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We present a theoretical investigation of shot-noise suppression due to long-range Coulomb interaction in
nondegenerate diffusive conductors. Calculations make use of an ensemble Monte Carlo simulator self-
consistently coupled with a one-dimensioriaD) Poisson solver. We analyze the noise in a lightly doped
active region surrounded by two contacts acting as thermal reservoirs. By taking the doping of the injecting
contacts and the applied voltage as variable parameters, the influence of elastic and inelastic scattering in the
active region is investigated. The transition from ballistic to diffusive transport regimes under different contact
injecting statistics is analyzed and discussed. Provided significant space-charge effects take place inside the
active region, long-range Coulomb interaction is found to play an essential role in suppressing the shot noise
atqU>kgT. In the elastic diffusive regime, momentum space dimensionality is found to modify the suppres-
sion factory, which within numerical uncertainty takes values respectively of about 1/3, 1/2, and 0.7 in the 3D,
2D, and 1D cases. In the inelastic diffusive regime, shot noise is suppressed to the thermal value.
[S0163-182609)02128-1

[. INTRODUCTION shot noise is receiving renewed attention. In particular, being
a signature of correlations among particles, the phenomenon
Shot noise is caused by the randomness in the flux obf suppression has emerged as a subject of relevant interest.
carriers crossing the active region of a given device, and i§he suppression has been predicted theoretically as a conse-
associated with the discreteness of the electric chiargat  quence of Pauli exclusion principle under strongly degener-
low frequency(small compared to the inverse of the transitate conditions in very different situations. In the ballistic
time through the active regiofi<1/7;, but sufficiently high  regime, shot noise is completely supprededue to the
to avoid 1f contributions the power spectral density of shot non-fluctuating occupation number of incoming states. In a
noise is given by5,(0)=y2ql, wherel is the dc currentg point contact, a peak in the noise is predicted in between the
the electron charge, ang the suppression factor. Uncorre- conductance plateafisn symmetric double-barrier junctions
lated carriers exhibiting Poissonian statistics are known to ba 1/2 suppression factor has been theoretically explained by
characterized by a full shot-noise powey=t1). However, different authors=*?In the case of elastic diffusive conduc-
correlations between carriers can reduce the noise, leading tors, a 1/3 reduction of the noise has been calculated for
suppressed shot noise with<1. Several interactions and noninteracting electrons;**>*#while in the case of strong
mechanisms can introduce correlations among carriers, thuectron-electron scattering the value of the suppression fac-
giving rise to different levels of suppressidbmhich can pro-  tor is v3/4.1%1° Finally, when the devices become macro-
vide valuable information concerning the carrier kinetics in-scopic and inelastic processes are present, like scattering
side the devices not available from dc characteristics or lowwith phonons, the noise is expected to reduce to the thermal
frequency conductance. value!”*® Remarkably, many of these predictions have been
In ballistic systems, like vacuum tubes, shot noise isexperimentally confirme®==°thus opening new and inter-
known since the seminal work of Schottkgnd well under-  esting perspectives. Within this scenario, the understanding
stood in terms of the Poissonian statistics of injected carrierof the physical mechanisms originating shot noise and its
Within this model, shot noise has been investigated also isuppression in mesoscopic conductors, and more generally in
several nonuniform devices like Schottky diodes, p-n juncssmall-dimensional devices, is a field of growing interest.
tions, tunnel diodes, efcin contrast with these ballistic or Most of the theoretical works carried out so far consider
quasi-ballistic structures, in macroscopic devices, wherelegenerate conductors, where the Pauli exclusion principle
scattering mechanisms with phonons, impurities and otheplays a major role, and neglect long-range Coulomb interac-
carriers determine the transport properties, shot noise is néion among carriers. The influence of this interaction is
usually detected and noise levels close to the thermal valuenown to be relevant to the noise reduction since the times of
are typically measurein the frequency range beyondfl/ vacuum tubes! and its possible role in the case of meso-
and generation-recombination contributinns scopic sampléd has been repeatedly claimed by
With the recent development of mesoscopic conductors,andauer®-3° However, only recently some works, always
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dealing with degenerate conductors, include explicitly long-

range Coulomb interactidhand analyze its influence on the ng s v Y nc

high-frequency spectrum of shot nofe*? A systematic Poissonian Poissonian|

analysis of shot-noise suppressiomiondegenerateonduc- Contact 1 | Tnjection N, injection | Contact 2

tors with the inclusion of Coulomb correlations is still lack- thermal — o = thermal

ing. o :: Active region : o
Coulomb interaction can affect noise in two main ways. | “®e™™ equilibrium

