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The aim of the paper is to analyze the possibilities of macroscopic manifestation, through microwave noise,
of the degeneracy of three- or two-dimensional electron gas in bulk semiconductors and in semiconductor
structures. Analytic investigation is performed of current fluctuations and noise temperatures in a current-
carrying state of a degenerate two- or three-dimensional electron gas. In the electron-temperature approxima-
tion, applicable at sufficiently high electron densities, the spectral intensities of current fluctuations and the
noise temperatures of the nonequilibrium electron gas in a macroscopic spatially uniform sample are proved to
be expressible in terms of the electron temperature and the current-voltage characteristics of the channel in the
same manner as for Boltzmann statistics, but only at not-too-high applied electric(fisksn electrons).

The relations promise to be useful while interpreting now widely studied noise properties of degenerate
two-dimensional electron gas, e.g., in GaN-based heterostructure channels.
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I. INTRODUCTION by Gantsevich, Gurevich, and Katilid%:'® Kogan and
Shulman'® basing themselves on the presumptionirafe-
Investigation of fluctuation and noise properties of threefpendence of collision evertdhe presumption indispensable
and two-dimensional electron g&8DEG and 2DEG has  for validity of the Boltzmann equation—obtained so-called
proved to be a powerful tool for diagnostics ménequilib- ~ Boltzmann-Langevin equationsFrom these equations,
rium electron systemsee Refs. 1 and)2Relations between treated in the electron-temperature approximation, not only
noiseandtransport characteristicsf available, are just what the above-mentioned fluctuation-response relationsfua-
experimentalists need to interpret their results on noise in thiially uniform fluctuationgfollowed, but also the quasimac-
current-carrying channels of the modern semiconductofOSCOPIC (“quasi-hydrodynamicf Langevin-type equatiofis

structures. Of course, ngeneralrelationship exists between Were obtained fospatially nonuniform fluctuationsf slowly
' changing variables—fotarge-scale low-frequencyiuctua-

fluctuation and transport characteristics of a nonequilibriun}ions of electron densityand electron temperatureOn the
state. However, so-calledlectron-temperature approxima- . o of thase equations, a thorough investigation of spectra

ti_on, ‘.’?‘”d at suffici_ently high electrorj_de_nsities, drastically of quasimacroscopic electron-density and electron-
simplifies description of a nonequilibrium electron gas, o mherature fluctuations and their cross-correlation was
opening a way folr4analyt|c investigation of noise propertiesye formecf The results enabled to predict peculiarities of the
of such a systefi'“ (see also Ref. 15, as well as Ref. 1, pp. gpecra of electromagnetic waves scattered from the colli-
147-154, and references thereiithe analytic expressions sjonal solid-state plasnfaMost of work in the electron-
for spectral intensities o$patially uniform current fluctua- temperature approximation for macroscopic systems was
tions i.e., fluctuations averaged over the sample’s volumegone for the Boltzmann statistiést% not taking into account
for macroscopic nondegenerate spatially uniform hot-possible degeneracy of the electron system.
electronsystem were obtained as early as in 1967 by Kogan In contrast to macroscopic systems, in snm#soscopic
and Shulmad. The result, obtained in the electron- samples theshot noiseeveals itself. In the framework of the
temperature approximation, was quite attractive since it exsemiclassical kinetic theory of fluctuatiols!®the analytic
pressed noise in terms of electron temperature and currendtescription of the shot noise is obtainable quite
voltage characteristics, thus constituting a specifimaturally'-1420-26[see also review articté (Sec. V)]. As a
nonequilibrium noise-response relationTrue, the relation result of these efforts, now more or less universal expres-
was obtained at the cost of very specific conjectures abouions for shot-noise power in terms of conductance are
the properties of Langevin sources in the energy-balance aricthown. While calculating noise in mesoscopic systems, the
quasi-momentum-balance equations. However, three yeaegectron-temperature approximation was proved to be quite
later, avoiding special conjectures, Shulthaederived the ysefulll-14
relation on the basis of the kinetic theory of fluctuations Shot noise in a macroscopic sample, of the dimensions
developed just before. larger than the inelastic relaxation lengths, is suppredsed
Namely, the self-consistesemiclassical kinetic theory of inelastic electron-phonon scattering!2-20.2428-33\hat re-
fluctuations which took into accouninterelectron [electron-  mains is the “nonequilibrium thermal” noisgve use the
electron (e-e)] collisionswas presented in 1969 simulta- term to accentuate its distinction from the shot npisthe
neously in two equivalent forms. Equations,drspace and noise, characteristic for macroscopic spatially uniform hot-
in (r,p) space, for correlation functions of occupancies ofelectron systems we spoke about in the first paragraphs of
one-electron stateg'kinetic equations for the momehfs this section. Spatially uniform current fluctuations in these
were derivedab initio (by using the diagrammatic approach systems are conditioned by fluctuations of occupancies of the

