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Electron transport and shot noise in double-barrier resonant diodes:
The role of Pauli and Coulomb correlations
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We present a theoretical study of electron transport and shot noise in double barrier resonant diodes within
the sequential tunneling model. We investigate the role played by Pauli principle and Coulomb interaction on
the current voltage (I -V) characteristics and the Fano factor by varying carrier concentration and lattice
temperature. At 4.2 K we obtain the bistableI -V characteristics ofZ type. In the region of low and intermediate
voltages for a sufficiently low electron concentration in the contacts the Fano factor exhibits two successive
suppressed regimes associated with Pauli blockade and Coulomb correlation, respectively. By further increas-
ing the voltage shot noise enhancement is found to be a precursor indicator that the device is approaching an
instability regime in analogy with the case of phase transitions. In the bistable region hysteresis effects on
different transport and parameters are analyzed. At 77 K and increasing temperatures for a carrier concentra-
tion of 531016 cm23 the diode exhibits the usual negative differential conductance~NDC! characteristic. For
voltages below NDC only Coulomb correlation remains effective, leading to a suppressed Fano factor inter-
mediate between 0.5–1. For voltages just above NDC a moderate enhancement of the Fano factor up to values
around 8 is evidenced. Theoretical findings provide a detailed physical interpretation of experimental results
available in the literature and predict features to be confirmed by further experiments.
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I. INTRODUCTION

Shot noise is the electrical fluctuation due to the discre
ness of the charge which provides direct information on
correlation of different current pulses crossing a device.
such, its determination is of basic complement to a curr
voltage (I -V) measurement. A convenient analysis of sh
noise is usually performed by introducing the dimensionl
Fano factorg>0 defined asg5SI(0)/(2qI), SI(0) being
the spectral density of current fluctuations at low frequen
I the current flowing in the device, andq the elementary
quantum of charge determiningI. In the absence of correla
tion between current pulses it isg51, and this case corre
sponds to full shot noise. Deviations from this ideal case
signature of existing correlations between different pul
and the two possibilities of suppressed~i.e., g,1) and en-
hanced~i.e., g.1) shot noise are in principle possible.

Shot-noise in double barrier resonant diodes~DBRD’s!
has received most attention after the first experimental
dence of its suppression by Li and co-workers in 1991

Since then, a series of theoretical analysis of this phen
enon appeared in the literature based on both the cohere2–7

and the sequential tunneling models.8–16 From the experi-
mental side, other measurements were performed explo
both the positive differential conductance~PDC! and the
negative differential conductance region~NDC! of the (I -V)
characteristics.10,17–22 Furthermore, experiments becam
available in a wide range of temperatures from 4.2 to 300
The state of the art has been recently reviewed by Bla
and Büttiker.23
0163-1829/2001/64~24!/245333~11!/$20.00 64 2453
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The salient features of shot noise in DBRD’s can be su
marized as follows.~i! In the PDC region, suppression
found mainly to a value of 0.5 and in some cases ev
slightly below down to about 0.2.10,20 ~ii ! In the NDC region
enhanced is found up to values around 9.10,21,22 ~iii ! At in-
creasing temperatures, shot noise suppression is foun
smooth out achieving values around 0.6–0.8 at 223–300

The microscopic interpretation of this scenario is based
the correlations occurring between different current pul
crossing the device and associated with the effects of P
exclusion principle and Coulomb repulsion. When taken
dependently, each of these effects would lead normally
shot noise suppression because of the repulsive nature o
correlation. However, in the presence of a strong nonlinea
of the I -V characteristics, the Coulomb repulsion can prov
shot noise enhancement through a positive feedback betw
successive fluctuations of charge number.5,10,16,17,21,24,25Even
if the main features of shot noise in DBRD are understood
detailed analysis of the role played by Pauli and Coulo
correlation is still lacking for a quantitative modeling. I
particular, the effect of temperature has been only addres
qualitatively.15

