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We implement a quantum approach which includes long range Coulomb interaction and investigate current
voltage characteristics and shot noise in double-barrier resonant diodes. The theory applies to the region of low
applied voltages up to the region of the current peak and considers the wide temperature range from zero to
room temperature. The shape of the current voltage characteristic is well reproduced and we confirm that even
in the presence of Coulomb interaction the shot noise can be suppressed with a Fano factor well below the
value of 0.5. This feature can be an indication of coherent tunneling since the standard sequential tunneling
predicts in general a Fano factor equal to or greater than the value 0.5. This giant suppression is a consequence
of Pauli principle as well as long range Coulomb interaction. The theory generalizes previous findings and is
compared with experiments.
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I. INTRODUCTION by Li et al® of shot noise suppression with a minimum value
Since its realizatio, the double-barrier resonant diode ©f the Fano factory=5/(2q1)=0.5, hereS is the low fre-
(DBRD) proved to be an electron device of broad physicaldUency spectral density of current fluctuations apis the
interest because of its peculiar non-Ohmic current voltag@Psolute value of the unit charge responsible of current. Re-
(1-V) characteristic. Indeed, after a strong superOhmic inma;lggbly, most of the coherent approaches developed so
crease of current it exhibits a negative differential conducfar’“predict a maximum suppressior=0.5. On the other

tance and eventually histeresis effétBven the shot noise hand, there is experimental evidence of suppression below

T A . H ,13,14 — 3,14 H H
characteristics of DBRDs are of relevant interest in the sensilis value?****down to values ofy=0.25***which, despite

that suppressed as well as enhanced shot noise with resp@&ing the result of spurious effects and/or measurements un-

to the full Poissonian value has been obserigee Ref. 3 for certainty, r?re n%t yet gnrt:rely L_mdlerstlood. 1f_°hthi|5: purp;ose,
a review on the subjertThese electrical and noise features SOMe authors obtained theoretical values of the Fano factor
ep ust below the value of 0.5, Ref. 15 found 0.45 and Ref. 16

are controlled by the mechanism of carrier tunneling throug ol he phvsical i .

the double potential barriers. The microscopic interpretatiorp-38: resptlactlve Y. .Howevelr, the Ip ysica mterpr(_etanonfof

of these features is found to admit a coherent or a sequenti.taﬂ.ese_res‘.J ts remains mostly qualitative and quoting Ref. 3
this direction of research looks promising but certainly re-

tunneling approachThe coherent approatbonsists in con- : e K that the th f sh §
sidering the whole device as a single quantum system chaflu!rés more ed ortsﬁ We remar| It att %éﬁf‘fglgz_g ot noise
acterized by a transmission coefficient describing carrief? DBRDS under the sequential appro#cfil.1>1122"*pro-

transport from one contact to the other. By contrast, the se//des & Fano factor of 0.5 as the minimum value of shot

quential approachconsists in considering tunneling through N0'S€ suppression. _ .
the diode as a two step process where carriers first transit | N€ @m of this paper is to develop a coherent theoretical
from one contact into the well, then from the well to the approac.h for current vol_tag_e qnd electronic noise in DBRDs
other contact. The intriguing feature of these two approachedccounting for the Pauli principle and long range Coulomb
is that from the existing literature it emerges that both ofinteraction going beyond existing models. To this purpose,
them are capable to explain th&/ experimental data as well We implement the quantum approach proposed in Refs.
as most of the shot noise characteristics. Therefore, to odfr"??% We anticipate that the main result of the present the-
knowledge there is no way to distinguish between these tweretical approach concerns the prediction that suppression of
transport regimes and the natural question whether the turshot noise with a Fano factor below 0.5 can be an indication
neling transport is coherent or sequential remains an umef coherent tunneling against sequential tunneling.
solved one. The content of the paper is organized as follows. Section
The coherent approach to shot noise in DBRD has rel presents the theoretical model. Section IIl provides the
ceived wide attention since the first experimental evidencanalytical expressions for the calculation of the current volt-
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stant,T is the bath temperature, ards the carrier energy.
The full Hamiltonian of the structure is

H=H_+Hg+Hst Huyn, 2

dQW here
gL «—> \

\& N ] Hy =2 2 (E(p,) + PA/2M)C(Pa P L) CalPas L)

quL PL Pa

are the Hamiltonians of the right and left contacfsandc,

qu qugr are the creation and annihilation operators of electrons in
contacta, p, andp, are the momentum components perpen-

dr qV dicular and parallel to the direction of the current, respec-
tively, m is the effective electron mass in the conduction

v band, ancE(p,) +p> /2mis the electron energy in the con-

tact

Hres= 2 (E, +p’/2ma‘(p,)a(p,)
Py

A

is the Hamiltonian of the resonant statEs+ e, —qu with u is
L the voltage drop between the emitter and center of the quan-
tum well, -q is the electron charge;” anda are the creation

FIG. 1. Sketch of the band profile of the double-barrier structure d ihilati t f elect in th y |
considered here. The bottom of the conduction band in the emitte na anniniiation operators or electrons in the resonant level,

in the well and in the collector coincides ¥t0. and

Hun= 2 | T.a"(pL) 2 CalPanpy) +he

age characteristics in the low voltage region limited to the bl o

first peak of the current. Section IV provides the analytical

expression for the electron noise corresponding to the curreri the part of the Hamiltonian describing the electron tunnel-
voltage characteristics of Sec. Ill. Here, the Nyquist expresing andT, is the amplitude of tunneling between the reso-
sion is recovered at vanishing applied voltage. At increasinglant state and thath contact.

voltages suppressed shot noise is found in the region preced- Following Ref. 25, the relation betwedn, and T,, is:

ing the current peak and enhanced shot noise at voltages just=2mT,|?p, wherep, is the one dimensional density of
above the current peak. Section V reports a comparison b&tates, and the electron operatarandc in the Heisenberg
tween theory and existing experiments. Major conclusiongepresentation are given by

are drawn in Sec. VI.