0163-1829/2004/624)/245315%8)/$22.50 69 245315-1 ©2004 The American Physical Society



RAMUNAS KATILIUS PHYSICAL REVIEW B 69, 245315(2004)

one-electron statgdluctuations inp space. In other words, quencies at which the noise measurements are performed
as the conductor’s length is increased from small valuesshould not be too low: as a matter of fact, the theory we are

much smaller than the electron energy relaxation length, ugeveloping is applicable amicrowavefrequencies. By now,

to values remarkably exceeding the electron energy relaxa great amount of experimental results on microwave noise,
ation length, the current noise in a conductor varies from thespecially in up-to-date semiconductor structures and new
level set by the theory of shot noise in a mesoscopic samplgemiconductor compounds, important for microelectronics,

to the level predicted by the theory of nonequilibrium fluc- js available at these frequenciésee Refs. 1 and 40The

tuations in macroscopic conductors. In the case of a macrnepretical results predicting features of microwave noise in
scopic conductor with sufficientidense but nondegenerate macroscopic systems can prove to be advantageous

electron gas, the noise level and noise spectrum are given The paper is organized as follows. Resume of the kinetic

Jus_t”t])g ﬁgtﬂ:gf‘gjersetliﬁtr:ogr.ises to what extent, if any Shul_theory of spatially uniform fluctuations in macroscopic de-
man’s result, obtained in the framework of the BoItzmanngenerate hot-electron system is presented in Sec. Il. Electron-

statistics, is applicable also to a macroscopic degeneraf mperature approximation and limits of its applicability to

electron systems. The answer is not obvious, especially fd egenerate electron gas are described in Sec. Ill. Necessary

the following reason. Interparticle collisions create a corre€SUlts on fluctuations in a macroscopic nondegenerate

lation between occupancies of one-particle stiré&33-35 (semjconductor obtained earlier in the electron-temperature

(for a review, see Refs. 15 and 36, and Ref. 1 Chap. 4; for &PProximation are collected in Sec. IV. In Secs. V and VI,
summary, see Ref. 37The nontrivial general result of the the onglnal _results on transverse and. !oqgltudlnal current
kinetic theory of fluctuations is the conclusion that in a non-fluctuations in the degenerate nonequilibrium electron gas
equilibrium state thisadditional, or kinetic, correlatiorcan ~ areé presented and analyzed. In Sec. VII, the macroscopic
contribute to the spectral intensities of current fluctuationsnoise-response relations for degenerate warm-electron gas
In a nondegenerate case, this contribution was pfoiete  aré obtained. Sec_tlons VIl and IX contain discussion of re-
expressible in terms of the macroscopic transport coeffiSults and conclusions.

cients.

The aim of this paper is to obtain, when possible, expres-
sions for noise in macroscopic spatially uniform sample,
containing the nonequilibriundegenerateelectron gas, in
terms of the measurable transport characteristics of the

sample—to derive these expressions basing oneself on the As noticed in the Introduction, we restrict ourselves to
semiclassical kinetiqmicroscopig theory of fluctuations. nyestigation ofmacroscopic spatially uniforrmot-electron
Our investigation demonstrates that, in general, theoreticalystems. Spatially uniformurrent fluctuations in these sys-
description of noise properties of a degenerate electron gas {§ms are conditioned by fluctuations—nspace—of occu-
much more complicated than in the nondegenerate cas@ancies of the one-electron states. The kinetic equations for
Even in the electron-temperature approximation, the abovesorrelation functions of fluctuations of occupancies of one-
mentioned noise-transport relations are violated by the d%'ectron states in aondegenerateD electron gas were de-
generacy due to a rather complicated, in comparison with th@yed from first principles in Refs. 16 and 17. These equa-
nondegenerate situation, character of the additional correlaions led to now well-known expression for trepectral
tion. The expressions for the sources of the additional correntensitiesof semiclassical fluctuations of the occupancies in
lation in a degenerate state were derived from the first printhe nonequilibrium syster
ciples by Kaga#f (see also MuraddV). Our main result is
that, in the electron-temperature approximation, the addi- (8n,dNy1), = (=iw+By) ™ (iw+B,) ™ (B, + By)[NpSypr
tional correlation, being as complicated as it is, manifests ce
itself in the spectral intensity of electric current fluctuations, - Ipp'm]' @)
independent of the degree of degeneramyly through the
terms proportional to théourth and higher powersf the
applied electric field strengtfe*. As a result, at not too high
electric fieldsE, the macroscopic relations between the nois
characteristicynoise temperaturgsand transportcurrent-
voltage characteristicssurvive in the electron-temperature
approximation even in the degenerate system.

