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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 I1€V) characteristics and the Fano factor by varying carrier concentration and lattice
temperature. At 4.2 K we obtain the bistabl®’' characteristics of type. In the region of low and intermediate
voltages for a sulfficiently 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 5x 10 cm 2 the diode exhibits the usual negative differential conduct#N&C) 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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[. INTRODUCTION The salient features of shot noise in DBRD’s can be sum-
marized as follows(i) In the PDC region, suppression is

Shot noise is the electrical fluctuation due to the discretefound mainly to a value of 0.5 and in some cases even
ness of the charge which provides direct information on theslightly below down to about 0.%:2%(ii) In the NDC region
correlation of different current pulses crossing a device. A®nhanced is found up to values around®8"?2(jii) At in-
such, its determination is of basic complement to a currentreasing temperatures, shot noise suppression is found to
voltage (-V) measurement. A convenient analysis of shotsmooth out achieving values around 0.6—0.8 at 223—-300 K.
noise is usually performed by introducing the dimensionless The microscopic interpretation of this scenario is based on
Fano factory=0 defined asy=S,(0)/(2ql), S/(0) being the correlations occurring between different current pulses
the spectral density of current fluctuations at low frequencygrossing the device and associated with the effects of Pauli
| the current flowing in the device, angl the elementary exclusion principle and Coulomb repulsion. When taken in-
guantum of charge determinirlgIn the absence of correla- dependently, each of these effects would lead normally to
tion between current pulses it is=1, and this case corre- shot noise suppression because of the repulsive nature of the
sponds to full shot noise. Deviations from this ideal case is @orrelation. However, in the presence of a strong nonlinearity
signature of existing correlations between different pulse®f thel-V characteristics, the Coulomb repulsion can provide
and the two possibilities of suppressee., y<<1) and en- shot noise enhancement through a positive feedback between
hanced(i.e., y>1) shot noise are in principle possible. successive fluctuations of charge nunib€rl®1721.24.2gyen

Shot-noise in double barrier resonant diodB8BRD'’s) if the main features of shot noise in DBRD are understood, a
has received most attention after the first experimental evidetailed analysis of the role played by Pauli and Coulomb
dence of its suppression by Li and co-workers in 18990. correlation is still lacking for a quantitative modeling. In
Since then, a series of theoretical analysis of this phenonparticular, the effect of temperature has been only addressed
enon appeared in the literature based on both the coiefent qualitatively™®
and the sequential tunneling mod&1$® From the experi- The aim of this paper is to develop a simple model able to
mental side, other measurements were performed exploitingeproduce qualitatively the main features of resonant tunnel-
both the positive differential conductan¢d®DC) and the ing in double barrier structures at low bias voltage. The
negative differential conductance regi@DC) of the (I-V) theory is based on a sequential tunneling model and imple-
characteristicd®'’~?2 Furthermore, experiments became ments that developed by lannacceteal *> Accordingly, we
available in a wide range of temperatures from 4.2 to 300 Kare able to explain both sub- and super-Poissonian shot noise
The state of the art has been recently reviewed by Blantdpehaviors occurring at increasing applied voltages in terms
and Bittiker.?® of the interplay between Pauli exclusion principle, Coulomb
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state, and in the collector are equilibriumlike, but with dif-
ferent electrochemical potentials

\ R f(e,F ! 1
(e, i)_HTFi' (1)

A keT
F Here i=e stands for the emittei,=QW for the resonant
_____ Faw state,i =c for the collector,kg is the Boltzmann constant,
ande the carrier energy.

Following Blanter and Biiiker'® we introduce an effec-
tive longitudinal density of states for the resonant states
Gow, Which corresponds to the Breight-WigAgtimit for
- ——— the resonant tunneling:

