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Role of energy correlations on Coulomb suppression of shot noise in ballistic conductors contacted
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Coulomb suppression of shot noise in a ballistic diode connected to degenerate ideal contacts is analyzed in
terms of the correlations taking place between current fluctuations due to carriers injected with different
energies. By using Monte Carlo simulations we show that at low frequencies the origin of Coulomb suppres-
sion can be traced back to the negative correlations existing between electrons injected with an energy close to
that of the potential barrier present in the diode active region and all other carriers injected with higher
energies. Correlations between electrons with energy above the potential barrier with the rest of electrons are
found to influence significantly the spectra at high frequency in the cutoff region.

DOI: 10.1103/PhysRevB.68.075309 PACS nuntder72.70+m, 73.23-b, 73.50.Td, 05.40.Ca

[. INTRODUCTION case of Coulomb correlations has been less explored. Typi-
cally, Coulomb suppression is generally ascribed toabe

The systematic trend of downsizing electronic devicegion of the self-consistent fluctuations of the potential barrier
(such as the channel length of field-effect transigthes led  present in the active region of the structures, which smooth
to the design and fabrication of structures exhibiting electrorout the current fluctuations imposed by the random injection
ballistic transport 2 even at room temperatufé.For the  of electrons at the contacts:'° Bulashenkoet al, in Refs.
potential application of these devices, the achievement of 8,17, further proposed a microscopic interpretation of shot
low noise level is of primary importandeFor this reason, noise suppression in terms of energy correlations by intro-
the analysis of shot-noise suppression in multimode ballisticducing, in a formal way, the correlation between current fluc-
conductors has received renewed attention in recertuations associated with carriers injected with different ener-
years®~911-13 gies. However, a quantitative evaluation of this interesting

In the study of these structures it has been shown that twquantity has not yet been provided, so that a detailed inves-
fundamental physical interactions can contribute to supprestigation of the role played by energy correlations on Cou-
shot noise. On the one hand, the current fluctuations origitomb suppression is still not available. The aim of this work
nated by the thermal emission of carriers from the contactss precisely to address this issue. By means of MC simula-
acting as reservoirs may carry the signature of Paultions, the role played by electrons injected with different
correlations* On the other hand, these fluctuations can beenergy levels on the onset of Coulomb suppression is deter-
modified by the action of long-range Coulomb interaction inmined. To this end, the correlation spectra between the con-
the ballistic regior?:1° Recently, some of the authd?slevel-  tributions to the current fluctuations originating from carriers
oped an analytical theory describing the relative relevance ahjected with different energies are evaluated. The results
these suppression mechanisms and validated it by compaiidicate that Coulomb shot-noise suppression is originated
son with numerical Monte Carl@MC) simulations. Condi- by the negative energy correlation spectra at low frequency
tions corresponding to all physically relevant conditionstaking place between the carriers injected with an energy
where analyzed: from nondegenerate to degenerate injectioolose to that of the potential barrier and all other carriers
from short to long samples, and from low to high appliedinjected with higher energies. Interestingly, we have found
voltages. the emergence of correlations between high-energy electrons

In spite of these efforts, a truly microscopic understandingat high frequencies near the cutoff region whose nature has
of the nature of shot noise suppression in ballistic devicesalso been analyzed.
and in particular of Coulomb suppression, is still lacking in ~ The paper is organized as follows. In Sec. Il we describe
the current literature. Indeed, while the correlations inducedhe physical model used in the calculations and the structure
by Pauli exclusion principle and the related shot-noise supunder study. The effects of Fermi and Coulomb suppression
pression are well understood on a microscopic b4si®the  on the shot noise exhibited by the structure are analyzed in
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10° [ dependence is observddpace-charge limited conditions
The inset of Fig. 1 shows the potential profile along the
structure for different applied voltages. This profile exhibits
the characteristic minimuntenergy barrier decreasing in
amplitude and shifting towards the cathodelasncreases.
The amplitude of the energy barrigt,,, is reported in the
main figure as a function of the applied voltage. For the
diode considered her&],,=13.8%gT/q for U=0 andU,,

