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We show that shot noise in a resonant-tunneling diode biased in the negative differential resis
regions of theI-V characteristic is enhanced with respect to “full” shot noise. We provide experimen
results showing a Fano factor of up to 6.6, and show that it is a dramatic effect caused by elec
electron interaction through the Coulomb force, enhanced by the particular shape of the dens
states in the well. We also present numerical results from the proposed theory, which are in agree
with the experiment, demonstrating that the model accounts for physics relevant to the phenom
[S0031-9007(97)05143-0]
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Deviations from the purely poissonian shot noise (th
so-called “full” shot noise) in mesoscopic devices and res
nant tunneling structures have been the subject of gro
ing interest in the last decade [1–11]. The main reas
is that noise is a very sensitive probe of electron-electr
interaction [12], because of both the Pauli principle an
the Coulomb force, and provides information but obtain
able from dc and ac characterization; furthermore, noi
depends strongly on the details of device structure, so t
the capability of modeling it in nanoscale devices implie
and requires a deep understanding of the collective tra
port mechanisms of electrons.

Almost all published theoretical and experimental stud
ies have focused on the suppression of shot noise d
to negative correlation between current pulses caused
single electrons traversing the device. Such correlati
may be introduced by Pauli exclusion, which limits th
density of electrons in phase space, and/or by Coulom
repulsion, depending on the details of the structure a
on the dominant transport mechanism [6–8], and ma
the pulse distribution subpoissonian, leading to suppress
shot noise.

In particular, for the case of resonant tunneling stru
tures, several theoretical and experimental studies have
peared in the literature [2–11], assessing that the pow
spectral density of the noise currentS in such devices may
be suppressed down to half the “full” shot noise valu
Sfull  2qI, i.e., that associated with a purely poissonia
process.

In this Letter, we propose a theoretical model and sho
experimental evidence of the opposite behavior, that
of enhanced shot noise with respect toSfull, which is
to be expected in resonant tunneling structures bias
in the negative differential resistance region of theI-V
characteristic. An attempt to model such phenomenon h
been presented in Ref. [13].

We shall show that in such a condition Coulomb inte
action and the shape of the density of states in the w
introduce positive correlation between consecutive curre
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pulses, leading to a superpoissonian pulse distributio
which implies a superpoissonian shot noise.

First, we shall show an intuitive physical picture o
the phenomenon, then we shall express it in terms o
model for transport and noise in generic resonant tunnel
structures presented elsewhere [8,14]. Furthermore,
shall show the experimental results, exhibiting a noi
power spectral density almost 6.6 times greater thanSfull,
and compare it with the results provided by a numeric
implementation of our model.

As is well known, the typicalI-V characteristic of
a resonant tunneling diode is due to the shape of t
density of states in the well, which consists of a seri
of narrow peaks in correspondence with the longitudin
allowed energies in the well: for the GaAsyAl 0.36Ga0.64As
material system considered here, there is a main narr
peak. In the negative differential resistance region of t
I-V characteristic, the peak of the density of states is bel
the conduction band edge of the cathode: With increas
voltage, the density of states is moved downward, so th
fewer states are available for tunneling from the cathod
and the current decreases.

The microscopic mechanism which allows for enhanc
shot noise is the following (see Fig. 1): An electron tun
neling into the well from the cathode raises the potent
energy of the well by an amountqysC1 1 C2d, whereq is
the electron charge,C1 and C2 the capacitances between
the well region and either contacts; as a consequence,
density of states in the well is shifted upwards by th
same amount, with the result that more states are availa
for successive tunneling events from the cathode, a
the probability per unit time that electrons enter the we
increases. That means that electrons entering the w
are positively correlated, so that enhanced shot noise
to be expected. The effect of a single electron enteri
the well is finite only if the diode transverse area is finit
implying finite C1 andC2. Actually, though less intuitive,
the argument is perfectly valid if restated in terms o
capacitances and number of electrons per unit area.
© 1998 The American Physical Society
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FIG. 1. Enhanced shot noise is obtained because an elect
tunneling into the well (a) from the cathode raises the potenti
energy of the well by an amountqysC1 1 C2d so that more
states are available for tunneling from the cathode (b).

