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ABSTRACT

We report the realization of nanotube-based multiple quantum dots that are fully defined and controlled with electrostatic gates. Metallic
top-gates are used to produce localized depletion regions in the underlying tubes; a pair of such depletion regions in a nanotube with ohmic
contact electrodes defines the quantum dot. Top-gate voltages tune the transparencies of tunnel barriers as well as the electrostatic energies
within single and multiple dots. This approach allows precise control over multiple devices on a single tube, and serves as a design paradigm
for nanotube-based electronics and quantum systems.

A number of proposed solid-state devitdake as their Barrier 1 Plunger Barrier 2
fundamental element the quantum-dgatclassically isolated a
island of electrons with a discrete energy specttdms a
substrate for realizing multiple quantum-dot devices, carbon
nanotubesoffer a variety of appealing physical properties.
However, nanotube-based electronics in general have been
limited by the difficulty of fabricating complex devices on

a single tube. In previous studies, isolated quantum dots

Thermal SiO,

formed in carbon nanotubes were defined either by tunnel b 2.0

barriers at the metalnanotube interfade or by intrinsié”’

or induced® defects along the tube. These devices demon- =15

strated the potential of nanotube-based quantum devices but “'E; ——Barrier 1

did not allow independent control over device parameters > 0 -—gluﬂgefz

(e.g., charge number and tunnel barrier transparency), and %‘0_5 | ——amer

also placed stringent geometric constraints on device design. T~ 300 mK

In the present study, we address some of these challenges .ok I . |
by forming the quantum dots on the nanotube using only 0.0 0.5 v 1.0 1.5 2.0
patterned gates, while the contacts to the nanotube remain Gate

highly transparent. This design allows multiple quantum dots rigure 1. (a) Schematic of a gate-defined carbon nanotube
to be arbitrarily positioned along a tube (quantum dots quantum dot showing vertically integrated geometry and ohmic
connected to 1D nanotube leads), with independent controlcontacts. Pd provides high-conductance contacts at the metal

over tunnel barriers and dot charges. A backgate is used tonanotube interface that do not form tunnel barriers at low temper-

. . atures. (b) Gate response or&5 um long nanotube contacted
set Qverall carrier density. He're', we §how that quamgm dotsith Pd, top-gated using PECVD Si@t T ~ 300 mK with ~10
fabricated in this manner exhibit familiar characteristics yet ,v ac excitation. For this device, all gates strongly suppress
provide significant advances in device control. In particular, conductance at voltages abovet1 V. Inset: SEM of a litho-

full control over tunnel barrier locations and transparencies 9raphically similar gate pattern. The middie two gates are connected

should allow improvements in the study and control of spin 1°9€ther and serve as a single plunger gate. Scale=tym.

and charge dynamics in carbon nanotubes. tubes with diameters less thar8 nm were contacted with
Nanotubes were grown via chemical vapor deposition from 15 nm of Pd, patterned by electron beam lithography.
lithographically defined Fe catalyst islands on a degenerately Device lengths were in the range-85um. After contacting,
doped Si wafer with Jum of thermally grown oxide (See the entire sample was coated with-28 nm of either Si@
Figure 1a). Atomic force microscopy was used to locate deposited by plasma-enhanced chemical vapor deposition
nanotubes relative to alignment markers, and single-walled (PECVD) or ALO; deposited by atomic layer deposition
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(ALD). Cr/Au top gates, 156300 nm wide, were then

patterned over the tubes using electron-beam lithography, 890
with care taken to prevent overlap between the gates and

the Pd contacts.

Two-terminal conductance was measured in either a
pumped*He cryostat (300 K to 1.5 K) or 8He cryostat 870
(300 K to 0.3 K). Current and differential conductanc¥, d
dV, were measured simultaneously using a combined ac .
dc voltage bias with a current amplifier (Ithaco 1211) and 850
lock-in amplifier.

