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Strongly capacitively coupled quantum dots
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Double quantum dots were formed in a gated GaAs/AlGaAs heterostructure with negligible interdot
tunneling; strong capacitive coupling was provided by a floating interdot capacitor. The interdot
capacitance was measured to be @28 where Cy is the single-dot capacitance. Coulomb
blockade conductance images for both dots versus side gate voltages at 70 mK show a hexagonal
pattern of peaks; the double dot acts as a single-electron current switch. For weak tunneling, the
conductance peaks of both dots fit thermally broadened line shapes. Charge fluctuations produced by
strong tunneling on one dot are induced on the second, filling in its peak splitting20G2
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Quantum dots show a range of important phenomenavith the following layerssurface dowin 50 A GaAs, 300 A
including the Coulomb blockade, single-electron transportAly sGa,-As, 8x10"2cm 2 Si &doping layer, 220 A
and individual electronic statés® Circuits of quantum dots Al {Ga, -As, and 10000 A GaAs on a GaAs substrate. The
are being studied now to provide approaches to sensors aDEG has mobilityu=5x10° cn?/V's and densityng=3
electronics. Coupling dots together via electron tunnelingx 10'* cm™2 at liquid-He temperatures. The two rectangular
mimics molecular bonds formed between atdimsTunnel-  quantum dots shown in Fig.(d) are defined on three sides
coupled quantum dots have opened avenues of study, inclutly Cr—Au gateglight regiong and on the fourth side by a
ing proposed implementations of quantum information50-nm-deep trenckvery dark regiondown the center of the
processing® Coupling two or more quantum dots via inter- device. A special feature of this device is the floating interdot
dot capacitors provides an additional way to correlate eleceapacitor that consists of two capacitor plates, one over each
trons and build circuits for logic and quantum information dot, connected by a thick bridge of Cr—Awery light center
processing. bar. The trench down the center of the device prevents tun-

In this letter, we describe the use of an interdot capacitoneling between the two dotRé-10 M()), so that interac-
to form a strongly coupled double quantum dot with no in-tions between the dots arise from capacitive coupling and not
terdot tunneling. In conventional laterally defined doubletunneling. Both dots are nominally identical with litho-
quantum dots formed from a two-dimensional electron gagraphic dimensions 500800 nnf. The left-hand dot will be
(2DEG) in a GaAs/AlGaAs heterostructure, the edge-on cafeferred to as dot 1 and the right hand dot as dot 2; their
pacitance between dots is small, and an excess electron é@spective side gate voltages arg; and Vg,. Electrical
one dot only has a linear effect on the conductance of th&easurements of the device were made in a He dilution re-
adjacent dot! In the present work, capacitor plates were frigerator held at the base temperature 10 mK. The measured
added over each dot to increase the interdot capacitance siglectron temperature 70 mK was determined from the widths
nificantly. Because the interdot capacitor is electrically float-0f the Coulomb blockade conductance peaks. Two leads
ing and comparable in size to the dots, it can rapidly transfewere connected to each dot by quantum point contacts. The
small induced charges from one dot to the other. In Coulomisonductance$p; and Gp, of the two dots were measured
blockade measurements at He dilution refrigerator temperasimultaneously using two lock-in amplifiers at different fre-
tures, a single excess electron on one dot switched the oth8H€ENCIES.
dot on or off its Coulomb blockade peak, changing its elec-
trical conductance by two decades. In addition, charge fluc- (a)
tuations caused by lifetime broadening in one dot are in-
duced on the second dot kept in the weak tunneling regime
The conductance peaks of the two dots fit a combination ofis
thermally broadened and lifetime broadened line shapes. e

A scanning electron microscope image of the double-dot
device used in this experiment is shown in Figa)lwith a
schematic diagram in Fig.(d). The two quantum dots were

formed in a 2DEG inside a GaAs/AlGaAs heterostructure
FIG. 1. (a) Scanning electron micrograph of a capacitively coupled double
quantum dot formed in a GaAs/AlGaAs heterostructure. Light areas are

2DEG

Dot 1 Dot 2

dElectronic mail: westervelt@deas.harvard.edu metal gates; the dark vertical trench prevents tunneling between dots; the

YCurrent address: Cielo Communications, 325 Interlocken Parkway, Bldgbright bar in the center connects two capacitor plates above each dot, form-
A, Broomfield, CO 80021. ing an interdot capacitotb) Schematic diagram of the device.
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0 line path in the inset. The addition of one electron to dot 1 switches dot 2 on
AVgr (mV) or off a Coulomb blockade peak.

FIG. 2. (Color) Coulomb blockade conductanéa) Gp, for dot 1 and(b) .
Gp, for dot 2 vs side gate voltagesVg;, andAVg,. The light areas are 2(c) and the total capacitance of each dot to grotnd

Coulomb blockade peaks which split abruptly as electrons are added or 2AV
removed from the adjacent dadfc) Superposition of data itta) and (b) £='s
AV,

showing peak splitting\ Vg and periodA V.
Substituting the measured ratloVg/AVp=0.14+0.01 and

Figures 2a) and 2b) show images of conductanc€s,; Cs =530+ 30 aF(from finite voltage bias Coulomb blockade
andGp,, respectively, versus changes in side gate voltagegeasurementsnto Eq. (1), we obtainC\r=0.28Cy =150
AVg; and AV, of the two dots. The bright regions have * 20 aF. This interdot capacitance is considerably larger than
high conductance and the dark regions have low conductandge valuesCr=0.0Cs and C\y=0.05Cs reported for
and fixed dot charge. For these measurements, the tunnefanar double dots of similar shapes without interdot
barriers to both dots were set in the weak-tunneling regim@r'ipaCi'mfé‘-’5
(G<2¢€?/h), so that the number of electrons on each dot
(~800) was well defined and the Coulomb blockade conduc-
tance peaks were thermally broadened. The pattern of line: < s
in Fig. 2(a) is not seen in Fig. ®) and vice versa, because -
no tunneling occurs between the dots. The key feature of= 1
these images is the systematic and reproducible presence E
splits in the Coulomb blockade peak for each dot due to the:;G o
addition or removal of one electron from the adjacent dot. =
Figure Zc) is a superposition of Figs.(@ and 2b); the A
splits in both dots occur at the same gate voltage change
AVg, and AVg,, where the Coulomb blockade peaks of
both dots are suppressed.

