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Cu rr ents and t heir Ûuctuati ons in t wo capaciti vely coupled single elec-
tron transistors w ere studied within the sequential tunnelin g approach . A
special attention w as focused on the e˜ect of the negative di˜erential re-

sistance , which app ears due to the Coulo mb interactions of accumulated
charges on both the single electron transistors. In this case large polari za-
tion Ûuctuations are activ ated, w hich results in a signi Ùcant enhancement of
the current shot noise.

PAC S numb ers: 73.23.H k, 73.40.Gk, 73.50.T d

R ecent progress of m odern nanotechno logy al lows the observati on of sev-
era l e˜ects associated wi th sing le electron charg ing of smal l tunnel structures . A
special ki nd of tunnel nanojuncti on is the doubl e-barri er juncti on wi th a smal l cen-
tra l electro de. The electri cal circui t consi sts of tw o such structures dem onstra ti ng
negati ve di ˜erenti al resistance (N D R ), whi ch Hei j et al . recentl y m easured [1]. In
addi ti on, in m olecular-scale systems Chen et al . also found such e˜ect [2]. The
interest in ND R devi ces resul ts from num erous potenti al appl icati ons, incl uding
am pl iÙcati on, high- frequency oscil lato rs, m ixers, mul tipl iers, log ic, m emory, and
analog-to -di gita l converter circui ts.

A very importa nt param eter of the electri cal circui ts is signal -to -noise ra-
ti o. The noise analysis gives us addi ti onal inf orm ati on about electroni c structure,
tra nsport properti es, and electron{ electron intera cti ons. Besides a therm al noise,
in electri cal circui ts there appears a shot noise. Recently, in m esoscopic system s,
the shot noise was intensi vely studi ed both theo reti cal ly and experim enta lly. It
wa s shown tha t the current noise could be reduced below the Poissoni an value
S P oisson = 2 eI due to correl ati on between conducti ng electro ns. Exp erim ental ly,
in the single electron tra nsi stor (SET), Bi rk et al . conÙrm ed thi s reducti on (up
to (1 =2 )S Po isso n value) in 1995 [3]. In som e cases, however, shot noise can be also
super-Poissoni an. Ia nnaccone et al . found in a resonant tunnel ing diode an en-
hancement of the shot noise in the region of ND R [4].
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T o our better kno wl edge, there is no either theo reti cal or exp erimenta l work
on the shot noise in the m olecular-scale system s. In thi s paper, we study the
negati ve di ˜erenti al resistance phenom enon and the shot noises in such system .
W e perform deta i led calcul ati on to Ùnd processesresponsible for an enhancement
of shot noises.

In the work, we describe a sequential tunnel ing in capaciti vel y coupl ed non-
-magneti c SETs (Fi g. 1) wi th discrete electro nic structure on the quantum dots.
W e restri ct our considerati on to the case where the spacer parti cles are atom ic-size
and each of them has only one single electro nic level available for the tunnel ing
pro cesses.

Fig. 1. Electrical scheme of the circuit consisting of tw o single- electron transistors

connected in parallel .

T unnel ing pro cess f or an electro n in the to p ( ˜ = t) and the botto m
( ˜ = b) SET thro ugh the left ( i = 1 ) and the ri ght ( i = 2 ) juncti on is described by
the net tunnel ing rates Û˜ i , whi ch are assumed to be smal l ñh Û˜ i § k B T . Thi s re-
lati on im pl ies tha t the corresp ondi ng tunnel resistances R ˜ i are m uch larger tha n
the quantum resistance R Q = h= 2 e 2 and the electronic tra nsport is dominated by
incoherent, sequential tunnel ing pro cesses[5].

The rates of electro n tunnel ing to (+) and o˜ ({ ) the ˜ quantum dot thro ugh
the i -th juncti on, are given by
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where N t ( N b ) i s a charge accum ulated on the to p (botto m ) SET, E F denotes
the Ferm i energy and E c

˜
| a charg ing energy of ˜ -th quantum dot (SET), whi le

À e and T stand for an electron charge and tem perature, respecti vely. The vol tag e
dro p on the i -th juncti on (V ˜ i ) is given from the Ki rchho ˜ law.

In the stati onary state, electri c currents can be calcul ated f rom the form ula
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where the probabi l i ty p 0 ( N t ; N b ) is determ ined from the relevant m aster equati on,
0 = cM bp 0 (i n whi ch the m atri x cM describes tunnel ing processes).