For a more analytical derivation we can consider th
structure as consisting of three regions,Vl, Vw, andVr ,
i.e., the left reservoir, the well region, and the right rese
voir, respectively, that are only weakly coupled throug
the two tunneling barriers 1 and 2, as sketched in Fig. 1(a
In addition, we suppose that electron transport is well d
scribed in terms of sequential tunneling (which is reaso
able, except for the case of temperatures in the millikelv
range): An electron inVl traverses barrier 1, loses phas
coherence, and relaxes to a quasiequilibrium energy dis
bution in the well regionVw, then traverses barrier 2 and
leaves throughVr .

Since confinement is realized only in one direction (tha
of MBE growth), a state inVs ss  l, r , wd is character-
ized by its longitudinal energyE, its transverse wave vec-
tor kT , and its spins, and tunneling can be treated as
transition between levels in different regions [15] in which
E, kT, ands are conserved.

Following Davieset al. [6], we introduce “generation”
and “recombination” rates through both barriers [8]: th
generation rateg1 is the transition rate fromVl to Vw,
i.e., the sum of the probabilities per unit time of having
transition fromVl to Vw given by the Fermi “golden rule”
over all pairs of occupied states inVl and empty states in
Vw . Analogously, we definer1, the recombination rate
through barrier 1 (fromVw to Vl), g2, andr2, generation
and recombination rates through barrier 2.

Since negative differential resistance is obtained at hig
bias, when the electron flux is one directional,r1 and g2
can be discarded, whileg1 andr2 are

g1  2
2p

h̄

Z
dE jM1lwsEdj2rtsEdrwsEd

3
Z

dkTrT skTdflsE, kTd f1 2 fwsE, kTdg , (1)

r2  2
2p

h̄

Z
dE jM2rwsEdj2rrsEdrwsEd

3
Z

dkTrT skTdfwsE, kTd f1 2 frsE, kTdg , (2)
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wherers, fs ss  l, w, rd, are the longitudinal density of
states [16] and the equilibrium occupation factor inVs

(dependent on the quasi-Fermi levelEfs), respectively,
and rT is the density of transverse states;M1lwsEd is
the matrix element for a transition through barrier 1
between states of longitudinal energyE: it is obtained
in Ref. [14] asjM1lwsEdj2  h̄2nlsEdnwsEdT1sEd, where
ns ss  l, w, rd is the so-called attempt frequency inVs

and T1 is the tunneling probability of barrier 1;M2rwsEd
is analogously defined.

As is well known, in the negative resistance region
of the I-V characteristic, the peak ofrw is below the
conduction band edge of the left electrode. In such
way, as the voltage is increased, the number of allowe
states for a transition fromVl to Vw is reduced, hence
the current decreases. Since all electrons relax to low
energy states once they are in the well, it is reasonab
to assume thatVw states with longitudinal energies above
the conduction band edge of the left electrodeEcbl are
empty, i.e., correspond to a zero occupation factorfw

(analogously,fr  0). In addition, if we discard size
effect in the cathode, we have that2p h̄rlnl  1 if E .

Ecbl. Therefore we can rewriteg1 andr2 as

g1  2
Z `

Ecbl

dE nwsEdrwsEdT1sEdFlsEd , (3)

r2  2
Z `

Ecbw

dE nwsEdrwsEdT2sEdFwsEd , (4)

whereFssEd is the occupation factor ofVs ss  l, w, rd,
integrated over the transverse wave vectorsFssEd ;R

dkTrT skTdfssE, kTd, and Ecbw is the bottom of the
conduction band edge in the well.

Let us point out thatg1 andr2 depend on the number of
electronsN in the well region both through the potential
energy profile, which is affected by the charge inVw

through the Poisson equation, and through the termFw

in (4) which depends onN through the quasi-Fermi level
Efw . It is worth noticing that in our case Pauli exclusion
has no effect, since practically all possible final states a
unoccupied. Following these considerations,g1 andr2 can
be obtained as a function ofN, at a given bias voltageV .

The steady state valuẽN of N satisfies charge conser-
vation in the well, i.e.,g1sÑd  r2sÑd, and the steady
state current isI  qg1sÑd  qr2sÑd.