The result is applicable to three- and two-dimensional ee _ k'
electron gas, and ?hpus can prove to be equally useful while = ppr(nu) =2 Wop (e = Mopr). 2)
investigating bulk semiconductors and modern semiconduc-

tor structures qontaining two-dimensional e[ectron gas. IRyhere W‘;'; is the transition probability for the electron-
many cases of interest, thanks to a compar ativepk Non-  g1atr0n collision carrying two electrons from the stakes
linearity of the current-voltage characteristics of a structure . ) A P!
in question, the warm-electron region of electric fields is@Ndk’ into the statep, p’. We suppose that/,;, =W .

rather well pronounced. Of course, in order to avoid The sourcelgg,, creating the correlation between occu-
generation-recombination noise and Tllctuations, the fre- pancies of the one-electron states in nonequilibrium nonde-

Il. FLUCTUATIONS IN A MACROSCOPIC SPATIALLY
UNIFORM DEGENERATE HOT-ELECTRON
SYSTEM

Here B is the evolution operator of the electron system
(the operator of the linearized Boltzmann equaliay is the
stationary distribution functionp is the electron quasimo-
Cmentum, andgg, is thesource term describing creation, due
to electron-electron collisions, of correlation among occu-
pancies of the one-electron states in a nondegenerate system

Kk’
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generate case, was introduced in Ref.(4€e also Ref. 33  given by Eq.(5) after insertion of the Fermi-Dirac functions
Generally speaking, each interelectr@two-particle,” “bi- reduces to zero. This is so because the probabiltieson-
nary”) collision create an equal-time correlation between theain the § functions ensuring the fulfilment of the energy-
occupancies of two finalas well as two initial electron  conservation law in the collision event.
states’® However, atthermal equilibriumthe average corre- The source term_ o is expressible through the term
lating fluxes in the quasimomentum spadato the pair of L(l)
one-electron states amdt of it cancel each other, so that the
additional correlation does not reveal itself through the fluc- L@ =—(n +n,,)LY 7)
tuation properties of the electron gas in equilibrith®n the ' PP '
contrary, in a nonequilibriurte.g., current-carryingstate the  \We are not presenting here the explicit expression for the
fluxes in question do not balance each other, and the obseréyrce termL"®, being, in its turn, a sum of two terms
able characteristics of fluctuations in the electron gas, such f%gee Refs. 38 and $9The common feature of these terms, as
spectral intensities of current fluctuations and noise tempera
tures, generally speaking, become sensitive to the abové‘veII as of the terrrL p"’ is that theyvamsh in the nondegen-
mentioned correlation. erate caselndeed, the termls(z) andL , are at least of the
This fretﬁsonlmq[ in fact, ICSE valid Imd?per}dertllz Ofda degenthird order in occupation numbers Whlle the teln(rf,, given
eracy of the electron gas. Generalization for the degenera
syste/m was achlevedgby Kagdrand Muradov® By us%ng B:y Eq.(5), is of the second order.

the diagrammatic approach, they obtained the following EXstraightforward®3? though the calculations will become re-

pression for the spectral intensities of semiclassical fluctuamarkably more complicated becausesofeening effectsor
tions of the occupancies in the degenerate nonequnlbrlunfhat reason, we restrict ourselves here to the investigation of

in the following way.38'39

Generalization to spatially nonuniform fluctuations is

system: the temporal behavior of spatially uniform fluctuatiqfisic-
(8NN, = (—iw+By) Hiw + By)X(B, + B,)[Ny(1 tuations averaged over the sample’s volyimemacroscopic
o spatially uniform hot-electrorsystems. The equations for
—Np/)Sppr + Lppr], (3 space-independent fluctuations in a spatially uniform macro-

scopic sample cannot explicitly contain the terms describing

wherelL,, are the source terms describing creation, due t‘%he screening effects. These can enter the theory only

electr(;nﬂelectron Icolysmnst tOf correlgtlon ame[ng OCtCUpaAthrough collision probabilities, the explicit form of which is
cies of the one-electron states in a degenerate system. Age., important to us.