All semiconducting nanotubes coated with PECVD SiO
showed p-type field effect transistor behavior at room- 830
temperature, exhibiting carrier depletion with positive voltage
applied to top or back gates (conductance was typically

suppressed by 3 to 4 orders of magnitude at voltages of 1160 T80 e 1 (m%oo 1220
~1-3V).* In contrast, some tubes coated with ALD showed T———————T 015
ambipolar behavior (high conductance at both positive and = IANNANAN

negative applied top or back gate voltage surrounding a low- e 01 (/\/\A/\N\/\/\ % 010
conductance region) with thermally activated conductance 3 0.01} 2 0 0.05
in the gap. We believe this difference may be due to oxygen = 0.001 > 0.00
doping of the nanotubes by the highly energetic oxygen -

plasma in the PECVD process. Room-temperature maximum 16 20 24 28 32 16 20 24 28 32
conductances at zero dc bidp = 0, ranged from~0.5—-2 Plunger (mV) Plunger (mV)

efh. Overall, devices coated with PECVD and ALD were Figure 2. (a) Differential conductance) MV, plotted as a function

qualitatively similar in behavior. Devices showmg a relat!vely of barrier gate voltages. Conductance can be suppressed by the

weak gate response (presumably metallic) were not inves-gppiication of either gate voltage, leading to the observed corner.

tigated further. Both barrier gates couple capacitively to the carrier densities in
Single quantum dots were formed using a three-gate the proximal sections of the nanotube and also to the chemical

configuration (Figure 1a), where outer gates act as tunnelpotential qf the dot .formed between the depletion regions. Thus,
9 g ! g near full pinch-off with both gates we observe the emergence of a

barriers defining the dot (denoted “barrier 1" and “barrier series of diagonal lines in the 2D plot due to the onset of single
2") by locally depleting carriers beneath them, and a center electron charging. (b)I¢dV, on a logarithmic scale as a function
gate (denoted “plunger”) shifts the chemical potential in the of the plunger gate for various values of barr_ier gate voltages. Data
dot relative to the chemical potentials of the contacts and measured on a subsequent cool from those in panels a and ¢, where

e exact position of the corner has shifted slightly in gate voltage.
the segments of the tube away from the gates. Gate respons rom bottom to top, data are taken at various barrier gate values

of tube conductance (Figure 1b) for a single-dot device using tajling along a diagonal line (with slope approximately 0.8 in the
PECVD SiQ (micrograph of similar device shown in Figure Barrier 1—Barrier 2 plane), starting from the corner at which
1b, inset; the two center gates are connected and act as oneonductance is pinched off toward lower gate voltages where
plunger gate) shows p-type field effect behavior; that is, the ponductance is larger. At the highest barrier gate voltages, well-

tube is depleted when anv t te bias becom fficient! isolated Coulomb blockade peaks are observed; decreasing the
ube s depliete en any top-gate bias becomes Sutlicientlyy e, gate voltages yields Coulomb oscillations on a high

positive. T_he gated region of the_nanotube«iQ um in conductance background and eventually open transport without
length, while the total tube length is25 um between the  charging effects. (c) Differential conductance/d¥, (in units of
Pd contacts. €#/h) as a function of plunger gate voltage and souid®in voltage,

. . . . . . Vgp, for Barrier 1 (2)= 1200 (880) mV. Coulomb diamonds
The '”‘{'epe”‘?'e”t action Of_ the bgrner gates is evident in (regions of suppressed conductance) indicate where the charge on
the two-dimensional plot of differential conductancEdy, the dot is fixed.