1 r
FIG. 1. Sketch of the band profile of the double barrier structure GQW(SZ) :2_ >, 2

considered here under typical operation conditions. (8,— 8r+qu)2+ T

repulsion and tunneling. The positive feedback between tun- .
neling and space charge, already proposed in the context Ofv&here —ars the electron charge, and the voltage drop
single barrier heterostructu?&25-2%is confirmed to be the Petween the emitter and the center of the potential (el
mechanism responsible for the positive correlation betweefr!d- 1- Equation(2) is a limiting form where the broadening
current pulses. Remarkably, enhanced shot noise is found ﬁﬁ?Ct associated with the dgphasmg time Is neglected. This
act as a precursor indicator that the device is approaching int as well as the assumption of consta_nt escape rates have
instability regime characterized by &#V/ characteristic oZ een discussed in Ref. 10 and are outside the scope of the
type. For the case of a sufficiently low electron concentratiorP"€SeNt paper. .
in the contacts, we predict the existence of two consecutive The ele_ctron_ flux from thg resonant state to the emitjer
regions of shot noise suppression. In the low-voltage regioffa" P& written in the following form:
shot noise suppression is due to the Pauli principle, while in r
the region just before NDC it is due mainly to Coulomb mby [~ “
effectsg_ J y rl:m‘fELdszGQW(SZ)J’O dSLf(S,FQw)[l_f(s,Fe)],

The content of the paper is organized as follows. Section (3)
Il describes the model used. The analytical expressions for
the current voltage characteristics and the noise features ayéheremis the electron effective mass, the kinetic energy
presented in Sec. Ill. The numerical results are discussed f@f the transverse motios,=¢,+¢, , andE, the energy of
the cases of different carrier concentrations and temperaturéde bottom of the emitter conduction band. By integrating

in Sec. IV. The major conclusions are drawn in Sec. V. Eq. (3) overe, we find
Il. THE MODEL rl:kaBTF,_F
w2h3

The structure here investigated is the standard symmetric
double well reported in Fig. 1. The essential features of the w de,
structure are described by three parameters: the thickness of X f
the two barriersd, =100 A, the energy of the resonant
level as measured from the center of the potential well
=50 meV, and the partial width of the resonant level due to e
the tunneling through the left and right barridissT' + ' 1+exp< = Z)
=5 meV, withI'| =I'g, which implies an escape time on n keT
the 0.1 ps time scale. The chosen values are typical of the Fow—e;
symmetric structures used in experiments. We consider the 1+eXF{kB—T
case of sequential tunneling when there is only one resonant
state and we assume that the resonant tunneling diode hage expression for the electron flux from the resonant state
unit square contacts. Different temperatures are taken in th® the collector, can be derived from Ed4) by making the
range T=4.2-300 K, and two concentrations af=5 substitutiond’, —T'g, Fe—F., E,.——qu.

X 10'®and 5< 10*” cm 2 in the emitter and collector regions ~ The expressions for the electron flux from the emitter or
are considered at the lowest temperature. the collector to the resonant state, g,, respectively, can be

The kinetic model is developed by assuming that the elecéerived from the expressions fo; andr, by making the
tron distribution functions in the emitter, in the resonantsubstitutionsFe—Fqw, FcFqw, respectively. We note,

T2+ 4(e,— &, +qu)?]

Fo—Fow
exp( KeT _1”

) : 4
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that if the electron concentrations in the emitter and the colmentum and energy relaxation in the different regions should
lector are equal, theR.=F.—qV, whereV is the total ap- be sufficiently fast to justify carrier thermalization and as a
plied voltage. consequence quasi thermal equilibrium inside the well. This
To find the relation betweemandV, following Ref. 16 it  is consistent with the sequential tunneling process where the
is supposed that the voltage drops only on the barriers. Acdephasing time should be shorter than the escape time. Both
cordingly, the charge and voltage drops are connected by theonditions are well satisfied for applied voltages centered

following expressions: around the current peak controlled by the resonant state,
which is the region we are interested in. Therefore, the ac-
u=—Q,/C., V—-u=Q./Cg. (5)  curacy of the present model is believed to be adequate for a

microscopic interpretation of the salient features of transport
HereC, r= «/(4md|_g) are the capacitances of the left and and noise in DBRD’s as will be discussed below.
right barriers,x the static dielectric constant of the material,
andQ. . the charge of the emitter and collector, respectively. Ill. CURRENT VOLTAGE AND NOISE
By using the condition of charge neutrality for the device CHARACTERISTICS