cording to Refs. 38 and 39, each of the source terpsin

the case of degenerate statistics consist of a few summands:;
lli. ELECTRON-TEMPERATURE APPROXIMATION FOR

Lop: = f)lg + L(Z) + L(?’) (4) DEGENERATE STATISTICS
Explicitly, We inve_stigate a degenerate two- or th_ree-dim_ensio_nal
, spatially uniform electron gas rather weakly interacting with
Lglp) => V\I‘;‘;,[ﬁﬁk,(l -np)(1-"ny) the thermal batljlattice). For sufficiently high electron den-
Kk’ sities, frequent-e collisions control theshapeof the elec-
~ g (1~ (1~ )]. (5) tron energydistribution, making itather closeto the Fermi-

Dirac distribution even at nonequilibrium conditions:
By summing the source tenlrflj,, as given by Eq(5), over

. . . . . ﬁ(f':p) = nT(Sp) + AF(8p)v (8)
p’, we obtain, with the minus sign, the ordinary electron-
electron collision term entering the Boltzmann equation forwhere
the degenerate gas. £y — L -1
The source term_;lp), is the only one surviving in the Nr(ep) = {GXP—EI)(—T+1} , 9
nondegenerate situation: 8
Lo, — = 1%°.(n,n). (6) |AR(e,)| < nrlep). (10)

In Egs.(8)«10), &, is the electron energy is the elec-
tron quasimomentum, arlg is the Boltzmann constant. The
situation is referred to aslectron-temperature approxima-
tion, and the parametér being referred to aelectron tem-

The main property of the source terrln%,’)),(i =1,2,3 is that

they vanish at thermal equilibriunboth for the Boltzmann
statistics(see Refs. 1 and 15-18nd the Fermi-Dirac statis-

tics (see Refs. 38 and 39In thermal equilibrium, the addi- perature The electron-temperature approximation to be ap-

tional (kinetic) correlation cannot exist in principle since it . gt P

Would(violate) thefluctuation-dissipation tﬁeore?nalid in plicable, the (_:haracterlstl_c time of redistribution of energy

ilibrium ind dently of th tp f the statisti d f(and of quasimomentuminside the electron systenigg

ehqu!ltnumt_m E.“p?k? en 3{0 € type ot the stalistics and Olgoy1d be small as compared with the electron-temperature
€ 'r] eraction in the sys em. i relaxation timer; (the time of relaxation of the energy of the
Itis easy to check directly that each of the sourlcg;f)s al  glectron system due to its interaction with the thermal path

equilibrium vanishes. For example, one can see ttﬁ}%h Tee<< 71. TO be able to proceed analytically, we suppose that
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the electron quasimomentum relaxatidoe to interaction (18) are validindependentlyof the possible degeneracy of
with the thermal bath is fast enough, faster than the intereledhe electron system.
tron relaxation:

IV. FLUCTUATIONS IN ELECTRON-TEMPERATURE
Tp < Tee< T7. (11)
APPROXIMATION IN A NONDEGENERATE
The situation where the inequalig1) holds will be referred ELECTRON GAS

to ascase of electron temperatur©f course, the situation
can be realized only providet} < 7, that is, when electron
system’s quasimomentum relaxation rate due to interactio
with the lattice exceeds quite remarkably the correspondin
rate of energy relaxation. Then the antisymmetric part of th
electron distribution is small enough:

The expressions for spectral intensities of current fluctua-
fjons and noise temperatures of the nondegenerate 3D elec-
on gas in theslectron-temperature approximatipgg.(11),
ere derived from the above-mentioned kinetic equations for
correlation functions of occupancies of one-electron states by
Shulmar® We present here the simple and quite natural ex-
N (p)| < ny(ep). (12)  pression for the spectral intensity thnsversefluctuations

) : of current density:
In the stationary current-carrying state, the electron tem-

perature is determined by the balance of gain and loss of o 2kgTo
energy by the electron system, (0110 = Vo (19)
E?5(T,To) = P(T, Ty), (13)  HereV, is the two- or three-dimensional volume.

