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Triple quantum dot charging rectifier
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Three tunnel-coupled quantum dots in the Coulomb blockade regime act as a molecular rectifier. We
have realized this device in a GaAs{AGa, -As heterostructure containing a two-dimensional
electron gas using lithographically patterned gates. The current through two tunnel-coupled dots in
series is recorded versus applied voltage. Ratchet behavior is created by a third dot, with one lead,
tunnel-coupled to one of the two dots. An electron enters the third dot where it is trapped, producing
a jamming effect where no other electron may enter the device. The current—voltage characteristics
show rectification and negative resistance arising from charging of the third d&®0® American
Institute of Physics[DOI: 10.1063/1.1807030

Electron transport of coupled quantum dots in the Cou-  The ratchet mechanism observed in this triple quantum
lomb blockade regime, of both serial and paralleldot is a bias-dependent current rectificatiogimilar to the
configurations;® has been studied extensively. While single effect seen with a hybrid molecular electronic devitas is
quantum dots can be considered as “artificial atofns,”typical for a ratchet, breaking of symmetry under inversion
coupled quantum dots can be considered as “artificial molmust be present, and is introduced here by placing an infinite
ecules.” Interactions between dots, caused by interdot tunneffarrier between dots 2 and 3. Because no tunneling takes
ing or capacitive coupling, give rise to changes in the conPlace between dots 2 and 3, dot 3 is a quantum box that is
ductance spectra and current—voltage characteristics of ttgnnel-coupled with dot 1. Dot 2 and dot 3 are now only
system. Recently, it has been shown that Coulomb interac@Pacitively coupled. From the circuit model of the triple
tion between dots can give rise to ratchet effécihe Cou- duantum dot shown in Fig. (), we are able to plot the

lomb blockade formalisfi,used to describe single-electron stability diagram of the system,as is routinely done for

12 .- . .
charging and transport through a multiple quantum dot sysgot?gclj?uqliangr? ”d;;)rim T:SS St:)a?r:t[){[ridlligr?)mtC:)Ifsgiiyjuk?le
tem, can be used to predict these new ratchet effects. Wor(!? pie point, 9 p'e p

. . ) . ot system, where four states are degenerate. These four
with quantum dots displaying ratchet behavior has been States correspond to rexceslectrons in the system or one
plored both experimentally and theoreticaﬂﬁlln this letter,

excesslectron on one of the three dots. Therefore, the triple

we present an experimental realization of a triple quantunyqs can he tuned such thagroor only oneexcess electron is
dot rectifier, or Coulomb blockade charging ratchet, as pro-

posed in Ref. 5. Here, three quantum dots are arranged in an
asymmetricconfiguration such that a rectifying effect, char-
acteristic of ratchet behavidris observed.
Figure 1a) shows a scanning electron micrograph of

the triple quantum dot charging ratchet. Fifteen indepen-
dently tunable Cr:Au gates are used to define three coupled
guantum dots in a GaAs/ \Ga -As heterostructure con-
taining a two-dimensional electron gg2DEG) located
57 nm below the surface. At 4 K, the 2DEG sheet carrier (a)
density and mobility arens=4.5x10"cm? and _ _ _
=400 000 crAV~1 s 1. The three dots are arranged in a ring l_:IG. 1. (a) Scanning electron mmrograph of the triple quantum dot. The
tructure. with tunnelin ossible between dots 1 and 2 an" ht areas are Cr:Au gates used to define the quantum dots. The locations
S ’ A g_ p . the dots are highlighted by circles. This geometry allows for tunneling
dots 1 and 3. Tunneling is forbidden between dots 2 and 3. Aetween dots 1 and 2, and between dots 1 and 3. Dots 2 and 3 are capaci-
finite-bias Coulomb blockade measurement of dot 2 is showtively coupled, but no electrons may tunnel between these dnt<ircuit
in Fig. 2, from which we can deduce the total dot capacitancg29am of & triple quantur dot, with source-drain volaGe=V. Ve
to be C.~310 aF. All measurements were done in a plit boxes represent tunnel junctions with capacitaGceEach quantum

0 : 2 : dot (i=1,2,3, with total capacitanc€;, has its own independent capaci-
Helium-3 system at the base temperature 380 mK and meavely coupled side gate, with gate voltayg; and capacitanc€g;. Cross-
sured electron temperature 440 mK. capacitances are neglected. Interdot and dot-lead tunnel junctions are mod-
eled as a large resistor and capacitor in parallel. An asymmetry is introduced
by not permitting any transfer of charge between dot 2 and dG,33is a
3Electronic mail: westervelt@deas.harvard.edu pure capacitor.
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FIG. 2. Differential conductance of dot 2 as a function of its side gate

voltage and the dc bias. The diamonds are Coulomb blockaded regions fromiG. 3. (a) I-V characteristics of the triple quantum dot. The dotisalid)

which we measure the total dot capacitaie- 310 aF. line corresponds to weakéstrongey coupling between dots 2 and 3, which
gives rise to weake(strongey current suppression for forward biag)