On the one hand, being responsible for total current conser- x=0 x=L

vation, it leads to local voltage fluctuations which try to pre-
serve charge neutrality and as such may influence the currenflG. 1. Schematic drawing of the structure under investigation.
noise'®320n the other hand, being a repulsive force, it tends
to space electrons more regularly than a Poissonian statisticslear whether the different approaches are equivalent, and
thus reducing the possible noise present in the currentflux. the reappearance of the 1/3 factor could be just a numerical
This regulation of the electron motion is particularly evidentcoincidence, as critically asserted by Landalierlere the
in the case of ballistic transport, which was investigated un-1/3 suppression factor appears in another unrelated context
der nondegenerate conditions in previous wdfké®How-  where neither phase coherence nor Fermi statistics are
ever, to our opinion, the role of Coulomb interaction in sup-present. In our case the origin of the effect is completely
pressing shot noise in the presence of scattering is still natlassical, and the correlation between electrons comes just
well assessed. Here two issues are of main condérthe  from their Coulomb repulsioft’ Moreover, we show that the
determination of the noise reduction under elastic diffusivel/3 value only appears when a 3D momentum space is con-
conditions, andii) the understanding of the progressive dis-sidered. In the 2D or 1D cases different factors are obtained,
appearance of shot noise when passing from the mesoscogltough the physical mechanism of suppression remains the
to the macroscopic scale of conduction under the influence ggfame. To this purpose, an analytical theory which explains
inelastic processes. this dependence of the suppression factor on the dimension
The aim of this paper is to shed new light on the aboveof momentum space has been recently developed by
issues by investigating microscopically shot noise and it$eenakkeP? Finally, we also illustrate the essential role
suppression imondegenerate conductors in the presence oplayed by Coulomb interaction for the suppression of shot
elastic and inelastic scattering and long-range Coulomb in-noise by inelastic scattering, as already stressed by
teraction Our approach differs from those typically used to Biittiker >
analyze noise in mesoscopic systems. Calculations are based The outline of the paper is as follows. In Sec. Il we dis-
on an ensemble Monte CarldMC) simulation self- cuss the physical model used for the structures under analy-
consistently coupled with a Poisson solM&9. Here the sis. Section Il presents the results of shot-noise suppression
scattering mechanisms and the fluctuations of the selfwith reference tdi) the crossover between ballistic and dif-
consistent potential are intrinsically accounted for. In addifusive transport regimesii) the elastic and inelastic diffu-
tion, the approach can analyze different voltage-bias condisive regime, andiii) the role of momentum-space dimen-
tions, ranging from thermal equilibrium to high electric fields sionality. In Sec. IV the main conclusions and future trends
necessary for shot noise to manifest itself, without the diffi-are briefly surveyed.
culties that other methods meétWith this approach we

inyestiggte shot-noise suppressiqn_under the fpllowing con- Il. PHYSICAL MODEL
ditions: (i) crossover between ballistic and diffusive transport _
regimes and different carrier injecting statisti@g), diffusive For the present analysis we consider the simple structure

transport regime under elastic or inelastic scattering,(@ind shown in Fig. 1. It consists of a lightly doped active region
3D, 2D, and 1D momentum space. A MC simulation of shot-of a semiconductor sample sandwiched between two heavily
noise suppression in a 1D mesoscopic conductor was pefloped contactgof the same semiconducjowhich act as
formed in Ref. 46. There, the effect of Pauli exclusion prin-thermal reservoirs and inject carriers into the active region.
ciple in the presence of elastic and inelastic scattering in dhe sample is assumed to have a transversal size sufficiently
completely degenerate sample was analyzed, but Coulonibick to allow a 1D electrostatic treatment in tkedirection
interaction was neglected. and to neglect the effects of boundarieyiandz directions.
Despite the fact that the physical system we analyze ighe doping of the contacts, is taken to be much higher
nondegenerate, some of the results we get coincide witthan that of the active regioNp . The carrier density at the
those obtained in degenerate systems by using other apentacts corresponds to their doping concentration; all impu-
proaches. In particular, it is specially surprising that we findrities are assumed to be ionized at the temperaflire
the sameuniversal1/3 value for the shot-noise suppression=300K considered here. The contacts are assumed to have
factor under elastic diffusive reginfé.This 1/3 value has no voltage drop inside and to remain always at thermal equi-
been obtained by very different theoretical approaches, goinlijprium. Accordingly, when a voltagéJ is applied to the
from quantum-phase-coheréhtto semiclassical-diffusive structure, all the potential drop takes place inside the active
degenerate modets:**46The universality of this factor has region, between the positions=0 andx=L. The transport
been demonstrated both in quanfi#f and semiclassical analysis is carried out by simulating the carrier dynamics
contexts>°! In all these cases degenerate conditions are asnly in the active region of the structure by using an en-
sumed, and the noise reduction comes from the regulation cfemble MC technique self-consistently coupled with @PS.
electron motion by the exclusion principle. However, it is not The influence of the contacts is included by means of a sto-
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chastic injection rate taking place at positioxs 0 andx  the results remain the same. The average number of simu-
=L. The simulation is 1D in real space, the Poisson equatiotated particles in the active region ranges between 50 and
being solved in the directior of the applied voltage. Typi- 2000 depending on contact doping, transport regime, and
cally, a 3D momentum space is considered. However, to anapplied voltage. From the sequence of instantaneous values
lyze the influence of dimensionality on the noise suppresof the currentl (t) obtained from the MC simulatidd we
sion, a 2D and 1D momentum space is also considered ifirstly calculate the autocorrelation function of current fluc-
some specific caseStatic (i.e., frozenelectric field profile  tuationsC,(t), and then, by Fourier transformation, the spec-
anddynamicPS schemes are used to analyze the importanceal densityS,(f). The suppression factor is then evaluated
of Coulomb correlations. The details of the MC modelingas y=S,(0)/2ql. To distinguish between the results ob-
can be found in Refs. 43 and 45. tained from the static and dynamic PS, we denote the corre-
For the calculations we have used the following set ofsponding current spectral densities sand S, respec-
parameters: carrier effective mass=0.25my, dielectric tively.
constante =11.7z4 (¢o being the vacuum permittivily L Unless otherwise indicated, calculations make use of a
=2000 A, n. ranging between 2cm 3and 168cm™3, and  Poissonian-Maxwellian contact model for carrier injection,
Np= 10" cm3. The injection rate at the contacis, is pro-  described in detail in Ref. 45, which appears to be physically
portional ton, and determines the level of space charge inplausible under nondegenerate conditions. However, to ana-
side the active region, which is characterized by the dimenlkyze the influence of the contact injecting statistics on the

