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We survey recent results on electronic noise in nanostructu¡ed devices. Three kinds of
excess noise referring to hot-carriers in submicron n*r¿r¿* diodes, shot noise in meso-
scopic structures, resistance fluctuations in thin film conductors, a¡e considered. The
influence of down-sizing on fluctuations is illustrated in each case.

1". Introduction

Noise is a key feature of any electronic device because it gives the intrinsic limit
of the performance through the signal-to-noise ratio figure of merit. However, be-
sides hindering the signal detection, noise is also a relevant probe ofthe microscopic
phenomena at hand, thus providing information not otherwise available from the
study of average quantities, like conductance. When moving toward nanostructures
new phenomena were found to arise so that innovative concepts should be intro'
duced. Here we summarize what we consider to be the three main issues which are
addressed to date in research and development.

2. General deffnitions

To properly address the subject, we briefly introduce a general scheme in which
electronic noise can be analyzed by providing a classification of different types of
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noise. The basic quantity describing the noise of a two terminal device is the
spectral density at frequency / of the fluctuating quantity o, S,("f), where a can
be conveniently chosen to be the current 1, or the voltage I/, or the resistance .rQ.
By considering current fluctuations, S¡(/) can be conveniently decomposed into
a thermal and an excess contribution. The thermal contribution is Nyouist noise
which in its quantum form reads I
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where K is the Boltzmann constant, 7 the bath temperature, Y(/) the small signal
admittance and l¿ the Planck constant. We remark that the Nyquist noise does
not provide any new information that is otherwise available from the knowledge
of the admittance, and its zero frequency value vanishes at T : 0. By contrast,
the excess noise, which is detectable only in the presence of a net current, provides
new information and differs from zero also at T : 0. The excess noise can be
decomposed into the sum of three terms namely: hot-carrier, shot and resistance
noise, whose expressions are reported below
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where q is the electron charge, ,L the length of the device, D the diffusion coefficient
depending on the electric field E, "y the Fano factor, Bi the strength of the fluctuat-
ing quantity characterized by lifetime z¿ (e.g. number, mobility, defects, etc.), and
C the strength of 1fl noise.

3. Diffusion noise in submicron nlnn* structures

With reference to a simple n+nr¿+structure the problem we face is how to calculate
diffusion noise when the length of the n region Ln - lin, /¿. being the inelastic
mean free path. Indeed, the standard impedance field 2 (IF) based on velocity
fluctuations gives for the voltage spectral density:
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whereYZ is the IF and, within a local approximation, the current correlator.Si¡
reads

S¡i(n,r' , f) - aAq2n(r)D(x, f)6(x - r'). (6)

The drawbacks of the standard IF remain: (i) how to calculate S¡i(r,rt,/) beyond
the local approximation, (ii) the lack of the dual property (no standard admittance
field (AF) is defined). Fig. 1 illustrates the above drawbacks by reporting different
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Sv(/) calculated 3 by using different nonlocal noise sources within the standard IF
method for a 0.3-0.6- 0.4 pm GaAs n+nn+ structure with n : b x 1015 and n+ :
5 x 1017 cm-3 at ?:300 K and u :0.6 v. To agree with exact Mc calculations
3, a current correlator accounting only for nonlocal velocity fluctuations should be
used, otherwise an unphysically large noise is obtained. The above drawbacks are
overcome by introducing the generalized IF based on acceleration fluctuations a.
according to which Eq. 5. is reformulated as:

daY Zo(r, f)V Zil@, ¡)5.6@)

where, within a hydrodynamic Langevin approach, a, B stand for the velocity u
and energy e entering the conservation equations, yzo,B are the generalized IFs
related to the small signal response to velocity or energ-y perturbations, and ,Su¡
is the spectral density of the Langeün source. The advantages of the above genei-
alization are: (i) the noise source s"¡@) is white and spatially local, (ii) the dual
representation is made possible by the AF Vy.(r, /) as:

daVYo(r, ¡)Vy[ (r, ¡) S "¡@)

where VYo(n,f) : YZo(r,f)/Z(f), Z(f) being the smail signal impedance of
the device. Fig. 2 illustrates the advantage of the generalized IF by showing the
excellent agreement with the MC calculations for the same structure of Fig. 1.
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Fig. l. spectral density of voltage fluctua-
tions of t|,e ntnn* GaAs structure described
in the text calculated by using different tech-
niques: MC simulation (-), IF method ne-
glecting spatial correlations ( "), IF method
including spatial correlatior¡s and considering
a noise source related to number and velocity
fluctuations (- - -) and only to velocity fluc-
tuations (- -).
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Fig. 2. Spectral density of voltage fluctua-
tions and its three microscopic contributions
corresponding to ,S¿¿, S¿¿, Se¿ (respectively
curves I to 4) together with Su(/) obtained
directly by MC simulatio¡rs of the same struc-
ture in Fig.  I  at  U :0.6 V (curve 5) .
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4. Shot noise in nanostructures

Shot-noise comes from fluctuations due to the discreteness of electrical charge, and
its expression was given in Eq. 3. The Fano factor 7 probes the correlation between
different current pulses. ? : I corresponds to full shot-noise (absence of correla-
tions), 7 < 1 to suppressed shot-noise (negative correlations), and "y > 1 to enhanced
shot-noise (positive correlations). Here we focus on suppressed shot-noise, a well-
known phenomenon since the times of vacuum tubes 5. A breakthrough started
when the suppression phenomenon was observed in resonant tunneling diodes 6.

