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We show that within the transfer impedance method, the spectral strength of the local noise source
originally defined by Van Vlietet al. [J. Appl. Phys.46, 1804 (1975] should be more generally
replaced by the two-point spectral density of current fluctuations. The theoretical arguments are
further supported by numerical results for the voltage noise spectrum associated with conduction—
current fluctuations in submicrom*nn* structures. The above two-point spectral strength is, in
general, a complex quantity related to fluctuations induced by velocity fluctuations onl{99@
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In a seminal paper, van Vliet allintroduced thérans-  only approximates the right-hand side of E2) correspond-
fer impedance methdd’IM) as the proper two-point internal ing to the two-point spectral density of current fluctuations.
response function, which gives a linear relation between the The aim of this letter is to announce that the above as-
electric-field response and a local current perturbation, thusumption is unnecessary and, as such, can be replaced by the
enabling one to compute the internal field noise spectra origimore general nonlocal definition. In the most general case of
nated from current fluctuations. This method, by generalizinghe total-current conservation equation, by assuming the lin-
the original impedance field method of Shockletyal? has  earity of fluctuations only, the voltage fluctuation between
been widely used during the last decades for noise calculahe structure terminalsgU(t), due to a local conduction
tions in the framework of the drift—diffusion modeliig.  current fluctuationsj4(x’,t') can be written as
The essential role of the TIM was, and actually is, to calcu-
late the total spectrum of voltage fluctuations between the

terminals of a one-port devicg,(w). To this purpose, Ref. Lot o / o
1 made use of the expression ouU(t)=~— fo dx fo dXJO d7G(X,x",7) 8j4(X",t—=17),
L L L (©))
Su(w)=f de dx'J dx"z(x,x",w)
0 0 0
XK(X",w)Z* (x" X", w), (1) where G(x,x",7) is the Green function describing the

electric-field respons&E(x,t) to a §j4(x’,t") which, ac-
cording to Ref. 4, is associated with the coordinate-
dependent fluctuations of the distribution function with re-
K(X,0) 8(x—X")=]n(X,0)jf (X )/ Af, (2)  spect to its stationary valueF(x,t)=Fp(x,t)—F,. By
applying the Wiener—Khintchine theorem and making a time

where Egs.(1) and (2) have been specialized to a one- ayeraging, the spectral density of voltage fluctuations,
dimensional geometry and, retaining the same notation o§ (), is given by

Ref. 1, L is the total length of the device(x,x’,w) the

transfer impedance matrixe., the Fourier transform of the

Green function of the linearized electrical response around L L L L

the bias point jn(X,®) the current-density noise source SU(w):j dxf dx’j dx”f dx"z(x,X",w)

with the asterix denoting complex conjugate, the bar time o Jo 0 0

average under ergodic conditions, ahdl the bandwidth. XK(X" X", @)Z* (X" X", @), %)
The crucial assumption of the above scheme iddhbal

propertyin real space of the spectral strenggtfix, w), which

with K(x,w) the spectral strengthof the noise source de-
fined by Ref. 1 without proof as

whereK(x”,x”, w) is the two-point spectral strength replac-
¥Electronic mail: reggiani@mvxle2.unile.it ing Eq.(2) as
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K(x',Xx ,w)—ZleC(x ,c”",s)expliws)ds st C.nn 5) ;
. :E [ ——— C,(nn+2,5) n=16 4
_ [N : < - C(n, n,s)
—2J' C(x',x",s)exp(i ws < i ’
0 [ ( ) [X w ) -—2 10 I CV(VZ, n+2, s) ]
+C(x",x",s)exp(—iws)]ds, (5) =0
C(x',X",8)=8j4(x",1) 8j¢(X",t+9)", (6) S | 4 »_/,»/‘\.\\
where we have taken into account the transposition property 0p — 'ﬁzf”j . ’ . '] \:{:’::

C(x' x",s)=C(x",x",—s), which directly follows from Eqg.
(6). We stress once more that in deriving E(&—(6), which
generalize previous findings of Ref. 5 to a frequency-
dependent noise source, the only assumption used is that of
the linearity of fluctuations; any assumption concerning thé:LG' :k Cross-correlation functions of conduction-current fluctuations 'in a

. . . L n"nn" GaAs structure at a voltage of 0.6 V calculated by the MC technique
conduction current fluctuations and their origin is absent. . con the celn=16 and the cells (autocorrelation and n+2. The