sionless parametey, defined a&° noise behavior, alternative models are also used. In particu-
lar, for the injected carriers we considéi) fixed velocity
L instead of Maxwellian distribution andii) uniform-in-time
A= |__DC’ @ instead of Poissonian injection. In ca8g¢ we consider the

same injection raté’ as in the basic model, but all carriers
whereL .= \ekgT/g?n, is the Debye length corresponding are injected with identicat-velocity v, = \/wkgT/2m, which
to the carrier concentration at the contacts. In present calcworresponds to the average velocity of the injected electrons
lations N takes the minimum value of 0.15n{ when they follow a Maxwellian distribution. In case) car-
=10"%cm %), for which the effects of Coulomb repulsion riers are injected into the active region equally spaced in
between electrons are practically negligible, and the maxitime at intervals of 17.
mum values of 30.9 f;=4x10cm %) and 48.8 .
=10"%cm %), for which quite significant electrostatic
screening takes place.

As already indicated, the structures we consider contain  The main results of the present work are organized as
space charge in the active region, and thus total charge nebllows. Subsections A and B pertain to a 3D momentum
trality is ensured by the external circuit, here represented bgpace while subsection C is devoted to 2D and 1D momen-
the contacts. In our model, due to the very high valueof tum spaces. Most of the reported results refer to high values
as compared tdlp , all the band bending is assumed to takeof the space-charge parameieftypically A =30.9), which
place exclusively in the active region under any appliedimplies the presence of significant effects related to long-
bias>* For the same reason, any possible influence of theange Coulomb interaction in the active region of the
applied voltage(especially for high valugson the contacts structures® The essential influence of on the suppression
and, consequently, on the injection rdtgis neglected. Ac- factor yis analyzed at the end of subsection B. We recall that
cordingly, the boundary condition for carrier injection is de- elastic and inelastic scattering are considered separately in
scribed through a constaht whose value is determined by the simulations. In no case both types of scattering are taken
n.. With this ideal model for the contacts, the structure actdnto account simultaneously.
similarly to a vacuum tubéwith T' regulated byn.)®® with
the relevant differences thati) scattering mechanisms can
take place, andii) two injecting contacts, and therefore two
opposing currents which flow in the presence of a medium, The behavior of noise in the crossover from ballistic to
are considered. diffusive transport regimes is analyzed under far-from-

Scattering mechanisms are introduced in the simulation irquilibrium conditions U>kgT/q), since these are neces-

a simple way by making use of an energy independent relaxsary for the manifestation of shot noise. The dependence of
ation time 7. We consider separately elastic and inelasticnoise on the applied voltage for the perfect ballistic regime
(completely thermalizing interactions, both taken to be was already reported in Ref. 45 and for the perfect diffusive
isotropic?’ While L remains constant, the value ofis ap-  regime it will be analyzed in the next subsection.

propriately varied from 10 ps to 1 fs thus covering both the Figure 2 reports the variance of carrier-number fluctua-
ballistic and diffusive transport regimes. The transition be-tions normalized to the average carrier numb&N2)/(N)
tween these regimes is characterized by the ratio between tlag a function of//L. The values taken by the variance are
carrier mean free path’ and the sample length. Typical  found to be practically independent of the transport regime.
values of the time step and number of meshes in real spacehe results of the elastic and inelastic cases are very similar;
used for the PS are 2 fs and 100, respectively, except for thiey contrast two different values are obtained depending on
cases whernr<<5 fs for which the time step is taken of 0.2 fs. the scheme of the PS used in the calculations. When the
As test of numerical reliability we have checked that by re-static PS is considered, within numerical uncertaihty is
ducing the time step or by increasing the number of meshefound that(AN?)=(N) in all the range of//L reported.