To obtain a comparatively simple explicit expression for
fhe spectral intensity ofongitudinal fluctuations of current
density for nondegenerate electron Yyésee also Refs. 15
and 10

wherea=j/E is the “static” chord conductivity an® is the
rate at which the electron system loses energy through inte
action with the thermal batfiattice) supposed to remain at
the temperaturd,. For simplicity we consider an isotropic

medium (for 2DEG, in the absence of the external electric o o
field all directions in the interface are supposed to be equiva- T - -1 (? - 1)
lent; the dc electric fielE is applied in the 2DEG plane (5j2)B==2 981+-2 +—7
The inverse time of relaxation of small deviations of the Vo 1+0?# al1 T
electron temperature from the stationary value determined by T
Eq. (13) is easily found to be given by the expression (20)
= i(d_P _ Ez@) (14) a weak inelasticity of scattering of electrons by the thermal
T \dT daT/’ bath was assumed side by side with the inequalitiés and
(16):
where
— |[Ae| <& (21)
B dn(sg)
Ce= > €p aT (15 (Ae is the characteristic change of the electron energpon
P a collision. The longitudinal differential conductivity of the
is the specific heabf the (degenerateelectron gas. electron gas,
Naturally enough, the electron-temperature concept can dj
work only for frequencies o= = = g‘;(w)mﬁl, (22)
® < 1Tge (16)

made its appearance in EQ0). We use the terms static and
In what follows, this condition is supposed to be fulfilled. differential, having in mind measurement of the current-
For such frequencies, the ac small-signal conductivitiesoltage characteristics at frequencies small as compared to
are given by expressions formally coinciding with thosel/r but large as compared to the frequencies of the
known from the nondegenerate case: thensverse with  generation-recombination and other low-frequency pro-
respect to the stationary current, ac small-signal conductivitgesses.
equals the “static” chord one

o (0)=7 (17) V. FLUCTUATIONS IN A DEGENERATE ELECTRON GAS
+ ' IN A TRANSVERSE DIRECTION

while the real part of théongitudinal ac small-signal con- ) L ) )
ductivity is easily shown to be given by the expression As mentioned above, the kinetic equations for correlation
functions of occupancies of one-electron states degener-

27 E%dG/dT ateelectron gas were derived from the first principles in Ref.

+ m : (18) 38 (see also Ref. 39We claim that we succeeded in deriv-
€ T ing, from these equations, the expressions for spectral inten-
Let us emphasize that, in the electron-temperature case linsities of current fluctuations and noise temperatures of the
ited by the inequalitieg11) and (16), expressiongl7) and degenerate 3D or 2D electron gas in the electron-temperature

o, (w) = Reoy(w) :5{1
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approximation_defineq by the ir_neqqalitieéﬂ), (16), and Aeezzspsp’l—pp’v (26)
(21). (The derivation in full detail will be presented else- )

where) The expression19) for the spectral intensity of
transverse fluctuations of current density proves to remaitvherelL,, are source terms describing creation, due to in-
valid also for the degenerate electron gas. It follows from thderelectron collisions, of correlation among occupancies of
definition of the noise temperature and from E@?) and  the one-electron states in a degenerate sysgau. 1). Natu-

(19) that the noise temperature measured in the transverg@lly enough, in the electron-temperature case these sources

pp

direction, enter the observable noise characteristics only through the
_2 energy correlation sourcé given by Eq.(26). In other
wr _ (811)eVo words, in the framework of the electron-temperature ap-
Tw)=F 7, (23 o : , :
2kgRe o | (w) proach, additional correlation can reveal itself only in mac-

roscopic samplesyanishing in mesoscopic$n particular,
the use by Kozub and Rudif,while calculating the shot
T(f)(w) =T. (24) noise, of the expressiof8) with term responsible for addi-
tional correlation omittedle factoproves to be justified.
We find that, in the sufficiently wide region of frequencies Each of the source ternis,,, in the case of degenerate
defined by Eq(16), the transverse noise temperature is fre-statistics consist of three summar(dj. (4)]. Accordingly,
quency independeigtvhite noisg. Measurement of the trans- the energy correlation sourc&,. also is a sum of three
verse noise temperature is a direct way to measure the elegems:
tron temperature.

equals the electron temperature:

Aee= A +AZQ + A, (27)
VI. LONGITUDINAL FLUCTUATIONS IN A DEGENERATE where only the term
1) _ (1)
ELECTRON GAS AL = E S (29)
Contrary to the transverse fluctuations, no comparatively PP

