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We present a theoretical investigation of shot-noise properties in nondegenerate elastic diffusive conductors.
Both Monte Carlo simulations and analytical approaches are used. Two interesting phenomena arg) found:
the display of enhanced shot noise for given energy dependences of the scattering tiii¢,taedecovery
of full shot noise for asymptotic high applied bias. The first phenomenon is associated with the onset of
negative differential conductivity in energy space that drives the system towards a dynamical electrical insta-
bility in excellent agreement with analytical predictions. The enhancement is found to be strongly amplified
when the dimensionality in momentum space is lowered from three to two dimensions. The second phenom-
enon is due to the suppression of the effects of long-range Coulomb correlations that takes place when the
transit time becomes the shortest time scale in the system, and is common to both elastic and inelastic
nondegenerate diffusive conductors. These phenomena shed different light in the understanding of the anoma-
lous behavior of shot noise in mesoscopic conductors, which is a signature of correlations among different
current pulses.
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[. INTRODUCTION the energy dependence of the elastic-scattering time. For the
relevant case of a three-dimensional condu¢tormomen-
The trend of scaling down the spatial dimensions of contum spacgwith an energy dependence of the scattering time
ducting samples is a demanding issue for realizing advanceaf the form rx&®, Monte Carlo(MC) simulation§~° have
electron devices and at the same time a fascinating realm faeported a systematic analysis of the Fano factor in the range
investigating new physical phenomena. Mesoscopic systensf values— 1.5<a<1. Results showed values gfclose to
are presently a subject of intensive research and, being a3 for a« between 0 and 1 and ranging between 40 and
intermediate sizes between atomic and micrometric struci20 V;. On the other hand, the values pfwere found to
tures, are in the position to satisfy this issue. In particular, ancrease systematically from 1/3 towards 1 for valuesrof
lot of attention is devoted to mesoscopic diffusive conduc-decreasing from 0 to—1.5. The existing analytical
tors, which are characterized by a sample lengthmuch  theorie$™! provide a reasonable interpretation of these re-
smaller than the inelastic mean free path, and much sults in the limited range of values 1.5<«<0.5, being
longer than the elastic mean free path. These systems absent®!or failing completely=° outside this rang&in this
exhibit shot noisk when the applied voltag®’ is much  context, two of the authot® have recently pointed out the
higher than the thermal voltagér=KkgT/q, wherekg is the  possibility that the above results only provide a partial de-
Boltzmann constanfl the bath temperature, ampthe unit  scription of the shot-noise properties of nondegenerate con-
charge. Shot noise can be conveniently studied in terms aductors. In particular, enhanced shot nofse., y>1) was
the Fano factory defined asy=S,(0)/(2ql), whereS;(0) is  predicted for given values af, and full shot noiséwith y
the low-frequency current spectral density drithe electric  =1) was expected at asymptotically high bias far
current. A value ofy=1 (full shot noisg implies the absence > —3/2. We conclude that the scenario of shot noise in non-
of any correlations among different current pulses, while degenerate diffusive conductors, while phenomenological
#1 is a signature of the presence of correlations. In thigich of interesting features, is still incomplete and waiting for
latter case, both suppressegi<{1) and enhancedy(>1) a microscopic physical interpretation.
shot noise are known to be possible. The aim of this work is precisely to address this issue. To
In degenerate mesoscopic conductord &t0,2> the cor-  this purpose, we have performed extensive MC simulations
relations induced by the Pauli exclusion principle give rise tofor a nondegenerate elastic diffusive conductor covering val-
a universal Fano factop=1/3. By contrast, in nondegener- ues ofa, applied bias, and dimensionality that are necessary
ate mesoscopic conductérs! the Fano factor is in general a for a unifying and complete analysis of the physical problem,
function of the applied bias and its value depends on thend that enable a valuable test of the theoretical predicfions
interplay between the long-range Coulomb interaction ando be carried out. The paper is organized as follows. Section
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Il describes the physical model and the MC technique usedoltage drop inside them. The applied voltage between the
in the calculations. Section Il summarizes the theoreticabontacts is then considered to be constant in time. As con-
predictions. Section IV presents the results of MC simulacerns noise calculations, this situation corresponds to
tions proving the possibility for nondegenerate elastic diffu-current-mode operatiof?.
sive conductors to display enhanced as well as full shot In our analysis of shot noise we are mostly interested in
noise. The comparison between elastic and nonelastic trandeterminingS;(0), which, in MC simulations, is obtained
port regimes is also carried out to outline an interestingrom the time integration of the autocorrelation function of
anomalous crossover from thermal to full shot noise exhibcurrent fluctuationsC,(t). The calculation ofC,(t) is per-
ited by diffusive conductors. Section V draws the main con-formed from the time seriel{t) provided by the MC simu-
clusions of this work. lation. I(t) is the instantaneous steady-state total current as
measured in the outside circuit, which, for the assumed ge-
ometry, is also the same through each cross-sectional area of
the device. For the semiclassical case considered here, the
Following previous work$;® nondegenerate diffusive calculation ofl(t) is performed starting from the definition
conductors are modeled as a simple structure consisting of@f the microscopic single-particle distribution,
moderately doped semiconductor active region of lergth
and constant cross sectioA sandwiched between two
heavily doped contacts that, by injecting carriers into the
active region, act as ideal thermal reservéiréccording ) ) o
with the nondegenerate nature of the carrier injection and th&hereN(t) is the instantaneous number of electrons inside
thermal character of contacts, carriers are injected into th&® sample, which implies the conduction current density,