Following Ref. [8], it is worth expandingg1sNd and
r2sNd aroundÑ and defining the following characteristic
times:

1
tg

; 2
dg1

dN

Ç
NÑ

,
1
tr

;
dr2

dN

Ç
NÑ

. (5)

Our parameter of choice for studying deviations from
full shot noise is the so-called Fano factorg, the ratio of
the power spectral density of the current noiseSsvd to the
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full shot value2qI. From [8] we have, in this case, for
vtgtr ø tg 1 tr ,

g 
Ssvd
2qI

 1 2
2tgtr

stg 1 tr d2 . (6)

From the definition (5),tg is positive in the first
region of theI-V characteristic, when Pauli principle and
Coulomb interaction makeg1 decreasing with increasing
N . On the other hand, in the negative differentia
resistance region, the term which varies the most wi
increasingN is the longitudinal density of states, which
shifts upwards by a factor ofqysC1 1 C2d per electron:
since the peak is just belowEcbl, a slight shift of the peak
sensibly increases the integrand in (3), yielding a negati
tg. Note that, while from (6) we see that noise coul
also diverge iftg  2tr , this cannot physically happen,
because the large deviation ofN with respect toÑ would
make the linearization ofg1 andr2 not acceptable.

We now focus on a particular structure, on whic
we have performed noise measurements and numer
simulations following the theory just described. Suc
structure has been fabricated at the TASC-INFM lab
ratory in Trieste and has the following layer structure
a Si-dopedsNd  1.4 3 1018 cm23d 500-nm-thick GaAs
buffer layer, an undoped 20-nm-thick GaAs spacer lay
to prevent silicon diffusion into the barrier, an undope
12.4-nm-thick AlGaAs first barrier, an undoped 6.2-nm
thick GaAs quantum well, an undoped 14.1-nm-thic
AlGaAs barrier, a 10-nm GaAs spacer layer, and
Si-doped 500-nm-thick cap layer. The aluminum mo
fraction in both barriers is 0.36 and the diameter of th
mesa defining the single device is about50 mm.

The barriers in our samples are thicker than in mo
similar resonant-tunneling diodes, for the purpose
reducing the current and, consequently, to increase
differential resistance, in order to obtain the best possib
noise match with the measurement amplifiers (availab
ultra-low-noise amplifiers offer a good performance, wit
a very small noise figure, for a range of resistance valu
between a few kilohms and several megohms).

We have applied a measurement technique purpos
developed for low-level current noise measuremen
based on the careful evaluation of the transimpedan
between the device under test and the output of t
amplifier [17].

Our usual approach [17] also includes the subtraction
the noise due to the amplifier and other spurious sourc
which is evaluated using a substitution impedanc
equivalent to that of the device under test with know
noise behavior. For the measurements in the negative d
ferential resistance region, instead, we have evaluated
upper limit for the noise contribution from the amplifier
in these particular operating conditions, since it is difficu
to synthesize an appropriate substitution impedanc
From experimental and theoretical considerations, w
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have verified that such a limit is always below 3% of th
noise level from the device under test, so that correctio
are not necessary. In Fig. 2 the measured current a
the Fano factorg at the temperature of liquid nitrogen
(77 K) are plotted as a function of the applied voltag
(the thicker barrier is on the anode side).

It can be noticed that as the voltage increases, the F
factor decreases down to about 0.5 (which correspon
to the maximum theoretical suppression [8]), at th
voltage corresponding to the current peak is exac
one, then increases again and reaches a peak of 6.
the voltage corresponding to the lowest modulus of t
negative differential resistance, while, for higher voltage
it rapidly approaches one.

In Fig. 3 we show numerical results for the same stru
ture at 77 K based on the theory discussed before a
obtained by considering a relaxation lengthl of 15 nm
[14,16]. The value ofl is chosen in order to fit the peak-
to-valley ratio of the diode current, and is the only fittin
parameter used. As can be seen, there is an almost qua
tative agreement between theory and experiment (the p
experimental current is 45 nA which corresponds to a cu
rent density of23 Aym2): We ascribe most of the differ-
ence to the tolerance in the nominal device parameters
to the simplistic inclusion of all phase-destroying mech
nisms in a single, energy independent, relaxation leng
All the relevant features of the Fano factor as a functio
of the applied voltage are reproduced, and can be ea
explained in terms of our model.

The fact thatg is maximum at the voltage correspond
ing to the minimum negative differential resistancerd of
the device is readily justified once we recognize thatrd

is practically proportional totg 1 tr [18]. In fact, from
Fig. 4 it is clear thattr varies much more smoothly than
tg with the applied voltage, so that, sincetg andtr have
opposite signs, the modulus ofrd is minimum whentgytr

approaches21. At this point, we simply notice, from

FIG. 2. Experimental current (solid line) and Fano factorg
(squares) as a function of the applied voltage, at the tempera
of 77 K. The maximum value ofg is 6.6, while the minimum
is close to 0.5.
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FIG. 3. Calculated current density (solid line) and Fano facto
g (squares) at 77 K as a function of the applied voltage for th
considered structure.