IIl. RESULTS

A. Transition ballistic-diffusive regimes
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FIG. 2. Variance of carrier number inside the active region nor-  FIG. 4. Shot-noise suppression factor vs ballistic paraméter
malized to the average carrier number vs the ballistic parametefor the cases of elastic and inelastic scattering at different applied
/ZIL for an applied voltage obl =40kgT/q. Calculations are per- voltages. Calculations are performed by using the dynamic PS
formed by using static and dynamic PS schemes, and considerirgcheme.

elastic and inelastic scattering mechanisms. . . . . .
elastic and inelastic case%(0) calculated with the static PS

coincides exactly with g1,°® thus leading to the conclusion
’hat even in the presence of intensive scattering processes
g(no matter elastic or inelastic), the stream of uncorrelated
arriers exhibits full shot noise behavior like in the perfect
allistic regime On the contrary, with the dynamic F5(0)
és systematically lower thandd, thus evidencing a suppres-
Sion effect. Here, as expected, elastic and inelastic curves
Ecover the same value in the ballistic limit, the suppression

Therefore, in the absence of dynamic Coulomb correlationst
the carrier number follows a Poissonian statistics. In the per

fect ballistic regime this is a consequence of the injectin
statistics at the contacts. In the diffusive regime this is due t
the effect of the randomness introduced by scattering, inde-
pendently of its elastic or inelastic property. Because of th
Poissonian statistics observed for the carrier-number fluctu
tions, no shot-noise suppression is expected within the stat

PS scheme. On the contrary, when the dynamic PS scheme ging caused by the fluctuations of the potential barrier near
used, we clearly observe a sub-Poissonian behavior witH'€ cathodéinduced by the space chajgehich controls the

(AN?) being about a factor of 0.4 lower thaiN); thus current in this regimé>-%°By approaching the perfect diffu-
shot-noise suppression is expected. sive conditions, the suppression remains active, more pro-

Figure 3 reportsS,(0) normalized to ls, with |s=qT nounced in the inelastic case, and is related to the joint action

the saturation current of the cont4etunder the same con- of the Coulomb Tep“'SiO” and the presence of scatte_ring.
ditions of Fig. 2. Here the evolution of the current in terms of W& Now consider only the dynamic PS scheme. Figure 4

2ql is also shown. This evolution exhibits two limiting be- reportsy as a function o#/L for_ sgveral_ values of the_ ap-
haviors, namely: saturation at/L=10"1, typical of a bal- plied voltage. In the perfect ballistic regime the two distinct
listic or quasi-ballistic regime; and linear decrease/at values ofy so found refer to the presence or absence of the

=10 2 as//L—0, typical of a diffusive regime. In both the potential barrier due to space chaf&or U=40kgT/q the
’ barrier is still present and the suppression is important. For

. — — U=80 and 10@zT/q the barrier has already disappeared;
10° E 2=30 9 B D accordingly the current saturates and the suppression factor
EU—;O k‘ T/ B ] takes on the full shot-noise value. When the diffusive regime
101 L . /4 A4 is achieved, in the elastic cageattains a constant value at
F further decreasing of /L, and takes the same value of about
] 1/3 independently of the applied voltage. On the contrary, in
E the inelastic case the higher the applied voltage the lower the
] value whichvy is found to take. Remarkably, when the bal-
i listic regime is abandoned the value6fL at whichy starts
- dg;?i’zuc M decreasing is the same in the elastic and inelastic cases for a
I - 2q1 1 given applied voltage(/L~0.3 and 0.1, for 80 and 100
104 e ‘ kgT/q, respectively. However, when the diffusive regime is
103 102 10! 10° 10! approached, foly to become constant a lower value OfL
must be reached in the inelastic case with respect to the
t/L elastic one. This behavior can be explained in terms of the

FIG. 3. Low-frequency spectral density of current fluctuations different elastic and inelastic scattering intensity required by
normalized to 2jIs vs the ballistic parameter/L for an applied the electron system to achieve a significant energy equipar-
voltage ofU =40k T/q. Calculations are performed by using static tition into the three directions of momentum space.
and dynamic PS schemes, and considering elastic and inelastic scat- TO better illustrate the above features, Fig. 5 shows the
tering mechanisms. The dependence of the current throgghis2 ~ spatial profiles of the total average energy and its three con-
also plotted for comparison. tributions along the, y andz directions of momentum space
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elastic
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> 11 £/L=2.69x10" FIG. 6. Shot-noise suppression factor vs the ballistic parameter
~ T=10""5s pp p
Z £/L=538 A=30.9 /ZIL for an applied bias ofJ=40kgT/q calculated with different
g ! : contact models. Calculations refer to the dynamic PS scheme con-
g U=100 k, T/
B 54 sidering elastic and inelastic scattering.
0 ; :
14 . .
o [Tmlos T-10"s that y already takes the value 1(&ig. 4). However, in the
% [#/L=538x10 4
O = 3.38x -4 . . .
E50 /'\ 7L = 5.38:10 inelastic casg¢Fig. 5(b)], for the same value of /L the en-
5 e ergy in thex direction is still significantly higher than that in
L 3 the other two directions of momentum space and, as a result,
0 v has not still reached its constant valiwehich corresponds
00 02 04 06 08 10 02 04 06 08 1.0 to thermal noise, as shown lateand continues decreasing.
x/L x/L These results confirm that thermal conditions, and therefore