=0 for U=Ug,~95kgT/q.
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Ill. FERMI AND COULOMB SUPPRESSION

0.1 1 10 100 1000 The Monte Carlo technique, by allowing the usestdtic
qU/k T (frozen potentia_l profile gnd dy_namic(potential profile up-
dated at each time stppimulation schemes, offers a unique
FIG. 1. Current [normalized to the saturation valuég possibility to evidence the effect of Coulomb interaction on
=[71c(ey)de,] and amplitude of the potential minimum vs ap- Shot-noise suppressidnThus, when static simulations are
plied voltage(normalized to the thermal valuerhe inset shows the performed, no Coulomb correlation among carriers takes
spatial profile of the potential¢(x)/kg T for different applied volt-  place in the active region, and the only source of suppression
ages. is the Fermi statistics associated with electrons at the con-
tacts. This allows calculating the Fermi shot-noise suppres-
Sec. Ill. In Sec. IV the analytical expressions associated witl$ion factor asyg=S}(0)/2q!, where Sj(0) is the low-
the energy correlation spectra are derived, and the corrdrequency static current spectral density dnthe electric
sponding MC results are reported and used to analyze theurrent. An analytical expression for- can be easily de-
role of energy correlations on the Coulomb suppression ofived by using that the low frequency static current spectral
shot noise. Finally, in Sec. V the main conclusions of thedensity and electric current are given by
paper are summarized.

SN(0)= f:u S (sx)de,+ f FEACALINNC

Il. PHYSICAL MODEL AND SIMULATED STRUCTURE aUm*

. . - nd
For the calculations, we consider a structure consisting o?

a lightly doped active region of length and cross-sectional o o
areaA sandwiched between two heavily dop@tkbgenerate |=f Ic(sx)dsx—f l(ey)dey, 2
regions of the same material which act as ideal injecting aUm a(Up+U)

contacts. The structure is assumed to be sufficiently thick i'?espectively. HereqU,, is the amplitude of the energy bar-

transversal directions to allow a 1D electrostatic treatmentjo, (known from the simulations U the applied voltages
. . . . . X
Thus, the simulation is 1D in real space and 3D in momenyy,o longitudinal kinetic energy.(e,)de, the current associ-

tum space. The contacts are characterized by a carrier density. 4 \vith electrons injected with energy betwegnand
. . . . X
n. and the associated Fermi lewal. Once injected with a +de, at the contacts, an&, (&,)ds, the low-frequency

iven energy, electrons move ballistically inside the sample. . .
g 9y y P pectral density of the fluctuations of such a current. The

Therefore, noise originates from the randomness in time of

electron injection from the contacts, that is modeled in acEXPliCit expressions for these quantities reatt

cordance with Fermi statistics as described in Refs. 8 and 14.

In the calculations we use the following parameters, which | (e)= gqmA fwf(s +&,)ds
correspond to the possible realistic case of a GaAs diode: R T P
lattice temperatureT=77 K, effective massm=0.065n,
(my being the free electron massdielectric constante gmAlkT ep— &y
=12.9%, (¢, being the vacuum permitivily L =300 nm, =mln 1+ex keT ||’ )
andn,=1.3x 10" cm ™3 (e =10kgT). These values lead to
L/Lo=20.23 with L, the Debye length associated with the )
effective density of states in the conduction band of the semi- g (, )=2q qn;Agf f(e,+e)[1—f(e +e,)]de,
conductor. According to the theory developed in Ref. 13, the ¢ 27h>Jo
caselL/Ly=20.23 ander/kgT=10 corresponds to a diode
where both Pauli and Coulomb correlations are present. de(ey)  G°MAKT
The current-voltage I(- U) characteristic of the diode, =20qksT der | 243 ex), )

with the current normalized to the saturation valyend the

voltage to the thermal value;T/q, is reported in Fig. 1. At where g, is the transversal electron energy afig)={1