II. PHYSICAL MODEL

N(t)

f(k,r,t>=i§l Mk—ki()Ir—ri(v)], 1)

structure following a Maxwellian velocity distribution at the N(t)
!aFtlcg temperaituré' and a P0|sson|a}n time statistics, W|th J'c(f,t)ZQJ vf(k,r,t)dk=q2 vi(Dar—r(t],
injection ratel’ = (1/2)n.vy, , wheren, is the contact density i=1

andv,= y2kgT/7m the thermal velocity of injected carri-
ers, withm being the carriers effective mass. Once carrier
are injected, their dynamigsinder the action of scattering

simulated in the active region of the structure by means of al
ensemble MC self-consistently coupled with a Poisson solv

wherev,(t) is the instantaneous group-velocity determined
Sthrough a band-structure modelkrspace. We notice that the
above distribution function does contain fluctuations and has
the following properties. Its ensemble average satisfies the
ek ' Lo . O
oltzmann equatio!? while, in the linear approximation of

(with constant voltage conditions at the boundarites ac- " . i ; L
. . small deviations from its average stationary value, it satisfies
count for Coulomb correlatiorislf not stated otherwise, we ; :
the Boltzmann-Langevin equation,

assume that the scattering processes taking place in the ac-
tive region of the sample are elastic and isotropic and that the d
energy dependence of the scattering time is of the form E+S
7(g)=19e“. In principle, the exponent can take any value,
although only some particular values correspond to wellwith S the linearized scattering operator ag¢k,r,t) the
known scattering mechanisms in a semiconductor model. Afuctuating Langevin source related $3° From the solenoi-
examples,a= —1/2 corresponds to scattering with acousticdal property of the total current density, and noticing that the
phonons by deformation potentiale=0 to neutral impuri-  displacement current is implicitly taken into account by
ties, a=1/2 to acoustic piezoelectric phonons, and 3/2to  constant-voltage conditions, it'fs
short-range ionized impurity scatterifijAll these scattering
mechanisms are important at low temperatures, which repre- q
sent the typical conditions for an experimental test of theo- I(t)= L iZl vi(t), 4
retical predictions. N

The structure is assumed to be sufficiently thick in transwherev;(t) is the instantaneous carrier velocity along the
versal dimensions to allow for a one-dimensional electrofield direction, known from the MC simulation. We remark
static treatment. Accordingly, the Poisson equation is onlythat under steady-state conditidrf$) is a stochastic quantity
solved in the direction of the current flow. In computer simu-which enables the calculation of average values and correla-
lations one can consider any value of the momentum-spadon functions of its fluctuations with respect to average val-
dimensionalityd. Thus, even if the physically relevant case ues. The basic sources of fluctuations in our system come
is d=3, we will analyze also the cagk=2, since for this from the instantaneous changes of carrier velocity due to
value of d there exist analytical predictions based on thescattering mechanisms and of carrier number inside the de-
same assumptions on what concerns the coupling of the ki/ice due to injection-extraction processes. Thus velocity,
netic equation with the Poisson equatioh?As indicated in  number, and their cross-correlation contributions to the total
Ref. 8, this case corresponds to a hypothetical "flatland”current fluctuations are naturally accounted for together with
whose physical realization would be a layered material withtheir coupling with the fluctuating self-consistent field. We
each layer containing a two-dimensional electron gas. remark also that the ensemble MC simulation, by applying