) ) thermal equilibrium noise, are not reached until the inelastic

FIG. 5. Spatial profiles along the sample of the total averagescattering time is so short that the energy gained by electrons
energy and its three contributions in tRey, andz Q|regtlons of in a mean free path is much lower than the thermal energy,
momentum spgce for several_ values of the scattering titaad of ¢ already indicated by Landad&r.
;he a;ssoluatt_eer/ L)tt The ap%hetd YOlfagf b= tltoc_kBT/ 9. (@ re- To analyze the role played by the modeling of the contact
ers to elastic scattering ariB) to inelastic scattering. injection on the suppression of noise, Fig. 6 reportas a
for several values of in the elastic and inelastic cases at function of //L calculated using four different models. They
U=100kgT/q. For the longest, the total energy practically combine  Poissonian/uniform injecting statistics ~and
coincides with the energy in thedirection independently of Maxwellian/fixed-velocity distribution of the injected carri-
elastic and inelastic cases, since the transport is nearly ba's. The Poissonian-Maxwellian injection is the basic one
listic. In the case of elastic Scatteririgig_ aa)], as 7 is used in calculations. In the perfect ballistic regime, when
shortened the energy in thedirection decreases while that Carrier transport is deterministig; crucially depends on the
in the other two directions increases, in such a way that théjéction model. Thus, in the case of the uniform fixed-
total energy remains constant, as follows from elastic condivelocity model, when the injection introduces no extra noise
tions. By further shortening, the energy in the three direc- in the current flux,y is found to decrease linearly with the
tions becomes finally the same and equipartition condition igncrease o’/L. The noise does not vanish completely since,
achieved. In the inelastic ca$€ig. 5(b)], equipartition of unless//L—, there is always some probability of under-
energy is also reached, but only at the shortesthe fact 90ing a scattering event. In this limit, when the noise is
that energy equipartition is more easily reached in the elastifroduced just by a few scattering events, it is clearly ob-
than in the inelastic case is understood as follows. The ocServed that elastic interactions lead to more important current
currence of an elastic scattering distributes to yhandz ~ fluctuations than inelastic mechanisms. By approaching the
directions part of the energy that the carrier initially had inPerfect diffusive regime the suppression factor is found to be
the x direction, so that the energy tends to equalize in thdndependent of the model used. We conclude thatnoise
three momentum components. However, for the case of ati the diffusive regime (and particularly tHg3 suppression
inelastic scattering only the energy in the direction Vvalue ot_)taine_d in the elgst!c diffus_ivg case) is inde_pendent of
changes, since the energy in theand z directions always the carrier injecting statisticsand it is only determined by
corresponds to that of the thermal equilibrium distributionthe joint action of scattering events and Coulomb correla-

(3kgT). This means that for a given applied voltage, at|ons.
higher number of scattering evenfise., a lower value of

/IL) is necessary to achieve energy equipartition in the in-
elastic case with respect to the elastic one. Thus, in Fa. 5 In this section we consider scattering times short enough
it can be observed that fof/L=5.38< 102 and an applied to ensure a diffusive transport regimg/( <3x10"3). In
voltage of 1085T/q, in the elastic case an important isotro- this regime the noise behavior is closely related to the
pic redistribution of energy has already been achieved, sbreadth of the velocity distributiof?*> as shown for the

B. Diffusive regime
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-6 4 2 0 2 4 6 and dash-dotted lines, respectively.
Velocity (10cm/s) S o _
velocity distribution starts broadening significantly from its
FIG. 7. Velocity distribution function of carriers inside the ac- thermal equilibrium shapgFig. 7(a)], S,(0) increases sys-
tive region of the structure for/L=1.07x 103 at several applied tematically withU, its ratio to the current remaining constant
voltages.(a) refers to elastic scattering arfb) to inelastic scatter- and providing a value of 1/3 for the suppression fac)téf‘
ing. The MC results in the inelastic cag{"®(0) are closely
fitted by the expression
x-velocity component in Fig. 7. In the case of elastic scatter-
ing, the distribution broadens at increasing applied voltages