simple relation, of the type of Eq20), can be obtained for survives in the limit of the Boltzmann statistics.
longitudinal fluctuations of a current in a degenerate non- Generally speaking, in a degenerate case in nonequilib-
equilibrium state of the electron gas, provided that the heatrium all the terms in Eq4), as well as in Eq(27), should be
ing of the latter with regard to the thermal bathttice) is  taken into accountthough they are not necessarily of equal
more or less arbitrary. The reason is a described-above addiignificance. Away of equilibrium, the energy distribution
tional correlation among the occupancies of the one-electrodiffers from the Fermi-Dirac function. The deviation, though
states, created by interelectron collisions, revealing itself in @mall in the electron-temperature caggee Eq.(10)], is
nonequilibrium stat®-18(see also Refs. 15, 1, and. 9 rather effective in creation of additional correlation thanks to
However, for anondegeneratgas a special and very ad- a high frequency of interelectron collisiofg..< 77, see Eq.
vantageous simplification takes place in the electron(11)]. The relative effectiveness of creation of additional cor-
temperature case, when the inequaliiig$), (16), and(21)  relation in the electron-temperature case for nondegenerate
hold. Namely, the contribution of the additional correlation 3DEG was shown in Ref. 5, for nondegenerate 2DEG—in
to the intensity of current fluctuation spectra is expressible irRef. 9. In a case of a weak inelasticity of the scattering of
terms of the kinetiqtranspor} characteristicg“one-particle  glectrons by the thermal bafEq. (21)], the term Ag was

characteristics” of the electron systefhThis is a specific  expressed in terms of the one-particle kinetic characteristics
feature of the electron-temperature approximation applied to 25
g

a nondegenerate system, enabling, e.g., to express the spec- AW = 2kBT2{ _ &} (29)
tral intensity of longitudinal current fluctuations through the e T-Ty 7

electron temperature and differential conductivitiese Eq. In a nondegenerate case, as was explained above

(20)].
Contrary to this, we claim that for a degenerate electron Afezng:Afg’B: 0, (30)
gas in the electron-temperature approximation only the more
complicated expression for the spectral intensity of Iongitu-an
dinal fluctuations of current density can be derived on the Aces=AS g (31
basis of the equations of fluctuational kinetics. The formula
obtained by us sounds w(hll)le ina degenere}te case the tefm, dpgs not reduce.to
A since the contribution of the remaining terms on right-
g 1 g 1 hand side of ng(27) casn prove to be essential. The structure
52 = 2k Tor 14 T 14 T (C_eT h) of the termsLL ) and L;; is too complicated to leave a hope
(li)s = Vo 1+w?? A5E2\ 7 2kgT for expressing(A2+A%) in terms of the macroscopic

(25) observables—one-particle kinetiq coefficients. In contrast to

a nondegenerate system, the noise and transport characteris-
Here A is the “source” ofcorrelation of energies due to tics of the degenerate system are not directly interrelated
interelectron collisions even in the otherwise rather simple electron-temperature
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case. Intrinsidwo-particle nature of fluctuation phenomena been noticed earliét® for the nondegenerate electron gas.

in the nonequilibrium system with interparticle collisions is Now we see that this feature survives also in degenerate gas,

clearly pronounced in the degenerate case enabling to neglect the additional correlation effect on the
In principle, one can separate the contribution of the adcurrent fluctuations provided that we confine ourselves to the

ditional correlation, i.e., extract the values of the correlationfirst nonvanishing nonequilibrium-correction terms in the ex-

sourcel ., by inserting the results of the noise and transporipressions obtained for the spectral intensity of the current

measurements into Eq@25). Moreover, the difference be- fluctuations, Eqs(25) and(19).

tween the values of the sourck, thus obtained and the By expanding Eqs(25) and (19) in a Taylor series in

values ofAfale) as given by Eq(29) could help to estimate the AT/T, and retaining only two leading terms, we have

actual role of degeneracy in formation of the additional cor- HaT oo AT 24

relation. Indeed, provided that the applicability of the (§j3), =—"—"22241 +T—{1 + 770(1 +—7]°>} ,

electron-temperature approximation is checked indepen- : Vo 0 1+ wzf-zro

dently (this may be a separate taskhe difference between (36)
Aeeand Agle) if obtained from the experimental data, could

be a direct evidence of degeneracy of the electron system and > 2kg Too AT

an indirect measure of the degree of the degeneracy. (01w = TV, 1+ T—O(l +70) |- (37)
VII. NOISE IN A “WARM” DEGENERATE ELECTRON GAS Here 0,=0r=r, is a zero-field conductivity, andy, is the

S ) ) ) zero-field value of the electric sensitivity with respect to
The situation is simplified drastically in the important heating of the electron system:

case of not-too-strong heating of electrons, when the electron _
temperatureT and the temperature of the thermal bdih _ ( d |n0> (39)
differ not too remarkably: =\dinT T:To'