The aim of this paper is to develop a simple model able
reproduce qualitatively the main features of resonant tun
ing in double barrier structures at low bias voltage. T
theory is based on a sequential tunneling model and im
ments that developed by Iannaconeet al.15 Accordingly, we
are able to explain both sub- and super-Poissonian shot n
behaviors occurring at increasing applied voltages in te
of the interplay between Pauli exclusion principle, Coulom
©2001 The American Physical Society33-1



tu
o

ee
d
g

io
tiv
io

b

tio
f
a
f

u

et
th
ss
t

t

n
th
t

na
h
t

s

le
n

if-

,

tes

g
his

have
f the

ng

tate

or

,

ur
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repulsion and tunneling. The positive feedback between
neling and space charge, already proposed in the context
single barrier heterostructure,24,26–28 is confirmed to be the
mechanism responsible for the positive correlation betw
current pulses. Remarkably, enhanced shot noise is foun
act as a precursor indicator that the device is approachin
instability regime characterized by anI -V characteristic ofZ
type. For the case of a sufficiently low electron concentrat
in the contacts, we predict the existence of two consecu
regions of shot noise suppression. In the low-voltage reg
shot noise suppression is due to the Pauli principle, while
the region just before NDC it is due mainly to Coulom
effects.

The content of the paper is organized as follows. Sec
II describes the model used. The analytical expressions
the current voltage characteristics and the noise features
presented in Sec. III. The numerical results are discussed
the cases of different carrier concentrations and temperat
in Sec. IV. The major conclusions are drawn in Sec. V.

II. THE MODEL

The structure here investigated is the standard symm
double well reported in Fig. 1. The essential features of
structure are described by three parameters: the thickne
the two barriersdL,R5100 Å, the energy of the resonan
level as measured from the center of the potential well« r
550 meV, and the partial width of the resonant level due
the tunneling through the left and right barriersG5GL1GR
55 meV, with GL5GR , which implies an escape time o
the 0.1 ps time scale. The chosen values are typical of
symmetric structures used in experiments. We consider
case of sequential tunneling when there is only one reso
state and we assume that the resonant tunneling diode
unit square contacts. Different temperatures are taken in
range T54.2–300 K, and two concentrations ofn55
31016 and 531017 cm23 in the emitter and collector region
are considered at the lowest temperature.

The kinetic model is developed by assuming that the e
tron distribution functions in the emitter, in the resona

FIG. 1. Sketch of the band profile of the double barrier struct
considered here under typical operation conditions.
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state, and in the collector are equilibriumlike, but with d
ferent electrochemical potentials

f ~«,Fi !5
1

11expS «2Fi

kBT D . ~1!

Here i 5e stands for the emitter,i 5QW for the resonant
state,i 5c for the collector,kB is the Boltzmann constant
and« the carrier energy.

Following Blanter and Bu¨ttiker16 we introduce an effec-
tive longitudinal density of states for the resonant sta
GQW, which corresponds to the Breight-Wigner29 limit for
the resonant tunneling:

GQW~«z!5
1

2p

G

~«z2« r1qu!21
G2

4

, ~2!

where 2q is the electron charge, andu the voltage drop
between the emitter and the center of the potential well~see
Fig. 1!. Equation~2! is a limiting form where the broadenin
effect associated with the dephasing time is neglected. T
point as well as the assumption of constant escape rates
been discussed in Ref. 10 and are outside the scope o
present paper.

The electron flux from the resonant state to the emitterr 1
can be written in the following form:

r 15
mGL

p\3EEL

`

d«zGQW~«z!E
0

`

d«' f ~«,FQW!@12 f ~«,Fe!#,

~3!

wherem is the electron effective mass,«' the kinetic energy
of the transverse motion,«5«z1«' , andEL the energy of
the bottom of the emitter conduction band. By integrati
Eq. ~3! over «' we find

r 15
2mkBTGLG

p2\3

3E
EL

` d«z

@G214~«z2« r1qu!2#FexpS Fe2FQW

kBT
21D G

3 lnS 11expS Fe2«z

kBT D
11expS FQW2«z

kBT D D . ~4!

