy, MIANAOTKI3TIMI, OSJIEKTP OPHBIKCHI3IBIK, TYHHENBIIK IHOX, Tepic
1 hepeHIMAIIBIK OTKI3ITIITIK.

JI.B. YUupkosa, K.T. Epmaran6eroB, K.M. MaxaHos,
K.C. Poxkoga, E.T. Apunosa, A. Kypmai

SIBjieHust HCYCTOﬁqHBOCTH TOKAa B TYHHCJILHOM 1M0/1€
A IPOIECChHI CAMOOPraHu3ali 3JICKTPOHOB

PaccmoTpensl MeXxaHHM3MBI DIIEKTPUYECKOW HEYCTOMYMBOCTU B HOIYNPOBOAHHKAX. ONMCaHBI MEXaHH3MbI
BO3HMKHOBEHHUSI OTPULATENIbHBIX ANU(dEpeHIHANbHBIX MPOBOAUMOCTEH pa3nuyHblX THHOB. Ha npumepe
(YHKIMOHMPOBAHUS TYHHENBHOTO JJMOJA PACCMOTPEH MEXaHU3M (POPMHUPOBaHUS KOHLEHTPALIMOHHON Heyc-
TOWYMBOCTHU B MOJIYTIPOBOJHUKAX, IPUBOAAIIEH K N-00pa3HOH BOJIbT-aMIIepHON XapakTepuctuke auona. Io-
Ka3aHO, YTO CUCTEMA «IIOIYNIPOBOAHUKOBASI CTPYKTYpa, COCTOSIIIAs U3 JBYX CJIOEB IMOJIYIPOBOJHUKOB C Pa3-
HBIM THIIOM TPOBOJAMMOCTHU + BHEIIHMH MCTOUHMK 3JIEKTPUYECKON SHEPTHM» MOXKET paccMaTPHBAThCS Kak
OTKpBITass HEPABHOBECHAs TEPMOAMHAMUYECKAs. CUCTEMa, B KOTOPOH BO3MOXKHBI IIPOLIECCH CaMOOPraHM3a-
. [Ipoanan3upoBaHa paboTa TYHHEIBHOTO AUOJA C TOUKH 3PEHHS TEOPHH CaMOOPTaHN3alUK B TOIYIIPO-
BOJIHUKOBBIX CTPYKTypax. Iloka3zaHo, 4To B pe3yibTaTe IPOLECCOB CaMOOPraHU3alUuK IPOUCXOAUT U3MEHE-
HUC KOHLIEHTpPALUU HOCUTEICH 3apsja B pa3peLICHHBIX 3HEPreTUYECKUX 30HAX IIOJIYNPOBOJHHUKOB p- U
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N-THIIOB, COCTAaBJIAIOIIMX TYHHEIbHBIH JUOJ, U N3MEHSACTCS HAaIpaBJeHHE IOTOKOB JICKTPOHOB. IIpuBeneHO
HoApOOHOE OIMCAHME ABMXKGHMS HOCHTENCH 3apsja B paccMaTpHBAEMOIl IOIYNPOBOJHUKOBOW CTPYKTYype
HPH Pa3INYHBIX 3HAYCHUSX U 3HAKAX BHELIHErO CMELICHHUS: B PABHOBECHOM COCTOSIHUM, IIPU OOpPaTHOM CMe-
LICHUM; MPU HPSIMOM CMCLICHWH M HANPSHKCHUSX, MEHBIIHMX ITHKOBOTO 3HAYCHHS; MCHBIIMX HAIpPSIKCHUS
«IIpOBajIay ¥ HAIPSDKCHHSIX, NMPEBILIAIONINX HANPSHKEHUE «IpoBaiay. [Ioka3aHO, YTO B paccMaTpHBacMON
TEPMOJMHAMUYECKOIl HEPAaBHOBECHOH CHCTEME MOTYT BO3HHKATh MPOLIECCHI CAaMOOPTaHM3alluH Pa3iIndHOM
MPUPO/IBI — TYHHEIUPOBAHKUE M WHXKEKUUS 2JIeKTPOHOB. IIpH 3TOM HalpaBlieHHE TIPOLIECCOB CaMOOPTaHu3a-
MU OIIPE/IeIeTCs] 0COOCHHOCTSAMHU SHEPreTHYECKUX CHEKTPOB IOJIYIPOBOJHUKOB, COCTABIIAIONINX TYHHEIIb-
HbIH JUOJ, U MHTCHCUBHOCTSMHU B3aUMOZACHCTBHUS MEXK/LY 31€MEHTAMH CUCTEMBI.

Knioueswie cnosa: camoopraHusaliys, MONTyIPOBOIHUK, IEKTPUUECKass HEYCTONUYUBOCTh, TYHHEIbHBIH IHO,
orpuuarenbHas quddepeHuanbHas MpoBOUMOCTb.
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