Due to their very high carrier concentration as comparedemiclassical dynamics to describe the motion of each par-
to that of the active region, contacts are assumed to have rile between scattering events, is tantamount to a calculation

f(k,r,t)=y(k,r,t), (3

N(t)
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of the microscopic distribution functiof(k,r,t) which, by a Y=Yint Yot Yin,é- (6)
suitable discretization of phase space, could be collected dur-
ing the simulation. Since two-particle interaction is here ne-The first contribution,y;, , is related to the intrinsic current
glected(i.e., the corresponding Boltzmann equation is linear fluctuations in the presence of a static non-self-consistent
and the collision rates are Markovian, the present ensemblelectric potential. The second contributioyy, , is related to
MC simulation provides a numerical solution of the the current fluctuations induced by the fluctuations of the
Boltzmann-Langevin equatiof3). self-consistent potential. The third contributiop, ,, is re-
Here we are primarily interested @ (t). This quantity is lated to the cross correlations between the previous two
directly calculated from the MC by the following procedure. sources of fluctuations. Under far from equilibrium condi-
After neglecting an initial transient, the values kft) are tions(i.e.,V/V{>3), and for a nondegenerate conductor, the
recorded in a time grid of step sizet along the total simu- two following properties are satisfiegh,=1 andy,=0. As
lation time M At, with M integer. Then, by defining the time a consequence of these properties, theory predicts the follow-
length in which the correlation function should be calculateding three regimes of shot noisg) enhanced shot noise when
as mAt, with m integer, C(t) is obtained from the 7¥in,¢>— 74, (i) full shot noise wheny,=— iy 4, (i)
algorithm™® suppressed shot noise whe#, ,<—vy,. Concerming en-
hanced shot noise, E¢) and the propertieg;,=1,y,=0
C|(jAt)=m—l_2 imply that ymy(,,_>0 is a suffic;ignt condition to obtain en-
hanced shot noise. This condition was found to be physically
M—m realized in the presence of a negative differential conductiv-
~“V=m ;1 TAADI[(i+])At] ity in energy space, i.eq’(¢)=do(e)/de<0, where the
conductivity in energy space is given |

(1 M 2
—-=> I(iAt)) , (5 1
M =1 O'(S)ZHQZUZ(S)V(S)T(S) )

where the bar denotes time averggegodicity is implicitly . S ) .
assumey andj=0,1, ... m; M>m. Typically, in our cal- With »(g)=Qm(2me/h%) the density of states in a
culationsM >500x m,m>500. The corresponding spectral d-dimensional momentum spacethe kinetic energym the

densityS,(f) is determined by Fourier transformation of the effec'fjige mass, h the Planck constant, and{}
C,(t) so obtained. =27%4T'(d/2) the surface area of the unit spheredimli-

For the calculations we have used the following paramMensions withl’(z) being the gamma function. Moreover,
eters: T=300 K, effective massn=0.25m,, with m, the v (&)=\V2&/mis the velocity andr(¢) the elastic-scattering
free electron mass=11.7¢, (with €, the vacuum permit- time. Therefore forr(s) = 7oe“ it is
tivity), L=200 nm anch,=4x 10" cm 3. For these values
L/Lp_=30.9>1. To test theoretical predictions we have per- o' (e)=C(a+d/2)e* 921, (8)

formed simulations for systems with= 2,3, and the follow-
ing values ofa (and associated values af) —2 (8.35
x10 ¥ seV?), —3/2 (6.76x10 ¢s eVP?), —1 (3.88
— 16 _ — 16 /
iig,lg, 2)6\%6 v%’;lllie(s‘l.c?f:x ;(r)e chsosegll’l\ Zl)n :l:]gh(; 5138..())/0110 main prediction of the theoty which is here under test.
. 0 - .
ensure diffusive transport through a sufficiently high number 1C_o”r]10|errt1r|]n? fuLILshot E%'S.e' Eqﬁf)f_?_réd tthe %r_?periyymb
of scattering event@ver 1®) in the active region. The Pois- _ . TP thaty,T¥in =1 1S & Sutlicient condition 10 0b-

son equation is solved on a space mesh with 100 nodes. Trt]%m full shot noise since it corresponds to independent cur-

number of simulated particles ranges between 100 and 20 Snt pulses through 'Fhe device. This condition can be realized
depending onx and bias conditions. Also depending an y the two alternativesy=yin,4=0 OF ¥4=—¥in,470.