exp(~i[E(p,) + P& /2m]t/h}
t’ = TO( H a a ’
Il. MODEL at.p.) %ﬂ E(py) -E +il/2 (ParP)
The typical diode investigated here is the standard double 3)
well structure depicted in Fig. 1. We denote by=(I",
+I'g) the resonant states width, by the energy of the reso- Colt, PP L) = ColPar P JEXP=I[E(p,) + P /2m]t/Hi}

nant level as measured from the center of the potential well X
and byI'|  the partial widths due to the tunneling through iT
the left and the right barrier, respectively. We consider the - —"f dra(7,p,)
case of coherent tunneling in the presence of only one reso- h 2
nant state and we assume that the diode has contacts with
unit square surfaces. For convenience, calculations are car- xexp(~ i[E(p,) + p7/2m](t- D/A}.  (4)
ried out using the cgs system.

The kinetic model is developed by assuming that the elec
tron distribution functions in the emitter and in the collector,
f,, are equilibrium-like, but with different electrochemical

The current operators for the left and right contagtg
and for the total current are?®

potentialsF l(t) = - % > [T,a'(t,p,)c,t,pap,)—hel,  (5)
1 PP 1
fle,Fo)=—F——~, (1)
1+eXF(s—Fa) I= 7l = (1= lg, (6)
kg wheren=u/V, V being the total applied voltagsee Fig. 1
here a=L stands for the left contagthe emittey, =R for From EQgs.(3)—(5) we obtain the expressions for current

the right contactithe collectoy, kg is the Boltzmann con- operators similar to that obtained in Ref. 22:
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; 4 F o+
l,(t) = ﬁZ > > exdi(Ez— E U] @'= —q{NCFm( Lk quo) - n] (11)
PL BPg 7Py K B
X Az'y(Ele Ey)cz%(pﬁa pL)C'y(p'yv pL)! (7) Wlth
whereE,=E(p,) and the full expression foA; (E4,E,) is n=NF (i)
reported in the Appendix. From Eq&) and (7) and the 2 1)

expression ofA; (Egz,E,) from the Appendix, we find the

usual expressmn for the average current the electron concentration in the emittdl, is the effective

density of states of the conduction bard,,(x) the Fermi-

=) =-Alg Dirac integral of index 1/2/ and « is the static dielectric
o o constant of the material. We note that the effect of size quan-
gm tization on the electron distribution in the emitter is ne-
= m;f dszD(Sz)f de  [fL(e,FL) — frle,FR)], glected. By integrating Eq11) and taking into account that
o 0 @(—»)=¢'(-2)=0, we find the relation betweep andu,

) on the left border of the left barrier

where sL:piIZm is the kinetic energy of the transverse [ /%r
. _ - P

motion, e=(e,+¢,), g, (u.) is the energy gap between the K

bottom of the conduction band and the first quantized level FL+qu FL q 1/2

in the well before the left barrie(see Fig. 1, D(g,) the [N F3,2< L L) F3,2< ) —nuL}

transparency of the double barrier given by keT keT/ kel
(12)
_ I\ Tr
D(ey) = (8,- &, +qQuU)2+T24" HereF), is the Fermi-Dirac integral of index 3/2.To sim-

plify the task, we suppose that the barriers are undoped and
In our model, we suppose that in the emitter there are nehat the charge in the quantum well is placed at its middle
electron states with energy below,—and that electron states plane, so that we can write
with energy higher than this value are three dimensional. ,
To take into account Coulomb effects, we introduce the U= U+ @ (d,+dow/2) (13
expression for the operator of the electron charge in thgpg
quantum well, that from Eq.3) is found to be given by

, 4w
Qowld =-0aX a*(t,p,)alt,p,) Ug=u+ (@DL - 7Q>(dR+ dow/2). (14
P

* . with d;, dg, dow the widths of, respectively, the left battier,
=—q> > > Talp e_xr[|(Ea Eﬁ)t/h_] the right barrier, and the quantum weQ=(qNgy,—Qqw) is

PL @Ppy Bbg (B~ E —ilV2)(Eg— E +il'/2) the charge in the quantum well; amﬂgw is the number of

+ charged donors in the quantum well. Furthermore, we sup-
X Co(PaP1)Ca(PP L) (9 pose that the electron concentration in the collector is the
From Eg.(9) the average electron charge in the quantumsame of that in the emitter, hencEg=(F_—qV) and the

well is found to be Poisson equation in the collector takes the form given by Eq.
" - (11) with the change-| — Fg. By integrating this equation
with the conditiong(»)=V, ¢’(*)=0, in analogy with Eq.
(Qow = 2ﬂ2ﬁ2 fdszD(Sz)J de TR (e,F) (12) we obtain
o 0 k k [8mkgT ( FL+Quz— qv>
o -—@ +Q+— NeFgpol ————
477'(PL Q A7 K cr 32 kgT
f de,D(s,) f de T Mr(e,FR) | (10) F-qV 112
Zqv = NeF3p2 ke kBT( r—V)| =0. (15
Ill. CURRENT VOLTAGE CHARACTERISTICS Equation (15) relatesug to V. We remark that it is more

convenient to considey and{l) as functions ofi because in
The current voltage characteristic is determined from Eqthis case they are single valued functions everl fov char-
(8) once the dependence @i(s,) and g, on the applied acteristics ofZ type. Since the first and the third term in the
voltage is given. To calculate the transparency explicitly, wdeft hand side of Eq(15) are the charge of the emitt€; and
must findu, (V) andu(V) as functions ol. To this purpose, of the collectorQg, respectively, Eq(15) expresses the elec-
we consider the Poisson equation for the electrical potentigroneutrality condition of the device. We note, that to derive
¢ in the structure of Fig. 1. In the emitter, the Poisson equakEg. (15 we have assumed that the width of the depletion
tion can be written in the form region in the collector regio(see Fig. 1is smaller than that
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between the right barrier and the highly doped region in the K

collector. As typical in DBRDs, from both sides of the bar- u=au (1+CJCy), C; = Am(d +do2)’ (22
. . . L T dow

riers there are spacers with doping level of the order of

10'°-10"" cm™3 and with widths in the range between 10 and Analogously, by taking into account thaip —47Q/«k
500 nm®28|f the low doped region in the collector is fully =47Q./«, from Eq.(14) the relation betweenu and suy is

depleted, then Eq13) must be substituted with found to be
V= U g~ 2T (16) 8u= Sug(1 +CJC,), Cyp= ——————— . (23
= 1) - s = + s = .

