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Coulomb blockade and negative differential conductance in metallic
double-dot devices
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We systematically analyze the stability diagrams and simulate the finite temperature current-voltage
characteristics for metallic double-dot devices with cross couplings between dots and gates. The
Coulomb blockade is described with respect to each device parameter. The negative differential
conductance observed is essentially suppressed by increasing the temperature and/or introducing the
offset charge and is very sensitive to the device paramete0®American Institute of Physics.
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I. INTRODUCTION be manipulated at low temperatures when the coupling ca-
pacitances are set with the appropriate values.

Single-electron tunneling devices based on the Coulomb

blockade enable the manlpulgt!o_n of per-electror_1 c_urrgntsn- STABILITY DIAGRAMS

Because of high charge sensitivity, low-power dissipation,

and high packing density, these structures are proposed for The current diagram of the device under study can be

future generations of computational technology and areschematically drawn as in Fig. 1, where each of the three

therefore being extensively investigated both experimentallyunctions (between the source and the ddf, between the

and theoretically. drain and the dobD,, or between the two dotss represented
Recently, Junnet al." have reported interesting data of by a resistorR, Ry, or Ry) and a capacito(Cs, Cg, or Cyy)

differential-conductance measurements for a gold double-ddtonnected in parallel. Within the framework of the Orthodox

device. The gold dot is so small that the charging energy is af1eory; the stability diagram of a double-dot system without

high as 80 meV, and the Coulomb blockade can be welfr0Ss couplinggi.e., C;,=C,=0 in Fig. 1) is well under-

recognized even at a liquid-nitrogen temperature. The horstood(see, for example, van der Wiet al.,” and Ferry and

eycomb stability diagram, typical for the pump devices asGoodnicl?). For the device with cross couplings measured in

designed by Pothieet al.? has been clearly observed at a Ref. 1, the charging diagrams can be constructed in the same

liquid-helium temperature. The specificity of the device mea V@ @s Ref. 5, considering the linear-transport regime, i.e.,

sured is that there exists an essential cross coupling betwegﬁe case when the e>_<terna| volltage is applied to the device
a dot and the gate belonging to the other [idt, the capaci- Vb=Vs=Vy=0. Assuming thav is grounded an¥s~0, the
tancesCy, and Cy, in Fig. 1], which results in a diagonal totgl elgctrostatlc energy of the double-dot structure can be
stretching of the honeycomb cell. An asymmetry of the twoertten in the form

junctions, coupling dots to leads, i.e., a difference between
capacitance€; andCy in Fig. 1, is also believed to make the
cells skewed and to yield a distinct Coulomb staircase in the

E E
&(ng,ny) = é(Ql -ne)?+ ﬁ(Qz - nye)?

. . 1
current-voltage(I-V) curves. The charging diagrams have + E_S(Ql_ n;€)(Qz — Nxe) = 5(C11V31
been also measured for silicon germanium double-quantum €
dots’ but with a focus on the role of electrostatic gates. + (;12\/52 + (;21\/51 + 022\/52). (1)

The aim of this work igi) to describe systematically the )
zero-temperature stability diagrams for the device measured€'®: € is the elementary charge
in Ref. 1 and(ii) to simulate thd —V characteristics in the

1(n,) is the number of

same device, taking into account the finite temperature and CoRs b ConRin b CoRy
the offset charge effects. The results obtained, while describ- y - [D ! m e 4
ing the experimental data quite well, show a rich variety of \A Va
features on both the stability diagrams and Ith® curves in
dependence on the device parameters. In particular, we find Cur Cy
that a negative differential conductan@¢DC) of different ’ 7\C C/< |
phases, including a second or a multiple Coulomb gap, can v nn v
gl g2
¥Electronic mail: nvlien@iop.ncst.ac.vn FIG. 1. Current diagram of the device.
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82, IN_-1,1 ’ 0.2 without cross couplings an¢b) with cross coupling§C,,=C,,=1.5 aH.

(@22 0,-1 104 Everywhere C,=Cy4=10.0 aF,C,,=C,,=3.0 aF, andC,=8.0 aF.
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Vgl rated with increasingC,,. Quantitatively, the magnitude of

o _ _ these effects is very sensitive to the values of capacitances in
FIG. 2. Stability diagrams of the devices withd) and(c): C;,=C,,=0] the device
and with(b) and(d): C,,=1.6 aF andC,;=1.8 aH cross couplings for two L - . .
cases: weak interdot couplirigg) and (b): C,,=3.0 aff and strong interdot In Fig. 3, We_ShOV_V the stability d|agram_5 for _the devices
coupling [(c) and (d): C,,=45 aH. Everywhere C,=16.9,C4=6.5 aF,C,; of an asymmetrica[Fig. 3@)] and symmetrica[Fig. 3b)]
=3.1aF, andC;,=2.6 aF. dot-to-lead couplings. The values of all the capacitances used

for this figure are respectively the same as those reported in
Ref. 1, except the dot-to-lead coupling capcitan€gsand

excess electrons in the déy(D,), E;(E,) is the charging C.. which have been set in equal in Fig(hg C.=C,