low voltages a linear behavior is found, while for high volt- +exgd (s —eg)/ksT]} ! the thermal equilibrium Fermi-Dirac
ages near saturation a superlinear behavior closeWd’a  distribution. The suppression effect associated with Pauli
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FIG. 2. Currentlo(e,) (normalized to the saturation valuig) 10% ¢ -
and low-frequency nois&, (e,) (normalized to 2ls) contribu- | (b)
tions of the injected electrons as a function of the longitudinal en- 10! ¢ 3
ergy e, (left scalg, and ratio between both quantitigsght scalg.
— 100 k
i E

correlations takes place through the injecting statistics and isY
clearly observed in Fig. 2, which showg(e,) and Slc(sx) v 10!

as a function ok, . Carriers injected witlz,> ¢ obey Pois- i "‘ik&g o i
sonian statistics and exhibit full shot noisS|c(sX) 102 ¢ ‘\\\"::-\ »»»»» NN B
=2ql.(ey). By contrast, carriers injected with,<<ep ex- i Ep \\1_‘__,_____,/"
hibit a significantly suppressed shot noisac(ex) 1073 -
<2ql.(ey) with a suppression ratio approaching 10 5 0
qu 7k, T
S
|C(8x) N kgT _ (5) FIG. 3. Total suppressiofiFang factor y (calculated withstatic
2qlc(ey) ep—ey anddynamicsimulation schemésand Coulomby: and Fermiy,

) o suppression factors as a function (af applied voltagel and (b)
Closed circles in Fig. 3 report the MC results fgg as @ amplitude of the potential minimurd .

function of both the applied voltag¥, Fig. 3a), and the
amplitude of the potential minimurd ,,, Fig. 3b). The the-  |ations (closed squarésand the corresponding factorization
oretical values calculated from the analytical expression deinto Coulomb (open diamondsand Fermi(closed circles
rived by means of Eq¢1) and(2) (solid line) perfectly agree  contributions. As can be observed, at the lowest valuds, of
with the static simulations, as should be. We note that at lowhermal noise is dominant, and thG8(0)=S(0) and yc
U, whenqU<kgT, thermal noise is dominant ang->1.  ~1 (j.e., absence of Coulomb suppressidFhen, at increas-
For intermediate values ofl, when kgT<qU and qUy  ing U, three different regimes of suppression are identified.
>eg, | is determined by Poissonian electrons witfi>er  The first regime kgT<qU,qU,,>e¢) is related only to
in the tail of the Fermi distributiorflow-occupation stgte)s Coulomb correlations:=1,yc<1). Herel is due to Pois-
and thusyg=1. At higherU, whenqUn,<e, the contribu-  sonian carriergwith £,>¢) which give rise to fluctuations
tion to | of carriers injected with sub-Poissonian statisticsef U, modulating the passage of further electrons, thus lead-
becomes more and more important. Accordingly, de-  ing to increasing Coulomb suppression. The second regime
creases systematically taking values smaller than unity, untlqu, <) is related to both Coulomb and Fermi correla-
saturating 1f101r3 U>Ugsy (QUn=0) at the value yr  tions (ye<1,yc<1). Here, interestinglyyc tends to satu-
=2kgT/eg. ™ o ) rate whileyg keeps decreasing with. This is due to the fact
When dynamic simulations are performed, the temporathat, asl increases, the additional carriers contributing to the
fluctuations of the electric field modulate the transmission ofyrrent come from the energy region belew (e,<er,

electrons over the potential minimum, thus modifying thecharacterized by sub-Poissonian statistasd prevent fur-
noise characteristics with respect to the static case. Now, ither significant fluctuations dfl,. Finally, in the third re-

addition to Fermi suppression, a further reduction of noisejime (under current saturatiorthe suppression is constant
due to Coulomb correlations takes place. Since the two supyng only due to Fermi correlationgg=2kgT/e¢ , yc=1).
pression mechanisms act independently, the low-frequency