R R K R( (% 2) 2 47T(dR+ dQW/Z) ( )
wherelL is the width of the spacer in the collector, apg From Eqgs.(21)~(23), Eq. (20) is rewritten in the form
=(¢, —47Qqw/ k). In the derivation of Eq(16), the voltage
drop in the highly doped collector region is neglected. CeC

pl ighly aop gion | g 8Qow = 8U(CL +Cp), C g = —ecrl2 (24)
(Ce,c + C1,2)
IV. NOISE whereC,, (Cg) is the capacitance between the emitienl-

To calculate the spectral density of current fluctuations afecton and the center of the quantum well, respectively.

zero frequency under fixed voltage we use the expre&sion From Eq.(24) itis clear thatC, g can be considered as two
capacitances in seri€s, , and C,.. If we neglect the accu-

” mulation and depletion regiong.e., C,.— ) and neglect
S(0) = f dt(81(0) 81 (t) + 81 (1) 81(0)). (17) the quantum well width(i.e., dow— 0) then C_ coincide
with those used in Ref. 22. From Eqd9) and (24), the

‘°° relation betweersu and 6Qq, is found to be

We anticipate that the total current fluctuation consists of two

sources. The first comes from the fluctuation of population su(t) = M (25)
states in the contacts and the second from the fluctuation of CL+Crt Cow

the electron charge in the quantum w&lThis last leads to
fluctuations of the voltage drop between the emitter and th
quantum well,su. Accordingly, the operator of current fluc-

tuations is given bf S(0)=S,+S,+S,.

Erom Egs(17), (18), and(25), S(0) is found to be given by
the sum of three terms as

8l(t) = 8l,(t) + @&J(t), (18) The first, S, is the correlator oil,; the seconds,, is pro-
u portional to the cross correlator betwedn and 6Qqw,; the
third, S;, is proportional to the correlator @Qq\y.. They are

where 8l ,(t) is the current fluctuation operator under fixed " e
given explicitely by

due to the population fluctuations in the contacts. Analo
gously we can introduce the operator of charge fluctuation

Qow(t) = MQawa(t) = Cowdu(t), (19 S = J dt(1,(0) 8l ,5(t) + 81,5(1) 81,(0)), (26)
where Cqy is the differential capacitance of the quantum -
well

_ KQow)
Cow= P S,=J | di{815(0) Qqwa(t) + 8l 5(t) Qow2(0)
From the condition of charge neutrality, the charge fluctua- -
tions in the emittersQ,, in the collectorsQ,, and in the + 0Qow2(0) 8l o) + QA1) 81,(0)), (27
quantum welléQqy satisfy
Qe+ Q.+ Qow=0. (20)

$=J J dt{Qqw2(0) Qaw2(t) + Qow2A(t) Qow2(0)),

—0o0

The charge fluctuation in the emitter and collector can be
expressed throughu, r as

(28)
5Qe: - Ce‘SULv an == CcéuRa (21)
. .. Where
whereCg . =—dQe /U, r(V=cons} are, respectively, the dif-
ferential capacitance of the charge in the accumulation re- 1 A1)

gion of the emitter and in the depletion region of the collec-
tor whose expressions are detailed in the Appeiidix note
that when Eq(16) is valid C,=«/(4xL)]. By taking in ac-  plays the role of a differential resistance-capacitance rate.
count thatg, =—47Q./ k, from Eq.(13) we find By using the definitions fobl ,,(t):

J=
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8 (1) = ﬁﬁ > 2 exli(Eg— EUAIAL(ERE,)
PL BiPg ¥:Py

X [c5(PgP1)Cy(PyP1) —{Ch(Pp.PL)C,(P, P )]

(29
for dQqwo(1):
NQowalt) = - QE > > [CZ(pa!pL)Cﬁ(plB'pl)
PL @p, BPg
= (Co(PwPLC(PSPL))]
T, Tsexdi(E, - Ept/h]
(E, - E, —il/2)(Ez - E, +il/2)

(30)

and the properff?

(C(ParP1)Ca(PE: P )CH(P, P )Cs(Ps D))
= (C(PwP1)Cs(PE P )X CHUP,, P )Cs(Ps L))
= 3us0p,p,98y00,0, %, f ol Ea* PLI2MF,)
X[1-f4Eg+pi/2mFp)] (3D

it is possible to find fori§ i=1,2, 3 theexpressions

S = Hﬁf dsZJ de {D[f (1 -fg) + +fr(1 -]

‘o
-D(fL - fR)?, (32

S=- Wzﬁsf dszf deLDZ{—fL(l fL)

-gL

2 I'k-T
A1 -1+ g[fL(l—fR>+fR<1—fL>]},
(33
S;= AZ#ﬁsfdsZJ dsLDZ{ fL(1-1)
—OL
R L<1—fR>+fR<1—fL>]}
xx232ﬁ3 J de, f ds, D?-R RfR(l f.  (39)

-qVv
Here we used the notatidip r=f, r(¢,F_g) and

AT 1 X
[ Tr(CL+Cr+Cqw) au’

A=

PHYSICAL REVIEW B 70, 115321(2004

Coulomb interaction is negligibl&§(0)=S; and the result of
Ref. 29 is recovered.

