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Coulomb blockade by electron-hole pairs in coupled single-electron transistors
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We have theoretically investigated parallel coupled single-electron trans{§Bss) at strong coupling.
We have found that the Coulomb diamond of the coupled SET’s fragments into subdomains—triangular
strips—which can be labeled by the number of electron-hole pairs and whose number increases as the coupling
strengthens. The Coulomb blockading electron-hole pairs lead to the appearance of satellite Coulomb blockade
oscillations in the expanded insulating region.

Recently, much attention has been given to series andssume that it is attached to island 2, but inclusion of the
parallel coupled metal and semiconducting systems whichipper gate is only matter of formalityto avoid unnecessary
exhibit the Coulomb blockadéCB) effect. Numerous studies complications).
on the series coupled systems have focused on the role of the At zero gate voltage, the potentialg and¢, of islands 1
dot-to-dot coupling on the electronic and transport propertie@nd 2, respectively, are given by

of the systems.On the other hand, in most of the studies é1=— [N, +C,Nn,/(C,+2)], (1)
involving the parallel coupled systems, one of two parallel
circuits served as an electrometer to detect the potential 2= — ol N2+ C,n1 /(C+2)], 2

changes of the other device circuit, and for that purposeyhere

weak coupling was consideréd®® There have been, how-

ever, a few interesting studies on the parallel coupled sys- o=(C,+2)/4C,+1) ()
tems with strong coupling; the exciton transport in the Cou-andn; andn, are the net charges on islands 1 and 2, respec-
lomb blockade regime was investigated theoreti€afind tively. Capacitance and potential were scaled by the units
experimentally in strongly coupled parallel arrays, and the C=C+ Cql2 andV=e/C, respectively. The electrostatic en-
interaction between two pairs of double dots were ins\‘!testiergy E(ny,n,) for a charge configuratiomg,n,) is then

gated with both of the parallel arrays in the conducting state.

The system we consider in this work is parallel coupled E(ny,no) = go(ni+n3)/2+ Camn4(Ct D). (4)
single-electron transistors at strong coupling. For weak couTo account for the lower gate at voltagg,, we simply
pling, the transport characteristics of the coupled SET’s aréewrite the above equations by replacing with n;+Qq
the same as those of the single SET, with the stability diawhereQg=—CqVy.

gram exhibiting usual Coulomb diamonds. When the cou- 1he electrostatic energy is minimized whep=—n,

pling becomes sufficiently strong, however, electron-hole~ " that is, the system prefers to form tkeh pairs on
lands 1 and 2. If we consider the sequential tunneling only

binding becomes important as in the case of the stron . .

. . . see below the effect of cotunnelinghe mechanism for this
coupled arrays conS|de_red n Refs. 6and?7, b.Ut n cor)tragtt air formation is transfer of a charge to island 1, followed by
the previous works carried out in the cotunneling-dominatinG,straction of a charge with opposite sign to island 2 by the
CB regime, we studye-h binding in the sequential- cCoulomb interaction. But if the charging energy for the ad-
tunneling-dominating conducting regime and the dependencgition of the charge on island [2he first term of Eq(4)] is
of the number of thee-h pairs on the charges induced by a greater than the Coulomb-energy drop by the formation of a

side gate. The major findings in this work are that the Cou-
lomb diamonds in the conducting regime break up ffine 0 heo---- — 0
internal structuresat strong coupling, and that, although the

cotunneling processes are much less frequent, they nonethe-

less play a crucial role. Co

The coupled SET’'s comprise two metallic islands. To
each island separate electrodes of source, drain, and gate are 7 T —-{
attached(see Fig. 1 and the two islands are capacitively

coupled with capacitandg, . For simplicity, we assume that

the four tunnel junctions in the system are identical with Ce
capacitance€ and resistanceR. Only the lower SET of the
g . . Vv,
coupled SET’s is active. Namely, we apply the symmetric &
bias voltagev and the gate voltag¥€, to the lower SET, but
ground all the electrodes of the upper SEThe upper gate FIG. 1. Parallel coupled single-electron transistors. The dotted