The expression for the electron flux from the resonant s
to the collectorr 2 can be derived from Eq.~4! by making the
substitutionsGL→GR , Fe→Fc , EL→2qu.

The expressions for the electron flux from the emitter
the collector to the resonant stateg1 , g2, respectively, can be
derived from the expressions forr 1 and r 2 by making the
substitutionsFe↔FQW, Fc↔FQW, respectively. We note

e

3-2
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ELECTRON TRANSPORT AND SHOT NOISE IN . . . PHYSICAL REVIEW B64 245333
that if the electron concentrations in the emitter and the c
lector are equal, thenFc5Fe2qV, whereV is the total ap-
plied voltage.

To find the relation betweenu andV, following Ref. 16 it
is supposed that the voltage drops only on the barriers.
cordingly, the charge and voltage drops are connected by
following expressions:

u52Qe /CL , V2u5Qc /CR . ~5!

HereCL,R5k/(4pdL,R) are the capacitances of the left an
right barriers,k the static dielectric constant of the materia
andQe,c the charge of the emitter and collector, respective

By using the condition of charge neutrality for the devi

Qe1Qc1QQW50 ~6!

and Eq.~5! we find

V5
u~CR1CL!2QQW

CR
, ~7!

whereQQW5q(NDQW
1 1NQW) is the charge in the quantum

well, NDQW
1 , NQW the concentrations of charged donors a

free electrons, respectively, in the quantum well. By us
Eqs.~1! and ~2! we obtain the expression forNQW:

NQW5
2mkBTG

p2\2 E
EL2qu

`

d«z

lnF11expS FQW2«z

kBT D G
G214~«z2« r1qu!2

. ~8!

In this model the value ofFe can be calculated from

n5NcF1/2S Fe2EL

kBT D . ~9!

Here n is the electron concentration in the emitter,Nc the
effective density of states of the conduction band, a
F1/2(x) the Fermi-Dirac integral of index 1/2.30

We remark that it is convenient to consideru instead ofV
as independent variable, since all the values characteri
the device operation are single-valued function ofu. Since
NQW is only function ofu, Eq. ~8! can be taken as to defin
the dependenceV(u). Now, from Eq.~3! it follows that both
pairs of fluxesr 1,2, g1,2 depend onu andFQW.

The dependence of the electron chemical potential in
resonant stateFQW on u is determined by the condition o
stationarity, which can be written as

g11g25r 11r 2 . ~10!

As a general trend, the model so developed is better
tified for the following conditions.~i! Voltages should be
sufficiently low for the first resonant level to be the on
relevant one and for any voltage dependence of theGL,R
resonance width to be negligible. In the present mode
implies to consider voltages below about 0.16 V.~ii ! Mo-
24533
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mentum and energy relaxation in the different regions sho
be sufficiently fast to justify carrier thermalization and as
consequence quasi thermal equilibrium inside the well. T
is consistent with the sequential tunneling process where
dephasing time should be shorter than the escape time.
conditions are well satisfied for applied voltages cente
around the current peak controlled by the resonant st
which is the region we are interested in. Therefore, the
curacy of the present model is believed to be adequate f
microscopic interpretation of the salient features of transp
and noise in DBRD’s as will be discussed below.

III. CURRENT VOLTAGE AND NOISE
CHARACTERISTICS

The I -V characteristic is determined by consideringI as a
parametric function ofV. The expression for the current i
written

I 52q~g12r 1!52q~r 22g2!. ~11!