the time step used to solve the Poisson equation ranges b-le—Bte (f:'(;z: ellggln amlsye(ﬁff:egtmb(ﬁleoor{ (_::);;eseptz:n:ljot?ngv aczr;lrre]?a-
tween 2 and 0.1 fs. The numerical uncertainty is confined; P y g 9

L o 0 ions. It can be realized under three meafis:on a space
within 10% in average and 20% at worst. scale, through the condition that<Lp where Lp_

= JekgT/g°n, is the contact Debye screening length calcu-
IIl. THEORETICAL PREDICTIONS lated using the concentration of carriers at the contacts, with

Before presenting the Monte Carlo results, we will briefly € the static dielectric constant of the semiconductor apd
summarize and elaborate the theoretical predictions derivel® contact concentratiortii) on a time scale, through the
in Ref. 12 concerning the shot-noise properties of nondegerfondition 7r<74, where 7y is the transit time and- the
erate elastic diffusive conductors. In that work, by means offielectric relaxation time, wheb>Lp, ; and(iii) on the en-
a formal treatment of the Boltzmann-Langevin-Poisson set oérgy dependence of the scattering time, through the condition
equations it was shown that the Fano factor for this class ofor the energy exponent= —d/2 (thus generalizing to any
systems can be exactly decomposed into the sum of thredtimensionality the pioneer three-dimensional result of
contributions as Nagaev©).

whereC is a positive constant. We conclude thet —d/2,
by implying ¢’ () <0, represents a sufficient condition for
the presence of enhanced shot noise. This constitutes the
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Condition (i) was tested by numerical simulatiGnthat

showed full shot noise fov/V>3 at Debye lengths com- 5 e : (2)

parable with the sample length. o 32| 3D
In condition (i), being the sample length longer than the = i

Debye screening length, there is room for Coulomb correla- . 10° /_ff/ - :_ ;)1/2

tions to be effective. However, since the transit time depends !
on the bias, the onset of shot noise will start at voltages in
general higher than those satisfying the conditdiv{>3.
The bias value at which shot noise will appear can be
roughly estimated from the equalityr=_L2/uVghor= 74
=elqun;, with u being an effective mobility. This gives
Vono=ancL?/ e=(kgT/q)L?/LE , which, since L>Lp,,
will lead to Vg0 V1. Therefore in this case we expect an
anomalous transition between thermal and shot noise for bi-
asesV;<V<Vgpot- Itis worth noting that the expression for
Vghot just derived coincides with the bias at whith=Lq,
where Ls=\eV/gn. is the length used to characterize the
space-charge limited conditioAsThis makes the condition
for the appearance of full shot noise< 74 equivalent to the
condition Lc<L, thus explaining why the existing
theories’ *!which apply forLs>L, have failed in predict-
ing the asymptotic presence of full shot noise. In any case,
these theories are expected to remain valid for biases 05
<V<Vgnot» and their predictions can be taken to explain at .
least partially the anomalous crossover between thermal and 10 100
shot noise where/ takes values below unity. qV /kgT

In condition (iii), the crossover between thermal and full
shot noise is monotonous and the Fano factor will not take FIG. 1. Fano factor as a function of the applied voltage normal-
values below one for any bias. ized to the thermal value far=—2, —3/2, —1, and 0. Insett-V

As regards the second alternative to obtain full shot noise(,:haracteristics with normalized to the saturation vallig. (a) 3D
¥4=— Yin.s#0, e have not found physically feasible con- System(b) 2D system.

ditions to accomplish it. From the previous discussion, it . .
follows that there are two main situations which should bewhereA is the cross-sectional area of the structure. For volt-

tested by a direct microscopic simulation, namely, the possi‘:’1ges below 10/7 the conductor approaches thermal noise

bility to observe enhanced shot noise tor —d/2 at differ- conditions, which explains a systematic trencholo values

ent dimensionalities, and the possibility to observe full sho@reater than unity. By contrast, in the rele_vant region of volt-
noise forL > L p andV>Vepe. ages from 10 to 10/t the Fano factor is found to move

from values smaller than 1 to values larger than 1 at decreas-
ing values ofa. We note that for values af=—2<—3/2 in
IV. MONTE CARLO RESULTS three dimensions = —3/2<—1 in two dimensions the

