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Nonlinear phenomena and instability in semiconductors

The nonlinear phenomena and instability in semiconductor structures are considered. Mechanisms of emer-
gence of negative differential conductivity of N and S — types are described. As an example of education and
use of drift not stability in semiconductors Gunn effect is considered. Operation of the generator of Gunn
from the point of view of development of processes of self-organization in semiconductor structures is ana-
lysed. It is shown that the principle of its work is based on features of a power range of AsGa.
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The physical mechanisms resulting in instability are various, but the observed phenomena — spontane-
ous formation of spatial and temporary structures — are often similar.

Cooperative processes of self-organization are observed in the systems far from thermodynamic bal-
ance, at the expense of a constant exchange of energy and substance. These instability have close analogy to
nonequilibrium phase transitions in the systems which are in thermal balance, for example, in ferromagnetic [1].

The open macroscopic systems brought out of thermodynamic balance under the influence of forces and
owing to not linearity’s inherent in similar systems can spontaneously pass into states with the high-ordered
spatial or temporary structures. Such states can be supported at continuous inflow or dissipation of energy.

The isolated and closed systems after indignation always come back to the condition of thermal balance
characterized by the maximum entropy. In the open macroscopic system brought out of a condition of ther-
modynamic balance after indignation there can be self-organization processes during which entropy locally
decreases [2]. These processes are connected with the high-quality changes in a condition of system similar
to phase transitions in equilibrium systems.

Many semiconductor devices work in the mode of the operated instability. In the semiconductor dis-
composed by strong external influence (big electric and magnetic fields; high level of injection; big level of
light excitement, etc.), there are significantly strong nonlinear phenomena. Namely: considerable deviations
from linear dependence between current and tension are observed; arise various type of instability (current
breakdown, fluctuations and jumps of current or tension, a hysteresis in volt — the ampere characteristic).
These can have instability negative impact on operation of solid-state devices, but in some semiconductor
devices can make a basis of their functioning. Microwave ovens treat such devices generators, amplifiers of
gigahertz range, high-speed electronic switches, etc.

Volt-ampere characteristic / (V), measured in stationary conditions, most fully reflects of a charge

transfer through the semiconductor. This characteristic with difficulty depends on microscopic properties of
volume of the semiconductor and parameters of contacts. Density of current of j is defined only by micro-
scopic properties of volume of the semiconductor.

If current density j(E) with growth of electric field decreases, or, on the contrary, grows with reduction
of electric field, the semiconductor has negative differential conductivity

dj
Congy = <O (1)

that is the corresponding stationary states it are unstable. Thus current via the semiconductor depends on re-
sistance of other part of an electric chain: such as inductive and capacitor.

The Negative Differential Conductivity (NDC) happens N-or S-type, depending on what of these letters
of the Latin alphabet reminds the characteristic form j(E) (Fig. 1).
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Figure 1. Dependence of density of current of j on electric field E
for two types of the negative differential conductivity of N-type (a) and S-of type

Negative differential conductivity of N-and S-types are caused by not stability operated by respectively
tension or current.

In case of density NDC N-of current is unambiguous function j (E) of a field, and the field E — is am-
biguous function £(j), that is in a certain area to one value of density of current there correspond three values
of intensity of a field.

The case of DNC of S-type is complementary, that is £ and j are interchanged the position. This duality
makes a deep meaning [1].

It is considered to be that negative conductivity arises because of instability of the uniform steady state
connected with spatial fluctuation of electric field and concentration of carriers of a charge [1-3]. They lead
to spatial non-uniform distributions of density of current and field.

For the analysis of such spatial structures the thermodynamic principle of the minimum production of
entropy, fair for systems with Onsager symmetry is inapplicable. As it is known [1, 2], the principle of of
Onsager symmetry is fair for the systems which are near an equilibrium state and in approach linear a devia-
tion from it. And negative differential conductivity arises when the system is far from an equilibrium state.

So, NDC N-of type arises when the uniform steady state is unstable to formations of moving and mo-
tionless non-uniform, layered distributions of a field (domains of a strong field). NDC of S-type arises in a
case when the uniform steady state is unstable to formation of non-uniform distribution of density of current
in the cross section of the conductor (powers cords) [1-3].