To calculate the spectral density of current fluctuations
low frequencySI we follow the method suggested in Ref.
and further developed in Ref. 15. Accordingly,SI can be
expressed by the knowledge of six rates: four being the
erage electron fluxes defined above for the determinatio
the I -V characteristics and two being associated with
damping of the fluctuations ofNQW through the leftn1 and
right barriern2 respectively,15 as

SI52q2
@n2

2~g11r 1!1n1
2~g21r 2!#

~n11n2!2
~12!

and

n1,25n (1,2)r1n (1,2)g ~13!

with

n (1,2)r5
dr (1,2)

dNQW
, n (1,2)g52

dg(1,2)

dNQW
. ~14!

The values of the derivatives in Eq.~14! must be taken at
NQW5N̄QW, where the overbar denotes time average. Fr
Eqs. ~13! and ~14! it is clear thatn1,2 is the change of the
total electron flux due to the fluctuation of the number
carriers from the resonant state through the left and ri
barrier, respectively. These changes govern the dynamic
the fluctuationdNQW as described by the standard Langev
equation in the form

ddNQW

dt
52dNQW~n11n2!1H~ t !, ~15!

whereH(t) is the stochastic force.
We remark, that if (n11n2).0, then the fluctuation

dNQW is damped, which corresponds to a stable conditi
3-3
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On the contrary, if (n11n2),0, then the fluctuationdNQW

is amplified, which corresponds to an unstable condition
In the following we consider the case of constant to

voltage V. To evaluaten1,2, we note thatg1,2 and r 1,2 are
functions of the two independent variablesu andFQW. As a
consequence, we need to find the fluctuationsdu anddFQW
e
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which appear due to the fluctuationdNQW. From Eqs.~7!
and ~8! we see that under constant voltage it is

du52
q

CL1CR
dNQW, ~16!
dFQW52qdu1
p2\2dNQW

2mkBTG H E0

` dx

@G214~xkBT2« r !
2#F11expS x2

FQW1qu

kBT D GJ
21

. ~17!
ain
cal
el-
ical

d
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-

Thus, it follows that

dg1,2

dNQW
52n (1,2)g5

]g1,2

]u

du

dNQW
1

]g1,2

]FQW

dFQW

dNQW
~18!

and

dr1,2

dNQW
5n (1,2)r5

]r 1,2

]u

du

dNQW
1

]r 1,2

]FQW

dFQW

dNQW
. ~19!

The expressions for]g1,2/]u, ]g1,2/]FQW, ]r 1,2/]u,
]r 1,2/]FQW are reported in the Appendix.

The physical meaning of each term entering Eqs.~18! and
~19! is the following. The first term on the right-hand sid
~RHS! of Eq. ~18! is connected with Coulomb effects since
describes the change of electron fluxes to the resonant
driven by du at fixed FQW. The du comes from Coulomb
effects as a consequence of the fluctuationdNQW and, by
moving the resonant level with respect to the occupied e
tron states in the emitter and the collector, it changes
incoming fluxes. SinceFQW is fixed, the occupation of state
is fixed and Pauli principle does not contribute to this ter
By contrast, the second term on the RHS of Eq.~18! is con-
nected with Pauli principle only. Indeed, this term describ
the change in the incoming flux due to the change in
electron occupation of the resonant level when its energ
fixed. In the case of Maxwell-Boltzmann statistics this te
equals zero. Analogously, the first term on the RHS of E
~19! is of Coulomb nature. The physical origin of the seco
term on the RHS of Eq.~19! is more complicated than th
correspondent of Eq.~18!. Indeed, it describes the change
the outcome flux connected with the change in the occu
tion of the resonant states. There are two contributions
such a change. The first is connected with the rise of
electron number in the resonant states and the second is
nected with Pauli principle. In the case of Maxwe
Boltzmann statistics the second contribution is absent
]r 1,2/]FQW5r 1,2/kBT.
ate
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IV. RESULTS AND DISCUSSION