T o analyze Ûuctuati ons in the system we extend the generati on-recom binatio n
appro ach [6] f or m ul tiel ectron channel s by general izati on of the metho d developed
for spinless electrons in a SET [7].
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Fig. 2. C urrent through the top (solid line ) and the b ottom (dashed line) SET ' s (a),

charge accumulation (b). T he parameters are: C t 1 = 0: 4 aF, C t 2 = 0 :2 aF, C b 1 =

0 15 aF, 0 25 aF, 0 5 aF, 0, , ,

, 0 5 0 8 0 1 ,

and . is taken as a unity in our calculati ons.

T o characteri ze system in the stati onary state we have calculated num erical ly
the bi as vol ta ge dependence of the current = = ( = = ) Ûowi ng
thro ugh the to p (botto m ) SET respectivel y and the avera ge charge accum ulated
on each quantum dot . The resul ts are presented in Fi g. 2a,b. Due to the
Co ulomb blockade e˜ect, the currents can Ûow thro ugh the system onl y above
som e thresho ld vo lta ges, whi ch are di ˜erent for both SETs. Thi s di ˜erence is the
resul t of the various capacita nce of each tunnel juncti on, the di ˜erent sing le
electron charg ing energy and the energy level . Each curve in Fi g. 2a,b has
steps whi ch resul t from opening new electro n channels. These steps are cl earl y seen
onl y f or , whi le for higher they are smeared out. The am pl i tude
of the tunnel ing currents depends on tunnel ing rates . W hen the vo lta ge
exceeds the thresho ld vo l tage , then current begins to Ûow thro ugh the botto m
island. It m ay lead to qui te large (when ) accum ul ati on of the charge
on the botto m quantum dot. The charge accum ulated on the botto m tra nsistor
bl ocks the current channel thro ugh the to p SET. It m akes som e reducti on of the
current (sol id line in Fi g. 2a). The drop of the current can be calculated

ND R =
I I

I
=

( + )
(3)

where i denotes the currents on the Ùrst (I) and the second (I I) plateau,
respect ively (see Fi g. 2a). W hen , then the charge accum ulati on on the
botto m island is large. It leads to large ND R (Eq. (3)).

The resul ts presented in Fi g. 2 were calcul ated in a parti cul ar case when the
bi as vo l ta ge in the to p SET is equal to the bias vol ta ge in the botto m one. The
resul ts in a m ore general case are plotted in Fi g. 3. There is the conto ur pl ot of the

as a functi on of and . From Fi g. 3 one can determ ine f or whi ch vo lta ges the
negati ve di ˜erenti al resistance e˜ect app ears. If the relati on = 1 7 5 i s f ulÙlled
(i f we are going from point (0,0) along dashed l ine), the ND R e˜ect occurs twi ce.
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The e˜ects can be use to bui l t three- state swi tches.

Fig. 3. T he contour plot of the current I t Ûowing through the top SET as a function

of V and V 2 . The parameters are the same as in Fig. 2.

Fig. 4. (a) T otal charge | S NN (solid line) and polariza tion | S P P (dashed line) noises.

(b) Fano factor of the current noise in the top (solid line) and the bottom (dashed line)

transistor. T he parameters are the same as in Fig. 2.

T o characteri ze dyna mics of the system we have calcul ated the dependence
of the charge and the current noise versus the bias vo l ta ge and the frequency.
The num erical resul ts are presented in Fi g. 4a for the to ta l charge noise S N N

(f or N = N + N ) and the polari zati on noise S P P (f or P = N N ) versus V

at the frequency ! = 0 . The functi ons of S N N and S P P are step- l ike. Opening
of a new charge channel leads to changes of the shot noises. The increase in the
S N N corresponds to the increase in the charge accum ulati on on the to p islands
(co mpare Fi g. 2 and Fi g. 4). In the ND R (and in the second pl ateau I I) reg ion (f or
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the to p tra nsistor) one can see an enhancement of the polari zati on noise S P P . The
am pl i tude of S P P i s one order of magni tude larger tha n the charge noise S N N .

Fig. 5. (a) Decomp ositi on of the Fano factors on the Schottky noise (solid line) and the

frequency dependent part (dashed line). (b) Power spectrum of the frequency dependent

part of the current noise S c
I t 1 I t1

( ! ) for the voltages (dotted line), (dash

dot dot line), (dash dot line), (dashed line) and (solid line).