As shown in Fig. £c), conductance&p; andGp, form
a hexagonal pattern very similar to the Coulomb blockade=
pattern observed for a tunnel-coupled double*dbhe indi-
vidual hexagons in Fig. (8) are labeled by the number of
electrons (4,n,) in dots 1 and 2, respectively. The electro-
static energy of the double dot is a minimum at the center of
each hexagon. Moving in the directichVg;=AVg, in-
creases the total double-dot charge in steps eb2tween
hexagons. Changing the gate voltages in the perpendicular
direction AVg,=—AVg, keeps the total charge constant, F'G: 4 (Colon Conductance near the peak sl () Gp, for dot 1 and

. . . . b), (d) Gp, for dot 2, overlaid with contours showing the error to line-shape
but increases the double-dot p0|arlzat|0n by tranSfemng on s, and with axes used in those fits. Contour separation is 0.&URSor
electron from dot 1 to dot 2. Coulomb blockade peaks areiot 1 and 0.00%%/h for dot 2; contours of zero error are not showa.and
suppressed in the splits, because the electron numbpensd  (b) images 0fGp; and Gp, with both dots in the weak-tunneling regime.

n, must change simultaneously for conduction to occur. ~ 1"emally broadened line shapes fit the data for both dasand (d)
. . . . images ofGp; andGp, with dot 1 in the strong-tunneling regime and dot 2
The interdot capacitandgy is determined bJSZ thera- i he weak-tunneling regime. Combined finite lifetime line-shape and ther-
tio of peak splittingAVg and periodAVp indicated in Fig.  mally broadened line-shape fits agree with the data.
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The practical consequence of strong interdot coupling isiarrow, but the peak splitting for dot 2 is partially filled in,
that an additional electron in one dot can bias the other ddbecause the charge on dot 1 is not well quantized. Fits to the
completely on or off a Coulomb blockade peak to form aconductance ridges in Figs(c} and 4d) were made to a
switch. Figures @) and 3b) show Gp, and Gp; for gate lifetime broadened line shape along one adyigfor Fig. 4(c)
voltage changes along the white line path in the inset. Wheandx, for Fig. 4(d)] and to a thermally broadened line shape
an electron is added to dot 1 AV~ —3 mV, the conduc- along the perpendicular axis. Using a Lorentzian line shape
tance of dot 2 is switched onto a conductance peak from théor lifetime broadening, expressio&y,(X,,y1) for dot 1 in
blockaded regime, increasin@p, by about two orders of Fig. 4(c) andGp,(X»,Y,) for dot 2 in Fig. 4d) are
magnitude. When an additional electron enters dot 1 at 1+ tanf A(X,— Xg)]
AVg~+3mV, it moves dot 2 off the conductance peak into Gy, (x,,y,)=Go+ Gmax( r o
the blockaded regime, switching the current in dot 2 off. 2+2[B(y1=Yo)]

Peak splittingA Vg in Fig. 2(c) corresponds to an energy s_hift 1+ tanf A(Xpo—X1)]
of 8 kgT. at electron temperaturé.= 70 mK, making this 2+ 2B Yoy 2 |’ (3a
switch tolerant against thermal fluctuations. Yoo=¥1

Figures 4a) to 4(d) show close-up images @&p; and 2+ arctaf A(Xo—Xp) ]
Gp, near the conductance peak splits. Overlaid on top are  Gpa(Xz2,¥2)=Go+ Gma>¢( 7 coSH[B(Yo—Yo)]
contour lines showing the error in fits of theory to the Cou-
lomb blockade conductance ridges; the axes used in each fit m/2+arctaf A(Xgo—X2) ] b
are indicated. The top two images in Figgaand 4b) for - 7 coSH[ B(Yoo— Y2) ] (3b)

dots 1 and 2, respectively, were acquired when both dot - :
were in the weak-tunneling regime. For these conditions, the definition of the terms used in Ed82) and(3b) are the

used thermally broadened line shapes to fit the Couloml§ame as in Eqs2a) and (2b), with the ad_dition of a new

blockade conc)i/uctance ridg (x ;) in Fig. 4a and parameteB. The termq 7/2+ arctanky) ]/ in Eq. (3b) rep-

Gox(%y.y,) in Fig. 4b): DIV TL ' resent lifetime broadened step functions obtained by integrat-
D2\A2:Y2 . .

ing the lifetime broadened line shape along the axis.
D105 yp) =Gyt G m{”ta”““l’xo)] . 1“3”“0‘00”‘1)])’ Equation(3a) fits the data in Fig. &) well, because the peak
M 2 cosH{A(y;—Yo)] 2 cos[Alygo—yy)] split is clearly defined. Equatiaf3b) fits the data in Fig. @l)
1+tanf A(X,—Xo) ] (23 well except for an interesting feature where the partial loss of
Gpa(X2,Y2)=Gp+ Gma,,< 2 CoSRIA(Y,—Yo)] charge quantization in dot 1 bends the conductance ridges of
2= Yo dot 2 at the split.

+ L+ tanf AlXoo XZ)J)_ (2b) The authors thank D. Goldhaber-Gordon and L. Kou-
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