Here we present the numerical calculations with the m
objective of providing a systematic analysis of the electri
and noise properties of DBRD’s within the sequential tunn
ing model. For the material parameters we take those typ
of GaAs for the whole structure withm50.067m0 and k
512.9k0 , m0 being the free electron mass andk0 the
vacuum permittivity. To exploit the role played by Pauli an
Coulomb correlation, for a given temperature and carr
concentration we report a set of four coupled figures show

FIG. 2. ~a! Current and~b! Fano factor as functions of the ap
plied voltage atT54.2 K and n5531016 cm23 for the barrier
structure in Fig. 1.
3-4
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ELECTRON TRANSPORT AND SHOT NOISE IN . . . PHYSICAL REVIEW B64 245333
the relevant physical quantities as function of the appl
voltage.

A. Low temperature TÄ4.2 K

The case of a low carrier concentrationnc55
31016 cm23 is reported in Figs. 2 to 5. Figure 2 shows t
current@Fig. 2~a!# and the Fano factor@Fig. 2~b!#, as function
of the applied voltage. After an initial Ohmic region, th
current exhibits the typical sharp increase followed by
NDC region controlled by the transmission coefficient of t
resonant tunneling. For the values assumed here we fo
that there is a very narrow region of instability (V
'0.11 V), where there are three current values~branches!
corresponding to one value of the voltage (Z-type character-
istic!. In the unstable branch, originating an intrinsic bis
bility, we remark thatdI/dV is positive. As we shall see
later, the Z-type characteristic becomes more pronounc
with increasing carrier concentration in the contacts,
agreement with experiments,31 and it is associated with th
feedback between tunneling and space charge. In the w
region of applied voltages the current is found to be de
mined by the flow of injected particle from the emitterg1.
Concerning the Fano factor, we find that at the lowest v
ages (qV/kBT,1) the transition from thermal to shot nois
is evidenced. Then, at increasing voltages (qV/kBT.1) we

FIG. 3. ~a! Normalized ratea and normalized current and~b! n1

and n2 as functions of the applied voltage atT54.2 K andn55
3116 cm23 for the barrier structure in Fig. 1.
24533
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find two separate regions of shot noise suppression matc
by a region of full shot noise, and one region of shot no
enhancement. Both suppression minima occur in the P
region and reach a minimum valueg50.5, evidencing the
onset of a repulsive correlation between different curr
pulses. Enhanced shot noise occurs in the bistable reg
Strictly speaking, near to the borders of the bistable reg
the Fano factor goes to infinity, as expected.

To provide a microscopic interpretation of the voltage d
pendence of the Fano factor, in Figs. 3–5 we present a
tailed analysis of the different parameters entering the d
nition of g. Figure 3~a! reports the relevant dimensionles
parameter a5n2 /(n11n2) and the normalized curren
I /(qg1) vs the applied voltage. As it follows from Ref. 2
~see Fig. 3 there!, the scenario of the shot noise behavi
with g,1 when a,I /(qg1) and with g.1 when a
.I /(qg1) is confirmed. Note that almost at all voltages, e
cept whenqV/kBT,1, I /(qg1)51. It means that the back
flow from the resonant state to the emitter is absent. This
consequence of the degeneracy condition~i.e., Pauli block-
ade! assumed here, which implies that the total curre
equals the injected one. Figure 3~b! reports the dependencie
of n1,2 on voltage. We can see thatn1 exhibits a complicate
structure at increasing voltages with two positive peaks
the PDC region and one negative peak in the bistable reg

FIG. 4. ~a! n1 and its contributionsn1g , n1r ; ~b! n1g and its two
contributions ]g1 /]u3du/dN, ]g1 /]FQW3dFQW /dN as func-
tions of the applied voltage atT54.2 K andn5531016 cm23 for
the barrier structure in Fig. 1.
3-5
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V. YA. ALESHKIN AND L. REGGIANI PHYSICAL REVIEW B 64 245333
By contrast,n2 is constant at almost all voltages. The reas
for it is that sooner or later tunneling from the resonant st
to the collector will occur. At the smallest voltages,n2 de-
creases due to Pauli principle. At increasing voltages,
condition n15n2 gives g50.5 as expected by the gener
model of two equal resistors with shot noise sources
series.32 From Fig. 3~b! we argue that all peculiarities of th
Fano factor in essence are controlled by the behavior ofn1.
Thus, in the following we investigate in detail the two co
tributions in whichn1 can be decomposed according to Eq
~13! and ~14!.