is omitted in the figure. In the following, we neverthelesslines represent tunnel junctions.
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(ny)~n for C), we obtain nested triangular structures as
shown in Figs. tb) and Zc).° There is an equal number of
triangular strips in the left and right sides of the diamond
separated by a medial vertical strip. For the left part, the
outermost strip hasm=1, andn increases by one as each
strip is crossed inward. For the right part, we start with
n=—1 for the outermost strip, anal decreases one by one
toward the innermost strip. The vertical strip at the center of
the diamond corresponds to the state with=0. See
Fig. 2(b) where the strips are marked with corresponding

The boundaries of the nested triangular structures were
drawn by the three sets of lines:

f1(V,Qq;n)=V-n/(C,+1)—(1-2Qq)¢ho, (5

FIG. 2. Ir_l (a),_the Coulomb diamonds fo€,<2 are shown. _ fz(V,Qg;n)=V+n/(Ca+ 1)—(1+2Qg) Yo, (6)
The conducting diamonds that are fragmented at stronger couplings
are shadedb) and(c) are the stability diagrams f& ,= 20 and 40, f4(V,Qq:Nn)=Q,+2n/C,— 1/2— 1/C )
1NQg g a a

respectively. Inb), the strips with stable states-f,n) are marked

with the corresponding numbar and in(c), dotted lines delimit the ~ which we obtain by considering the following six tunneling

three regions mentioned in the texd) is the stability diagram in  processes starting with the configurationr{,n). The free

the limit of strong coupling, where the reduced conducting dia-energy changeﬁFfr , for the single-electron tunneling pro-

monds are shaded. cesses over the left) or right (r) junction of the lower SET
through which the number of electrons in island 1 changes

e-h pair [the second term of Eq4)], it would not be at- by +1, are given by

tracted to island 2. Then, from the condition thRE=E

(—1,1)—E(—1,0)<0, we obtainC,=2 for thee-h forma- AF[=%(Qq—2n) ¢+ (ho+nFV)/2, (8)
tion. (Note that, since the upper SET is zero-biasAd, .
= AF for the addition of charges to island 2, whex€ is the AR =%(Qg—2n) o+ (ho+NnEV)/2. 9

free energy changeln fact, for C,<2, the upper SET in-
significantly influences the lower SET and the stability dia-
gram of the lower SET resembles that of a single $&9e
Fig. 2(a)]. L _ —-A +

For strong coupling, or fo€ ,=2, electrons or holes are AT =(Q=2myot (Vo Qu=)i2. (10
attracted to island 2 and, depending on the bias voltaged A remarkable feature in the stability diagrams at strong cou-
the gate charg@,, they either are trapped there, or fluctuatePling is that the number ai-h pairs constituting the station-
with a certain mean value. Whencharges are trapped on ary configurations strongly depends on the gate chaxge
island 2, two possibilities arise in the lower SET: eitherAt Qy=0 and 1/2, nce-h pair can be formed, but at around
—n charges are trapped on island 1, thereby produeihg Qg =1/4 and 3/4, the maximal number efh pairs can be
pairs withn charges on island 2, or the tunneling processegormed atV=,. Given C,, the maximal number oé-h
—n——n—1——n occur incessantly. Let us call the region pairs or the numben of the triangular strips in each half of
where the former case holds regiérand the latter regioB.  the fragmented conducting diamond is given by
Specifically, in regiom, the free energf(—n,n)<F(—n
+1n) and F(—n,n)<F(—n,nx1) holds, so the charge Ns=[(Co+2)°/8(Cot 1)]~C0l8] for C,>1,
configuration (-n,n) is a local minimum in the free energy (1D
space and thustationary Consequently, the lower SET is where|x| is the greatest integer not exceedigrherefore
insulating in regionA. In region B, F(—n,n)<F(—n,n the conducting diamonds are more fragmented at stronger
+1), butF(—n,n)>F(—n—1,n) for tunneling over the left coupling, which is illustrated in Figs.(B) and Zc). Only the
junction andF(—n—1,n)>F(—n,n) for tunneling over the conducting Coulomb diamondishaded ones in Fig(@] are
right junction. Therefore the lower SET is conducting with divided into subdomains, while others remain intact.