Qo+ Ot Qgu=0 ©) Thel-V characteristic is determined by considerings a
e’ el xQW™ parametric function ol. The expression for the current is

and Eq.(5) we find written

Ve u(CR+gL)—QQW, @ I=—=0q(g1—r1)=—0q(r2—gz). 1y
R

To calculate the spectral density of current fluctuations at
low frequencyS;, we follow the method suggested in Ref. 9
and further developed in Ref. 15. Accordingly, can be
expressed by the knowledge of six rates: four being the av-
gerage electron fluxes defined above for the determination of

the I-V characteristics and two being associated with the
damping of the fluctuations d¥l,y through the leftr; and
right barrierv, respectively?® as

WhereQQW=q(N,§QW+ Now) is the charge in the quantum
well, Njow. Now the concentrations of charged donors and
free electrons, respectively, in the quantum well. By usin
Egs.(1) and(2) we obtain the expression fdig,y:

Fow—¢
QW z
1+ ex;{ —kBT )

2mksTT foo In ©
S — & .
W 252 Jequ 7 T2+4(s,— &, +qu)? s> 2[V§(91+r1)+vi(92+r2)] 17
=24 (11t 1) (12)
In this model the value oF . can be calculated from 1rr2
and
Fe— EL)
n=N.F (— . (9)
U keT V1= V(1,2 T V(1.2 (13
Here n is the electron concentration in the emittdr, the — with
effective density of states of the conduction band, and
F15(x) the Fermi-Dirac integral of index 1/ dr dg
We remark that it is convenient to consideinstead ofV (12) (12 (14)

. . . . Vaar=an. 0 Y@2eT T gNn. -
as independent variable, since all the values characterizing dNow dNow

the device operation are single-valued functionuofSince o :
Ngw is only function ofu, Eq. (8) can be taken as to define The_values of the derivatives in E(L4) must be taken at
the dependencé(u). Now, from Eq.(3) it follows that both ~ Now=Now, where the overbar denotes time average. From
pairs of fluxesr; ,, g; , depend oru andF gy Egs.(13) and(14) it is clear thatv, , is the change of the
The dependence of the electron chemical potential in théotal electron flux due to the fluctuation of the number of

resonant stat& oy, on u is determined by the condition of carriers from the resonant state through the left and right
stationarity, which can be written as barrier, respectively. These changes govern the dynamics of

the fluctuationdNg\y, as described by the standard Langevin
equation in the form

91+tQ0p=ry+tr;. (10
As a general trend, the model so developed is better jus- déNgw
tified for the following conditions.(i) Voltages should be g~ Now(rat vo) +H(1), (19

sufficiently low for the first resonant level to be the only

relevant one and for any voltage dependence oflthgg ~ whereH(t) is the stochastic force.

resonance width to be negligible. In the present model it We remark, that if ¢;+v,)>0, then the fluctuation
implies to consider voltages below about 0.16 () Mo- ONqw is damped, which corresponds to a stable condition.
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On the contrary, if ¢;+v,)<O0, then the fluctuatio®Ng,,  which appear due to the fluctuatiaiNg,,. From Egs.(7)
is amplified, which corresponds to an unstable condition. and(8) we see that under constant voltage it is

In the following we consider the case of constant total
voltage V. To evaluater, ,, we note thaty, , andr,, are

functions of the two independent variablegndF g, . As a Su=— LgNQW, (16)
consequence, we need to find the fluctuatinsand 6F gy CL+Cr
|
5': . 5 n WzﬁzéNQW Joc dX -t 1
W= AT e T 7

® [T2+4(xksT—,)?]

Fow*qu
QW
+ -
1 exp{x kT

Thus, it follows that IV. RESULTS AND DISCUSSION

Here we present the numerical calculations with the main
dg a9 su 99y, OF objectiye of providing a systematip gnalysis of thel electrical
o2 V(2= 12 12 — QW (1 and noise properties of DBRD's within the sequential tunnel-
dNow 99 gu ONow  IFqw SNow ing model. For the material parameters we take those typical

of GaAs for the whole structure witm=0.067m, and «
=129k, My being the free electron mass ang the

and vacuum permittivity. To exploit the role played by Pauli and
Coulomb correlation, for a given temperature and carrier
concentration we report a set of four coupled figures showing
dry, drip, ou ary, oFow
Now " =30 SNow | Fow Now 10
Qw Qw Qw 9Nqw
3.0x10% 7
. (a)

The expressions fordg, ,/du, dg;/dFqw, drioldu, 2.5x10%
drq 2l F qw are reported in the Appendix.