dynamicspectral densitys’(0) can be expressed &(0) V. ENERGY CORRELATIONS IN COULOMB
=y2ql=vyryc2ql, wherey=vyryc is the total shot-noise SUPPRESSION

suppression factor andy: the Coulomb suppression

factor®'1~13|n Fig. 3 we present the calculated values of the  Within our model, carriers injected at the contacts with
total suppression factor as obtained from dynamic MC simudifferent ¢, levels are uncorrelated='* However, electrons
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with different energies in the volume of the conductor are 0.6
expected to be strongly correlated by Coulomb interaction. @ -
To investigate how these correlations, responsible for Cou- 0.4 —— static PS
lomb suppression, take place, we will calculate them by — analytical
means of MC simulations. 0.2 o =
In order to simplify the discussion, we will consider the T
particularly favorable situation in whichr<qU<qUgy. In
this case Coulomb suppression is very significage Fig.
3), and the average currehtand the low-frequency current
spectral densitys,(0) are determined only by carriers in-
jected at the left contact. The contribution to the instanta- B
neous current coming from electrons injected at the right of
contact can be neglected, since they rapidly turn back to the <
same contact. Thus, the instantaneous value of the electric =
current can be written as ;
o 0.04 :
. K © &' =696k ;T
I(t):f I (ex,t)dey, (6) b:x 0:02
0 e 000
wherel | (e,,t)de, is the instantaneous current due to elec- 0.02
trons injected withe, at the left contact, a quantity that can
be easily evaluated from MC simulations. The fluctuations of S0
the current are then given by 0.04 | () o =052k, T
o o o 0.02 ]\
5I(t):f0 ol (ex,t)dex= fO [IL(ex,t) =T L(ex)]dey, 0.00 ‘
(7 -0.02
wherel  (e4)dey is the time-average value of (e, ,t)de,. -0.04 WV,
The autocorrelation function of current fluctuations can then 0 5 10 5 20
be evaluated as
e, /kpT

— ’ "4
Ciy=a)a ' +y) FIG. 4. Low-frequency value of the correlation spectra between
w o - , current fluctuations due to electrons injected with energieand
= f f Ol (ex,t") 6l (gy ' +1)de,dey &, at the left contact as a function ef for several values of, : (a)
070 e =e, (diagonal contributions (b) &/ =qU,,, (c) &,=6.96kgT,
w (o and (d) £,=9.52 kgT. qU/kgT=380. Vertical lines indicate the
= f f C,L(sX &y ,t)de,dey, (8) position ofqU,,=4.80kgT. Closed circles and open diamonds cor-
0.0 respond, respectively, to the results obtained with dynamic and
whereC, (e,¢.,t) is the correlation function between cur- static S|mul_at|ons. The gray line i@) is the analytical expectation
L ) o . . for the static case.
rent fluctuations due to carriers injected with energigand

£y at the left contact, quantity that can be readily calculatedected with different values of longitudinal energy ande,,
from MC simulations. The current spectral density can thergt the left contact, is the key quantity to evaluéed iden-

be expressed as tify) the correlations induced by Coulomb interaction inside
. the active region. To illustrate the properties of this quantity,
Su(f)=2f C,(t)exp(j2mft)dt we have consid_ere_d the case b= 380 kBT{q,_f_or which
—o the energy barrier igU,,=4.80kgT and a significant Cou-

o lomb suppression takes place. To perform the calculations
:J' f S (eq.el,f)de,del, (9) indicated in Eqs(7)—(10), in MC simulations it is necessary
0Jo 't to discretize the range of the longitudinal energigsunder
consideration. In our case the rangesQffrom 0 to 2kgT
has been divided into 50 nonuniform mesf&s.
" We discuss first the low-frequency results. Figure 4 re-
S,L(sx,e)’( ,f)=2f C|L(sx,s)’( JDexpj2mft)dt. portsS,L(sX,s)’(,O) as a function ot for different values of
o (10) ey, with Fig. 4@ showing the diagonal (_:ontributions{_
=¢gy;) and Figs. 4b), 4(c), and 4d) the off-diagonal contri-
Therefore,S, (ex,ey.f), representing the spectrum of the pytions at energies., equal and above the top of the energy
correlation between current fluctuations due to carriers inbarrierqU,,. We note that, when the effect of space charge