(N)

inel —
since there is no energy dissipation. In the inelastic case, the S(0) 4KBTG°<N>O’ )
energy is maximally dissipated by recovering the thermal h
value after each scattering event; thus a thermal equilibriun{’"€"®
Maxwell-Boltzmann distribution is obtained independently G2(N)or
of the applied voltage. In both cases the distributions are GO:m—LZO (3

very slightly displaced to positive velocities, as implied by

the presence of a net current flowing through the Structurgg the conductance ar(@), the average number of electrons
We remark that the distributions shown in Fig. 7 refer to alljsiqe the sample, both in the limit of vanishing bf3ave
the carriers present inside the sample. In the elastic case, g cjyde that inelastic scattering strongly suppresses shot
local distributions at given positions are found to exhibit a,,qise and makes the noise become macroscopie1() .47
nearly isotropic but not a Maxwellian shape, however theiny e remark that present findings prove also that the condition
spatial integration over the whole sample length gives they inelastic scattering alone does not suffice to suppress shot
Maxwellian profile reported in the figure. _ noise; the presence of the fluctuating self-consistent electric
Figure 8 showsS;(0) normalized to Bls as a function of  fig|q remaining a necessary condition. Indeed, as a counter-
the applied voltage. Here, thie-U characteristic is also pr0f we refer to the calculations performed with the static
shown in terms of gl. In the wide range of voltages re- pg scheme, where no suppression has been detseig.
ported in the figur@® thel —U curve exhibits a super-linear 3). Therefore, as argued by Biker 32 it is the combination
behavior which is related to the importance of space-charggf poth Coulomb interaction and inelastic scattering which
effects and the increase of the carrier number inside the agaads to the suppression of shot noiBethe elastic case, the
tive region with the applied voltage fafU=kgT. For the  \ayes 0fSP(0) are nicely reproduced by the following ex-
highest applied voltages it is foudd<U", where the expo- pression:

nentr is a function of\. In particular,r=1.7 for A=30.9
(the case shown in the figyrandr=1.8 for A=48.8. In
what concernsS;(0), near thermal equilibrium conditions
(qU<kgT), elastic and inelastic cases exhibit the same
value which satisfies Nyquist relation. In the inelastic case, aivhich is quite similar to that obtained by Naga®in a de-
increasing voltageS,;(0) remains practically constant, in ac- generate context, and describes the crossover from thermal-
cordance with the velocity distributions of Fig(bj. The  Nyquist noise fogqU<kgT to 1/3-suppressed shot noise for
slight increase shown at the highest voltages is strictly reqU>kgT. In contrast with other approach&s:3144%ur re-
lated to the increase of the carrier number. On the contransults show thaneither phase-coherent®* nor degenerate

in the elastic case at high voltages/kgT=10), when the statistics are required for the occurrence of suppressed shot

8 (N) 2 qu
SfI(O)ZgKBTGOm'F §Q|Cotf<m), 4
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FIG. 9. Spectrum of the shot-noise suppression factor under Y

diffusive regime ¢/L=2.69x10 3) calculated within static and

dynamic PS schemes fd@a) elastic and(b) inelastic cases and an FIG. 10. Shot-noise suppression factor and variance of the car-

applied voltage oftJ =100kgT/q. Different contributions to the to- rier number inside the active region as a function of the character-

tal spectrum are reported in the figure. istic parameter of space chargeunder diffusive regime (/L
=2.69x 10" %) calculated within dynamic PS scheme fey elastic

noise in diffusive conductors, and purely classical physicabnd(b) inelastic scattering. Velocity, number, and velocity-number

processes can lead to the same 1/3 fattor. contributions to the suppression factor are also shown in the figure.

To illustrate the physical origin of the 1/3 value, Figap

reports a typical spectrum of the suppression factor undegyer, at low frequencies only the dynamic scheme takes this
elastic diffusive conditions for static and dynamic PSyalye by virtue of Coulomb correlations, which are respon-
schemes. Here the current spectrum is decomposed into Vgjp|e for the reduction oSﬂ‘(f) and the mutual compensa-

locity, number, and cross-correlation contributioi®(f) tion ofSﬂ,(f) andej,N(f) contributions. It is remarkable that

=Sy(f)+Sy(f)+Syn(f).**%351 In the static PS scheme S5(f)=S9(f) in all the fre IS

. = guency range, which implies that
the spectrum clearly shows that the three terms contribute t0"" . . i
S(f), and two different time scales can be identified. TheR/eIocny fluctuations are not affected by long-range Coulomb

. “interaction, but just by scattering mechanisms. Coulomb re-
?)ulsion affects only the contributions where carrier-number
fluctuations are involved. Figure(l9 reports the spectrum
for inelastic scattering. Here, the same features of the elastic
case are observed, with the important difference Bﬁ?,z(tf)

through the active region;~5 ps, and is evidenced in the
termsS}(f) andSy\(f ). The shortest one is related to the
relaxation time of elastic scattering=5fs, and is mani-

fested in Si(f). Remarkably, the velocity contribution s ek lower than when there is no energy dissipation.

