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Effect of long-range Coulomb interaction on shot-noise suppression in ballistic transport
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We present a microscopic analysis of shot-noise suppression due to long-range Coulomb interaction in
semiconductor devices under ballistic transport conditions. An ensemble Monte Carlo simulator self-
consistently coupled with a Poisson solver is used for the calculations. A wide range of injection-rate densities
leading to different degrees of suppression is investigated. A sharp tendency of noise suppression at increasing
injection densities is found to scale with a dimensionless Debye length related to the importance of space-
charge effects in the structurg50163-1827)09735-X]

The phenomenon of shot noise, associated with the ramean free path. The current existing theories invoked to in-
domness in the flux of carriers crossing the active region of derpret the experimentally observed shot-noise suppression in
device, has become a fundamental issue in the study of eleglch deyicé§_7 assume that carriers move inside the device
tron transport through mesoscopic devices. In particular, thaithout inducing any redistribution of the electric potential.

possibility of shot-noise suppression has recently attracted W€ US€ & more rigorous approach which includes long-range
lot of attention, both theoretically and experimentailjt oulomb interaction between the carriers by considering the

low frequency(small compared to the inverse transit time carrier transport in theelf-consistenpotential governed by

through the active regigrthe power spectral density of shot the P0|_ssqn equgtlor_]. We .ShOW that und_er the balllst|_c re-
noise is given byS = y2q1, wherel is the dc currentg is gime this interaction is crucial, and that noise characteristics

the electron charge, ang is the suppression factor. When are strongly modified depending on whether the carrier cor-

the carriers crossing the active region are uncorrelated, fuﬁelatlon (medlated by the f|ew|s taken Into account.or ’?Ot-
shot noise withy=1 (Poisson statistigsis observed. How- To this purpose we consider a simple structure: a lightly

ever, correlations between carriers can reduce the shot-noigéégsgeic?\xﬁ fg;(\),ﬂ ogg szég?]?sé’ét%.ggi’:]ce tiin(cj:\;v:(r:ir;?sd
value, giving y<1. In real mesoscopic devices different y dop I 9

types of mechanisms resulting in shot-noise suppression ca{Hto the active region. The device then acts similarly to a

be distinguished(i) statistical correlations due to the Pauli }[/r?cuum dt'Ode’ W'th.a relevantt Q|ff(=£-rerc11cef|n the Ifact thatt
exclusion principlgimportant for degenerate materials obey- EIZ::Eir(?rrwi \;V% Ogr?]%‘:"er:jg f(; g:;er:hsem;ﬁ?actg 3;'2? diencu:)ena.
ing Fermi statistic (ii) short-range Coulomb interaction thermal-equilibrium Maxwell-Boltzmann distributiongand
(electron-electron scatteringand (iii ) long-range Coulomb th 9 ballistically inside th " dith '
interaction (by means of the self-consistent electric poten- €y move baflistically inside the active regiqthe mean
tial). While the first two mechanisms have been extensivel ree path is considered to be much larger than the distance

discussed in solid-state literaturéhe last one has received etween the contagismccording to the semiclassical equa-

less attentior},although its role in shot-noise suppression has:['onS of motion. The quc;tuatmg emission rate at the contacts
been known for a long time in vacuum-tube deviddEne 'S taken to follow a Poisson statistics. This means that the

only exception that should be mentioned is the Coulomt}lme between two consecutive electron emissions |_sngener-