As an internal check we prove thgi0) satisfies the Ny-
quist theoreni? Indeed, at zero applied voltade=fg, from
the expression(8) for the total current it follows that
1)yl 9u=0, and thereforex=0. Accordingly, the differential
conductancés at zero voltage is

G=

a’m
2ﬂ'ﬁ3kBT de,D | de f (1-fp). (39
0 0

We here used the property that f&f=0 dfg/dqV="f (1
—f )/ (kgT). According to Eq(32), S at zero voltage is

de,D | de f(1-1,). (36)

g’m
50="3

Equations(35) and (36) imply S(0)=4kgTG, which repre-
sents the Nyquist theorem.

Let us now show tha§(0) —« on the border of the in-
stability region wherel(l)/dV— c. To this purpose, we note
thatdl/dV can be decomposed as

d{y &1y &I)du
—— =t 7
dv. v  du dv (37

By writing the condition of charge neutrality as
- CeduL + dQQW + CC(dV— duR) =0 (38)

by taking into account Eq$22) and(23) and that

oN
dQow = — Cowdu+ ﬁ’dv, (39)
we obtain
du Qow
v (c —(;‘—)(CL +Cr+ Cow) ™% (40)

By using Eq.(8) for (), we see tha&l)/ou,. and &I)/V
entering Eg. (37) are always finite. This implies that
&1)/dV— o only if the sum(C_+Cgr+Cgq\) — 0. We remark

that also the denominator of is proportional to(C, +Cg
+Cqw); thus, X, and in turn§(0) go to infinity simulta-
neously withdl/dV. Note thatC,_ i are always positive and
Cow becomes negative when the resonant state approaches
0., that is when the number of electrons in the quantum well
decreases at increasing

V. RESULTS AND DISCUSSION

In this section we present the theoretical results for the
two relevant cases of low temperatuigs., T<4.2 K) and
high temperaturesi.e., T>1" which here corresponds b

where <<\ <= is a dimensionless parameter describing=77 K), the former being appropriate to investigate the in-

Coulomb interaction.

fluence on shot noise of the Pauli principle and the latter of

Equations(32)—<(34) are the central result of this paper. long range Coulomb interaction. Then, theoretical results are

We note tha§(0) does not depend on. When thex=0, i.e.,

compared with experiments.
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A. Low temperature

We investigate the condition of high applied voltages,
when qV> Fg, because more close to experimern/e re-
call that typical magnitudes for the relevant parameters of

DBRDs are: forl" less than a few milli-electron-volts, féf,

PHYSICAL REVIEW B 70, 115321(2004

f
H(f, &) = | arctarif + £) — arctarié) — 52_+1
2 ag,_
4I‘LI‘R0—,qu ( gL)

less than 100 meV, and for the voltage at the peak current fs. 1 and the resonant level is located below the the Fermi

around 0.5 V) Because of the above, from E) the ex-

pression for the current becomes

FL
_gm ~ _qmi' I'g
<I>_—2772ﬁ3f de(F. - &)D(g) = 4252 B(f,§), (41)

-gL

where

B(f,&) = 2(f + &)[arctartf + &) — arctarié)]

{1+(f+§)2]
—In| ——> |,
1+¢&

level of the emitter far from its bordens, and g, i.e., ¢

<-1, f+&>1, thenA(f,&)/B(f,§=1/2 and Eq.(43) re-

covers the expression given in Ref. 22:
_TZ+T3+2A(Tg-T)) +2A?
= 2

(45)

with
N[ Tg
T

As it will be shown later, wherfi>1 the values taken by in
Eq. (45) are practically constant and correspond to the pla-
teau exhibited by the dependengéf,£). On this plateau,

and for convenience we define dimensionless chemical poy=1/2 [the minimum is reached wheA=(I"_-I'r)/2].

tential f and voltage drog as

2(F +g) . 2(qu-g-9)

f= , &E=
r r

The expression for the noise spectral density becomes

FL
2,

S(0) = 22—;; f de(F, - )D(e)[1 -D(s)]
oL
FL
(M =T, oI T
72ﬁ3[}\ LF ;ZR]fds(FL—s)D(s)z.

—O.

(42)

For the Fano factory=5(0)/2q(l), Egs.(41) and(42) yield

4FLFR{1 =T ZFLFR] A8
r

r=1-"p 2 |B(f.9’
(43)
where
f+& &
=(f+ g)[l T(f+ 07 + arctartf + ¢ 148 }
1 1
+ -
1+(f+¢6)? 1+&°

We note that\ depends onf and ¢ through C g, Cow,
&1yl au which are given by Eq(24) and by

g’m I X1y
wh2 T T HES, au

_amidg ’ml g
w2 h3r

Cow= —.3- H(f,89, (44

Note that on the plateau

g?ml’, \ - og’m 1 _r r

wh?T’ mh?CL+Cr+Cow 'L

and the expression in the braces of E43) is positive.
Therefore, on the plateau=ly=1/2 and shot noise en-
hancement is impossible.

Now we demonstrate that at voltage values for which the
resonant level is close to the band edge of the emitter the
Fano factor can drop below the value 1/2. To this purpose,
let us first consider the simplified model where we take
=12.9 (GaAy, C, =Cr=«/4md, d=5 nm and neglect the
term proportional todg, /du in the expression foH(f,¢).
Figure 2 reports the dependencies of current and Fano factor
on ¢ for the two values=100[Fig. 2a)], f=10 [Fig. 2b)]
whenI' =I'g and in the preseno@ontinuous curvesor ab-
sence(dotted curvep of Coulomb interaction. The figure
shows that for large value of the ratio the resonant width
(f=100, (¢ exhibits a wide plateau region wherg
~0.55 followed by a minimum withy,,,~ 0.464. By further
increasing the value df(f =1000 the plateau region is found
to widen andy,,,=0.49. Note that, as it follows from Eq.
(42), the Coulomb interaction always increases the noise if
I'  =I'g. With the decrease df [see Fig. 2b) wheref=10],
the plateau region becomes narrower ang, is found to
decrease. The decrease of the valueygf, is due to two
complementary reasons. The first is associated with the de-
creasing of the strength of Coulomb interaction. The second
is associated with the increase of the effective barrier trans-
parency near to the current peak and in turn with the further
suppression of partition noise. For the ideal chsel, at the
peak current the transparenby— 1 and in turny,—0.