. _ _2 -1
jv?tir%/ :O:: TE dfgl(JrDCZ) ' E#é)g(fécfzc))(i Ccmfglcin 4 =12aFlie, about the average of experimental value€of
E i tr11 s |1_1 217 ~m t2 q d thlz h22 m £ th =16.9 andCy=6.5 aF used in Fig.(®)]. From a direct com-

o IS The coupling energy, counted as the change of the po_arison of the two diagrams in these figures, we see that an
tential on one dot then ri\? electron is added to the other do symmetry of the dot-to-lead couplings brings about a move
Eo=(e%/Cn) (C1C/Ch= ™, Qi=CuiVgn +CroVge, and Q, of triple points in the way that the direction of the shortest

=CoVort GV . line between them forming an angle of about 45° with the
The stability diagrams can be directly constructed by.

L . Vq axis in the case of the symmetrical devidég. 3(b)],
minimizing the energyEq. (1)] with respect to the numbers becomes almost parallel with this axisig. 3@)]. The direc-
of the excess electrons; and n,. Figure 2 is focused on

tions of the other sides as well as the size of the honeycomb

showing the cross-coupling effect in two typical cases: reIa’cells are mostly affected by the interdot and the cross cou-

tiv_ely weak [Figs. Z{a_) and 2b) With_ Cm=3 aH an_d strong plings as can be seen in Fig. 2. Note that the diagram in Fig.
[Figs. 2c) and 20) W't,h Cm=45 aH interdot couplmgs. The 3(a) resembles well that presented in Fig. 2 of Ref. 1.
cross-coupling capacitanc€s, and C,, are specially set to Taking into account the cross couplinGs, andC,,, the

zero in Figs. 2a) and Zc), whereas in Figs.(®) and 2d),  gimensions of a charging diagram cell can be derived in the
they have the values of 1.6 and 1.8 aF, respectively. Thesg, o way as discussed in Ref. 5

values of cross-coupling capacitances, as well as the values

of other capacitances used for Fig. 2, have been chosen in m eC,
accordance with Ref. 1. By comparing Figagwith 2(b) 9" C G+ CoChy
and Zc) with 2(d), it is clear that in both cases, the cross

coupling strongly stretches the honeycomb cell, making iand

longer in the diagonal direction and in parallel, which results — AyM — AyM

in a reduction in the separation between the two triple points. AVgL = AVa(Cr/Co), - AVg = AVg(CrlCy). &

The effect is still considerable even in the case of Fi{@),2 The meaning of the symbols in these expressions is given in
whereC,5(1.6) andC,(1.8) <C,(45 aB. On the other hand, Fig. 4. Without the cross coupling€;,=C,,=0), when the

by comparing Fig. @) with 2(c) or Fig. 2b) with 2(d), one  expressions in Eq$2) and(3) turn into the Eqs(8) and(10)

can see that the interdot coupling leads to an inverse effeaif Ref. 5, respectively, the sizzhavg“1 (or Avg’z) depends only

on the triple-points separation: two points are gradually sepasn the gate direct couplin@,4 (or Cy,). In the presence of

Avm ecl

=—2 (2
% CoCy +CyoChyy 2

0,1

-1,0

FIG. 3. Stability diagrams of the devices with asym-
metrical dot-to-lead coupling&@) [Cs=16.9 aF andCy
=6.5 aF and symmetrical dot-to-lead couplirigs [C,

1,0 102 =C,4=12 aH. Everywhere,C,,=13.0 aF, C;;=3.1 aF,
C,;=1.8 aF,C;,=1.6 aF, andC,,=2.6 aF.
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cross couplings, these sizéﬁ/‘&}yz [Eq. (2)] become like [ ‘ ' J4x10°
AVSLZ, [EqQ. (3)], mutually depending on all coupling capaci- 130°