with
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is neglectedstatic simulatiof, electrons in the active region T 8 [ o a,T) _

are uncorrelated and thus only the diagonal contributions at & 6 [— 480=au,, /N e,=9.52k T
energies above the barrier are expected to differ from zero, oo / \
§|L(8X,8;,0):S|C(8X)5(8X—8;() 0(ex—qU,,), where 6 is f‘“ 4 [—- 805 / \-\

the Heaviside step function arﬁﬂc(sx) is given by Eq.(4), o) [—— 9.52=»§,/'/ //;}\\~ ''''''
corresponding to the noise associated with the Fermi-Dirac 27 0

injecting statistics. This is confirmed by the static MC re- < 27

sults. Indeed, Fig. 4 shows an excellent agreement be- i 4t

tween the results of MC simulations and the analytical val-  *. 6| ]
ues. In the case of Figs.(B)—4(d), the only correlation &2 @
which differs from zero is confirmed to be the diagofeal- Sl ‘

tocorrelation contribution, that is, for,=¢, . As indicated 03 02 01 00 o0l 02 03
by Eq. (1), the integration of these diagonal contributions

over g, provides the value of the low-frequency static spec-
tral density, containing only the influence of Pauli correla-

tions.

The origin of Coulomb suppression can be understood in
terms of the significant differences which appear in the en-
ergy correlations with respect to the static case when dy-
namic simulations are performed. As observed in Fige) 4
and 4d), carriers injected withe,>qU,,, apart from the
autocorrelatior{positive peakassociated with their injecting
statistics already observed in the static case, are @mlyj)

(1/k T)

3

£)]/24q1
(=2
<
<

001 t

'

(sx,s

002 |

w
correlated(negative peakwith those electrons injected with 0
A " ) & -0.03 [
ey~qU,,. This indicates that a positive fluctuation of ) X .
I (e4,t) ate,>qU,, induces, via Coulomb interactidbar- 10 10 10
rier fluctuation$, a negative fluctuation off, (qU,,,t), and Frequency (GHz)

vice versa. Thus, the tern®§ (s, ,&,,0) being different from ) . )
L FIG. 5. (a) Correlation functions between current fluctuations

zero are(i) the diagonal COI’]tI‘IbutIOI’]S,dL(SX 1£x0), for ex due to electrons injected with energigsande,, and(b) real part of
=qUy,, which are positivgsee Fig. 4a)] and (ii) the off-  the corresponding spectra for the case:pf 9.5%gT and several
diagonal contributions involving carriers at~qU,,, that values ofe,.
is, S!(2x,qUn0) for &,>qU, [see Fig. 4b)] and
Sfi (QUpn.£.,0) fore.>qU,, [see Figs. &) and 4d)], which Up _to now we have consjdered just the Iovy-fr_equgncy
L ; . . case, in which the only carriers whose transmission is af-
are neg'c’mve. 'By wrtge of the symr’netry propfames 0ffected by the barrier fluctuations are those injected with
Ci (ex.ex,t) [in particular, Cy (ex,e,,1)=C (ex.8x.  —qu_ and, accordingly, this is the only energy level exhib-
—1)], Si (8x,9Um0)=S{ (qUn,&,,0). These negativean- iting the influence of Coulomb correlations. However, at
ticorrelation terms, by reducing the value (ﬁj(O) when hlgh frequencies other correlations can be expected. Indeed,
performing the integration in E9), are responsible for the even if the carriers injected at the left contact with
noise suppression. The anticorrelation is larger the lawer >dUp are completely transmitted to the right one, their dy-
is [see Fig. 4b)], since the injection rate and the associatedn@mics is affected by the barrier fluctuations. This influence
noise are highetsee Fig. 2 The carriers injected witle, IS more significant the close is toqUy,, since this implies
~qU,, are those whictfieel (at low frequencythe influence that electrons pass over the barrier more slowly. Therefore,
of the barrier fluctuations caused by the electrons with suffithe carriers injected witl, slightly higher thargUy, are the
cient energy to overcome the barrier. These barrier fluctuaiain candidates to exhibit correlations at high frequencies.
tions tend to bunch the carriers injected witf=qU,,, when  To confirm this conjecture, in Fig. 5 we reptﬁf’L(sx ext)