Why does Coulomb interaction increase the shot noise if
I' =I'g? To answer this question, we analyze the noise con-
tribution due to electrons with energies implyibg— 1. The
part of S; corresponding to these electrons is zero, while the
part of S; is finite. We remind that the terr§, describes

CQW =

115321-6
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FIG. 2. Dependence of the Fano factor and of the current on the FIG. 3. Dependence of the Fano factor and the current on the
electrical potential in dimensionless unis 2(qu-¢,—g,)/T" with electrical potential for asymmetric structures with 100 (a) and
f=100(a) andf=10 (b) for the symmetrical structurB, =I'g. Here =10 (b). The dimesionless units are the same of Fig. 2.
f=2(F_ +g)/T" and lo=qml’ I'r/(27%43). Continuous (dashed
curves correspond to the presengabsencg of Coulomb
interaction.

metry is due to the cross correlation te@n which on the
plateau is positive fof’| >TI'g and negative fof’, <I'r. The
physical reason of this asymmetry stems from the following
partition noise, thus it is proportional tB(1-D) and for ~ fact. If I''>I's, then the charge situated in the quantum well

D=1 at zero frequency there is no noise associated with th& (_:ha_racterized by an escaping probability to the emitter
fluctuation of 8l,. However, even foD=1 there is charge which is greater than that to the collector. By contrast, when

fluctuation in the quantum well due to the random characterL<F.R the oppolf'lte haﬁpens.' Of course,hwﬂé_rﬁl“R the h
of electron escape from the weltandom time delay of escaping probability to the emitter and to the collector is the

- ; . . same ands,=0. We note the important role played by the
chargg. The probability of this escape is proportional Ifo Pauli principle for the possibility o5, to be positive. From

and this is the reason Wi_& decr_eases with the increase qf Eq.(33) it is clear that iff, <1 andfz=0 thenS,< 0 for any

I'. Therefore, Coulomb interaction enhances current noisg, e of the ratio, /T From Fig. 3 one can also see that

due to the random time delay of the charge in the quantumy, . -0 457<0.5 for I',=0.79" and f=100 [see Fig. )]

well, and which represents the quantum property of the elecyng for both values of, whenf=10 [see Fig. 8)].

tron motion in the RTD. We conclude, that for the simple model considered here
The effects due to the asymmetry of the diode barriergoth the increase df and the decrease & decrease¥y,

whenT' =0.29" andI' =0.79" are shown in Fig. 3 which which value drops below 0.5 fdf, >T'r. We further note,

reports the dependencies of current and Fano fact@ffon  that there is bias whe#l)/9u=0 and\ changes of sign.

the two valued=100,f=10. We note, that without Coulomb  Under this bias, fof", =I'g the curves of the Fano factor with

interaction(i.e., A\=0) these dependencies are the same foand without Coulomb interaction touch each otfsze Fig.

I''=0.29" andI' =0.79". From this figure it is clear that on 2) while for I' # I'g they crosgsee Fig. 3.

the plateau Coulomb interaction decreases the noisé’for To confirm the possibility of evidencing the giant suppres-

=0.29" while increases the noise fb =0.79". This asym-  sion y,,<<0.5 in a real structure, Fig. 4 presents the calcu-
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1.2 from the collector to the emitter. Since the energy scale for
8- 140 the change oD(¢) is significantly less than that df (¢), all
' the integrals in the expressions for the current and the noise
6 . , 410.8 spectral density can be calculated analytically. To perform
—_ _ R Pt the calculations, first of all we note that
< T=4.2K v {06
£ 4{—— asymmetric > > w
= |- symmetric Jo0.4 F-¢
2 £ J dSLfL(S) = kBT In| 1+ eX[( Z) = kBT(I)L(SZ)!
10.2 kgT
, ' 0
0 e e . 0.0
0.4 05 06 (46)

Voltage (V)

]

_ -1
FIG. 4. Dependence of the current and Fano factor on the ap- f dglfL(g)z = kBT{cDL(gZ) - {1 + exp(ﬁ—szﬂ }
plied voltage for the structure of Ref. 8 @& 4.2 K. Values ofl'| g kgT

ande, are chosen from the fitting of the current volatage character- 0

istic at 77 K. =kg TPy (g,) (47
lations performed with a set of parameters related to the ex"f‘nd

periments in Ref. 8 af=4.2 K and where both a symmetric o

(continuous curveand an asymmetri¢dashed curveare 2R

considered. The structure parameters e X 1016 cms, deD(e) Py (e) ~ == PLa(B)Di(8), (48
d, =dr=dow=5 nm, squared area of contacts B and -0,

L=50 nm,m=0.067my, with m, the free electron mass and

x=12.9. In the symmetric structure, the only two fitting pa- o -

rameters ard’| =0.591'=0.48 meV ands, =104 meV. Their 5 _AlTR

values control the location and the amplitude of the current de,D(e) Py a1 (e0) =~ —5~ PLa(BD2AE),  (49)
peak, respectively, and are chosen by optimizing the agree- -g.

ment between the experimental and calculdt&icharacter-
istics at 77 K. For the asymmetric structure there are thre
parameters and we takéd| =0.29", I'=1.22 meV, ¢, . ¢
=112 meV to preserve the location of the current peak at the D1(é) = - - arctarté), Dy(§) =Dy - 5.
same voltage. The functiog, (u,) is calculated by solving 2 &+l
the Schrddinger equation for a potential whi¢h:for x<<0
follows from the Poisson equation without accounting for
quantization effects(ii) for x>0 corresponds to the solid
solution Al 4/G&, sgAs with zero electric field inside, as was

perep is the maximum value betwedr,—qu) and g, :