92x10”

tances in the structure. Figure 4 is also aimed to demonstrat: 016}
how the cross coupling affects the dimensions of a cell for a
symmetrical devicdC;=Cy=10 aB with a moderate inter- 012k
dot coupling (C,=8 aP. A direct comparison of the two
diagrams in Figs. @) and 4b) shows that for the device ~
concerned, an inclusion of cross couplin§sy. 4(b)] yields 0
a reduction in all the cell dimensions by about 15%. I Jox10”
Note that Fig. 2 can be used for the same purpose for ®% - {4x10°
devices with relatively weak and strong interdot couplings {2107
when one compares the corresponding diagram cells in the oopems==S— 1 WAL AL AL A J AL A,
two figures of the same linga) with (b) a_nd(c)_ with (d)]. () v, (b)
Moreover, by comparing the corresponding diagram cells in
the two figures of the same colunifa) with (c) and(b) with FIG. 5. Currentl vs biasV, (a) and current vs gate voltagd/q;=Vg,=V,
(d)], Fig. 2 also describes the effect of the interdot coupling® for devices with differentC, (from top); 0, 1, and 10C, [C=1.0C,,
C,, on the honeycomb cell dimensions. Without cross cou—d -0 Cor C11=0:8Co. C21=0.7Co, €1220.7Co, andC2,=0.8 Col.
plings [Figs. 2a) and 2c)], the interdot coupling lengthens _
the sizesAVS, , leaving the two other sizedVy , un- describes how the Coulomb-blockade conductance spectros-
changed. In the presence of cross coupliffgigs. 4b) and  copy of the device varies &, increases. It is well known
2(d), the interdot coupling affects all the cell dimensions butthat a system of two isolated, identical QDs has an oscilla-
in different ways: AVSl,z increases with increasing,, tion structure of the conductance spectroscopy in the
whereas\Vy, , decreases. Quantitatively, all the effects men-Coulomb-blockade regime as demonstrated by the upper
tioned can be easily evaluated analytically using the expresturve in Fig. §b) for the case ofC,=0 (Ref. 10. As the
sions in Eqs(2) and(3). interdot coupling is included, the conductance peaks start to
split at the top(the middle curve foiC,,=Cy), and the two
subpeaks should gradually separate with increasihg
1. MONTE CARLO SIMULATION When the interdot coupling is strong enoughe curve at the

In order to calculate the-V curves in the device drawn bottom of Fig. §b) for C,=10 Cq], the spectroscopy has the

in Fig. 1, taking into account both the temperature and théOrm like that for a single-dot device, but the peak-to-peak

offset charge effects, the dynamics of the electron transfe(I‘Jistance is two times shorter. The observed peak split is well

through junctions was simulated using the standard Montdocumented as a mamfeste}tmn of the Coulomb blockgde n
Carlo method. For the sake of simplicity, the tunnelling re-double-dot structures and directly relates to the separation of

sistances of all the three junctions of the device are assuméae two triple points discussed in Fig. 2.
to be equal:lR;=R;=R,=R,. Then, the tunnelling rate for
any junction in the structure can be uniquely defined as

I' = (?R) YAF/(1 — exf(— AF/kgT)), (4)

11x10”

0
18x10"

16x10™
14x10”

{2510

0.3
Ve

where AF is the change in the free energyof the system
after the tunnelling event has occurred. For the giveand
Vy (Vp=Vs—V, does not need to be smpalthe free energy
can be obtained from the energyin Eq. (1) by (i) replacing
everywhereQ;, by Qi)+ Cqq) Vs * d1(2), Whered; (dy) is

a (random offset charge in the quantum dbY; (Dy): q;»
e[-Z; 52, ,] with the magnitudes; ,<e (Ref. 7) and (ii)
adding the term—V,Q,—V4Q,), whereQ; (Q,) is the charge
at the left(right) lead (see Ref. 8 and 9 for detailed refer-
enced. Focusing the attention on the interdot and cross- 095
coupling effects, all the simulation samples are taken sym-
metrical with C;=Cy=C, except the particular device for
Fig. 6 specified as follows. Choosing, and e as the basic
units, the temperature, the voltage, and the current will then
be measured in the units ef/kgC,y, €/Cy, ande/RC,, re-
spectively. The method as well as all the details of calculat-
ing procedure have been thoroughly discussed in Ref. 9.

In Fig. 5, we show some examples of the currems FIG. 6. Monte Carlo simulation conductance fits to the charging diagram
bias V, [Fig. 5@)] and the current vs gate voltage/, [Fig. fésflgfg'j:’f‘) L";fg’?sdaeg'c‘él“fig,t{‘zéf‘”gfzii?giﬁ”?;j‘fg‘gé‘? '(’;;ef' L
5(b)] for devices of differenCr; C,=0, 1, and 10C, (z€r0, =31 aF, andC,=13.0 aF. Bright regions correspond to the low-
moderate, and strong interdot couplintn reality, Fig. §b)  conductance regimér=3.72 K).
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The most important feature we want to see in Fig) %
the existence of a Coulomb gap. As in Ref. 9, certainly, one
can evaluate the width of the gépoulomb-blockade thresh-
old) and examine its dependence on various parameters @
the device simulated. Here, we are however interested in the
other characteristics of the effect. At a given low bMs
(much lower than the Coulomb-blockade threshold for the .
case of zero-gate voltag¥g, andVy,), we can calculate the oust ©