AT=T-Tp<T,. (32 The zero-field value of the electron-temperature relaxation
As was mentioned in the preceding section, the correlaliMe 7r defined by Eq(14) is denoted asro,. ,
i It follows from Eqgs.(17) and(18) that the corresponding

tion source termsL('), vanish at equilibrium, so that the . S .
) ) PP ) expressions for longitudinal and transverse ac small-signal
quantity Ae given by Eq.(26) also vanishes. As a result, the -gnquctivities are

first nonvanishing term in the expansion &f. in a Taylor

series in the strength of the applied electric figlds of the b AT 2
second order in the field: oj(w) =00 1+ T, © 1+7 rw? ||’ (39)
Aee* E?for small E. (33

In the same region of fields in the electron-temperature case o (0)=0= 00[1 +-|—_07/0]- (40)
the excess temperatuteT defined by Eq.(32) is propor- _ o . -

tional to E? (the so-called “warm-electron” regipnlt fol- ~ Let us remind that the validity of the inequalitiésl) and
lows that (16) is indispensable for validity of Eq$36), (37), (39), and

(40).
Aee* AT (34) Now we are in a position to calculate, from the latter

expressions, théongitudinal and transverse noise tempera-
tures of the degenerate warm electron gashe microwave
AT/ITy<1. (35  region, directly measurable experimentally. For longitudinal

A distinctive feature of the electron-temperature case istemperature we obtain

that the coefficient, standing in front of the additional corre- 0 p) = (Ejf)w Vo e +A_ 1+ v

Iatlon sourceA g in the expres_smeS) for the spectral in- @)= 2kgo () —lo To 1 +w27$0 '

tensity of current fluctuations, in the warm-electron reg®n

also proportional to E. Indeed, atquilibrium in the case of

nearly elastic scattering of electrons by the lattit® fluc-  for transverse one,

tuations of the electron temperature and fluctuations of the .2 _2

current(of the drift velocity, or of the total quasimomentum T ) = (5 DoVo _ (G11)oVo _ [ A_T}
: X w) = = - T=Ty| 1+

of the electron systejrare not coupledThe coupling arises 2kgo | (w) 2kg o o

only in the nonequilibrium, at small deviations from equilib- (42)

rium being proportional to the difference of the electron and

lattice temperatures\T. As a result, the contribution of the [see Eqs(17) and(19)].

additional correlation into electric noise appears only as a An important property of the electric noise in a current-

term of the order ofAT?(E?)2. This important physical carrying state is its anisotropic character. The anisotropy of

consequence of the basic inequaliti@¢$) and(21) ensuring the noise temperature is characterized by the ratio

the validity of the electron-temperature approximation hasrﬁ”)(w)/T(f)(w). It follows from Egs.(41) and(42) that

as far as

(41)
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T"(w) AT 73 relation termsA2 and A proves to be indispensable. To
TNt L 22 (43) calculate these effects, in contrast to the effect of the addi-
T~ Tol+w?d N - o -
ional correlation term\ ., one should know the non-Fermi—
that is, the longitudinal noise temperature of the degeneratBirac corrections arising in the energy distribution in the
warm electron gasxceedghe transverse one. nonequilibrium. The correlation sources linearized with re-
We see that, in the electron-temperature approximation a&pect to these corrections in general are not small. This can
low frequencieswro<<1, the anisotropy of the noise tem- be illustrated by the expression for the ter{ﬂe) as given by
peratures in the warm-electron region is determined soleljd. (29), obtained avoiding the explicit knowledge of the
by the coefficient of the electric sensitivity of the systemcorrections in question. The contribution of the terhfgp,
\1/_th respect tto the tne?tmg of EL‘ECF;:;S’ defingd tt)y(Bat)H andL®, does not seem to be essentially smaller than that of
e circumstance that the coefficieng squaredenters the o) . .
ratio of longitudinal and transverse noise temperatures of thg]e termstp,, but this contribution cannot be calculated on
degenerate warm electron gas is also worthy to be emphdhe same lines as the contribution of the terhég,. As a
sized. Indeed, in many important cases the sensitivity coefresult, the analytic calculation of the total effect of the addi-
ficient 7, is rather smal(GaAs, wide-gap semiconductors, tional correlation at higher fields seems to be impossible. In
and their two-dimensional structupest follows that in such ~ such a situation, Monte Carlo analysts. Ref. 43 would be
cases in the warm-electron region in the electron-temperatuféery instructive, as well as the above-mentioned possible ex-
approximation the anisotropy of the noise temperature igraction of the contributions okl and(AZ2+AYY) from the
anomalously small, being proportional t§ independently ~experiment.
of the degree of degeneracy. This is in contrast to the aniso- In many cases, e.g., in GaN and GaN-based structures, the
tropy of the spectral intensity of current fluctuations, as wellwarm-electron region is wide enoughonlinearity of the