And the free energy changad = for the tunneling processes
over the tunnel junctions of the upper SET are

the tunneling processes n——n—1——n. [But F(—n One of the key results in this paper is the conversion of
—1n)<F(—n—-1n=1) holds, so the charges on island 2 the previously conducting region to an insulating regime
remain trapped. gion A) by the formation ofe-h pairs. In the limit of very

As shown in Figs. &) and Zc), regionsA andB occupy  strong coupling, the insulating regions of the coupled SET’s
areas of the previously conducting diamorjdhaded dia- are thus expanded and take on a hexagonal shape, and as a
monds in Fig. 2a)]. The remaining regions of the previously consequence, the conducting diamonds are shrunk. See
conducting diamonds are denoted as redioim the figures.  Fig. 2(d). Note that the conducting diamonds in the limit of
In regionC, the charges on island 2 fluctuate with a certainC_,— o are shrunk by the ratio of 1/4 compared to those for
mean value. Regio is comparable to regioA: In region C,=0.

A, the charge configurations—(n,n) are stationary, but in We have calculated the curreintthrough the lower SET
regionC, they fluctuate with (n,),{n,))~(—n,n). by solving the master equatidfisvith cotunneling processes

If we index the areas oA, B, and C by n (in fact, by included, using the approximation by Jensen and Martiis.



PRB 62

0.20

BRIEF REPORTS

9953

0.15 +—

010+

0.05 +—

(a)
(b)
()
(d)

(e)
U}

0.01

0.05 .-

@

©

/o)

0034 - 8

0.00

FIG. 3. Qg1 characteristics foC,=1(a),5(b),10(c),20(d),
40(e), and 60€¢). For clearer view, each curve is offset by 0.0
from the one immediately below ifThe curve(f) has no offse.
The bias voltage/ was fixed aty,, and the resistancBR=10° O

and T/T=0.001. The unit of current is/RC.

Figure 3 shows theQ4-1, characteristics forC,=1(a),

1 1/4
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FIG. 4. Central region foiC,=40 atT=0 (solid line). The
- dotted lines represei@,-1, curves of the equivalent SET with ef-
fectively induced chargeg,(n) on island 1 wheren=0(a),1(b),
2(c),3(d), and 4¢€). The points where jump occurs are marked by

Our numerical simulations suggest that the above men-

5(b),10(c),20(d),40(@), and 60¢). The bias voltages are tionede-h CB oscillations and current jumps are observed in

fixed at V=4, and temperatureT/T=0.001 whereT

=e?/kgC. First, note the gradual shrinkage of the conduct-
ing region asC, increases, from[0,1] for C,<2 to
[1/4,3/4 for C,>1, which accords with the stability dia-
grams of Fig. 2. Second, as the key feature of @l
characteristics, satellite oscillations are seen in the ‘tail’ re-
gions of[0,1/4] and[3/4,1], which correspond to regioA

of the stability diagram. The property of the oscillations is
exactly the same as that of the CB oscillations of the usual.
SET. Namely, regio consists of multiple insulating phases 9
labeled by the number of Coulomb-blockimgh pairs, and _
the oscillation peak arises during each transition from ond"o=

insulating phase to another, whereby the numbex-lofpairs
increases or decreases by one. Therefore, the number of os-

cillations, that equals to of Eq. (11), increases a€,, in-

creases.

close toyg. Our numerical simulations indicated that\if
<3/4y,, the oscillation amplitudes become so small com-minimum isn*=(—n*,n™), where

this work.
Let us now discuss the role of cotunneling in the hexago-
nal insulating region of the stability diagrartin other re-

the range accessible by experimeRsz10° (), T<10 mK

for C~0.1 fF and %CQIESSO. And, although we applied
symmetric biases to the lower SET and grounded the upper
SET for convenience, we note that the physics should be the
same independently of the detailed way of biasing the sys-
tem, as long as the-h pairs can be formed as described in

ions, it simply acts as the usual background fluctuatjons.
The insulating region is represented by the configurations
(—ng,Nno), where