Figure 4~a! reports the dependencies ofn1g andn1r vs the
applied voltage. From the figure we see that, apart from
lowest voltages region, all peculiarities ofn1 are in essence
controlled byn1g , i.e., they are due to the dependence of
flux of injected electrons upon the number of electrons in
resonant state. Note, thatn1r is small due to the Pauli prin
ciple @the same reason leading toI 5(qg1)#. In the region of
low voltages, when the chemical potential of the reson
state is close to the chemical potential of the emitter,n1r
takes values comparable withn1g . Figure 4~b! reports the
dependencies of the two contributions in whichn1g is de-

FIG. 5. ~a! Electrochemical potentials of the emitter and t
quantum well and~b! potential drop between the emitter and t
center of the potential well as functions of the applied voltage
T54.2 K andn5531016 cm23 for the barrier structure in Fig. 1
24533
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composed vs the applied voltage. From Figs. 3 and 4
conclude that at low voltages the first suppression ofg is
associated with correlations coming from the Pauli princi
~i.e., the term2]g1 /]FQW3dFQW/dN). The decreasing of
this term at increasing voltage is due to the decrease ofFQW
and hence to the less relevant role played by the Pauli p
ciple at the given temperature. By contrast, the onset in
growth of n1 occurring at voltages around 0.8 V, which
responsible for the second suppression of the Fano facto
mainly due to correlations coming from Coulomb repulsi
and associated with2]g1 /]u3du/dN.

To understand the reason for the rise of2]g1 /]u
3du/dN here found, we note that whenV,0.11 V the en-
ergy level of the resonant state is higher than that of
bottom of the emitter conduction bandEc . ccordingly, a
positive value ofdN leads to a negative value ofdu and
hence to a decrease ofg1. The amount of this decrease
larger when the resonant level is closer to the chemical
tential of the emitter, what we can see from Fig. 5~a!. The
growth of the term2]g1 /]u3du/dN is due to the increase
of FQW in the region of voltages centered around 0.9 V@see
Fig. 5~a!#. We remark that also the instability is due to th
Coulomb interaction~as predicted in Ref. 33 and then foun
in Ref. 31!, because2]g1 /]u3du/dN is negative in the
instability region. The reason for such a negative value is
following. In the instability region the energy level of th

FIG. 6. ~a! Current and~b! Fano factor as functions of the ap
plied voltage atT54.2 K and n5531017 cm23 for the barrier
structure in Fig. 1.
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ELECTRON TRANSPORT AND SHOT NOISE IN . . . PHYSICAL REVIEW B64 245333
resonance is belowEc . Thus, a negative value ofdu, con-
nected with a positive value ofdN, increases the electro
flux from the emitter to the resonant state, i.e.,g1. This rep-
resents a positive feedback for carrier number fluctuati
inside the device which is ultimately responsible of the
stability. By comparison we remark, that while in the sing
barrier structure26,28 the instability was associated with a
S-typeI -V characteristic and connected with a negative va
of n2, here it is associated with aZ-type I -V characteristic
and due to a negative value ofn1.

Figure 5~a! reports the dependence of the chemical pot
tial of the resonant state vs applied voltage. The value of
energy difference between the chemical potential and the
ergy of the conduction band bottom in the emitter is
7.38 meV. The growth ofFQW starting around 0.06 V is due
to the high current, since here the energy of the reson
level gets closer to the chemical potential in the emitter. T
dependence of the voltage drop between the emitter and
resonant state on voltage is reported for completeness in
5~b!. The presence of space charge is here responsible fo
region of nonlinearity exhibited byu at voltages around
0.1 V.