The physical meaning of each term entering E8) and 2.0x10%'1
(19) is the following. The first term on the right-hand side o . ¥
(RHS) of Eqg.(18) is connected with Coulomb effects since it e 151077 . gq
describes the change of electron fluxes to the resonant state ‘z; " 1
driven by éu at fixed Foy. The 6u comes from Coulomb = 10107
effects as a consequence of the fluctuatii,,, and, by 5 0x10™
moving the resonant level with respect to the occupied elec- '
tron states in the emitter and the collector, it changes the 0.0 , . )
incoming fluxes. Sincé& oy is fixed, the occupation of states
is fixed and Pauli principle does not contribute to this term. 1005
By contrast, the second term on the RHS of E@) is con- (b)

nected with Pauli principle only. Indeed, this term describes
the change in the incoming flux due to the change in the
electron occupation of the resonant level when its energy is 10+
fixed. In the case of Maxwell-Boltzmann statistics this term
equals zero. Analogously, the first term on the RHS of Eq.
(19) is of Coulomb nature. The physical origin of the second
term on the RHS of Eq(19) is more complicated than the

correspondent of Eq18). Indeed, it describes the change in m
the outcome flux connected with the change in the occupa-
tion of the resonant states. There are two contributions to . . . .

such a change. The first is connected with the rise of the 000 004 008 012 016

electron number in the resonant states and the second is con- Voltage (V)

nected with Pauli principle. In the case of Maxwell-  F|G. 2. (a) Current andb) Fano factor as functions of the ap-

Boltzmann statistics the second contribution is absent anglied voltage atT=4.2 K and n=5x10' cm™3 for the barrier
&I’1’2/19FQW=I’1’2/kBT. structure in Fig. 1.

Fano factor
1
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FIG. 4. (@) v, and its contributions, 4, vy, ; (b) v14 and its two
contributions dg, /guXdu/dN, dg;/dFquXdFqy/dN as func-
tions of the applied voltage &t=4.2 K andn=5x10'® cm™2 for
the barrier structure in Fig. 1.

FIG. 3. (a) Normalized ratex and normalized current artd) v,
and v, as functions of the applied voltage &&=4.2 K andn=5
X 16 cm~3 for the barrier structure in Fig. 1.

the relevant physical quantities as function of the applied ] ) ]
voltage. find two separate regions of shot noise suppression matched

by a region of full shot noise, and one region of shot noise

enhancement. Both suppression minima occur in the PDC
A. Low temperature T=4.2K region and reach a minimum value=0.5, evidencing the

The case of a low carrier concentration.=5  onset of a repulsive correlation between different current

% 10'® cm™2 is reported in Figs. 2 to 5. Figure 2 shows the pulses. Enhanced shot noise occurs in the bistable region.
current[Fig. 2(@)] and the Fano factdFig. 2(b)], as function  Strictly speaking, near to the borders of the bistable region
of the applied voltage. After an initial Ohmic region, the the Fano factor goes to infinity, as expected.
current exhibits the typical sharp increase followed by an To provide a microscopic interpretation of the voltage de-
NDC region controlled by the transmission coefficient of thependence of the Fano factor, in Figs. 3—5 we present a de-
resonant tunneling. For the values assumed here we fourtdiled analysis of the different parameters entering the defi-
that there is a very narrow region of instabilitV (  nition of y. Figure 3a) reports the relevant dimensionless
~0.11 V), where there are three current valieganches parameter a=v,/(v,+v,) and the normalized current
corresponding to one value of the voltagetype character- 1/(qg;) vs the applied voltage. As it follows from Ref. 28
istic). In the unstable branch, originating an intrinsic bista-(see Fig. 3 thene the scenario of the shot noise behavior
bility, we remark thatdl/dV is positive. As we shall see with y<1 when a<I/(qg;) and with y>1 when «
later, the Z-type characteristic becomes more pronounced>1/(qg,) is confirmed. Note that almost at all voltages, ex-
with increasing carrier concentration in the contacts, incept whenqV/kgT<1, 1/(qg;)=1. It means that the back
agreement with experimentsand it is associated with the flow from the resonant state to the emitter is absent. This is a
feedback between tunneling and space charge. In the whot®nsequence of the degeneracy condifioe., Pauli block-
region of applied voltages the current is found to be deterade assumed here, which implies that the total current
mined by the flow of injected particle from the emittgy. equals the injected one. Figuré3reports the dependencies
Concerning the Fano factor, we find that at the lowest volt-of v, , on voltage. We can see thaf exhibits a complicate
ages (|V/kgT<1) the transition from thermal to shot noise structure at increasing voltages with two positive peaks in
is evidenced. Then, at increasing voltagg¥{kgT>1) we the PDC region and one negative peak in the bistable region.
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0.00 ; ; ; ; FIG. 6. (a) Current andb) Fano factor as functions of the ap-
0.00 004 008 012 016 plied voltage atT=4.2 K andn=5x10' cm 2 for the barrier
Voltage (V) structure in Fig. 1.