By using Eqs(46)—<49), we can write the following expres-

and the Fano factor

done in Ref. 8. For these values, the dependajpce,) is qmisTl Ik
found to be almost linear and well approximated bytu,) (1= WCDL(,B)Dl( ), (50
~0.28qu_—11KgT)-14kgT. The details of the solution of
the Schrddinger equation are reported in the Appendix. Cal- 5
culations givey,,;;=0.43 in reasonable agreement with the S(0) = %(Dl@q’(ﬁ)
value of 0.35 found in experimentd=rom Fig. 4 we see that 3T
both thel-V and the noise characteristics are sensitive to the T, TrD,(£) or
asymmetry of the structure, as expected. In any case, the - =2 D, (B) +)\{CDL(,8) ——L(IDZL(B)}
main features of both characteristics are preserved. I r
We conclude, that the main reason for shot noise suppres- T I,
sion in RTDs at temperatures below about 4.2 K is essen- MNE (&) _FCDZL(B) ) (51)
tially related to the Pauli principle and, because of the coher-
ent tunneling regime, near to the current peak the Fano factor
can take values significantly lower than @gsant shot-noise _ . _ 2L TRD5(€) {CD(,B) . ){1 _ &613(,8)]
suppression Y I'?D4(&) r
. QFL 1-‘L
B. High temperature -\ F{l - F(I)(ﬁ)} } (52

We now discuss the case of high temperatures wWa@n
>T, which in the present case refersTe=77 K. Again, we  here ®(B)=®, (B8)/ P (B). Analogously, we derive the ex-
consider applied voltages high enough to neglect the contripressions forCq,, and J<I>/du. Since in this case
bution to the current and noise of the electron flux movingd<I>/du=I"gCqy/#, we obtain
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rc 8 ' - '
[ (CL+Cr+Cow)
and A<T'/T, in the stable region where(C +Cg 61 T=77K ]
+Cow) >0. r,=0.5r
We now estimate the possible minimum value joFrom < 4 T experiment | i
Eq. (52) it is clear that to obtainy,,, it is necessary that = ——theory ’
r 2r, I 1 -
A=——|1-— 1-— : 54 21 1
ZFL[ T (B)ii T (ﬁ)i (54)
We note, that this value of lies in the range of possible Y DU ) . .
values characterizing the stable region. By substituting Eq. 0.0 0.2 04 0.6

(54 into Eqg.(52) we find

-1
%mzljkzﬁqul@@i- (55

roy§l” T (b) .
L 1 H J
Now we analyze two limiting cases. N,. ]
The first is the case when the occupation factor of the n ]

state with energy3 is much smaller than unity. The®(8)

~0 and . e
I'r Dy(€)
p=l-———. 56
Ymin oT Dl(f) (56)
Since the maximum value dP,(£)/D,(¢) equals 1.217¢ 0.1 ' . . . ' .
=¢£,=-0.803, from Eq. (56) we find that y,,;<<0.5 when 0.0 0.2 04 0.6

I'r>0.821", and that the expressigb4) holds nearg=¢&,.

The second limiting case is when the probability of occu-
pation of an electron state with energ@ys close to unity and
d(B)=1. In this case

Voltage (V)

FIG. 5. Calculatedsolid) and measureashed dependencies
of current and Fano factor on the applied voltage for the structure of
D,(&) 8 and 77 K. Th(_e parameters are the same used for Fig. 4 in the case
Ymin=1—-——"=""+ (57 of the symmetric structure.
201 F Fig. b hat th Iculated F f
. . . rom Fig. we see that the calculated Fano factor repro-
and ymm<0.5_when the expressiofs4) holds in any point duces b%thl?Q tiwe suppression and enhanced behaviors.pHow-
whereé<0, since th_ereDz(g)/D_l(f)> 1. ) ever, its minimum value is of 0.65 against the experimental
In concluding this subsection, we emphasize that, forg)ue of 0.35. By choosing appropriate valuesIbfy the
RTD theory predicts values of the Fano factor below 0.5 alsqheoretical model can be forced to fit the experimental Fano
at high temperatures. factor at the expense of overestimating ke characteristics
for about one order of magnitude. This result corrects previ-
ous findings of the same authdfsyhere the contribution of
charge fluctuations to the total noise was underestimated
We compare theory with two sets of experiments perwith respect to the present approach. In this context, we note
formed on DBRDs with barriers sufficiently narrow to ex- that Ref. 16 presented a theoretical calculations of the same
pect that coherent tunneling is of importance. The first seexperimentéat 77 K. The results of these calculations were
refers to pioneer experiments of Brofwvhich are detailed found to be in excellent agreement with experimental data
at 77 K with indications at 300 K. The second set refers toexcept for the region of instability. On the borders of this
recent experiments at 300 K reported in Refs. 31 and 32. Ifegion the noise tends to infinity and, as a consequence, there
both cases the comparison is limited to the voltage region ugere no measurements of noise in this region. However, con-
to the peak current since theory neglects energy levels in thgary to such an experimental evidence, the theoretical
quantum well higher than the first one. calculation® provided finite values of the noise and the the
Figure 5 reports the comparison between experiments peghsence of the instability region, which makes the theoretical
formed in Ref. 8 and present calculations at 77 K. Numericahpproach at least suspect.
results make use of the same parameters in Flg 4 for the To provide a physica| insight of the physica| reason for
symmetric structure. For the used values, the dependenegot-noise suppression, Fig. 6 reports the results of the cal-
gu(u) is found to be almost linear and well approximated culations associated with the presericentinuous curves
by: g.(u) =0.44qu_—1.5%gT)-0.0%gT for 77 K. and the absenaglotted line of Coulomb interaction. From
From Fig. %a) we see that present calculations well re- Fig. 6@) we see that at 77 K the Coulomb part contributes to
produce thel-V characteristic including the current peak. suppress shot noise in the whole region of applied voltage,