The case of a high carrier concentration of
31017 cm23 is reported in Figs. 6 to 8. The important di

FIG. 7. ~a! Normalized ratea and normalized current and~b! n1

and n2 as functions of the applied voltage atT54.2 K andn55
31017 cm23 for the barrier structure in Fig. 1.
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ferences with the previous case of a lower carrier concen
tion are associated with the increased importance of deg
eracy conditions. In turn, we find anI -V characteristic with a
more pronouncedZ-type shape@see Fig. 6~a!# and a Fano
factor which exhibits hysteresis effects@see Fig. 6~b!#. In
particular, in the whole region of PDC,g remains close to a
value of 0.5. In the region ofZ-type I -V characteristicg is
always larger than unity, spiking at infinit values in concom
tance with the two voltage values related to the onset of
bistable region. From Fig. 7~a! we find again that practically
at all voltages the current is determined byg1 and thatg is
determined bya. From Fig. 7~b! we see that againn1 is
governing the main features ofa, even if now it isn1.n2 in
the suppressed region. From Fig. 8~a! we see that againn1 is
governed byn1g , but the region of suppressed shot noise
everywhere controlled by Pauli blockade@see Fig. 8~b!#.
From Fig. 8~b! we find that the region of enhanced shot no
is here controlled by the positive feedback between tunne
and space charge. The chemical potential and the vol
drop between the well and the emitter exhibit profiles ana
gous to those of Figs. 5~a! and 5~b! including nonmonotonic
behaviors responsible for hysteresis effects of different tra
port parameters.

FIG. 8. ~a! n1 and its contributionsn1g , n1r ; ~b! n1g and its two
contributions ]g1 /]u3du/dN, ]g1 /]FQW3dFQW /dN as func-
tions of the applied voltage atT54.2 K andn5531017 cm23 for
the barrier structure in Fig. 1.
3-7
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B. High temperature TÐ77 K

The cases of a high temperature of 77 K with a carr
concentrationnc5531016 cm23 are reported in Figs. 9 to
11. Here we assist to a vanishing of the effects associ
with Pauli exclusion principle, thus only Coulomb correl
tion is of major significance. TheI -V characteristics lose th
Z-type shape in favor of the standardN-type NDC, see Fig.
9~a!. Furthermore, the contribution ofr 1 to the total current
becomes of significance. The Fano factor reported in F
9~b! exhibits a suppressed behavior in the PDC region,
an enhanced behavior in the NDC region. Both suppres
and enhanced effects are found of decreasing amplitu
with respect to the lower temperature case of 4.2 K s
before. The significant role played by the black flow from t
resonant state to the emitter@r 1 contribution in Fig. 9~a!#
limits the suppression value to a value of about 0.7. Aga
the behavior of the Fano factor at voltages abovekBT/q is
essentially controlled by the behavior ofa as reported in Fig.
10~a!. In particular, enhanced shot noise remains associ
with the negativity ofn1 as, reported in Fig. 10~b!. Here,
Coulomb correlation is negative~i.e., of repulsion character!
in the PDC region, while it provides positive feedback in t
NDC region as evidenced by the negative values taken bn1
@see Fig. 10~b!#.

Figure 11~a! confirms the above interpretation by eviden
ing the dominant roles played byn1r andn1g in the PDC and

FIG. 9. ~a! Current and~b! Fano factor as functions of the ap
plied voltage atT577 K and n5531016 cm23 for the barrier
structure in Fig. 1.
24533
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NDC regions, respectively. Furthermore, the importance
the Coulomb correlation is stressed in Fig. 11~b! which
shows the dominant contribution of the termdg1/du
3du/dN in determiningn1g . For completeness, Fig. 11~c!
reports the two contributions in whichn1r is decomposed in
analogy withn1g . It is interesting to note that, even if o
minor importance with respect ton1g , n1r is dominated by
the statistics factordr1 /dFQW3dFQW/dN.