FIG. 5. (a) Electrochemical potentials of the emitter and the

qguantum well andb) potential drop between the emitter and the . .
center of the potential well as functions of the applied voltage atComposed vs the applied voltage. From Figs. 3 and 4 we

T=4.2 K andn=5x10'® cm™2 for the barrier structure in Fig. 1. Condu,de tha_t at low vqltages th,e first SqureSS'qnygB )
associated with correlations coming from the Pauli principle

(i.e., the term—dg, /JF quX dFqy/dN). The decreasing of

By contrast,v, is constant at almost all voltages. The reasorthis term at increasing voltage is due to the decreasegf
for it is that sooner or later tunneling from the resonant stateand hence to the less relevant role played by the Pauli prin-
to the collector will occur. At the smallest voltages, de-  ciple at the given temperature. By contrast, the onset in the
creases due to Pauli principle. At increasing voltages, thgrowth of »; occurring at voltages around 0.8 V, which is
condition v;= v, gives y=0.5 as expected by the general responsible for the second suppression of the Fano factor, is
model of two equal resistors with shot noise sources irmainly due to correlations coming from Coulomb repulsion
series’? From Fig. 3b) we argue that all peculiarities of the and associated with 9g; /dux du/dN.
Fano factor in essence are controlled by the behaviar, of To understand the reason for the rise efdg,/du
Thus, in the following we investigate in detail the two con- Xdu/dN here found, we note that whén<0.11 V the en-
tributions in whichv; can be decomposed according to Egs.ergy level of the resonant state is higher than that of the
(13) and (14). bottom of the emitter conduction barig.. ccordingly, a

Figure 4a) reports the dependenciesmf; andv,, vs the  positive value ofSN leads to a negative value @u and
applied voltage. From the figure we see that, apart from théence to a decrease gf. The amount of this decrease is
lowest voltages region, all peculiarities of are in essence larger when the resonant level is closer to the chemical po-
controlled byr,4, i.e., they are due to the dependence of thetential of the emitter, what we can see from Figa)5 The
flux of injected electrons upon the number of electrons in thegrowth of the term—dg, /duXdu/dN is due to the increase
resonant state. Note, tha, is small due to the Pauli prin- of Fq,y in the region of voltages centered around 0.9s¢e
ciple [the same reason leadinglte- (qg;)]. In the region of  Fig. 5@]. We remark that also the instability is due to the
low voltages, when the chemical potential of the resonan€oulomb interactiorfas predicted in Ref. 33 and then found
state is close to the chemical potential of the emitigy, in Ref. 31, because-adg,/duxdu/dN is negative in the
takes values comparable withy. Figure 4b) reports the instability region. The reason for such a negative value is the
dependencies of the two contributions in whigky, is de-  following. In the instability region the energy level of the
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FIG. 7. (a) Normalized rater and normalized current aritl) v, FIG. 8. (a) vy and its contributions g, vy, ; (b) v14 and its two
and v, as functions of the applied voltage at=4.2 K andn=>5  contributions dg, /dux du/dN, 99, /JFquxdFqu/dN as func-
% 1017 cm2 for the barrier structure in Fig. 1. tions of the applied voltage &t=4.2 K andn=5x 10" cm™ 2 for

the barrier structure in Fig. 1.