Then, other devices exhibiting shot-noise suppression were found, e.g. mesoscopic
conductors, non-resonant tunneling structures, etc. Physical mechanisms responsi-
ble for suppression are: long range Coulomb interaction (space charge), Pauli prin-

ciple, tunneling processes, inelastic collisions, fractional charge, etc., as recently re-
viewed by some of the authors 8. In the following we consider the case of mesoscopic
structures for which the following inequality holds }¿"rrostie 11 l¿¿ < L << la, l"t
being the elastic mean free path. An interesting suppression factory : 1/3 was
found for the following different conditions. (i) coherent, degenerate transport. Here
the transport is described by a transmission eigenvalue Q of the i-th eigenmode and
it is found 7

where the sums run on all modes N with energies between the chemical potentials
of the left and right electrodes. The origin of the 1/3 value stems from the bimodal
shape of the probability distribution of transmission eigenvalues, P(?), given by
P(") c< ll[T\rc=T'i. (ii) incoherent, degenerate transport. Here the transport
is described by the Boltzmann-Langevin equation and it is found e
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The origin of l/3 under qV >> KT stems from Pauli principle. (iii) degenerate,
sequential tunneling. Here the transport is described by the tunneling probability

I and for a given number n of barriers it is found 11

(10)

( 1 1 )r : ] t r +

The origin of 1/3 under 7? + oo stems from Pauli principle.
(iv) non-degenerate transport. Here Monte Carlo simulations 10 show:

K T G o < N >
T _ 3  q , I < N > o

(r2)

where Ge is the low voltage conductance, and < N )e, ( N > the number of carri-
ers inside the device in the absence and presence ofthe applied voltage, respectively.
The origin of 1/3 under qV > KT stems from electrostatic interactions.
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Flom the above it is argued that the 1/3 value ofthe suppression factor 7 in diffusive
conductors is an ubiquitous phenomenon. Experimental evidence of the reduced
shot-noise Ievel close to the predicted 1/3 value was given in diffusive mesoscopic
conductors under degenerate conditions 12.

A second interesting case of shot-noise suppression is found from Monte Carlo
simulations of single and multibarrier GaAs/ AlGaAs heterostructu."r 13,14, as re-
ported in Fig. 3 for the case of four barriers. Here the Fano factor is found to
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Fig. 3. Potential profile (solid line), and dis-
tribution of electron kinetic energy (points) for
a voltage of O.2 V applied to the four barrier
diode studied here at T = 77 K and with a
contact doping concentration of 1gr7 " -3.

Fig. 4. Fano factor vs bias voltage for one,
two, three and four barrier structures obtained
from direct MC calculations.

be significantly below I for u > 0.2 v, as shown in Fig. 4. In the single barrier
diode shot noise at high voltages is suppressed more than predicted by the binomial
distribution, while at the lowest voltages it recovers a nearly full shot-noise value.
In the double barrier diodes shot noise is strongly suppressed to a minimum value
of 0.5 at low voltages in reasonable agreement with the analogous degenerate case
of resonant and nonresonant tunneling. By increasing the number of barriers shot
noise is further suppressed, the maximum suppression value following a t/(N+i)
behaüou¡ with N the number of barriers. The mechanism of suppression is based
on the confinement of electrons in each well due to inelastic scattering through
polar-optical phonon-emission.

5. Resistance fluctuations in thin film resistors

Resistance fluctuations in thin film resistors are modelled by a random resistor net-
work, where the steady-state condition occurs via two competing mechanisms, a
defect generation and a defect recoverf balancing each otherl5. within a biased
percolation model, 16 Monte Carlo simulations found that the resistance fluctua-
tions increase with increasing current, see Fig. 5. The noise associated with these
fluctuations becomes nonlinear when the current increases above a threshold value,
see Fig. 6. Moreover, it increases up to a power 8 of the macroscopic resistance.
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t (a.u.)

Fig. 5. Typical fluctuations of the resistance

for the case in which recovery of defects allows
for stationary conditions. Lower and upper
signals refer to low and high current values,

low 0.18 A,  h igh r .8 A.

Fig. 6. Normalized variance of resistance

fluctuations versus stress current .I.

Interestingly, the model yields breakdown of the macroscopic resistance for high

currents, which is preceded by non-gaussian behaviour of the fluctuations. There-

fore, this kind of noise is a sensitive indicator of reliability and precusor of failure

as found in electromigration experiments 17.

6. Conclusions

When scaling down the dimensions of devices towards the nanometric scale, excess

noise is found to probe microscopic interactions, characterize devices, and monitor

reliability features. New phenomena at the nanometric scale lengths are nonlocal

effects of diffusion noise, suppressed shot-noise, fluctuations associated with defec-

tiveness. Several theoretical approaches provide insight of the above phenomena

with particular reference to: generalized impedance fields, Landauer-Buttiker for-

malism, Boltzmann-Langevin formalism, Monte Carlo simulations and percolation

models. Overall the control of noise characteristics remains a mandatory issue in

advancing the frontiers in electronics.
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