. . . . . Polynomial interpolation of the data i@®). I(V) is symmetric around/gp
allowed in the device. This is crucial for the operation of a=0 for both curves, which is a distinct feature of operating at the quadruple

triple dot as a charging ratchet. At the quadruple point, &point. The region of negative differential resistance >0 is clearly
current can flow if electrons tunnel through the devdoe at  observed.
a time For small source—drain voltage, while operating the

device at the quadruple point, the energy of all four states is - It of the hiah drai |
degenerate, and an electron can tunnel from the source to thgoperty (V) is a result of the high source—drain voltage

drain through multiple tunneling events between all thred?UShing the system away from the quadruple point and al-
dots. However, as the source—drain voltage is increased, tH@Wing for more than one electron in the system at a given
degeneracy of the quadruple point is broken, and if an elediMe- Negative resistance is also observed inlth¥ char-
tron tunnels into the quantum box, dot 3, it gets trappecfCteristics, and is seen clearly in Fighs »

there, and prohibits the flow of current. For reverse bias no _Monte Carlo simulations of thé-V characteristics of
trapping occurs. It was showihat the current through the OUr device, employing capacitances derived from the self-
triple dot is inversely proportional to the trapping ratio consistent simulation of the full three-dimensional structure,
ys.1/ v1_3, Wherey;._; is the rate of tunneling frondot i to including wafer profile and the device surface gate pattern,

dot j. Furthermore, using the orthodox theory of the Cou-2'€ shown in Fig. 43 The simulations show that the capaci-
lomb blockade tance of a single dot is of order 280 aF, similar to the value

extracted from the Coulomb blockade diamond of Fig. 2.
Va1l vy 3= €rF1dkeT (1) The resumption of current at the edge of the suppression
_ i region for positiveVgp requires the addition of a second
wherekg is Boltzmann's constant is the temperature, and eycess electron to the dot system. Analytically, the condition
AF3is the change in global free energy of the system wheqq, this second electron entry gives a source—drain voltage
a tunneling event between dot 1 and dot 3 occurs, and igreshold Vsp=€[C: 14/ (1+[C;11:Chy 1), Wheree is the

linearly proportional to the source—drain volta§ap. We  gjectron chargeC, is the capacitance submatrix between the
then have that for increasatp, trapping dominates, and the 166 dots, an€, | ; is the capacitance between the first lead

current is rectified. For reverse biasing, no trapping 0CCUrSynq the first dot. This requires that we assume a smaller

and the current is not suppressed. trapping dot in order to obtain a suppression region compa-
We operate the triple dot device in the Coulomb block-apje o experiment. This is reasonable considering that the

ade regime. We are able to tune the device to the quadrupie,ing dot is acting as a quantum box with only one lead.
point by (i) energizing all the gates to deplete the electron

gas underneath to form three open quantum dditsjnde-
pendently tuning each dot to the tunneling regime and ther
to a Coulomb blockade peakiji) returning all fifteen gates

to the values found in the previous stép;) pinching off the
lead to dot 3, thereby forming a quantum box. We measure ¢
dc currentl from an applied source—drain voltaygp across
dots 1 and 2.

Current-voltage(l-V) characteristics of the triple dot
charging rectifier are shown in Fig. 3, including polynomial > 5
interpolation of the data. The-V characteristics show the y &% 05
rectification effect due to the charging of the quantum box, (&)
i.e., trapping an electron in dot 3. The ratchet behavior ex-

. . FIG. 4. (a) Potential contours from a self-consistent electronic structure
pECted IS Clearly Observec(l) for Vsp<0, current flows simulation of the triple quantum dot shown in Figal Dots are formed

thrOL_lgh the deViqui) for Vgp near zero, the Curr_em _iS SYM- ithin contours that range from approximately =12 meV at the center of the
metric; (iii ) asVgp is made more positive, trapping in dot 3 dots to zero. This simulation is used to extract realistic values for total dot
dominates, and the current is rectifigtl) asVgp is further capacitances and interdot capacitan¢bsMonte Carlo simulations of the
increased, the rectification effect is overcome. Propetties 'T‘_\zgganr]aKCtgL'Zt'gz”fgr“tr?ees“g‘fggé f;ff'f'ﬁigﬁafﬁfdbgﬂf,ﬁf{gvs'm;"@te‘j at
X o . = = . so>0:
and(iii ) follow from Eq._(l) dlrec_tly. Propertyii) is a direct | C,=C,=210 aF, C;=50 aF: C,=C,=280 aF,Ca=50 aF; C,=C,=280 aF,
consequence of operating the triple dot at the quadruple poir{,=105 aF,C,,=50 aF;C,=C,=280 aF,Cs=105 aF,C,;=33 aF; the up-

where the four allowed states of the system are degeneratger two curves are offset vertically by 0.25 pA for clarity.
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e of dot k given by Ej=(€?/C,)[1-(2C1,C15Cp3+C; CZ+CkC )/(Cl(ZZC3
I ntum nd artificial molecules. 1k
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