resonance is belo,. Thus, a negative value @fu, con- ) . .
nected with a positive value oN, increases the electron ferences with the previous case of a lower carrier concentra-

flux from the emitter to the resonant state, ig., This rep- tion are associated with the increased importance of degen-
resents a positive feedback for carrier number fluctuation§racy conditions. In turn, we find dAV characteristic with a
inside the device which is ultimately responsible of the in-more pronounced-type shapgsee Fig. 63)] and a Fano
stability. By comparison we remark, that while in the singlefactor which exhibits hysteresis effecisee Fig. 60)]. In
barrier structuré?® the instability was associated with an particular, in the whole region of PDG, remains close to a
Stypel-V characteristic and connected with a negative valuevalue of 0.5. In the region af-type |-V characteristicy is
of v,, here it is associated with Ztype |-V characteristic always larger than unity, spiking at infinit values in concomi-
and due to a negative value of. tance with the two voltage values related to the onset of the
Figure a) reports the dependence of the chemical potenbistable region. From Fig.(@ we find again that practically
tial of the resonant state vs applied voltage. The value of that all voltages the current is determined dpy and thaty is
energy difference between the chemical potential and the eretermined bya. From Fig. 71b) we see that agaimw; is
ergy of the conduction band bottom in the emitter is ofgoverning the main features af, even if now it isv;> v, in
7.38 meV. The growth oF o,y starting around 0.06 V is due the suppressed region. From FigaBwve see that again; is
to the high current, since here the energy of the resonargoverned by, but the region of suppressed shot noise is
level gets closer to the chemical potential in the emitter. Thesverywhere controlled by Pauli blockadeee Fig. &)].
dependence of the voltage drop between the emitter and thferom Fig. 8b) we find that the region of enhanced shot noise
resonant state on voltage is reported for completeness in Figs here controlled by the positive feedback between tunneling
5(b). The presence of space charge is here responsible for tled space charge. The chemical potential and the voltage
region of nonlinearity exhibited by at voltages around drop between the well and the emitter exhibit profiles analo-
0.1V. gous to those of Figs.(& and §b) including nonmonotonic
The case of a high carrier concentration of 5 behaviors responsible for hysteresis effects of different trans-
x 10" cm~2 is reported in Figs. 6 to 8. The important dif- port parameters.
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FIG. 9. (@) Current and(b) Fano factor as functions of the ap-

plied voltage atT=77 K and n=5x10' cm 2 for the barrier . .
FIG. 10. () Normalized ratex and normalized current anh)

v, and v, as functions of the applied voltage &&=77 K andn

structure in Fig. 1.
=5x10' cm2 for the barrier structure in Fig. 1.

B. High temperature T=77 K
The cases of a high temperature of 77 K with a carrier

concentration,=5x 10'® cm 2 are reported in Figs. 9 to NDC regions, respectively. Furthermore, the importance of
11. Here we assist to a vanishing of the effects associateithie Coulomb correlation is stressed in Fig.(d1which
with Pauli exclusion principle, thus only Coulomb correla- shows the dominant contribution of the termhg,/du
tion is of major significance. TheV characteristics lose the X du/dN in determiningv,4. For completeness, Fig. (c
Z-type shape in favor of the standaxBtype NDC, see Fig. reports the two contributions in whichy, is decomposed in
9(a). Furthermore, the contribution of to the total current analogy withv,4. It is interesting to note that, even if of
becomes of significance. The Fano factor reported in Figminor importance with respect to,y, v, is dominated by
9(b) exhibits a suppressed behavior in the PDC region, anthe statistics factodr, /dFqy X dFqy/dN.
an enhanced behavior in the NDC region. Both suppression The dependence with applied voltage of the relevant po-

and enhanced effects are found of decreasing amplituddentials is analogous to that reported in Fig. 5 with behaviors
with respect to the lower temperature case of 4.2 K seewhich are more smooth because of the tendency toward non-

before. The significant role played by the black flow from thedegenerate conditions. Similar results, which confirm the
trend of different transport parameters, have been obtained

results do not change by changing the valud abver two

resonant state to the emitter; contribution in Fig. 9a)]
limits the suppression value to a value of about 0.7. Againfor T=300 K. We have also tested that the essence of the
order of magitude. For example, decreadihgithin a factor

the behavior of the Fano factor at voltages abky&/q is
essentially controlled by the behavior @fas reported in Fig.