blockade in resonant-tunneling devices, which can be alsf'Slted according to the probability densify(t)=T'e”"",
referred to as the last mechanism of suppression. The blocktherel = zn.v S is the injection rate, wit, the electron
ade is provided by a built-in charge inside a quantum welldensity at the contactS the cross sectional area of the
which redistributes the chemical potential, and prevents théevice, and),= 2kgT/(7m) the thermal velocityT is the
incoming carriers from passing through the well, thereby red{attice temperaturekg Boltzmann constant, ana the elec-
sulting in carrier correlation and shot-noise suppresésee  tron effective mass The electron gas is assumed to be non-
the experimental evidenbe The Coulomb blockade is a degenerate to exclude possible correlations due to the Fermi
consequence of long-range Coulomb interaction, and it actstatistics. For simplicity, the conduction band of the semi-
under thesequentiatunneling regime of carrier transport.  conductor is considered to be spherically parabolic. Both the
The main objective of the present paper is to prove thegime-averaged current and the current fluctuations inside the
importance of long-range Coulomb interaction between thective region of the device are analyzed for different bias
carriers on the shot-noise power spectrunder the ballistic ~ voltages applied between the contacts. The calculations are
regime of electron transpartThe ballistic regime is now performed by using an ensemble Monte Carlo simulator self-
accessible in modern mesoscopic devices like electrononsistently coupled with a Poisson sol\&S. By using
waveguides, quantum point contacts, etc., which have chathis approach we can analyze much more general situations
acteristic lengths of the order, or smaller, than the carriethan those studied in previous analytical calculations.
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For the calculations we used the following set of param-
eters:T=300 K, m=0.25m,, dielectric constanéd=11.7¢,
sample lengthL=2000 A, and contact doping. ranging 100t
between 18 and 4x 10'” cm™2 (always at least two orders
of magnitude higher than the sample dopingowever, we
must stress that the results we are going to present do not o
depend on the particular values of these parameters, but only &
on the dimensionless lengtha=L/Ly., where ~
Lpc= VekgT/g?n, is the Debye length corresponding to the i
carrier concentration at the contact.

Let us discuss briefly the steady-state spatial distributions
of the quantities of interest inside the sample. In a general
case the carrier concentration is nonuniform, having maxi-

mum values at the contacts due to the electron injection and 0.01 il
decaying toward the middle of the sample. Accordingly, 0.1 1 10 100
without an external voltage bias the potential distribution has qU / kT

a minimum in the middle of the sample due to the space
ch_arge. W,hen, a positive voltage is applied to t,he f”mOde' t,he FIG. 1. Current-noise spectral densBy vs applied voltage)
minimum is displaced toward the cathode, while its ampli-cqicylated by using statidopen symbols and self-consistent
tude tends to diminish. This minimum provides a potential(ciosed symbols, solid lingotentials for several injection-rate den-
barrier for the electrons moving between the contacts, so thaftiesn, (in cm™3, with the corresponding): (O) 1013, A =0.15;
a part of the electrons, not having enough energy to go overo) 2x 1015 A=2.18; (V) 10 A=4.88; (A) 2.5x106 A
the barrier, are reflected back to the contacts. The most im=7.72: (0) 10", A =15.45; (®) 4x 10'7, A=30.9. The static case
portant fact is that the transmission through the barrier iss shown to be nicely described by Hg) (dashed ling The dotted
current dependentwhich is crucial in calculating the noise lines represent @ (marked for each injection-rate density by the
characteristics. In the structure the current is limited by thecorresponding symbpl
space charge and increases linearly with the applied voltage
up to a certain value of the external bias when the barrier 92
vanishes, so that all the electrons emitted from the cathod€,,\(t)= F(u)(N)(&v(t’)éN(t’HH SN(t") v (t' +1)).
can reach the anode. Under the latter regime the current is
saturated and becomes independent of the®iiais impor- (10)
tant to stress that in our approach we do not impose a fixed
number of electrond to be present inside the sample. The Figure 1 shows the low-frequency value of the spectral
value of N is determined by the emission rates of the con-density of current fluctuation§; =2/~ _C,(t)dt normalized
tacts and the applied bias. Therefdrefluctuates in time and  to 2qlg, wherel,=ql'=3qn.wS is the saturation current
we can evaluate both the time-averaged val¢ and its  (notice that this is the maximum current that a contact may
fluctuations by means of the Monte Carlo algorithm. One carprovide. This normalization is performed in order to com-
observe thafN) is constant at the increasing part of the pare the results for different injection-rate densitigifferent
current-voltage characteristic, and it decreases with the biasontact dopings We provide the results for two different
once the current is saturated. simulation schemes. The first one involvesignamicPS,
Under a fixed applied voltage the current density in thewhich means that any fluctuation of space-charge appeared
structure is given by(t)z(q/L)EiNfl)vi(t), wherev;(t) is  due to the random injection from the contacts causes a redis-
the instantaneous velocity component along the field directribution of the potential, which is self-consistently updated
tion of theith particle? The current autocorrelation function by solving the Poisson equation at each time step during the
Ci(t)=(alI(t")sl(t'+1)) is evaluated from the sequence simulation to account for the fluctuations associated with
[(t) obtained from the Monte Carlo simulation, where thelong-range Coulomb interaction. In the second scheme we
current fluctuation is given byl (t)=1(t)—(l). To clarify  use astatic PS to calculate only the stationary potential pro-
the role of different contributions to the current noise wefile, and, once the steady state is reached, the PS is switched
decompose the current autocorrelation function into thre®ff, so that the carriers move in theozen nonfluctuating
main contributionsC,(t)=Cy/(t) + Cy(t) + Cyn(t) associ- electric field profile. We checked that both schemes give
ated, respectively, with the fluctuations in the mean velocityexactly the same steady-state spatial distributions and total