T hin vertical lines denote values of for the voltages (dotted line) and

(solid line). T he parameters are the same as in Fig. 2.

The current noise can be wri tten as the sum of the coe£ cient, whi ch is
frequency independent (the Schottky noise) and a frequency dependent part

S I I ( ! ) = S
I

+ S
I I

( ! ) : (4)

The results of the calculati on of the Fano f actor F I I = S I I (0 )=2 eI are shown
in Fi g. 4b. In genera l, the current shot noise is suppressed below the Poissonian
value due to the negati ve correl ati on between tunnel ing electrons. Ho wever, in
the region of the second plateau (i .e. for V = 3 : 8 E E =e) the shot noise is
super-Poissoni an. Decom positi on of the current noise into two parts is presented
in Fi g. 5a. The enhancement of the Schottky noise at the vol ta ge thresho ld is due
to acti vati on of the tunnel ing pro cesses thro ugh the Ùrst juncti on at the to p SET.
The frequency dependent part (f or ! = 0 ) has negati ve values due to the Coulom b
bl ockade e˜ect. Because the Schottky noise is vol ta ge independent (excl udi ng the
vo l tage region at the V ), S

I I
i s responsible for the enhancement of the current

noise in the region of the second plateau (Fi g. 5a).
For the vol ta ge V = 3 : 8 E E =e , we found analyti cal form ul as for the

Fano factors. Af ter the spectra l decom positi on the frequency dependent part of
the current noise has a form

S
I I

( ! ) =
2 eI ˜

Ñ Ñ
r

r
a ˜ i ;Ù j + b˜ i ;Ù j Ñ r

! + Ñ
r

; (5)

where a ˜ i ;Ù j and b˜ i ;Ù j depend only on the tunnel ing rates Û˜ i , Ñ are the eigen-
values of the matri x M .
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Let us analyze the current noise at the to p SET thro ugh the Ùrst juncti on.
At ! = 0 one can wri te

S c
I t1 I t1

(0 ) = 2 eI t
a t 1 ; t1

Ñ 2
À

Ñ 2
+

; (6)

where a t1 ; t1 = À 2Ût1 Ût2 ( Û2
b2 + Ûb1 Ûb2 À Ût2 Ûb1 ) . It is seen tha t the current noise is

super-Poissoni an f or a t1 ; t1 > 0, i .e. when Ût2 > Ûb2 + Û2
b2 =Ûb1 . On the other hand,

the noise is suppressed below the Poissoni an value even in the ND R region. W e
selected som e vol ta ges to i l lustra te the change of the frequency dependent shot
noise whi le we are going from the Ùrst to the second plateau, see Fi g. 5b. One can
see tha t the power spectrum of the current noise can be either positi ve or negati ve.
For the vol ta ges V = 3 : 4 3 ; 3 : 4 7 ; 3 : 5 ; 3 : 8 in uni ts j E 0 À E F j =e the current{ current
correl ati on functi on is positi ve in a low-f requency regime, whi le f or a higher fre-
quency can be negati ve. The curves (Fi g. 5b) are the sum of the two Lo rentzi an
l ines wi th di ˜erent relaxa ti on ti m es § + = À 1 =Ñ+ and §

À
= À 1 =Ñ

À
, respectively.

W e have found tha t the charge noise S N N disappears wi th the characteri stic relax-
ati on ti m e §

À
corresponding to the f ast charge Ûuctua ti ons, whi le § + characteri zes

the polari zati on Ûuctua ti ons. From Fi g. 5b one can see tha t low-f requency pro-
cessesare responsible for the enhancement of the current noise. W e can say tha t
current shot noise is super-Poissoni an due to acti vati on of the Ûuctua ti ons of the
polari zati on.

In thi s paper we have calcula ted the tra nsport pro perti es in the steady state
and analyzed the shot noise in the system wi th two SETs connected in para l lel. W e
have found tha t the charge accumul ati on is responsi ble for the ND R phenom enon.
The spectra l analysis of the current{ current correlati on functi on shows tha t an
enhancement of the current noise is due to the acti v ati on of the polari zati on noise.

The wo rk in thi s paper was supported by the State Co mm ittee for Scienti Ùc
R esearch under grants No. 2 P03B 140 19 (G.M. ) and No . 2 P03B 087 19 (B. R .B. ).
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