10(a). In particular, enhanced shot noise remains associateaf 100 is found to enhance slightly thtype shape of the
with the negativity ofv, as, reported in Fig. 108). Here, |-V characteristics at 4.2 K. However, the existence of two
Coulomb correlation is negativ&e., of repulsion character separate regions of shot-noise suppression associated with
in the PDC region, while it provides positive feedback in thePauli and Coulomb correlations remains always confirmed.
NDC region as evidenced by the negative values takem, by From the results discussed above we conclude that the
agreement found between theoretical calculations and the

[see Fig. 1()].
Figure 11a) confirms the above interpretation by evidenc- main features of a large variety of existing experiments vali-
ing the dominant roles played by, andv,4 in the PDC and  dates satisfactorily the model assumed here and the accuracy
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characteristics and electronic noise associated with current

4X10‘2 fluctuations in double barrier resonant diodes within the se-
8x107] quential tunneling model. The role of Pauli and Coulomb
2x10™1 correlations is investigated as a function of the external ap-
T 110" plied voltage for different carrier concentrations and tem-
P o peratures. The comparison between present theoretical find-
g i ings and available experiments shows the following
& 1x10”1 - qualitative main features.
oo :19 ; In the PDC region, suppressed shot noise up to Fano fac-
. " . tor values around 0.5 is found in agreement with different
3x1071 ' experiments:1018:20.24n particular, the tendency of the sup-
-4x10" . - - - - pression to vanish at increasing temperature is well repro-
duced. The mechanism of suppression can be due to Pauli
principle and/or to Coulomb correlation. At the lowest tem-
N perature of 4.2 K and for an intermediate carrier concentra-
231077 tion below about 5 10 cm™3 we predict the possibility to
%10 evidence two region of suppressed shot noise separated by a
region of full shot noise. At the lowest voltage we find that
N 04 suppression is due to the predominance of the Pauli mecha-
> nism, while before NDC it is the Coulomb mechanism which
g -1x10”1 i dominates the suppression. The present model does not ex-
he _2x1012_____'____ _Végg 1dudu/aN ‘:_ plain a suppression below the vgxlu;e=0.5, which was
__dgw‘,dFQwﬁFQW /AN found in some of the experimen?€’ and theoretically sur-
34107 H veyed in Ref. 23.
' In the NDC region, enhanced shot noise is in agreement
10 with different experiment$®'"2! The mechanism of en-
' ’ ’ ’ ’ ’ hancement is due solely to the positive feedback between
tunneling and space charge, and it is a precursor of current
55x10" (C) instability conditions. These Iattei s_hould fappear in concomi-
tance with aZ-type |-V characteristic, which was observed
3.0x10%1 experimentally by Goldmaet al3*
2.5x10"1 In summary, we have provided a unified interpretation of
- 2.0x10"1 the main features exhibited by DBRD’s which generally
g agrees with existing experiments and recovers previous the-
g 15x10% oretical findings which addressed only partial issues of the
Ly oxi0m{ dr/ou TdurdN subject. In particular, we predict the possibility of observing
5.0x10"' - 972 P 0F g /AN two sequential shot-noise suppression associated with Pauli
00 and Coulomb correlations before the onset of NDC. Further-
I more, unde&Z-type |-V characteristics interesting features of
-5.0x10" . . the Fano factor are its hysteresislike behavior in the region of

004 000 004 008 012 016
Voltage (V)

intrinsic bistability. Some of these predictions look for an
experimental confirmation.

FIG. 11. (@ v, and its contributions/;¢, vy, ; (b) v14 and its

two contributions g, /duxXdu/dN, dg;/dFquX dFow/dN; (c) ACKNOWLEDGMENTS

vy, and its two contributions dry/duXdu/dN, drq/dFqw

X dFqw/dN as functions of the applied voltage &t=77 K and Partial support from the Italian Ministry of Foreign Af-
n=5x 10" cm™* for the barrier structure in Fig. 1. fairs through the Volta Landau Center, the NATO

collaborative-linkage Grant No. PST.CLG 976340, and the

. . ) "MADESS Il project of the Italian National Research Council
of the results presented. On this basis, we shed new light IFENR) are gratefully acknowledged.

the physical understanding of transport and noise properties
in DBRD’s operating under the sequential tunneling regime.

V. CONCLUSIONS APPENDIX

Following the approach of Ref. 15 we have developed an In the following we report the explicit expressions of the
analytical theory describing consistently current voltageterms entering Eq(19) of the main text.
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