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Electron-hole cotunneling effect in coupled single-electron transistors
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We have found theoretically that parallel coupled single-electron transistors undergo a unique crossover
from a cotunneling-only state to a predominantly sequential-tunneling state. As a result of the competition
between the cotunneling and the sequential tunneling in the course of the crossover, a current dip instead of the
usual current peak is observed.
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In parallel coupled one-dimensionglD) arrays where dividual hexagon is marked as{,n,), wheren; andn, are
each electrode of one of the arrays is capacitively coupled tthe number of electrons in islands 1 and 2, respectively.
electrodes in the other, the electron-hole transport gives risnalogously to the single SET case, there is a crossover
to the so-called quantum current mirror effect, where identiffom the stable state®, 0) to (~1, 1) for the sweep along
cal currents of opposite signs flow in the two arrdysThe  the line indicated in Fig. @), whereq=q;= —q,. Similarly
relevant transport mechanism is the simultaneous transfer §¢ the single SET case, in the crossover region for the
e-h pairs over the facing tunnel junctions, and the detectiorf®UPled SET's, both stable staté8, 0) and (-1, 1) are
of the mirror current in the unbiased array directly proved thePresent, and the tunneling processes (8,0} 1,1)-(0,0)
existence of such a macroscopic quantum tunneling procesrs,"’}ke place.. However, for. some values éf and V,, the
On the other hand, there also exists a sequential tunneling fOSSOVEr 1S not smooth: there are abrupt changes in the

electrons and holes, which usually occurs at higher bias voltt-r?ns Ssi(t)i\éﬁrfé?géogisnzfe':égé-rzd;]n ('jntﬁgné[iféé? tr;[:]oeu ;rT ?r? éh

ages. In this work, we have studied the crossover from the,\ ~ ce1 chows a dip arourg= 2 [Fig. 2(f)], which is the

, . : o= 5 . ,
cotunneling-only state to the predominantly sequentialyoayre that does not exist in a single SET. The existence of
tunneling state in the parallel coupled 1D arrays, considering s current dip in the coupled SET's, which is of purely
Fhe s_lmple case where each 1D array consists of two tl%n”‘%{uantum-mechanical origin, is the main result of this paper.
junctions with a separate gate attached to each middle | gt ys first consider the energy and free energy of the

island*® The simple system we considered in this work en-coupled SET’s. The potentials, and ¢, of islands 1 and 2,
ables us to investigate tunneling processes in the crossovgispectively, are given by

regime in detail, and the appearance of the current dip is

explained in the framework of the competition between the b1=— by — ﬁﬁz, (1)
two tunneling mechanisms. 2

In Fig. 1, we show the parallel coupled single-electron W
transistors(SET’s) where two single SET’s are capacitively b=~ ol — 5 My 2

coupled via the capacitandg, between the two metallic \here
islands. Symmetric source-drain voltagésandV, are ap-
plied separately to the lower and upper SET’s, respectively. fy=n;—CgVy1, (©)
Separate gate voltagég, ; andV , are also applied to the _
lower and upper SET'’s, respectively. For simplicity, we as- Az=nz—CgVg2 (4)
sume that the four tunnel junctions in the system are identi- v
cal with capacitanc€ and resistanc®. g’i

In Fig. 2(@), we show a typical stability diagram of a G,
single SET with respect to the source-drain voltsgend the V,/2 Vy/2
chargeq induced by the gate. In the figure, Coulomb dia- O— —O
monds ofn=0 and—1, wheren is the number of stationary
electrons in the middle island, are shown. For the sweep over
q at low bias voltages, there is a narrow region arognd V,/2 V2
=1/2 where the crossover from the stable states) ton O— —O
= —1 takes placgFig. 2(c)]. In the crossover region, both
statesn=0 and—1 are present and the tunneling processes Icg
0— —1—0 take place, resulting in the nonzero currgfig. Vea
2(¢)]. In comparison, a typical stability diagram of the par-  F|G. 1. The parallel coupled single-electron transistors. The
allel coupled SET's of Fig. 1 with respect to the gate-inducedower and upper single-electron transistors, each having separate
chargesq,(=CgyV41) and q,(=Cy4Vy,) is shown in Fig.  source, drain, and gate electrodes, are capacitively coupled via the
2(b). In the figure, the stable charge configuration of an in-capacitanceC,, .
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FIG. 2. Comparison of the stability diagram @ a single SET FIG. 3. The current, through the lower SET for the cases(ef

and (b) coupled SET’s. Average charge on the middle island with\/<\/s, (b) V nearV, (V,<V<V,), and(c) V>V,, for C,=5;
respect to the gate sweep far) a single SET andd) coupled  p_1x10° 0, and temperature=0. The unit of current isi