as the anisotropy of the ac small-signal conductivity: thecurrent-voltage characteristics is wegakor the noise-
ratio (51-%) /(51'2& as well asc!(w)/o, (), contains the response relation valid in that region to be useful. We have in
w w? l

terms proportional tay,. For the Boltzmann statistics, these mind the situations when the warm-electron region stretches

peculiarities of the noise in a weakly heated electron ga%sI 5 (;[r?gtlgeiEg:ggti\lghsézeit{]eermgnOliiﬁe?\?;llrgssrlgifévegﬁa S#ﬁgrf"s
gae\g bleSegnn do';ced in literature earl{gee Ref. 1, p. 154, and subband and real-space transfer ngis DEG), demanding

i h . he followi . some other approaches. In such cases the electron-
tis worthy to pay attention to the following circum- e mperatyre fluctuations are most interesting just in the

stance. One can see from the structure of the expressiofg,m-electron region. Another note is that the electron sys-
(36), (37), and(39)41) that these expressions de facto areiem, when degenerate at zero-figtjuilibrium) conditions,
valid as far as the inequality being heated by the applied electric field tends to become
nondegenerate. This also means that the region of not-too-
mATIT <1, (44) high e?ectric fields is practically important wghile thinking
rather than the inequalitg5), is fulfilled: the expansion of about the noise in nonequilibrium degenerate electron sys-
the kinetic coefficients and fluctuation characteristics in factems.
takes place in terms of the parameer( 7,/ T). Our main positive result is that, for warm electrons, the
The sensitivity coefficients,, as mentioned above, in macroscopic relations established in the electron-temperature
many actual cases is smélj,<1). In those cases, the para- approximation for nondegenerate statistics in fact are valid
bolic field dependence of the conductivitifsgs. (39) and  independently of the degree of degeneracy as far as electron-
(40)] and fluctuation characteristigEgs. (36), (37), and temperature approximation works. The degree of degeneracy
(41)] occurs in the essentially wider field region than it could cannot be found simply comparing the noise and transport

seem from the first glance. properties of the weakly heated electron system. On the other
hand, this means that experimentalists when using the noise-
VIIL. DISCUSSION response relations should not worry too much about the pos-

sible degeneracy of the electron system in the sample under

We have demonstrated that the degeneracy effects violatevestigation, at least in the warm-electron region. If the
the macroscopic noise-response relationship valid, in thenacroscopic noise and transport characteristics are mea-
electron-temperature case, for the nondegenerate nonequilisared, the validity of the relations in question can be checked
rium electron gas. However, the violation takes place onlyin practice. In other words, one will be able to verify, to
outside the warm-electron region. One can say that, in theome extent, the validity of the approximations leading to
“macroscopic” sense, the degeneraeyeals itselfonly at  those relations. Remarkable deviations would definitely
moderately high applied electric fields. Outside the warm-mean that either the electron-temperature approximation
electron region(of course, provided that the electron systemdoes not work or, if it is independently known that it should
still remains degeneratehe existence of macroscopic rela- work and if deviations appear only outside the warm-
tions between the “one-electron” properties and “two-electron region, that the electron system is degenerate.
electron” (noise phenomena is scarcely probable. Calcula-
tion of the noise characteristics becomes extremely IX. CONCLUSIONS
complicated, because the direct calculation of effects on the The analysis of fluctuation phenomena in moderately
macroscopic noise of the contribution of the additional cor-dense degenerate nonequilibrium gas is performed. Analytic
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expressions for spectral intensities of spatially uniform curnature of the additional correlation created by interelectron

rent fluctuations in two- and three-dimensional electron gasollisions in a nonequilibrium state.

(2DEG and 3DEG® in a degenerate macroscopic spatially However, the obtained macroscopic noise-response rela-
uniform current-carrying sample are obtained in so-calledionship valid for degenerate weakly heated electron system
electron-temperature approximation. The latter approximacan prove to be just what is needed for practical purposes.
tion works when electron scattering by lattice is nearly elasThe results are equally applicable to three- and two-

tic and interelectron collisions shape the electron energy dissjimensional electron gas. Having in mind the actual needs of

tribution. In contrast to earlier investigated nondegeneraignogern microelectronics and nanoelectronics, this circum-
nonequilibrium case, where the macroscopic noise charactefisnce can prove to be essential

istics (spectral intensities of current density fluctuations,
noise temperatures of the electron gagere proved to be
expressible in terms of transport coefficients and electron ACKNOWLEDGMENTS
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