In this section we report the results of MC simulations S@mple displays enhanced shot noise at increasing voltages,

with the objective of providing a complete picture of the I" cOmplete agreement with theoretical predictions éor
shot-noise properties of nondegenerate elastic diffusive cori= 2 andd=3. For values ofa>—3/2 in three dimensions
ductors and of testing the theoretical predictions formulated@nd @>—1 in two dimensionsthe system displays sup-

in Sec. IIl. Initially we will illustrate the different conditions Pressed shot noise at increasing voltages, thus confirming the
under which enhanced, suppressed, and full shot noise can §€&nd found in previous slmulathﬁsl.:or_az —3/2 in three
obtained in elastic diffusive conductors. Then, the crossovefimensions(and a=—1 in two dimensionsthe system is
between thermal and shot noise will be detailed by Compartound to display full shot noise within numerical uncertainty,

ing the noise power of an elastic diffusive conductor with@S expected from theoretical predictions. Finally, by compar-
that of an inelastic one. ing the general trend of the Fano factor with 1h¥ charac-

teristics we find that in passing from suppressed to enhanced
shot noise the conductor exhibits a substantial non-Ohmic
behavior with a nearly saturation current regime at the larg-
Figure 1 reports the Fano factor as a function of the norest negativex values.

malized voltage for a major set of simulations performed To detail the evolution from suppressed to enhanced shot
with different values of the exponent Figure Xa) refersto  noise, we have reported in Fig. 2 the value of the Fano factor
the three-dimension&BD) case and Fig.(b) to the 2D case. for the 3D and 2D cases at/V;=60 for all values ofa

The inset in each figure displays thev characteristics in considered here. For the purpose of comparison, the figure
terms of the saturation currert=ql'A=(1/2)gn.w A, also reports the theoretical predictions of Refs. 7,10 and 11

~ g
\ N, 10 102 q

T g

A. Enhanced, suppressed, and full shot noise

245423-4



SHORT-NOISE ANOMALIES IN NONDEGENERAE . . . PHYSICAL REVIEW B 66, 245423 (2002

8 - - - - ; 10
Monte Carlo Theories for d=3 =
qV/kgT=60 ... Ref. 7 g
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FIG. 2. Fano factor as a function of the energy exponent of the
elastic-scattering timer. Full circles and open circles refer to MC
simulations performed at= 60V for d=3 andd=2, respectively.
Dotted curve and other symbols refer to analytical theories carried
out under space-charge limited conditions.

for d=3. The Fano factor is found to exhibit an asymmetric
behavior witha, showing a tendency to saturate, taking sup-
pressed values near todl/at positive values ofr, while
increasing systematically towards enhanced values well
above unity at the largest negative valueseofThe quanti-
tative agreement between MC simulations and existing theo-
ries is found to be reasonably good forl.5< «<<0.5. These
theories are absent or fail completely outside this range of
values. By contrast, starting froma< —d/2 the simulations
evidence an enhanced shot-noise regime which fully vali-
dates the theoretical expectatids.

To investigate the mechanism responsible for the onset of
shot-noise enhancement, Fig. 3 reports the spatial profiles of
the relevant average quantitiesoncentration, electric field,
velocity, and scattering timefor an applied onItage//VT
]: 80 and fpr dlfferent Vf""“es afin a3D SySterﬁ' From the FIG. 3. Spatial profiles ofa) carrier concentration(b) electric

igure we identify the signature of a qualitative change in thefield (©) avera loci U )
; . , ge velocity, an¢d) relaxation time along the active
different profiles for values o& below or about-1. Here, region of the sample as obtained by MC calculations for a 3D

we find the onset of two maxim@ninima) in the velocity system, an applied bias =80V, and several values of.
(concentratiopy more pronounced the lower the value af