SET’s, and current with respect to the gate sweep(éa single _ _, _~ .
SET and(f) coupled SET’s. The thick line ife) and the dashed line r;aexe% In (@ and (b), the regions for states I, II, and Ill are

in (b) represent the paths along which the gate voltages are swept.
only the tunneling processes of (0,60 —1,1)—(0,0) are

and possible: that is, only by the second-order cotunneling of
1C,+2 simultaneous transfer of an electron and a hole on islands 1
Y= 11 (5  and 2, respectively, can the stdtel, 1) be accessed from
“« the state(0, 0), and vice versa. How we obtainad in Eq.
1 C, (9) will be clarified shortly. On the other hand, for higher
=7 Corl (6)  v's, namely, forv>V, where
n, andn, are the net charges on islands 1 and 2, respec- Vv :} C, (10)
tively, and the capacitance and potential were scaled by the ¢ 4C,+1’

units C=C+Cgy/2 andV=e/C, respectively. The electro- the dominant tunneling processes are sequential ones: that is,
static energyE(ny,ny) for a charge configuratiomg,n,) is  state (—1, 1) is accessed by the sequential tunneling of
then (0,00—(—1,0) followed by the sequential tunneling of
PP S AT —1,00—(—1,1) (hole attraction How we obtainedV. in
E(ny,nz) =3 ¢ho(R1+13) + 24NNy, (@) (Eq. (12)) vf/ill be)also clarified shortly. Although a qu?intum
where the first term represents the charging energy of thtunneling of the second order still takes place, the cotunnel-
system and the second term the Coulomb energy for thi#g rate in this case is much smaller than the sequential tun-
charges fi;,n,). The free energy of the system is then givenneling rate. In Fig. 3 we show the typicat] characteristics
by for the cases o¥/ <V [Fig. 3(@] andV>V, [Fig. 3c)].
For intermediate bias voltages Wf<V<V,, the cross-
over from the cotunneling-only state to the predominantly
F(nl,n2)=E(n1,n2)—2k QuVi. (8) sequential-tunneling state takes place. Recall thavfoVg
o ) there are two possible states for the system: the stationary
where the summation is over the voltage-applied electrodegate(oyo) or (—1,1), which we define as state I, and the
of the systentfour such electrodes in Fig),landQ, andV  cotunneling-only state where only the second-order cotun-
are the charge and voltage of each such electrode, respeageling[(0,0)=(— 1,1)] occurs(state 1); see Fig. 8a). As V

tively. is increased fronV/g, a state starts to appear at the bound-
Let us now discuss the crossover behavior of the coupledries between states | and Il. In this state, or state Ill, the

SET’s in detail. For simplicity, let us sa&t,=0 andV=V;  configuration(—1,1) is accessed from the configurati®0)
throughout this paper. Nonzei,’s do not alter the result only by the second-order cotunneling, as in the case of state
here and will be discussed later. Let us restrict ourselves foll. However from configuratior(—1,1), the sequential tun-
the moment to the case where the gate voltages are swepgling processes of<1,1)—(0,1)—(—1,1) take place in
such thaig=q;= —q,. Other gate sweeps will be discussed parallel with the cotunneling processes of 1,1)—(0,0)
later. Then, as mentioned above, the crossover region has(—1,1). See Table | for a summary of the aforementioned
two charge configuration®, 0) and (-1, 1). For low V's, tunneling processes in different states. ¥sis further in-

namely, forV<V, where creased fromV/g, the region for state Il expands, while that
for state Il shrinkgsee Fig. &) for an examplé In fact, the
v zf Cq 9) interval R, of state Il with respect tg (for q=q;=—q,) is
S 6C,+1’ given by
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TABLE I. The tunneling processes for the various voltage regions. Note th&tfo <V, two states I
and Il coexist. The diagonal arrows represent the second-order cotunneling, and others sequential tunneling.

V<V, V, <V <V, V>V,
(0,0)

AN

(0,0) st (=1,1](0,0)  (0,1)

N N

(=1,11(0,00 (0, 1) (=1 0)—>(=1.1)

State I \'\ l
(-1,1)

State Il

whereas the current in the region of state Ill is given by

| =1 cott | seq: (15)

where (Note that there is another kind of the cotunneling process,
o namely, the second-order cotunneling from the source to the
§= 5 (Gt DV, (12 grain of the lower SET. However, it simply adds up to the
total current as the background current, so we do not include
while the intervalR,, of state Il is(for the left par} it in the discussion hereWe have found thaltsqis negligi-
bly small compared td.y if V is close toV. But asV is
Ru=[3-%(C,+1)V,i-¢]. (13)  increased fronV, | ¢4/ I ot gradually increases, and, when
is close toV, |seqbecomes comparable tg,. See Fig. 4,
From the above relationships, we can see tha¥,=aV/, the  wherel s, |, andl are plotted together. We can see from
interval R, reduces to zero and state Il disappears. To sumFig. 4 thatl ., simply shows a peak arourg=1/2, butl s
marize, we find that the crossover is characterized by thehows a behavior where it initially increases withbut
appearance of state lll at the start W=fV,), the coexist- sharply drops to zero near the boundaries of states Il and IlI
ence of states Il and Il in its course, and the termination ofRecall that in state Ill, no such sequential tunneling is al-
state Il at the end of the crossovef£V,). ThereforeV is  lowed. When two contributionk,; andl seqare added up, the
the critical voltage for the appearance of the sequential protesultant total currerit shows a dip, as shown in the figure.
cess (1,1)—(0,1) andV, for the appearance of the se- Therefore, we conclude tha't t_he appearance of the current dip
quential process (0,0) (—1,0). That is,V, in Eq. (9) was in the _paraIIeI coupled SET's is due to Fhelr unique crossover
obtained by considering F =F(0,1)— F(— 1,1)=0, andV, behavior of coexistence and competition of two states with
in Eq. (10) by considering AF=F(—1,0—F(0,0)=0, subtly different tunneling mechanisms. _
where the free energ(n,.n,) is given by Eq.(8). In Fig. 4, fch.e cotunnglmg_g)ates were calculated using the
The current dip around the peak is seen wheis near Jensen-Martinis approximatiorio elucidate the sequential