yields 1/3 of the full shot-noise value, while the other two g tar we have analyzed structures where Coulomb repul-
terms provide the remaining 2/3. Thus, in the static PSjon plays an important rolé.e. A>1). To check to which
scheme full shot noise is recovered as sum of all the threg, ot this interaction is determinant for noise suppression,
contributions. On the contrary, in the dynamic PS schemeg 1 reportsy and the three contributions into which it has
Sk(f) andSyy(f) are found to cgmpensate each other andpeen decomposed as a functiomofHere, we present both
as a resultS(f) coincides withSy(f) in all the frequency the elastic and inelastic cases calculated under far-from-
range. MoreoverSy(f) takes values much smaller than equilibrium conditions within the dynamic PS scheme. The
Su(f). The characteristic time scale 8f(f) andS\(f)  variance of the number of carriers inside the sample is also
differs from that found within the static PS scheme, whichreported to analyze the evolution of carrier statistics as a
was related to the transit time-. Now in the dynamic case function of\. For the lowest values of, when space-charge

it is the dielectric relaxation time corresponding to the carriereffects and in turn Coulomb interaction are negligible, full
concentration at the contactg=0.46 ps which determines shot noise is observed. As increases;y starts decreasing
the cutoff of the contributions belonging to number fluctua-from unity until reaching a constant value fa30. It is
tions. In the frequency range between the transit and colliremarkable that the contribution of velocity fluctuationsyto
sion frequency values it is interesting to notice that bothdoes not vary significantly with, being much smaller in the
static and dynamic PS schemes vyielek 1/3, thus relating inelastic case with respect to the elastic one because of the
the suppression factor to velocity fluctuations only. How-quasi-thermal conditions imposed by energy dissipation. On
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the contrary, the contributions associated with number and 10° , .
velocity-number fluctuations are strongly affected by the in- e L B S (a)
crease oh. Indeed, their absolute value decreases systemati- G G g, ey

cally and, being opposite in sign, they compensate each other =)

at the highest values of, so thatS,=S,. We also notice N

that the transition from full shot noise to suppressed shot é elastic - dynamic PS

noise regimes is sharper in the inelastic case. The variance of = Ud0 KT/

the carrier number inside the sample resembles the behavior 10! /4

of v, indicating that the increase of leads to more pro- A=30.9

nounced sub-Poissonian statistics until reaching the final re- { ‘ .
gime for\>1. Therefore, we point out that within our model 103 102 101 10° 10!
the 1/3 value exhibits severahiversalproperties, namely, it :

is independent ofi) the scattering strengtlonce/<L); (ii) ¢/ L

the applied voltage(once qU>kgT), (ii) the screening
length (oncex>1), and(iv) the carrier injecting statistics.

10!

C. Dependence on momentum space dimensionality

The results reported so far refer to a 3D momentum space.
In contrast to degenerate diffusive systems where, provided
guasi-one-dimensional conditions in real space are attained,
noise suppression is independent of the nunadbermomen-
tum space dimensions, an interesting feature of nondegener- 10! ;
ate diffusive systems is that noise suppression can depend on 1 10 100
d. For the inelastic case considered here no dependende on
has been found, since there is no influence of the velocity qu/ kBT
components transversal to the electric field direction on ) .
transport and noise properties of the structures. On the con- FIG. 11. Shot-noise suppression factor for the cases of 1, 2, and

trary, in the elastic case the suppression factor is found ta dimensions of momentum space calculated within the dynamic PS

depend significantly ord,%” since the transversal velocit scheme for elastic scattering as a function@fballistic parameter
P 9 Y y /L with an applied voltage df) =40kgT/q and(b) applied biadJ

components constitute a channel for energy redistributior{ e el _
which affects the transport properties of the structure. ThereL—mOlelr diffusive regime//L =1.07x107%).
fore, below we focus our analysis on the elastic case. Ac-

cordingly, whend=2 in the simulation the carrier velocity is same in all three cases: the joint action of Coulomb correla-
randomized in two components after each scattering eventions and elastic scattering, which leads to the reSy(0)

and whend=1 the isotropic character of scattering is ac-=S,(0) [as shown in Fig. @) in the 3D casg where
complished by inverting the carrier velocity with an averages, (0)/2q1 under perfect diffusive regime is a function of the
(back-scatteringprobability P,=0.5. dimensionality of momentum space.

Figure 11a) reportsy as a function of//L for the 1D, In a recent work, Beenakk®&has developed an analytical
2D, and 3D cases at high voltagd$ £ 40kgT/q) calculated theory able to explain the dependencejobn d in nonde-
within the dynamic PS scheme. We notice that, when calcugenerate diffusive conductors and has provided a close ex-
lated within the static PS scheme, the results in 1D and 2[@ression fory as a function ofd. In particular, the theory
cases do not exhibit any shot-noise suppression, like in thgredicts fory the values of 0.34 and 0.51 for, respectively,
3D case. For the highest values4fL, in all three casey  the 3D and 2D cases, in agreement with present findings.
approaches the asymptotic value corresponding to the ballissrom that analysis, Beenakker concluded that the proximity
tic limit ( y=0.045) ;" where the behavior is independent of of y to 1/d is accidental. Indeed, in the 1D case we obtain a
d. At a given value of//L, a higher deviation from the value of 0.7, far from the full shot-noise value. In this 1D
asymptotic ballistic value is observed for lower This is  case his estimations foy provide a value of 0.92, the dis-
due to the fact that, in average, elastic interactions introducerepancy with respect to our result presumably due to the
higher fluctuations of the carrie-velocity the lower is the omission of the diffusion term in his calculations, which is
number of available momentum states after the scatteringspecially important for low values af.®®
mechanism(in particular, just 2 in the 1D cageFor this For reason of completeness, we have finally analyzed the
same reason, the increasing presence of scatteriilass  possible influence of an anisotropic elastic scattering on
reduced leads to higher values of the suppression factor thteansport and noise in the 1D case. Figure 12 repprsd
lower is the dimensionality. Remarkably, within numerical the current as a function ef/L for three different values of
uncertainty the limit value reached byin the perfect diffu- P, : 0.5 (isotropic casg 0.25 and 0.10(less pronounced
sive regime is found to be, respectively, of 1/3, 1/2, and 0.%ack-scattering The noise results differ only in the quasi-
for 3D, 2D, and 10F? Figure 11b), by reportingy in the  ballistic regime, where the current remains nearly constant.
diffusive regime as a function of the applied voltage, pro-Once the diffusive regime is achieved, the current decreases
vides evidence that these limit values are independent of thignearly with //L and y takes the same value of about 0.7
bias onceqU>kgT. The origin of the suppression is the independently of the degree of scattering anisotropy. As ex-