C. Comparison of theory with experiments
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1-0 T T T 6 T T T T T T
09 (@) ] 5 1
4 i
0.8 -
< 3 ]
> 071 I,=0.5T . 3
total — 24 )
0.6 ------ without Coulomb interaction - 1
T=77K ] ] .
0.5 T T T T T T 0
01 02 03 04 05 06 ' ' ' ' ' '
14 ]
p
0.4 T T T
04 05 0.6 T T T T T T
01 02 03 04 05 06
Voltage (V)
Voltage (V)
FIG. 6. Calculated dependencies of the Fano factor yatn- ] ]
tinuous curvesand without(dashed curvesCoulomb interaction at FIG. 7. Dependencies of current and Fano factor on applied
4.2 and 77 K. Other parameters are as in Fig. 5. voltage atT=300 K. Other parameters are as in Fig. 5.

and that the Pauli part becomes noticeable near the currentit at 300 K using a noise figure metetk5-49), that al-
peak. Furthermore, while the Pauli contribution leads syslows to measure simultaneously noise figure and power gain
tematically to suppression, the Coulomb contribution be-of two-port networks in the 50) feed circuit. Simulta-
comes responsible of enhanced shot noise at voltages nearrieously with the noise théV curve was measured. The
0.57 V where the instability region is approached. From Figdiode was mounted in the break of a microstrip line, with
6(b) we see that at 4.2 K the predominance of Pauli ovemone electrode been grounded, and another one bonded to the
Coulomb interaction in suppressing shot noise is confirmedends of a microstrip line. Noise measurements at frequencies
Again, Coulomb effects are found to be responsible of en60 and 200 MHz showed the same results within an experi-
hanced shot noise around above the current peak, in agremental uncertainty at worst of 20%, thus indicating that 1/
ment with experiment®. noise contribution is negligible. Numerical results makes use
Figure 7 reports the current voltage characteristic and thef the following values for the parameters entering the
Fano factor for the same structure of Fig. 5 at 300 K. Heremodel: ,=87 meV, I'y=I', =1.08 meV, n=5x 10*%cm3,
the solution of the Schrédinger equation providgstu))  d =dg=2 nm, dow=6 nm, L=50 nm, g, (u)=0.445qu_
=0.53qu, —1.5%gT)+0.7gT. Calculations show, that even —1.%gT)+0.45kgT, m=0.045n,. Also here the only two
by increasing the temperature, the main features of transpofitting parameters are, andl’=0.9_g, all other parameters
and noise already shown at 77 K are preserved. However, theeing provided by the experimental conditions, Figp)8e-
current peak and the minimum of the Fano factor becomgorts thel-V characteristic which shows a region of positive
less pronounced at increasing the temperature. These trendiferential conductancgdc) up to about 0.7 V followed by
are in agreement with experimental restiiighich claim a  an instability region. In the same pdc region, the Fano factor
reduction of the peak-current value of about 1 mA and aris found to exhibit a suppression with a minimum value of
increase of the minimum of the Fano factor when going fromabout 0.4 at around 0.65 pee Fig. 8)]. As for the case at
77 to 300 K. However, even at 300 K present calculations/7 K, from Fig. &) we see that present calculations well
give a Fano Factor for about a factor of 2 greater than thateproduce thd-V characteristic including the current peak.
found by experiments. From Fig. &b) we see that the calculated Fano factor repro-
A recent set of experimer#s® carried out at 300 K on a duces both the suppression and enhanced behaviors. How-
DBRD with barriers thinner than those of Ref. 8, thus moreever, the minimum value of the Fano factor is found to be of
adequate to check coherent tunneling at high temperature, 675 against the experimental value of 0.40. By choosing
reported in Fig. 8 together with theoretical calculations. Thearger values of’| i the theoretical model can be forced to fit
structure consisted of two 2 nm AlAs layers separated byhe Fano factor at the expenses of overestimatinglikfe
6 nm InGaAs quantum wetf3! Measurements were carried characteristic for about one order of magnitude. This result
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60 ' ' j 0.5 of the full Poissonian value. This giant suppression of
(a) ’ shot noise is an indication of coherent tunneling since the
507 T=300 K ] standard sequential tunneling can predict suppression but at
404 I =055 1 most with a Fano factor not less than 0.5. At 4.2 K, for a
E 304 -eeee- e;perimem ] realistic DBRD structure we find a minumum value of the
- —theory _ Fano factor of 0.44 that is in agreement with experiménts.
— 20 | At temperatures above about 77 K, we have found that co-
101 . herent tunneling still predict that shot noise can be sup-
ol- . . pressed well below the value of 0.5. This giant suppression
has been evidenced by experiments performed at 77 and
300 K. However, the present theory is not able to explain
this noise feature with the same set of parameter values able
to explain thel-V characteristics. Probably other causes
14 - could lead to the suppression and further efforts are needed
to provide a better interpretation of experiments.
The physical reason why shot noise suppression is ex-
>

pected to be more effective for coherent than for sequential
tunneling is as follows. Starting from the fact that the two
mechanisms responsible for shot noise suppression are the
Pauli principle and Coulomb interaction, we note that both
0.00 0.95 0.50 0.75 act simultaneously for coherent and sequential tunneling. Let
v us consider the first mechanism, which is the most relevant at
oltage (V) . . .
low temperatures, in the case when the Fermi energy is suf-
FIG. 8. Experimental and calculated dependencies of cuagnt  ficiently small so that all the electrons exhibit the same trans-
and Fano facto(b) on applied voltage for the structure in Refs. 31 parency. Then, coherent transport admits a transparency near
and 32 aff=300 K. equal to unity, which impliesy=(1-D)=0 according to
Lesovik findings®* For sequential transport the total trans-