V,(V<V.,): see Fig. &). The appearance of the current di tunnelmg_contrlbutlon. Howevel,. in state I! can be cal-
isC(due t(;) coexistegnce and corr)r?petition of states Il and FI)IICUIated via the exact second-order cotunneling forfula
during the crossover: in the crossover voltage rang® of Ry 2 AF,AF,

<V<V,, the currentl through the lower SETrecall that = W[Z—(lﬂL Em)

V,=0 so that the current through the upper SET is z&o 1 ! 2

the sum of the currerit,; and the currents.q, wherel . is

the current by the cotunneling proces$é€6,0)=(—1,1)] X
andlgqis the current by the sequential tunneling processes
[(—1,1)—(0,1)—(—1,1)]. Then the current in the region of where AF; and AF, are the free energy changes for the

: (11)

1 1
Rn:[i_ny*'f

> In(l—AF/AFi))]AF, (16)

i=1,2

state Il is simply intermediate tunneling processes which are involved in the
cotunneling process, andF is that for the cotunneling.
I =1cots (14  Then
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FIG. 4. Contributions of sequential tunnelintd) and cotun-

neling () to the total currentl) at aV nearV,. C,=5, R=2 12 0 172 1 q
X 10°, andT=0, and the Jensen-Martinis approximation was used. 1

FIG. 5. The honeycombg$0,0) and (—1,1) of the parallel

.ol coupled SET’s forV nearV, (Vs,<V<V,.). The shaded region
|C0t=ﬂ, (17)  represents the region where the current dip can be obsésteie
Fagtlea II). The regions for states | and Il are also marked.

where I' g is the cotunneling rate for the process (0,0) hand, if the coupling is too strong, the width for the current-
—(—1,1) andI'g, for the reverse process. In the abovedip is too narrow to be observed.
equation R =h/e’=25.8 KQ, andR; andR, are the resis- In this study,V, of the upper SET has been set to zero for
tances of the junctions involved in the cotunneling processsimplicity. For nonzeroV,, we obtain a similar crossover
AF; andAF; of the cotunneling procedg0,0)=(—1,1)]  behavior with the appearance of a current dip near some
are AF;=F(—1,0-F(0,0) and AF,=F(—1,1)-F critical voltage, but the tunneling processes involved are
(—1,0) where the free enerdy(n,n,) is given by Eq.(8).  much more complicated than for the cagg=0.
The currents in the regions of states | and Il in Fig. 3 were As the temperature is increased, the sequential tunneling
obtained by using the exact formula for the cotunneling rateprocesses begin to occur in the cotunneling-only region and
However, due to the coexistence of the cotunneling and théhe current dip becomes shallower. At higher temperatures,
sequential tunneling processes in the region of state Ill, thénen, the whole region can be effectively described by the
cotunneling rates were regularized in a standard way for theequential tunneling processes only. As the result, the current
region. We have also tried another approximation for thedip is replaced by the usual current peak arogrdl/2. The
cotunneling rate, namely that of Lafarge and Esttemd  critical temperature for the disappearance of the dip is
obtained the similar results. _ , T./T~10"3, whereT=e%kgC. For the tunnel-junction ca-

In Fig. 5 we indicate, in a stability diagram, the region of acitance of the order of 1 aF.. is about 1 K.
state Il where the current dip is observable. The region formg In conclusion, we have founcd that parallel coupled single-
a narrow band in the plane of andg,; therefore, depend- giaciron transistors undergo a unique crossover from the
ing on the way the gate sweep is performed, one has gq nneling-only regime to the sequential-tunneling domi-
slightly different width(with respect to the sweep gate volt- \nt regime. In the course of crossover, two states with sub-
age for the current dip. For example, one may fix the upperyy gitferent tunneling mechanisms coexist and compete with

gate voltage afl,= —1/2 and sweep ovey, . The resulting  g5ch other, resulting in a current dip with respect to a gate
I-q, characteristics show a similar current dip but with its voltage sweep.

width a bit shorter than by the sweep where=—q..
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