NDC N-of type is observed in volt — the ampere characteristics of tunnel, avalanche and flying diodes,
Gunn diode, multilayered devices like tiristor [4—6]. The origin of negative differential mobility can be de-
fined both p-n properties — transition and the phenomena in volume of the semiconductor. For example, in
the NDC N-tunnel diode of type it is caused by the processes happening in p-n — transition. The tunnel di-
ode is formed by degenerate semiconductors and p-n — transition possesses narrow area of a volume charge
(Fig. 2).

Volt-ampere characteristic of N-of type is caused by tunneling of carriers of a charge through a poten-
tial barrier of p-n — transition. p-n width — transition between degenerate semiconductors is sufficient is
small so — areas tunnel electrons from a zone of conductivity of n on free levels of a valent zone p — area
and vice versa. These counter flows are equal in lack of external shift also resultant current through p-n —
transition is equal to zero (to Fig. 2 a).

NDC N-of type is observed in volt — the ampere characteristics of tunnel, avalanche and flying diodes,
Gunn diode, multilayered devices like tiristor [4-6]. The origin of negative differential mobility can be de-
fined both p-n properties — transition and the phenomena in volume of the semiconductor. For example, in
the NDC N-tunnel diode of type it is caused by the processes happening in p-n — transition. The tunnel di-
ode is formed by degenerate semiconductors and p-n — transition possesses narrow area of a volume charge
(Fig. 2).

Volt-ampere characteristic of N-of type is caused by tunneling of carriers of a charge through a poten-
tial barrier of p-n — transition. p-n width — transition between degenerate semiconductors is sufficient is
small so — areas tunnel electrons from a zone of conductivity of n on free levels of a valent band p — area
and vice versa. These counter flows are equal in lack of external shift also resultant current through p-n —
transition is equal to zero (to Fig. 2 a). With further increase in direct tension in connection with reduction of
height of a potential barrier the direct current caused by injection of minority carriers of a charge will in-
crease.
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a) in the absence of voltage; 6) — at a small direct voltage; B) at a peak point voltage;
r) at a voltage corresponding to negative differential resistance;
n) at a valley voltage e) — at a solution tension; x) — at the return voltage

Figure 2. Volt-ampere characteristic and charts of the tunnel diode

Four main mechanisms of emergence of negative differential conductivity dj/dE <0, are known

caused by properties of volume of the semiconductor: nonlinear dependence of mobility of carriers of a
charge on an electric field — drift instability; nonlinear dependence of concentration of carriers of a charge
on electric field — generation-recombination instability; nonlinear dependence of electronic temperature on
electric field — peregrevny instability; nonlinear dependence of temperature of a crystal lattice on electric
field — electrothermal instability [1].

One of the examples illustrating use of drift not stability in semiconductors is Gunn effect. On its basis
Gunn generator which work is based on effect of emergence of periodic high-frequency vibrations in a semi-
conductor sample with N — the Figurative volt-ampere characteristic [4—6] is created. Feature of power
structure of the AsGa semiconductor (Fig. 3) is the cornerstone of functioning of Gunn generator.
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Figure 3. Structure of power zones in the crystallographic direction

The power chart AsGa [4] constructed in space of quasi-momentums in the crystallographic direction
[111] has some minima — some power valleys (Fig. 3). In such semiconductor there can be electrons with
various mobility — «easy» and «heavy». The ratio between concentrations of «easy» The ratio between con-
centration of «easy» n, and «heavy» n, electrons can spontaneously change depending on intensity of ex-
ternal exciting electric field. It leads to spontaneous emergence of some features of transfer of a charge via
the semiconductor which makes a basis of the principle of operation of Gunn generator. Thus the following
is essential. If energy of an external source of excitement is small, about Ag;, that electrons, having passed
from a valent zone into a conductivity zone without change of a quasi-momentum, generally will appear in
lower — the central power valley, i.e. the inequality will be carried out n, >>n, . Thus the part of the elec-
trons which passed into a conductivity zone will come back to a valent zone, i.e. the return process will pro-
ceed. Thus, at action of external exciting force electrons in the semiconductor Thus the part of the electrons
which passed into a conductivity zone will come back to a valent zone, i.e. the return process will proceed.
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Thus, at action of external exciting force electrons in the semiconductor AsGa will be continuously, random-
ly to pass in the direct and return directions.