passing ovefor being reflected atthe barrier, thus leading [see Fig. %a)] and R¢S! (e4,8, ,F)1*° [see Fig. Bo)] for

. . |
to positive correlations among them. As a consequence, the%%veral values ofs’>qUL and &,=9.52 ks T. From Fig
carriers are found to be strongly autocorrelated when comz X m x - B - '

pared to the static cadeas observed in Figs.(#) and (b). 5(b) we observe that, even if at low frequency only the au-

We remark that even if some qualitative predictions abou{ocorrelation éxz_a;) and the cross correlation with .carriers
the behavior of low-frequency carrier correlations in ballistic & €x™~9Um are different from zero, at high frequencies there
diodes can be found in the literat &’ here these correla- €Xist significant correlations with carriers injected at energies
tions are evidenced and evaluated quantitatively. Moreover"‘?jo"e the l:/)arrler. In Fig. (8 the shape of the
the other advantage of our MC approach is that high-élL(9-5z<BT18x't) curves can be explained as follows.
frequency correlations can also be calculated. We analyzZé&/hen a positive fluctuation of (9.5X%gT,t) takes place
some of their properties in the following. (excess of carriers injected at 9kad passing over the bar-

075309-5



T. GONZALEZ et al. PHYSICAL REVIEW B 68, 075309 (2003

rier), the electrons at,>qU,, are slowed down due to the coming from the correlations between groups of carriers per-
increase of the barrier amplitude. As a consequence, we oftaining to different energies. Such a procedure has been
serve the onset of a negative f|uctuation|p¢gx ,t) which  implemented in a self-consistent Monte Carlo simulator. The
leads to negative values 6f (9 5XgT,e,,t) at the shortest numerical results show that Coulomb suppression at low fre-
times. Once the excess carriers injected at lgs52are far quency is controlled by the negative correlation existing be-
away from the barrier, this decreases in amplitude and eled" tween current fluctuations due to the electrons injected with
trons with &/ >qU,, become faster when passing over i, %n energy close to that of the potential barrier present in the
thus Ieadingxto posr?tive fluctuations bf(e. 1) [i.e., positive _aqnve reglpn of the diode gnd those due to all other electrons
g , x o) L= X injected with higher energies. Remarkably, electrons around
values ofCy (9.5%gT,z,,t) at longer positive timgs This  the energy of the potential barrier are found to be strongly
effect is more pronounced and occurs for longer times thautocorrelated at low frequency. We have also evidenced the
closere, is toqU,,, since the injection rate is higher and the presence of correlations at high frequency, where, in contrast
carriers are slower. As a result of this behavior,with the low-frequency case, carriers well above the barrier
Ra[SI (ex,ey,T)] exhibits negative values with a minimum display significant correlations. The recent development of
of Iarger amplitude, appearing at lower frequencies, th&lectron dewces based on ballistic structures with different

smaller ey, is. In the case of the cross correlation with the 3:5(;';2:?%]‘ thels rgg(()er;tlsrgsgulttg find out an experimental
carriers injected at,~qU,,, C‘,’L(9.52kBT,qu,t) takes P

only negative values, since these carriers, instead of being
initially slowed down and then accelerated, are just reflected ACKNOWLEDGMENTS
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