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Forgotten mechanism of nonlinearity in the theory of hot electrons
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It is shown that in general electron-gas heating inevitably results in the change of the carrier concentration
in the conduction band. It is proved that this change, as a rule, leads to the kinetic coefficient nonlinearity of
the same order as the change of mobility does. The conditions are determined when this change can be
neglected[S0163-182609)06235-9

It is well known that the fundamental reason for nonlin- earity in the theory of hot electrons had been actually forgot-
earity of a current-voltage characteristicVC) of a homo- ten and did not obtain further development.
geneous semiconductor in strong electrical fields is the Virtually, the carrier concentration change because of this
change of the mean carrier energgrrier heating The clas- mechanism is reduced to the carrier recombination rate
sical theory of the hot-carrier transport was developed a longhange, which is owing to the alteration of carrier distribu-
time ago and rather explicitd® Thus, as a rule, it was tion functions.
considered that the nonlinearity of the CVC is related to the Let us consider the elementary model—a homogeneous
carrier mobility alteration because of the change of carriesingle-valley semiconductor with one nondegenerate impu-
mean energy. Some number of works were devoted to norfity level at an energy; and concentration of impurit, .
linearity caused by impact ionizatiér, carrier lifetime N the given model the kinetics of the carrier concentration
changé intervalley redistribution of carrietspr by a non-  change within bands due to heating is determined by the
parabolic form of the carrier dispersion 184! in strong following processes(l) the capture of electrons from con-
fields. In single-valley semiconductors, by neglecting suctiuction band to the impurity leve(2) the thermal emission
processes as an impact ionization and carrier lifetime chang@f electrons from the impurity level into the conduction
in strong fields, it is usually considered that only the car- band,(3) the capture of holes to the impurity level, atd
riers which already exist are subjected to heating, i.e., duringhe thermal emission of holes from the impurity level into
heating the concentration of carriers remains equal to itéhe valence band. To simplify the calculations we neglect the
value at the state of thermodynamic equilibrium. However,nfluence of interband transitions on carrier concentration
as it was shown in Ref. 12, there exists one more mechanisghange at heating.
of nonlinearity, connected with the fact that the violation of  Let us note that the concentration change is caused by the
the energy equilibrium between electrons and hdles dif- alteration of the rate of recombination rather than thermal
ference between electron and hole temperajuresvitably ~ generation. Suppose that only the electron subsystem is sub-
results in the violation of the concentration equilibrium be-jected to heating. Then, if conditions for carrier concentra-
tween electrons of the conduction band and the valencHons indicated in Ref. 16 are fulfilled, the electron gas can be
band. This idea was developed in Ref. 13. However, due tglescribed by the Fermi distribution function with electron
the assumption made that the population of the impurittemperatureT,. Subsystems of holes and captured carriers
level does not depend on heating, the results turn out to béave the lattice temperatufig.
incorrect if the heating of electrons and holes is different The capture rate of electrons onto the impurity level can
(electron and holes temperatures are unéq&asides, the be represented by the following expresstén:

uestion when this effect takes place was left open.

| In general, the discrepancy FE)etween electrgn and hole Fn=an(Te)N{1=1:(To) In(Te), @)
temperatures should cause the change of the carrier concenheref, is the distribution function of electrons on the im-
trations in both bands and the impurity level population.purity level, N,[1—f,(T,)] represents the concentration of
Hence, the problem is reduced only to what is the magnitudéree impurity statesn(T,) is the concentration of electrons,
of the contribution of the latter effect to kinetic coefficients 4, (T,) is the capture factor of electrons by the trap. Let us
in comparison with the change of mobilifyelaxation tim¢  emphasize once again that here we do not consider the ex-
at the same temperature discrepancy. Thus, a new origin @fiicit dependence of the capture factor on the magnitude of
strong field nonlinear effects, related to the alteration of theahe electrical field applied, i.e., we do not take into account

energy-level population in conduction and valence bands dusuch processes as the change of the carrier lifetime in strong
to the difference between electron and hole temperatures ifields (see Ref. & By definition,

strong electrical fields, is discussed below. It is possible to

neglect this phenomenon in the theory of hot electrons only *

under special conditions indicated below. SCC”(S)V“(S)f“(S'Te)dS
Experimental verification of the magnitude of the consid- an(Te)= = (2

ered effect is shown in Refs. 14 and 15. Unfortunately, in f vo(e)fo(e, To)de

spite of all these facts, the considered mechanism of nonlin-
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Herec,(¢) is a probability of the electron transition from the Sp~én. (10)
impurity level into the state with an energy, v,(¢) is a
density of statesf,(e,T¢) is the Fermi distribution function
with temperatureTl for conduction electrons; is the en-
ergy of an electron at the bottom of the conduction band.