(6), thatg gets larger asagytr approaches21, too (and
would eventually diverge fortg  2tr ).

Furthermore, from Figs. 3 and 4, and according to [18
we can notice thatrd andtg tend to infinity at about the
same voltage, i.e., the one corresponding to the curre
peak. Therefore, according to (6),g is 1 at the current
peak bias, as can be verified from both experiments a
calculations (Figs. 2 and 3, respectively).

In conclusion, we have demonstrated experimental
that Coulomb interaction, enhanced by the shape of t
density of states in the well, can lead to a dramat
increase of shot noise in resonant tunneling diodes bias
in the negative differential resistance region of theI-V
characteristic. We have provided a model which lead
to good numerical agreement with the experimental da
taking into account all the relevant physics involved in th
phenomenon.
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FIG. 4. Calculated1ytg (solid) and 1ytr (dashed) as a
function of the applied voltage at 77 K.
r
e

],

nt

nd

ly
he
ic
ed

s
ta,
e

r
h

of Italy, and by the Italian National Research Counci
(CNR).

*Electronic address: ianna@pimac2.iet.unipi.it
[1] G. B. Lesovik, JETP Lett.49, 592 (1989) [Pis’ma Zh.

Eksp. Teor. Fiz.49, 513 (1989)].
[2] Y. P. Li, A. Zaslavsky, D. C. Tsui, M. Santos, and

M. Shayegan, Phys. Rev. B41, 8388 (1990).
[3] B. Yurke and G. P. Kochanski, Phys. Rev. B41, 8184

(1990).
[4] M. Büttiker, Phys. Rev. Lett.65, 2901 (1990).
[5] M. Büttiker, Phys. Rev. B46, 12 485 (1992).
[6] J. H. Davies, P. Hyldgaard, S. Hershfield, and J. W

Wilkins, Phys. Rev. B46, 9620 (1992).
[7] E. R. Brown, IEEE Trans. Electron Devices39, 2686

(1992).
[8] G. Iannaccone, M. Macucci, and B. Pellegrini, Phys.

Rev. B 55, 4539 (1997).
[9] H. C. Liu, J. Li, G. C. Aers, C. R. Leavens, and

M. Buchanan, Phys. Rev. B51, 5116 (1995).
[10] P. Ciambrone, M. Macucci, G. Iannaccone, B. Pellegrini

L. Sorba, M. Lazzarino, and F. Beltram, Electron. Lett.
31, 503 (1995).

[11] G. Lombardi, M. Macucci, G. Iannaccone, and B. Pelle-
grini, in Proceedings of the 14th International Conference
on Noise and1yf Fluctuations(World Scientific, Singa-
pore, 1997), p. 663.

[12] R. Landauer, Physica (Amsterdam)227B, 156 (1996).
[13] M. M. Jahan and A. F. M. Anwar, Solid State Electron.38,

429 (1995).
[14] G. Iannaccone and B. Pellegrini, Phys. Rev. B52, 17 406

(1995).
[15] J. Bardeen, Phys. Rev. Lett.6, 57 (1961).
[16] G. Iannaccone and B. Pellegrini, Phys. Rev. B53, 2020

(1996).
[17] M. Macucci and B. Pellegrini, IEEE Trans. Instrum. Meas.

40, 7 (1991).
[18] We just provide a brief argument,

rd 
dV
dl


1
q

"
dsEfl 2 Efw

dI
1

dsEfw 2 Efrd
dI

#
;

since electrons in the well obey a quasiequilibrium distri-
bution, we can assume that the currents through eac
barrier essentially depend on the difference between th
quasi-Fermi levels on both sides of the barrier. We
therefore choose to leaveEfl and Efr fixed, and let only
Efw vary. We use the fact thatI  qg1sÑd  qr2sÑd
and thatEfw depends onN , to write

rd ø
1
q2

√
2dEfwydN

dg1ydN
1

dEfwydN

dr2ydN

!


dEfw

dN

tg 1 tr

q2
,

where the last equality comes from (5) and all derivatives
are evaluated forN  Ñ.
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