of electronsCy,, the fluctuations in the carrier numbe€x, current, but the noise characteristics are different. Several
and the velocity-number cross correlati@y,. The corre- values ofn. (and therefore several injection-rate densjties
sponding formulas are given by have been considered. As increases, space-charge effects

become more and more significant, the dimensionless param-
> eter\ being the indicator of their importance.
Cu(t)= p(N)Z( du(t")dv(t'+1)), (1a) In the static case, by increasing the applied voltagere
always obtain an excellent coincidence with the well-known
= formula'® used to describe the crossover from thermal to shot
_9 0 , , noise when carrier correlation plays no r¢tepresented in
Cn(t)= L2<v> (ON(t") N(t" +1), (1b) the figure by dashed lings
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from qU~kgT the current noise, instead of increasing, de-
creases until the proximity of saturation. Under saturation,
the results for both schemes coincide and full shot noige 2
is recovered. When compared with the static case the noise
suppression is stronger for higher(more important space-
charge effects

To understand the physical reason for the shot-noise sup-
pression, in Fig. 2 we provide the decompositiorSpf cal-
culated with static and dynamic PS, into the additive contri-
butions S, Sy, and Syy [Egs. (1)] for different applied
voltagesU and\=7.72 (n.=2.5x 10'® cm3). The contri-
butions ofSy andS,/ to the current noise vanish at equilib-
rium (U—0), since they are proportional t¢v)? and
(v)—0. Thus for small biasesqU<kgT) §~Sy,, which
means that the current noise is thermal noise associated with
velocity fluctuations and is governed by the Nyquist theorem
S~4kgTG, with G=dI/dV|y -, the conductance. For this
case the results for the stafiEig. 2(a)] and dynamidFig.
2(b)] schemes evidently coincide. However, starting from
qU~kgT the difference becomes drastic. For the dynamic
case the velocity-number correlations, represente®fy,
are negative, while for the static case they are positive. Fur-
thermore, for the current fluctuations calculated using the
self-consistent potentiagy andS,/ are of opposite sign and
compensate for each other, so tBaapproximately follows
Sy as long as the current is space-charge limited. As a con-
sequence, the current noise, which now corresponds to shot
noise, is considerably suppressed below the valjieg?ven
by the static case. This result reflects the fact that as the
carriers move through the active region, the dynamic fluctua-
tions of the electric field modulate the transmission through
the potential minimum and smooth the current fluctuations
imposed by the random injection at the contacts. Therefore,
the coupling between number and velocity fluctuations in-

FIG. 2. Decomposition of the spectral density of current fluc-4,ceq by the self-consistent potential fluctuations is mainly

tuations S, into velocity, number, and velocity-number contribu-
tions vs applied voltage for the capg=2.5X 10" cm™3, A =7.72
calculated by usinga) the static and(b) the dynamic Poisson
solver.

responsible, througls,y, for the shot-noise suppression.
This velocity-number coupling becomes especially pro-
nounced just before the current saturatidd~{7kgT/q),

when the potential minimum is close to vanishing com-
pletely (V,,—0), and the fluctuations of the potential barrier

S=2q(1"+17)=2ql cothqU/2kgT), 2

modulate the transmission of the more populated states of the

injected carriergthe low-velocity states Under saturation

wherel=1"—1" is the total current flowing through the
diode, consisting of two opposing  currents,
" =14 exd —qVi,/kgT] in the forward-bias direction and
I~ =1s exd —q(Vy+U)/kgT] in the opposite directiony,,
being the potential minimum induced by the space-charge,
which is dependent ob). This agreement supports the va-
lidity of the simulation scheme used for the calculations. For
qU<kgT, |*~I", thermal noise is dominant and
S ~4qls exd —qV,,/kgT]. Therefore, for the lowest value of
N\ (when space-charge is negligible avigl—0), S;—4qls,
while as \ increasesV,, becomes significant an&, de-
creases. WhenqU=kgT, I *>1", the transition from ther-
mal noise to shot noise takes place &ja-2ql™*. Finally,
for the highest values dfl, saturation occursy,, vanishes,
andS,~2qls.