as a function of barrier gate voltages, shown in Figure 2a.
The square edge of the conducting region demonstratesnext hole to the device exceelsy (Figure 2¢). The ratio,
independent barrier depletion with little cross-coupling. 31 ~ 0.85, of Coulomb diamond heigh¥/{) to width
Parallel diagonal features separated~d mV visible near (plunger voltage) gives the conversia, from the distance
the pinch-off of both barrier gates (Figure 2b) are a signature in plunger voltage between Coulomb blockade peaks to the
of Coulomb blockade, discussed below. Figure 2b demon- dot charging energfc = €/C ~ €/kell (k ~ 4 is the
strates that the barrier gate voltages can be controllably dielectric constant of Si€), and indicates a strong coupling
adjusted to allow a transition from open conduction to weak of the plunger gate to the d&t.From this analysis, one
tunneling through a gate-defined quantum dot resulting in extracts a dot length df ~ 2 um, comparable to the length
the appearance of Coulomb blockade peaks. of the gated region of the tube, and much less than-?&
Examined as a function souredrain voltage biasysp, um tube length. Several hundred consecutive Coulomb peaks
as well as plunger gate voltage, the Coulomb blockade peaksare visible over a range of plunger gate voltaged V.
form a series of repeated “Coulomb diamonds” where Throughout this range, peak heights remain controllable by
conduction is suppressed whenever the energy to add theadjusting the barrier gates.
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Figure 3. Coulomb diamonds measured on a device using ALD
Al,O3 as the gate dielectric fof ~ 270 mK. Excited states are
visible outside of the diamonds as off-resonance conduction is
suppressed. Gates werel50 nm wide with~150 nm spacing.
Barrier 1(2)= —993(—2337) mV, backgate= +16 V. This device

is ambipolar, and here operated in the electron-doped regime.

The data in Figure 2c show significant off-resonance
tunneling outside of the Coulomb diamonds, obscuring any
excited-state features that would be expected in low-
temperature transport. We find that this washing out of
excited-state features is characteristic of devices made with
PECVD SiQ but is typically not the case for ALD AD;s,
where excited state features are generally visible outside the
Coulomb diamonds. We do not know if this difference is
due to the oxide material itself or due to damage that occurs
during deposition. Figure 3 shows a series of Coulomb
diamonds measured on a gate-defined quantum dot using - -
ALD Al ;O3 as an insulating layer. Off-resonance conduc- -350 -340 -330 -320 -310 -300
tance is low, and excited states are visible outside of the Plunger 2 (mV)

boundaries of the diamonds. The mean level spacing _. : i

tracted from the datAE = hug/2L ~ 2—3 mV gives a FlgL_Jre 4 €) Colc_)red SEM_lmage of a five-gate carbon nanotube
ex . 9 device lithographically similar to that measured. Pd contacts are
measure of dot length, ~ 0.5-0.8 um, again roughly yisible at the top and bottom, under the Sifsulator. The nanotube
consistent with the lithographic dimensions of the gated itself is not visible. Gates used to form dots are colored red while
region of the tube for this device. plunger gates which tune dot energy levels are colored yellow. Scale

. - . . bar= 2 um. (b) d/dV (color scale) as a function of two plunger
Taking advantage of the versatility of gate-defined devices, gate voltages. Barrier & 389 mV, Barrier 2= 1077 mV, Middle

we next investigate a double quantum dot formed by three Gate voltage is indicated on the figure. Temperataré.5 K, ac
depletion regions along a nanotube. The double quantum dotexcitation= 53 «V. For weak interdot coupling, high-conductance
shown in Figure 4a, comprises left and right barrier gates, a points appear on a regular array corresponding to resonant alignment
middle barrier gate, and two independent plunger gates. Gate#’f energy levels between the two dots with the Fermi levels of the

imatelv 150 id ith 150 ina: total eads. Note the low overall conductance. (c) At intermediate interdot
are approximately nm wide wi nm spacing; tota coupling (for lower middle gate voltage), cross-capacitance and

nanotube length is-10 um, much longer than the double  tynneling between dots splits the degeneracy points, giving the
dot. familiar h(_axagonal double-d(_)t charging diagram (dashed Iine_s).
Resonant transport through double dots in series occursPotted white lines serve as guides to the eye. (d) For strong coupling

| h ilabl | Is i h dot ali ith of the double dot (lowest middle gate voltage), the two plunger
only when avaiiable energy Ievels in each dot align wi gates act together on a single effective dot, producing single-dot

each other and with the chemical potentials in the two I&ads. charge states separated by diagonal stripes (dashed lines). Note the
When the mutual capacitance of the dots is weak, the factor~2 change in peak period between (b) and (d).