With increase in intensity of an external source of excitement (at the intensity of a field exceeding a cer-
tain threshold value E > E ) electrons, gaining additional energy, big Ag; (Fig. 3), pass into side valleys

nop
and become "heavy" (naturally, at change of a quasi-momentum of electrons because of collision with pho-
nons). If there is no noticeable shock ionization, the general concentration of electrons remains invariable

and equal equilibrium:
n,=n, +n,. 2)
If we designate mobility of easy and heavy electrons as p, and p,, for current density in the semicon-
ductor we have:
J =q(mp, +myp,)E. 3)
In weak electric fields of (£ < £, ) practically all electrons are in the central valley of (x =0, n~n,),

and density of current is defined by a ratio

J=qgn,u,E. “4)
To the last ratio (3) there corresponds the site of 1 volt-ampere characteristic (VAC) of the semiconductor
4
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Figure 4. Dependence of density of current via the semiconductor
with multivalley structure of a band of conductivity
from intensity of electric field [4]

In strong electric fields (£ >> E

,op) Practically all electrons can gain additional energy Ag; and appear

in the side valley. In this case n, =n, u
J =qny,E. (5)
The ratio (5) defines a site of 3 volts — the ampere characteristic.

At the average values of intensity of electric field which are only a little exceeding threshold intensity,
density of current is defined by concentration and «easy» and «heavy» electrons (site 2 on Fig. 4).

We will show that functioning of the Gunn generator is connected with synergetic processes [7].

The element of system (uniformly alloyed AsGa crystal) possesses the feature leading to development
of processes of self-organization in it — spontaneous generation of electric domains. In a zone of conductivi-
ty of a semiconductor crystal of AsGa the power range of electrons has two minima — central and side. Cur-
vatures of a curve of a power range, corresponding to these minima, are various. Respectively, also the effec-
tive mass of electrons which energy lies in vicinities of these minima will be various. If on uniformly alloyed
AsGa crystal having two ohmic contacts with electrodes (the cathode and the anode) tension creating in a
crystal intensity of electric field, a little smaller threshold intensity moves ( £ < E,  ),that occurs an exchange

nop
of energy between elements of system, that is between a power source and the semiconductor. In weak elec-
tric fields practically all electrons which passed from a valence band into a conductivity zone will appear in

the central valley (x =0, n~n,), current density in this case is defined by a ratio (4). Transfer of a charge

in a crystal will be, generally to be carried out by «easy» electrons and density of current will have the max-
imum value:

S ax = qNo 14 Ey = qnyv,. (6)
In the semiconductor near areas of the anode and cathode always there are defects. Local intensity of
electric field near defects can exceed threshold intensity of electric field. It will lead to increase of energy of
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the electrons which appeared in this area and will allow them to pass into an overlying side minimum spon-
taneously. The part of the energy received by electrons from a source will be transformed to thermal energy,
i.e. there will be energy dissipation.

Having appeared in a side overlying minimum of a power range electrons from the category of «lungs»
spontaneously will pass into the category of «heavy». Thus, reduction of number of «easy» electrons will be
followed by increase in number of «heavy» electrons, i.e. the coordinated change of conditions of subsys-
tems of these two classes of electrons will take place. In the considered system the self-organization process
caused by feature of structures of subsystems will proceed. Drift speed to the anode of «easy» electrons ex-
ceeds the speed of drift of «heavy» electrons. Therefore in the vicinity of defect from the heavy cathode elec-
trons will create negatively loaded layer, and from the anode because of a lack of electrons there will be a
layer of the impurity which are positively loaded the donor.

The new structure — the domain is so formed, i.e. during process of self-organization in the considered
system there are more difficult and more perfect structures.

The domain consists of two layers: negatively loaded layer formed from the cathode destroyed «heavy»
electrons, and from the anode — positively loaded layer formed by ions the donor impurity (Fig. 5). Direc-
tion of electric field of the domain E, = coincides with the direction of the exciting field attached to the sem-

dom
iconductor. It leads to that in process of formation of the domain the field grows in it, and outside the domain
decreases. The increase in drift speed of «heavy» electrons in the domain and reduction of drift speed of
«easy» electrons outside the domain results, that is the coordinated course of processes in system is again
observed. In some time point the drift speed of the movement of «heavy» electrons (speed of the movement
of the domain) will appear the equal drift speed of the movement of «easy» electrons:

v, =V,, (7
wE =W,E,, ®)
where v, — the drift velocity of the electrons outside the domain; v, — the drift velocity of the electrons

inside the domain, that corresponds to the speed of the movement of the domain from the cathode to the anode.