For the lowest values of no difference between the dy-

namic and static cases is obviously detected. However, for
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higher\, when space-charge effects become significant, the FIG. 3. Shot noise reduction facter vs voltageU for several
picture is drastically different for the dynamic case. Startinginjection-rate densities,, (different values ofv).
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conditions space-charge effects do not modulate the random It should be emphasized that two essential conditions are
injection (no potential minimum is presentand again both necessary for the strong shot-noise suppression due to long-
dynamic and static cases provide the same additive contribuange Coulomb interactioni) the presence of a potential
tions and total noise @). barrier inside the device which controls the current, &nd
Finally, in Fig. 3 we present the reduction factgf de-  the carrier transmission through the barrier should depend on
fined as the ratio betwee) as calculated with the dynamic the current. This fact is quite general and, therefore, the re-
PS S-a) and, as given by Eq(2) neglecting the in- sylts obtained in the present paper extend to much more
fluence of long-range Coulomb interactiony’=S,_q/  physical situations. For example, in a recent experiment by
[2q1 coth@U/2kgT) ]. In the context of our calculationg’  Reznikovet al® the shot-noise level measured in a quantum
is more appropriate than the standard suppression factfint contact in the pinched-off regime was found to be un-
v=35-4/(2ql), since it covers both the thermal and shot- gy nectedly low(about one-third and lessin that regime the
noise range of applied voltages. Here it is observed how thg st is controlled by the potential barrier present at the
shot-noise suppression becomes more pronouncediBS  gates and both conditions for the shot-noise suppression
creases. For example, far=30.9 it reaches 0.04. Thus our mentioned above are fulfilled. Hence the results obtained in
self-consistent approach predicts much lower values of thg . calculations strongly support the suggestion of the au-

suppression factor than the previous analytical model of vaf o5 of the experiment that the origin of the discrepancies
der Ziel and Bosmafwhere the dependence of the potential penyeen experimental results and theoretical predictions lies
minimum and its position on the applied voltage was Nnot, the disregarding of Coulomb interaction between electrons
taken into account. _ passing through the contact. More precisely, the electron

In principle, the value of the parametef in our model  fi6\y considerably modifies the potential distribution inside
has no lower limit. We observe that it follows asymptotically the contact, yielding the coupling of velocity-number fluc-
the behaviory’ ~kgT/qU in the range where shot-noise sup- yations, and resulting in shot-noise suppression.

pression is more pronouncédU>kgT, U<Ugy. y" can In conclusion, we have investigated the influence of long-
reach a value as low as desired by appropriate increasing thgnge Coulomb interaction on shot-noise suppression in bal-
sample length and/or the carrier concentration at the contaqgjgtic transport by using an ensemble Monte Carlo simulator
provided the transport remains ballistic. However, with i”'self-consistently coupled with a Poisson solver. We have

creasing device lengtlfor lattice temperatujethe carrier  found that this suppression is stronger as space-charge ef-
transport actually goes from the ballistic to the diffusive re-facts pecome more important, and it can be monitored by a
gime, and the shot-noise suppression is washed out. Thergimensionless parametar More than one order of magni-
fore, the maximum suppression factor predicted by our calyge of shot-noise suppression is predicted. The main contri-
culations for a system with a given value of the mean fregytion to the suppression is found to originate from the

path A, would be obtained approximately &ta~Ap/Loc-  velocity-number correlations induced by the self-consistent
Moreover, when the carrier concentration at the contact igjg|q.

increased so that the electron gas becomes degenerate, statis-

tical (Paul) correlations between the carriers appear, which This work has been partially supported by the Conmisio
will be additive (in the sense of shot-noise suppressim  Interministerial de Ciencia y Tecnolagthrough Project No.
the Coulomb correlations. TIC95-0652.
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