The dependence with applied voltage of the relevant
tentials is analogous to that reported in Fig. 5 with behavi
which are more smooth because of the tendency toward n
degenerate conditions. Similar results, which confirm
trend of different transport parameters, have been obta
for T5300 K. We have also tested that the essence of
results do not change by changing the value ofG over two
order of magitude. For example, decreasingG within a factor
of 100 is found to enhance slightly theZ-type shape of the
I -V characteristics at 4.2 K. However, the existence of t
separate regions of shot-noise suppression associated
Pauli and Coulomb correlations remains always confirme

From the results discussed above we conclude that
agreement found between theoretical calculations and
main features of a large variety of existing experiments v
dates satisfactorily the model assumed here and the accu

FIG. 10. ~a! Normalized ratea and normalized current and~b!
n1 and n2 as functions of the applied voltage atT577 K and n
5531016 cm23 for the barrier structure in Fig. 1.
3-8
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ELECTRON TRANSPORT AND SHOT NOISE IN . . . PHYSICAL REVIEW B64 245333
of the results presented. On this basis, we shed new ligh
the physical understanding of transport and noise prope
in DBRD’s operating under the sequential tunneling regim

V. CONCLUSIONS

Following the approach of Ref. 15 we have developed
analytical theory describing consistently current volta

FIG. 11. ~a! n1 and its contributionsn1g , n1r ; ~b! n1g and its
two contributions ]g1 /]u3du/dN, ]g1 /]FQW3dFQW /dN; ~c!
n1r and its two contributions ]r 1 /]u3du/dN, ]r 1 /]FQW

3dFQW /dN as functions of the applied voltage atT577 K and
n5531016 cm23 for the barrier structure in Fig. 1.
24533
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characteristics and electronic noise associated with cur
fluctuations in double barrier resonant diodes within the
quential tunneling model. The role of Pauli and Coulom
correlations is investigated as a function of the external
plied voltage for different carrier concentrations and te
peratures. The comparison between present theoretical
ings and available experiments shows the followi
qualitative main features.

In the PDC region, suppressed shot noise up to Fano
tor values around 0.5 is found in agreement with differe
experiments.1,10,18,20,21In particular, the tendency of the sup
pression to vanish at increasing temperature is well rep
duced. The mechanism of suppression can be due to P
principle and/or to Coulomb correlation. At the lowest tem
perature of 4.2 K and for an intermediate carrier concen
tion below about 531016 cm23 we predict the possibility to
evidence two region of suppressed shot noise separated
region of full shot noise. At the lowest voltage we find th
suppression is due to the predominance of the Pauli me
nism, while before NDC it is the Coulomb mechanism whi
dominates the suppression. The present model does no
plain a suppression below the valueg50.5, which was
found in some of the experiments10,20 and theoretically sur-
veyed in Ref. 23.

In the NDC region, enhanced shot noise is in agreem
with different experiments.10,17,21 The mechanism of en
hancement is due solely to the positive feedback betw
tunneling and space charge, and it is a precursor of cur
instability conditions. These latter should appear in conco
tance with aZ-type I -V characteristic, which was observe
experimentally by Goldmanet al.31

In summary, we have provided a unified interpretation
the main features exhibited by DBRD’s which genera
agrees with existing experiments and recovers previous
oretical findings which addressed only partial issues of
subject. In particular, we predict the possibility of observi
two sequential shot-noise suppression associated with P
and Coulomb correlations before the onset of NDC. Furth
more, underZ-type I -V characteristics interesting features
the Fano factor are its hysteresislike behavior in the region
intrinsic bistability. Some of these predictions look for a
experimental confirmation.
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APPENDIX

In the following we report the explicit expressions of th
terms entering Eq.~19! of the main text.
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