Thus the magnitude of the carrier concentration change at
heating in this case is determined only by the temperature
dependence of the electron capture faatqr. Let us note

The rate of thermal emission into the conduction band i also that expression®) and (10) have the same form as in

assumed to be independent of the temperature of eIectronsSEBe case of only interband transition in an intrinsic semicon-

the conduction banéhat is correct, at least, for wide-band uctor. . . .
semiconductons (2) An n-type monopolar semiconductor with donor im-

purity (ng>n;>py). The relative carrier concentration

gnr=an(ToN (TN, ©) change in this case is described by the following expressions:

wheren;=v,0exp(—Z/T,) is a parameter describing the im- on ni2 N, -t dan(Ty) 6T
purity level, v, is the effective density of states in the con- =1t 5+ — LAY

. . SN . No ng M aT  an(To)
duction bandZ=¢.— ¢, is the ionization energy of the im-
purity level. The parameten, represents concentration of nﬁ . -1
electrons in the conduction band which would take place if op=on| 1+ — — (12
the Fermi level would coincide with the impurity level. Ob- i1

viously, the recombination rate of electrons is equaRp It is easy to verify that in this case the carrier concentra-

== 0OnT- i ingi i -
Similar equations can be written for the hole subsystem ag:)rg cdhea:)negnedgz:a;lfnﬁj'es 3|eet;rrg1r|1n§:pr':3:eo?£é1:)}; tk?t?t tsgg o

well, depends on concentration of impurity and on the temperature
ro=ay(To)NF(To)p, (4) To. In the range of high temperatureBy>Z/ In(v,,o/Ny), i.€.,
PP N;<n,] the functional dependence ¢dn/ny| on N, has a
9p1=p(TON[1—f(T)Ips, Ry=rp—gpr. (5 deep minimum aN,~3/n’n;, being equal to

Herep is a hole concentration and the definition of quantities onf ( 2n; ) Boan(Ty) 6T
min

a,(To) and p; is similar to the above-mentioned one for No n, aT  an(To)
electrons.
In a homogeneous semiconductor in steady &gteR,, gq—27
=0, and the condition of the electroneutrality is fulfilled. It ~ ex;{ - T37 )<1, (13
is convenient to express such a condition as
where g4 is the band-gap width. Thus, near the indicated
on+ N, of,= ép, (6) concentration the additional contribution to the conductivity

change is negligibly small and heating effects are described
where én=n—ng,, Sp=p—Pg, 5ftzft—f?, and ng, po by existing theoried:

andf? are, respectively, electron and hole concentrations and At low temperatures or, what is equivalent, heavy doping
the impurity level population in the absence of heatiiig ( (N:>n,), we come back to expressi¢®). Let’s note, that in

=To). _ ) this casdin contrast to Eq(10)] Sp<<én.

_Aiter solving the set of equationR,=R,=0 together In the monopolar case, as well as for an intrinsic semi-
with the Eq.(6), one obtains the following expressions for conductor, the deviation from the conventional theories is
the carrier concentration change caused by heating: determined by the temperature dependence of the electron

) 1 capture factow,, . For simplicity we will analyze model de-
Sn=—| 14+ P1(No+ny) Ng  dan(To) T pendence for two cases: attracting and repulsive potentials of
Ny(Po+ P1)2+Nengpy|  @n(To) T ' impurity centers.
(7) In the case of the electron capture by an attracting poten-

tial a,(T)~T ™, and m varies within the limits fromm

N.p; -1 =1 up tom=>5 depending on the nature of the semiconduc-
op=onl 1+ ———| , OT=T—To<To. (8 tors and impurities®® Then
(PotP1)
: iy o OT  dap(To) oT
Assuming additionally that the gas of carriers is nonde- — =M= (14)

. . 2 . an(To) aT To
generate, i.e., the relationpg=n;p;=n{ holds, wheren; is
the intrinsic carrier concentratiof.e., atN,=0) in the ab- In the case of electron capture by a repulsive potential of
sence of heating, and, besides, bands are parabolic, we withpurity (for example, ions of gold or copper in germanijum
analyze Eqgs(7) and(8) in two limiting cases. the temperature dependence of the capture factor is satisfac-

(1) An intrinsic semiconductor with low concentration of torily described by the expressith
shallow traps for electrons. .In this casg>ny=py=n; T\ 13
>p; and Egs(7) and(8) acquire the form, an(T)~exr{ _ _)

T

ﬂ: — dan(To) 6T , (9) whereT* is a parameter depending on the specific kind of
n dT  2an(To) the semiconductor and the impurity in it.

: (15
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Hence, (relaxation time change does. It should be mentioned that
.13 there exist only two specific, not very interesting, situations,
6T dan(To) _ E(T_) ﬂ (16) namely(1) the electron Fermi level lies far enough both from

an(To)  aT 31T/ To’ the middle of the gap and from the impurity level, a@iithe

electron capture factor weakly depends on the temperature,

. .
As long asT* usually lies in the range from f0to \p o ine traditional theory of hot electrons is correct.

10° K,?%2Yin the case of a repulsive potential the contribu-

tion to the conductivity change in the heating field can be

even more pronounced. We wish to thank Dr. F. Rrez-Rodrguez for helpful dis-
Thus, the electron concentration change caused by carrieussions. This work was partially supported by CONACyT-

heating alters kinetic coefficients as much as the mobilityMéxico.
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