) o parency is always less than unity because of the finite value
corrects previous findings of the same autﬁérw,r_\ere the  of the differential rates controlling the relaxation of carrier
contribution of charge fluctuations to the total noise was Unyyymper fluctuations inside the two terminal device through
derestimated. Thus, the comparison between theory and ;e contacts. As a consequence, under coherent transport for
pe_nments at temperat_ures above about 7_7 K provides qualipe possible case of full transparen@ég., D=1) there is no
tative agreement but is not able to explain the drop of thggise. By contrast, under sequential transport the presence of
Fano factor below 0.5 found in experiments. scattering inside the quantum well always introduces noise.
This example illustrates why the Pauli principle is more ef-
ficient in suppressing shot noise under coherent than sequen-
tial transport. By considering Coulomb interaction, which is

We have implemented a quantum mechanical approach tmore relevant at high temperatures, we recall that in the ab-
investigate DBRDs transport and noise characteristics withisence of collisions it provides giant shot noise suppre$&ion
the coherent tunneling regime that includes both the Paulas in the vacuum tub&because electron reflection in this
principle and long range Coulomb interaction. The expres€ase is due only to Coulomb interaction. It is clear that the
sion for the current voltage and noise characteristics genepresence of scattering provides additional random mecha-
alize previous finding$>2226 In agreement with expecta- nisms for electrons returning to the emitter and, therefore,
tions, at increasing voltages theory predicts a currenprovides an additional source of noise. Even this example
characteristic which exhibits a peak followed by an instabil-shows that Coulomb interaction is more efficient in suppress-
ity region and that before the current peak shot noise is sughg shot noise under coherent than sequential transport. We
pressed because of the Pauli principle and/or Coulomb intefinally want to stress that the main reason of the difference
action. In addition, the theory confirms shot noisebetween these approaches stems from the fact that the se-
enhancement well above the full Poissonian value at the cuguential tunneling is based on a master equétidifor treat-
rent peak as a consequence of the positive feedback betwewy fluctuations of carrier numbers inside the quantum well.
tunneling and space charge. As a consequence, its intrinsic limit coincides with that of

At low temperatures below about 4.2 K, the suppressioriwo independent resistox®r vacuum diodesconnected in
of shot noise starts in concomitance with the sharp increasgeries and each of them exhibiting full shot noise. This sys-
of the current associated with the alignment within the valugem yields a maximum suppression of shot noise down to the
of I' of the Fermi level in the emitter with the resonant level value of 0.5. By contrast, partition noise, inherent to a quan-
in the quantum well. Accordingly, the Fano factor is found totum coherent formalism, can be fully suppressed down to
exhibit a minimum near the current peak. Remarkably, thezero in the presence of a fully transparent barrier and weak
value of this minimum can be significantly below the value Coulomb interaction like in vacuum diodes.

VI. CONCLUSIONS
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APPERDIX : NCFW(%) - f—TwR—V)] NG
Here we detail the calculations to evaluate the current B B

operator, the differential capacitances of the DBRDs and th _ .
solution of the Schrodinger equation for the voltage depen‘ff A(V=ug)/ (kgT)>1, then we have the usual expression for

dence of the first electron level in the emitter. the capacitance of the depletion region

A. Current operators C.~ % (B4)
w(V-u
By using Eqs(3)—(5) and(7), the explicit expression for R
Ag’y(Eﬁ,Ey) is the following:
TTB..(E TT.B (E C. Energy of the first electron level in the emitter
A (EpE,) = —2mi| = B“%_Q -« 7“4 o , . . o .
' Eg—E -il'/2 E,-E+il'/2 The one dimensional Schrodinger equation for an electron

(A1) moving in the potential g¢(x) can be written in the follow-

ing form:
where
* dy 2m
. ToTgPa =2 v2+ = (go+e)=0 C1
Bus(Eg) = | 8,5— ——&i——) A2 Yyt 5(Ap+e)=0, (CY
() (w'”%—a+wm (A2) dx = %
From earlier, we note the following properties: herey="'/V¥, ¥ is the electron wave function and the
L — AR —_aL electron energy. Sincée/dx in the emitter is function ofp
ALL(E BE)p. = ARgE.E)pr =~ Ard(E, E)pr [see Eqs(11) and(12)], instead of it is convenient to use
=-AR (E,E)p_ =D(E) (A3)  asvariable quantity so that
and
dyde , 2m B
ALR(E,E)AR.(E, E)pLpr = ATR(E, E)AR (E,E)pupr dodx TV Tz Aete) =0, (€2
=D(E)[1-D(E)]. (A4)
where

Equations(A3) and (A4) are useful for current and noise

calculations. do 8mkgT ( FL+ qgo)
— =1/ N.F
dx P c3/2 kBT

B. Capacitances

1/2
By recalling thatQ, =-«¢| /47 from Eq.(12) we have - NCF3,2<kF—':I_) - ki_rmp} : (C3
_ FL+qu | K ° °
Ce(un) = 0| NeFyy> keT -n 8mrkgT The potentiakp in the emitter takes values in the range from
0 far from the barriergx— —=) to u, on the border of the
% [NCF3/2< Fut qu,_) left barrier. We note that far from the barriers the potential
kgT falls exponentially ¢ ~exp(x/\p) when qe<<kgT, where

(B1)  electron wave function®’ ~expk;x) for x— -, where
ki=Vv-2me/# and, thus, we have as boundary condition

If the electron accumulation is relevage., qu >kgT) then  Y(¢=0)=k;. Since we suppose that the field in the barrier

we can write is absent, the electron wave function in the barrier is

( = ) q }—1/2 \p is the Debye screening length. For localized state the
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¥ ~exp(—kox) wherek,=+2m(AE.—qu_-¢)/% and AE. is  y(¢=u)=—k,. Equations(C2) and (C3) together with the
the conduction band offset on the barrier border. By usingooundary conditions allow us to find the energy of the first
the conditions of continuity of the wave function and of electron level in the potential well of the emitter by numeri-
its derivative, we obtain the second boundary conditioncal calculations.
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