This feature determines the presence of two regions inside . . . . )
the sample characterized by two transport regimes: a quas‘?—"’“”er concentration and velocity at increasing voltages is

ballistic one in the region near to the contacts and a diffusiv&'€arly confirmed, thus completing the analysis of the micro-
one around the center of the structure. Furthermore, a wideCOPIC mechanism responsible of the shot-noise enhance-
region of dynamical negative differential mobility shows up Ment started with Fig. 3. s _
inside the sample, which in turns moves the structure to- 1N  €xisting MC simulatiofs® and  analytical
wards a state of electrical instability, as is well known for thetheorie$™ have considered applied bias up to values high
analogous case of Gunn diodésThese qualitative changes €nough to reach the conduction regime known as space-
are accompanied by a systematic increase of the Fano fact&f1arge limited conditions and defined by the cor)andm
as can be seen in Figs. 1 and 2, what indicates the onset ofals> Lo, Or equivalentlyV;<V<Vgp,.. However, in Sec.
mechanism inducing positive correlations among the fluctuaHl, starting from suppressed shot noise we have predicted the
tions. Therefore the increase of the Fano factor stems as possible achievement of full shot noise for bias values satis-
precursor of the fact that the system is evolving towards sucfying the conditionV> Vg, Which is in general beyond the
an electrical instability. The appearance of a negative differspace-charge limited regime. To test this prediction, we have
ential resistance in theV characteristicgmore pronounced performed MC simulations for a 3D system with scattering
in the 2D casg see insets of Fig. 1, further supports the parametersy=3/2 andr,=8.8x10 °s eV %2 at applied
present interpretation. voltages sufficiently high to satisty>V,.:. The results of
Figure 4 reports the spatial profiles of the same relevansuch simulations are reported in Fig. 5, which shows the
quantities of Fig. 3 at different applied voltages for the 3Dlow-frequency current spectral dens{gontinuous curve and
case witha=—2. Here the onset of the bimodal profiles of full dots) and the currenfmultiplied by 2q, dotted curvéas

Velocity (107 cm/s) Electric field (kV/cm)

T(8)

245423-5



G. GOMILA, T. GONZALEZ, AND L. REGGIANI PHYSICAL REVIEW B 66, 245423 (2002

108 ]
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g , 104
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5 ? 403 ]
© o1 | ‘
10-4 [
S - B 0 1 2 3
100 I \Q'\ ~—~__ 10 10 10 10
DN - qV / kgT
-200 | \\\ 1
~N T— FIG. 5. Low-frequency current spectral density normalized to
-300 | (b) S 2qlg as a function of the applied voltage far=3/2 (full circles,

continuous ling The dotted line representgR Inset: Fano factor
as a function of the applied voltage for the same case.

served in inelastic diffusive nondegenerate semiconductors,
see below and Ref. 23For the particular value ofi=3/2

the minimum value of the Fano factor in the anomalous re-
gion of the crossover is around 1/3. For other valuegyof

e (—1.5,3/2) the value of the minimum is found to lay in the

Velocity (10" cm/s)  Electric field (kV/cm)

0.01 range (1,1/3), as shown in Fig. 2. According to these results,
ot | we conclude that for sample lengths longer than the contact
Debye screening lengthh,> Lo, and fora>—d/2, a non-
@ 1014 | degenerate elastic diffusive conductor exhibits the following
e three noise regimegi) thermal noise at low biagji) sup-
1015 | pressed shot noise, with a minimum value of the Fano factor
determined by the energy dependence of the scattering time
1018 (a), at an intermediate bias range where the sample is under
0.0 space-charge limited conditions ani) full shot noise, in-
dependently ofx, at the highest bias range.
FIG. 4. Spatial profiles ofa) carrier concentration() electric B. Anomalous crossover between thermal and shot noise

field, (c) average velocity, an¢d) relaxation time along the active . L
region of the sample as obtained by MC calculations for a 3D From the results of the previous section it emerges that