Figure 5. Distribution of concentration of electrons and intensity
electric field in a crystal after formation of the domain [10]

Apparent, v, <v,, as £, <E,. Therefore after formation of the domain density of current decreases to
Jrnin = MoV 9)
The minimum value of density of current through a crystal will remain during time of the movement of
the domain through a crystal or during flight time

tnpaﬂ = 1/02 ’ (10)
where [ — crystal length.
At achievement of the anode the domain disappears and density of current increases to value /

responding domain. After that at the cathode the new domain is formed, and process repeats (Fig. 6).

The considered mechanism of operation of the device with intervalley transition of electrons corre-
sponds to a flying operating mode. Electric field in the domain grows in this mode during its formation, and
outside the domain simultaneous reduction of intensity of electric field is observed. For this reason only one
domain as transition of electrons in the side can come from the central valley only in the domain where total
intensity of electric field exceeds threshold value can be formed.

cor-
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Figure 6. Dependence of the current passing through Gunn generator on time: time corresponding to the beginning
of formation of the domain; termination time formations of the domain; time corresponding to the beginning
of disappearance of the domain on anode; time of a total disappearance of the domain on the anode and origin
of the second the domain on the cathode [4]

Time of formation of the domain is defined by time of a Maxwell relaxation (T =¢,ep ).Time of flight

of the domain from the cathode to the anode has to be more time of its formation. Therefore the condition of
emergence of fluctuations of current in Gunn generator can be formulated as follows:

=1/v>¢g.ep, mm nl >>¢ge0/(qu,). (11)

t
npon
Thus, in AsGa the nonlinear processes leading to emergence of negative NDC gain development.
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JI.B.Yupxkoga, 3.B.Ckyonesckuii, K.T.Epmaran6eros, E.T.ApunoBa

MlanaeTkisrimrepaeri 0eiicbI3bIK KYObLIBICTAP KIHE OPHBIKCHI3IBIKTAP

[TanaeTki3rim KypbUIBIMIAPbIHAAFbl OCHCHI3BIK KYOBUIBICTAD MEH OPHBIKCHI3/BIKTAD KapacThIPbLIFaH.
Noxone S Topiznec mupGEepeHIMIIBIK OTKI3TIMTIKTEpre oKeleTiH (U3UKAIBIK KyObUIBICTap TaJJaHFaH.
[TanaeTKi3rimTiKTepae bIFY OPHBIKCHI3IBIKTAPBIHBIH Maiaa 001y TaOWUFAThl OJIap/bIH INANaeTKI3rilITepaeH
JKAcalFaH KYPalJapAblH JKYMBICBIHAQ aJaTblH OpHbI Typajibl Mbican peTiHae ['aHH KyObUIBICHI
KapacThIpbUIFaH. ['aHH OHIIPTIIIiHIH KYMBICHI IIANAOTKI3MIII KYpbUIbIMAA 63 OCTIMEH JKYPETiH KYObUIbIC
TYPFBICBIHAH TalJaHFaH. ['aHH eHmiprim JKkymbicel AsGa WIATaeTKI3TILIHIH JHEPrus CIEKTPIHIH
epeKIIeIIKTepi 9CepiHeH TYBIHAHTHIH OPHBIKCHI3ABIKTapFa HeTi3AeNeTIHAIrT KOpPCeTIIreH.

JI.B.Yupxkoga, 3.B.Ckyonesckuii, K.T.Epmaran6eros, E.T.ApunoBa

HenuHeiinble siBJeHUS U HeyCTOﬁqHBOCTH B INOJYIPOBOAHHUKAX

PaccMmoTpensl HeMHEIHbIE SBICHUS U HEYCTOWYMBOCTU B IIOJIYIIPOBOJHUKOBBIX CTPYKTypaX. OnucaHsl Me-
XaHHU3Mbl BOSHUKHOBEHHUs OTPHLATENbHBIX I hepeHHanbHbIX IpoBoauMocTeil N- u S-tunos. B kauectse
npuMepa oOpa3oBaHMsI M HCIIOJIB30BaHUS APEeH(OBBIX HEYCTOWYMBOCTEH B MOIYNPOBOAHUKAX PAaCCMOTPEH
s¢dexr ["anna. [Ipoananmsuposana padora reneparopa ['aHHa ¢ TOUKH 3peHHS Pa3BUTHS IPOLIECCOB CAMOOP-
TaHU3ALHUY B IOTYIPOBOJHUKOBBIX CTPYKTypax. [loka3aHo, 4TO MPUHLUI €ro paboThl OCHOBAH Ha OCOOEHHO-
CTSIX DHEepreTuueckoro crekrpa AsGa.
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