It is evident that for spatially homogeneous systemsconduction-current fluctuations include number and velocity fluctuations
without current flux, the cross-correlation functions of con-and only velocity fluctuations.
duction current fluctuations between poirtsandx” defined
by Eq.(6) are identical for forward and reverse timesgnd  application of the TIM is performed by means of a closed
—s, respectively, that is hydrodynamic(HD) approacf with input parameters taken

Coon o - from MC simulations. The functio€(x’,x”,s) correspond-

COXT,5)=C(X" X", ). @ ing to the correlation of the local conduction current fluctua-
In this case, one directly obtains from E§) a well-known tions in the structure is calculated directly by using the MC
formula for the spectral density of current fluctuations repretechniqué with the frozen electric-field profil&¢(x). Due to
sented through the cosinus transformation of correspondintihe linearization, in what concerns the coupling between
cross-correlation function's® In the general case, E7) is  fluctuations through the self-consistent electric field, two
invalid andK(x',x",w) is described by a complex quantity possible definitions forsj4(x,t) can be used to calculate
whose imaginary part reflects the violation of the spatio-C(x’,x”,s). A first one is to definesj4(x,t) as originating
temporal symmetry. from both electron number and velocity fluctuations; we will

We remark that Eq(1l) is recovered from Eq(4) for  denote the associated cross-correlation function as
8(x—x") correlation of the current fluctuations only, i.e., C,,(x’,x",s). However, since fluctuations of the electron
when the two-point spectral strength is approximated by Egnumber around a given position are induced by velocity fluc-
(2). However, the spatial correlation of the current or veloc-tuations, a second and more plausible definition is to take
ity fluctuations always exists. The physical origin of the non-§j4(x,t) as originating only from velocity fluctuations; we
local property of the two-point correlator is associated withwill denote the associated cross-correlation function as
the time and space operators of the Boltzmann equation, &,(x’,x",s).
formulated analytically in Sec. 2 of Ref. 4. Accordingly, In order to evaluate Eq6), then*nn™ structure is di-
even if the scattering process is Markovian in phase spacéded into 26 cells of 500 A each. The cross correlations
(local and instantaneous collision linitit is the time and between different cells, m, C,,(n,m,s), andC,(n,m,s),
space kinetics which make nonlocal the equation governingre calculated and then introduced into E%).to obtain the
the distribution function correlator, and in turn, the correla-two-point correlator. An example of such cross-correlation
tion function of current density fluctuations. Furthermore, thefunctions, calculated by means of the MC technique, is given
existance of two-point cross-correlation of current fluctua-in Fig. 1. The correlations correspond to the gl 16 (in
tions was analytically investigated in Refs. 4 and 6 and hashe active region near the angdeith the cellsn (autocorre-
been recently calculated by Monte CafMC) simulations lation) and n+2. While in the case of the autocorrelation
for both homogeneodsind inhomogeneofistructures. The function C(n,n,s), the time-reversal simmetry is preserved,
correlation takes place within mean-free-path distances. Fan the cross-correlationC(n,n+2,s), this simmetry is
example, inn-type GaAs, this distance is of about 0.1-0.5clearly broken, the correlation being more pronounced for
um at room temperature. positive times in accord with the forward displacement of the

Let us note that Eq(l) remains a good approximation carriers. The cross-correlation functions peak at the average
even in the presence of the above spatial correlation, praime spent by carriers to cover the distance between cells
vided the transfer impedance is a slowly varying functionwithout undergoing any scattering mechanism. Important
within the spatial correlation lengttusually, this happens in differences can be observed whether number and velocity
long devices fluctuations are considered #] 4(x,t) or only velocity fluc-

For the numerical results, we apply the nonlocal theorettuations are taken into account. The time dependence of the
ical framework for the calculation d§,(w) to the case of a correlations is quite similar for both cases. However, in the
0.3-0.6-0.4um n*nn* GaAs structure with doping levels former case, the correlation is practically negligible for nega-
n=5x10%cm 2 and n* =10 cm 2 at T=300K for a tive times as compared with positive times. On the contrary,
voltage of 0.6 V. Abrupt homojunctions are assumed. Then the latter case, the correlation is always important and
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only velocity fluctuations are accounted for. This agreement
validates the formulation of the TIM, including spatial cor-
relations presented here, and supports the conjecture that the
most appropriate noise source is that related only to velocity
fluctuations. When also number fluctuations are included in
the correlator, the expected relevant overestimation of the
noise, over a factor of 5, is observed. When spatial correla-
tions are neglected and a local source of noise is considered,
the results of the corresponding TIM are found to signifi-
cantly overestimate the noise for about 40%. Finally, we
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require the spatial nonlocality of the two-point correlator,
Frequency (GHz) and full agreement between HD and MC approaches is ob-

tained.
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