the shot-noise suppression so found can be more generally
interpreted in the context of an anomalous crossover between
a function of bias for the simulated structure. For the sake othermal and shot noise, as introduced in Ref. 23 for the case
completeness, the inset in the same figure shows the corref macroscopic diffusive conductors where scattering is in-
sponding Fano factor. The simulations prove that at the highelastic. To shed more light on this subject, we find of interest
est bias the sample indeed displays full shot noise, thus corte carry out a comparison between the noise properties of an
firming theoretical expectations. We note that the values oélastic nondegenerate conductor with those of an inelastic
the applied voltage needed to achieve full shot-noise condiene. To this purpose we have performed simulations for a
tions are much higher than those reported in Fig. 1. Focusingystem with the same properties of that studied above but in
on the inset, we observe that the crossover between thermtie presence of inelastic collisions, using a scattering model
and full shot noise does not follow the standard monotonicalready developed in Ref. 4. The results are reported in Fig.
expressiony=coth(qV/2kgT), but is mediated by a transi- 6, which shows the low-frequency current spectral density
tion region that displays suppressed shot noise down to #r both elastic and inelastic diffusive conductors as a func-
minimum value. We remark that for the scattering parameterion of the current flowing through the samples. For the sake
chosen here full shot noise appears at high voltages foof completeness the inset reports the corresponding Fano
which thel -V characteristic is still far from the current satu- factor. In both the elastic and inelastic cases, at increasing
ration region. Therefore this full shot-noise regime cannot bevoltages we can distinguish three different noise regimes,
related in any way to the presence of current saturation, as @torresponding to thermal, suppressed, and full shot-noise
happens in other systems like vacuum tdBew ballistic  conditions. The degree of suppression of shot noise in the
nondegenerate conductdfs?? Rather, it constitutes an in- intermediate region is found to be much more pronounced in
trinsic property of the sample related to the diffusive trans-the inelastic case. This fact is more clearly illustrated in the
port regime of carrierg§the same phenomenon can be ob-inset of Fig. 6. Remarkably enough, the transition between

system, witha= —2, and several values of the applied bias.
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<—d/2, with d the dimensionality of the system in momen-
tum space. Furthermore, the presence of full shot noise is
confirmed under different conditions, namely} when the
length of the sample is shorter than the contact Debye length,
(i) when o> —d/2 and the applied bias is high enough so
that the transit time becomes the shortest time scale of the
system, andiii) whena=—d/2. The presence of enhanced
shot noise fore<<—d/2 is found to coincide with the ana-
lytical condition that the differential conductivity in energy
space becomes negative. The presence of super-Poissonian
values of the Fano factor is here interpreted as precursor of
an electrical instability driven by a region of dynamical
negative differential mobility inside the sample. This insta-
bility is associated with the bimodal spatial profile of the
carrier average velocity, which is generated by the simulta-

2qls as a function of the current normalized to its saturation valueneous presence of two distinct transport regimes: a ballistic

for «=3/2 in the case of inelastiffull circles) and elastic(open
circles scattering. Symbols and solid lines refer to MC calcula-
tions, and dashed lines indicate power behaviors on the current i
the transition(anomalous region defining the crossover between
thermal and shot noise. Inset: Fano factor as a function of the a
plied voltage for the same cases.

the thermal and the full shot-noise regimes in the inelasti
case is mediated by a well defined anomalous crossover wi

a cubic dependence of the current spectral density upon tt}%
current, in agreement with the results of Ref. 23. For the

elastic case, the crossover displays a power dependence w
current to an exponent of three halvese Fig. 6, which
needs to be further investigated. We conclude that th

anomalous crossover between thermal and full shot nois
constitutes a unifying scenario to interpret shot-noise sup

pression in nondegenerate diffusive conductors.

V. CONCLUSIONS

one near to the contacts, and a diffusive one inside the struc-
ture. When the sample displays suppressed shot noise the
Bano factor exhibits a minimum whose value dependson

This dependence is in reasonable agreement with analytical

Rheories developed for space-charge limited conditions and

d=3 in the range- 1.5< a<<0.5. Outside this range analyti-
cal theories fail completely providing unphysical values.

%ince full shot noise is asymptotically reached at the highest
i

ias, shot-noise suppressidand the corresponding mini-
um value of the Fano factpis more generally interpreted
terms of an anomalous crossover between thermal and full
ot noise. We believe that this investigation provides a com-
ehensive understanding of the noise properties of nonde-

r
ienerate elastic diffusive conductors, and sheds interesting

Ihsight into the nonequilibrium noise properties of meso-

scopic conductors.

ACKNOWLEDGMENTS

Partial support from the Ministerio de Ciencia y Tecno-

We have presented a detailed analysis of the noise propegia and FEDER through the Ramon y Cajal Program and
erties of nondegenerate elastic diffusive conductors. To thi®roject Nos. TIC2001-1754 and BFM2001-2159, from the
end, we have performed a complete set of Monte Carlo simu€onsejera de Educacio y Cultura de la Junta de Castilla y
lations on the basis of the indications provided by theoreticaLeon through Project No. SA057/02, and from the Italy-
predictions. The simulations have confirmed the existence d8pain Joint Action of the MIUR Iltaly(Ref. IT109 and
enhanced shot noise when the exponermdf the energy de- MCyT Spain (Ref. HI2000-0138 is gratefully acknowl-
pendence of the relaxation time satisfies the condition edged.