No=[(C,+1)V—(C,+2)(1—-2Q,)/4| (12

if V=(1-2Qg) o, andny=0 otherwise. Recall that, is

the stationaryconfiguration satisfyind-(—ng,ng) <F(—ng
Thee-h CB oscillations are best seen at the bias voltdge +1,ng) andF(—ng,ng) <F(—ng,ng*+1), and it is not nec-

pared to the background quantum fluctuations that the oscil-
lations are hardly observed. Similar oscillations can also be

seen in regiorC (by the similar argument applied for region
A), although the oscillations are quickly blurred by the back-
ground currents a¥ is increased fromy.

Third, in the central region (14Q,<3/4) of Fig. 3, the
currents show discrete jumps. Recall that in regiaf the
stability diagram to which the central region belongs,
charges are trapped on the upper island while the lower SE
is conducting. From the viewpoint of the lower SET, the
presence oh charges on the upper island is formally the
same as ifg, charges were induced on the lower island by
the upper island charges, whemg,(n)=C_n/(C,+2).
Therefore, ifn changes by 1, the effectively induced charge
g, changes discretely b ,/(C,+2), and so the current
jumps abruptly. See Fig. 4. Sinae changes fromng to
—ng in regionB of the stability diagram, there exish2 such

n*=[(C,+1)V/2+Qy/2),

which is obtained by minimizing
F*(—n,n)=E(—n,n)—nV/2. Thatn™ differs fromny(n*
=ng) implies the metastability of the configuratiog. The
fluctuations, which are caused by the thermally activated se-
quential tunneling or by thérward cotunneling that would
ring the system fromm, towardn™, would quickly move
e system out of its local minimum, and settle it at the
more stable poinh™, and the stability diagrams which were
drawn based omg would collapse. However, on the path
betweenn, and n*, the backward cotunneling process
[which promotes ¢ n,n)—(—n+1n—1)]is dominant: its
free energy change,

essarily the free-energy minimum. The relevant free-energy

(13

the free energy

AFc(n,Qq)=[(1—Qg)/2+n]/(C,+1)—VI2, (14

jumps forV=i,. Clear jumps are observed in the entire areais much lower thamFé(n,Qg)[=AFg(— n,—Qg)] of the
forward cotunneling process, and its rate is much greater

of regionB of Figs. 2b) and Zc).
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than the thermally activated sequential tunneling rate at relae-h pairs Coulomb-blockade the system, resulting in satellite
tively low temperatures] ~exp(~AFs/kgT), where AFs  Coulomb-blockade oscillations in a gate voltage sweep. In
(>0) is free-energy change of relevant sequential tunnelthe shrunken conducting region, the current jumps are ob-
ings|. Therefore, the .backward cotqnneling process preventgeryed. In this paper, the coupling between SET’s is purely
the system from drifting tm™ by pulling the system back to capacitive, but the case where there is a resistor in parallel

No. In short, bythe combined effeaif thermal and quantum 414 be also interesting because the process of breakup and
fluctuations, the system fluctuates back and forth wighits  egioration of thee-h pairs—which should be subject to the

midpoint. Our numerical simulations confirmed the restoramagnitude of the junction resistance—is expected to take
tion of the stability diagram by the quantum fluctuations atplace.

relatively low temperatures.

In conclusion, the Coulomb diamond of the coupled
SET’s at strong coupling fragments into subdomains which This work has been supported in part by the Ministry of
can be labeled by the number efh pairs. As a conse- Information and Communications of Korea, in part by KO-
guence, the insulating regions considerably expand and takeEF (Grant No. 1999-1-114-002}%nd in part by the NRL
the shape of hexagons. In the expanded insulating regiomrogram of Korea.
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