$,(0)/ 2q1

10° |

¢/L=1.07x10"
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10° 1 100 shot noise is found to be suppressed to a 1/3 value, while in
Fe T = g the inelastic case we have found a stronger suppression the
/ Nl A 1 higher the applied voltage. Noticeably, in the perfect diffu-
; i U=40 kyT/q 1 sive regimey is found to be independent of carrier injecting
2=30.9 3 10! statistics, which implies that in this regime the noise is just a
3 property of the sample.

Our results show that neither phase coherence nor Fermi
statistics are necessary for the appearance of the 1/3 suppres-
sion factor in an elastic diffusive conductor. In our model,

. 3 the appearance of this factor requires the simultaneous ful-

) ) AN fillment of the three following conditions?/L<1,A>1, and

elastic - dynamic PS L . 103 qU/kgT>1. The first implies perfect diffusive regime, the

103 102 10! 10° 10! second strong space-_c_harge effect_s, and th_e third very far-
from-equilibrium conditions. Inelastic scattering is found to

£/ L further contribute in suppressing shot noise, by reducing it to

_ _ _ values close to thermal Nyquist noise under strong dissipa-

FIG. 12. Shot-noise suppression factor and normalized currentye conditions. However, for this suppression to take place it

vs the ballistic p.arameteff/L palculated within the dynamic PS ;o necessary to have the presence of long-range Coulomb
scheme for elastic scattering in the case of a 1D momentum SPaCktaraction

Different curves refer to the reported values of the probability of
scattering in the backward directid?,. The applied voltage i&)

7]
i
~
(]

S,(0)/ 241

| 102
10 b v 110

oy 0.25 .
—=— 0.10 \

The action of Coulomb repulsion in suppressing shot
noise takes place through the reduction of the contributions
associated with carrier-number fluctuations to the total noise
spectral density. In particular, the compensation between
number and velocity-number terms implies that the total
noise is finally determined just by the contribution of veloc-
i% fluctuations.

In the elastic casey depends on the momentum space
dimensionality, the suppression being less pronounced the
lower the dimension of momentum space. This fact spoils
IV. CONCLUSIONS the possiblainiversalityof the 1/3 reduction found in the 3D
@ondegenerate caseMoreover, for a given dimensionality

We have provided a microscopic analysis of shot-nois iderati P d q ;
suppression in nondegenerate diffusive conductors. To thig!e consideration of an energy-dependent scattering rate can
also lead to different suppression facte§>

purpose, the carrier dynamics in the active region of a semi We beli hat th . S id
conductor structure under the influence of elastic or inelastic W& Pelieve that the present investigation can provide a
scattering has been simulated by using an ensemble M imulus for an experimental verification of some of the re-

technique self-consistently coupled with a PS. The essentiﬁorted results. As a valuable improvement we aim at includ-

role played by long-range Coulomb interaction on the shot!"Y degenerate statistics in a further step.

noise suppression factar has been demonstrated, since no
suppression is found in the absence of the self-consistent
potential fluctuations. We thank R. Landauer for providing us a copy of his

We have analyzed shot-noise suppression in the region ehanuscript prior to publication. We gratefully acknowledge
crossover from ballistic to diffusive transport regimes. In thethe support from the DirecaioGeneral de EnSemza Supe-
diffusive regime a value of independent of sample length is rior e Investigacia through the project PB97-1331, and the
not achieved until a significant energy redistribution amongPhysics of Nanostructures project of the Italian Ministero
momentum directions takes place. For high voltagesiell' Universita e della Ricerca Scientifica e Tecnologica
qU/kgT>1 and long sampleg’/L<1, in the elastic case (MURST).

pected, we have found that the smaller the valu® gfthe
wider the quasiballistic range, and for a given valueZot

in this range the stronger the suppression, as corresponds
closer ballistic conditions.
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