1For a recent review on shot noise in mesoscopic systems, see Ya. Rev. B60, 5839(1999.

M. Blanter and M. Buttiker, Phys. Ref336, 1 (2000.

2C. W. Beenakker and M. Btiker, Phys. Rev. B16, 1889(1992.

3K. E. Nagaev, Phys. Lett. A69, 103(1992.

4T. Gonzédez, C. Gonzkez, J. Mateos, D. Pardo, L. Reggiani, O.
M. Bulashenko, and J. M. RubPhys. Rev. Lett.80, 2901
(1998.

5T. Gonzdez, J. Mateos, D. Pardo, O. M. Bulashenko, and L.
Reggiani, Phys. Rev. B0, 2670(1999.

5T. GonZdez, J. Mateos, D. Pardo, L. Reggiani, and O. M. Bulash-
enko, Physica BR72, 282(1999.

7C. W. J. Beenakker, Phys. Rev. Lei2, 2761(1999.

13T, GonZdez, J. Mateos, D. Pardo, O. M. Bulashenko, and

9H. Schomerus, E. G. Mishchenko, and C. W. BeenakkeSGtar
tistical and Dynamical Aspects of Mesoscopic Systedised by
D. Reguera, G. Platero, L. L. Bonilla, and J. M. R(Bpringer,
Berlin, 2000, p. 96.

10k, E. Nagaev, Phys. Rev. Le®3, 1267(1999.

11y, L. Gurevich and M. I. Muradov, J. Exp. Theor. Phge, 1026
(2002.

12G. Gomila and L. Reggiani, Semicond. Sci. Techris, 829

(2000.

Reggiani, Semicond. Sci. Techndl3, 714 (1998.

8H. Schomerus, E. G. Mishchenko, and C. W. Beenakker, Physl.“K. Seeger,Semiconductor Physics, an Introducti@gSpringer,

245423-7



G. GOMILA, T. GONZALEZ, AND L. REGGIANI PHYSICAL REVIEW B 66, 245423 (2002

Berlin, 1985. Solids (Academic, New York, 1970 High-frequency effects
151, varani, L. Reggiani, T. Kuhn, T. Gontez, and D. Pardo, IEEE have been analyzed in Y. Naveh, D. V. Averin, and K. K.
Trans. Electron DeviceED-41, 1916(1994. Likharev, Phys. Rev. Lett79, 3482 (1997; K. Nagaev, Phys.

18sh. Kogan,Electronic Noise and Fluctuations in Solid€am- Rev. B57, 4628(1998.
bridge University Press, Cambridge, England, 1996 18\, P. Shaw, V. V. Mitin, E. Schi, and H. L. Grubin,The Physics

From the simulations it is seen that there is charge injection from  of Instabilities in Solid State Electron DevicéBlenum Press,
the contacts into the sample. This means that there should be a New York, 1992, ISBN 0-306-43788-0.
surface charge in the contacts to ensure the charge neutrality 6?A. van der Ziel, Noise (Prentice-Hall, Englewood Cliffs, NJ,
the whole system. This charge is intrinsically accounted for by  1954.
the self-consistent Poisson solver by assuming that the potentiéPT. Gonzdez, O. M. Bulashenko, J. Mateos, D. Pardo, and L.
is constant at the contacts. The possible fluctuations of this Reggiani, Phys. Rev. B6, 6424(1997.
charge on the current is neglected because this effect is expectétO. M. Bulashenko, J. Mateos, D. Pardo, T. Gdazal. Reggiani,
to appear at high frequencigsomparable with those of the and J. M. RuhiPhys. Rev. B57, 1366(1998.
plasma, while we are interested in the low-frequency region of 220. M. Bulashenko, J. M. Rupand V. A. Kochelap, Phys. Rev. B
the spectrum. For a more detailed discussion of charge injection 61, 5511(2000.
in solids, see M. A. Lampert and P. Mar€urrent Injection in ~ 23G. Gomila and L. Reggiani, Phys. Rev.@, 8068(2000.

245423-8