10.06
40.03

0.00

q0.15

conductance for various values gf; andVy, and then con- on2f =2 Sz (Cffggg , Aoz
) - 3 - = = 2.. P g
struct the conductance diagrams at a finite temperature. Th |t A {000

result obtained specifically for the device with the same cou-
pling capacitances as those reported in Ref. T=a8.72 K is
presented in Fig. 6. The temperature narrows the Coulomt
gap(see also Fig. 2 in Ref.)9smearing its boundary. Such a
smear corresponds to the dark regions in the figure, whereas
the bright regions correspond to the low-conductaib@ck-  FIG. 7. NDC in dependence a@m) temperature(b) offset charge(c) gate

ade) regime. The honeycomb net is the correspond'zujo- (_direct) couplings, and(d) cross couplings(C;=1.0C,,Cy4=1.0C,,C,,
temperaturg stability diagram shown in Fig. (8) for the =08Co).

same set of parameters. Clearly, the Monte Cditite tem- o o
perature result fits the stability diagram well, and moreover, double-dot structures studied in Refs. 13—-16. Restricting to a

the obtained conductance diagram in Fig. 6 is in good agredivalitative description, we present in Figapand Figs. 7
ment with the experimental data shown in Fig. 2 of Ref. 1. and 8 some typical NDC behaviours and their dependence on
Returning to the Fig. @), we highlight the staircase various device parameters. Note that the NDC is always ac-

structure, accompanying the NDC, obtained in thev companied by a staircase; theV curves with the NDC

curves for devices of smatl,, The NDC has been suggested S10W complex formgin comparison with smooth curves in
in various nanosystent&:X’ It was observed early in single- Ref. 9. In contrast to the structures considered in Refs. 14

semiconductor quantum-dot structures and has been regard@gd 16 F'ga Ea)hdemonstratedbthat foli thedd§V|ge under th‘;
as a result of an existence of excited stafedakashima and Present study, the NDC may be weakened by increasing the
Uozumi have demonstrated the NDC in a linear array of'mer(,JIOt couplingCy, This gives an argument to sugggst that,
metallic islands as a result of a competition between the forphysmally, the NDC observed in our double-dot device has a

ward rate of injecting charges into the array, which increasefo°t similar to that for linear arrays of many islands dis-

with the bias and the tunnelling rate across some junctio ?ussed in Ret. 12. Importantly, though the NDC or even the

which may be reduced with increasing bias. Skinal 13 second Coulomb gap as shown in Fig. 8 can be always real-

have calculated thie-V characteristics in a ring-shaped array ized for some pa”"’“'af gets of gouplmg capacnancgs, s
ery easily removed byi) increasing the temperatuf€ig.

of dots and have shown that the interactions between elec: i\ increasing the maanitude of the offset chartid
trons in two branches of the ring can bring about stationar;e(g)]’ ( rid |(|:| eas ng ine thag tu i? orthe o”ie (I;i a g{ag.
electron configurations, which produce NDC at low tempera- ()], and(iii) changing the gatgdirecy coupling[Fig. 7(c)]

. - orthe cross couplingfig. 7(d)]. For the first two factors, our
tures(and multiple Coulomb gaps at zero temperafukeij simulations generally show that the NDC can be maintained

et al.* have measured the device, where an electron box i3
attached to a single-electron transistor as a gate, and reportgaly at very low temperature@bout=0.0015¢*/ksCo) and

on the NDC for a range of conditions. Recently, for double—m devices with a small offset-charge magnitu@é 0.15 or
dot structures, the NDC has been analysed by Evans and

10.06
10-03

00503 o6 05 L o 03 06 09 12 18

Mizuta'® and by Wanget al.® The structure studied in Ref. [+ — T
15 is somewhat similar to that in Ref. 12 in the sense that .|

electrons have to pass through both dots, whereas in th I

structure studied in Ref. 16, the two dots are not equivalent; ¢.os} Magnitudes of offset charges:

one dot is connected to both external leads, but the other is . — Z,=Z=0.06

; --Z,=7,=0.50
connected to only one. Several NDC mechanisms have bee 0.04 =72

suggested for different structures. However, due to a mutua—

correlation of device parameters, the conditions for the NDC ~ 0-03
cannot be always formulated exactly. Even as the conditions
can be written out for relatively simple modéfsthey are

often too complicated for a practical purpose. Despite such &
variety of phenomena, it is generally accepted that the NDC I
is gradually removed by increasing the temperadtuté or 0.0gl————=
introducing the offset chargé:*> The interdot coupling also 0
plays an important role; it stimulates the NDC in the struc-

tures StUdie‘_j in Refs. 14_ and 16. _ FIG. 8. Example of a second Coulomb gap and its destruction by an offset
Our device of study is much more complicated than thecharge.

0.02|-

0.01|
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