alignment condition occurs at the intersection of the Coulomb

peaks leading to a rectangular grid of resonant conduction Gate voltages can also be used to control interdot coupling,
peaks. Such a pattern is seen in Figure 4b. The resultingallowing a transition from two isolated dots (uncoupled) to
charge stability diagram forms approximately square cells, one large dot (fully coupled). Increasing the coupling
each corresponding to a fixed charge number in both dots.between the two dots (by reducing the voltage on the middle
In the regime shown in Figure 4b, cross-coupling of plunger gate) leads to a splitting of the high-conductance points of
gates, which would skew the square pattern into rhombus degeneracy between different charge configurations and the
shapes, appears to be quite small. We note that theseemergence of a honeycomb pattern in the charge stability
measurements were conductedTat- 1.5 K, higher than diagram (Figure 4c). The interdot interaction may be due to
the typical temperature where double dots based on semi-capacitive or tunnel-coupling, but it has been shown that
conductor heterostructures have been measdred. tunnel-coupling increases exponentially faster with a reduc-

Plunger 1 (mV)
( u.@e €‘OI-} AP/IP
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tion of the interdot barriet? In addition, as the voltage on  using both Si@ and ALD Al,Os; Again, off-resonant
the middle gate is reduced we observe an increase in vertexconduction is reduced in double dots fabricated with ALD
height by approximately an order of magnitude. It is therefore Al,O; as a gate oxide compared to those using.Si®
likely that finite tunnel coupling leads to the splitting of the addition, structure is visible inside the honeycomb vertex
vertice$®16 in Figure 4c, which in this case is partially triangles for AbO; devices when measured at finlip.
obscured by thermal broadening. (Any splitting of the charge e note that while nanotube double quantum dots have
degeneracy pOintS in Figure 4b is smaller than the thermal been previous'y investigaté@nd Showed behavior com-
smearing.) In addition to the vertex splitting in Figure 4c, parable to the present results, this work differs from previous
we observe strong conductance along the edges of theyork in not relying upon intrinsic defects or tunnel barriers
honeycomb cells, due to higher-order processes throughat the metat-nanotube interface, instead defining quantum
virtual states. Further decreasing the voltage on the middle ygtg using only electrostatic gates. Controlled gating at
gate yields a series of straight diagonal lines as a function arbitrary points along the tube greatly enhances the func-
of the two plunger gates, as expected when the two dotStipnality of nanotube devices for potential applications
merge fo form a single large dot. The lines arise from ranging from bucket-brigade devices to quantum coherent
Coulomb charging where both gates act additively in |ogic elements. This approach may be particularly useful for
coupling to the single-particle states of the dot (Figure*4d).  quantum logic, as recent theoretical work has shown that a
An analysis of the spacing between the Coulomb peaks alonggne-dimensional array of coupled quantum dots can be

the total energy axis (alin(_a pe_rper_wdicular to the slop_ed lines) ysed for quantum computatiéh2! Further, the expected
shows that the peak spacing in Figure 4d, 4.8 mV, is half of |ong spin coherence lifetird@ for electrons and holes in

that required to move from one degeneracy point to the next nanstubes makes this an attractive material for developing

along a similar line in Figure 4b, 9.6 mV. This factor of 2

spin-based quantum information storage and processing

corresponds nearly exactly to the difference in the size of a systems.

single dot between the isolated and strongly coupled cases

for this device, as peak spacing is inversely proportional to
dot length! The fact that a single dot can be formed by
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in the three coupling regimes (these rates do changeReferences

somewhat as indicated by a varying value of peak conduc-
tance in Figure 4d, and limiting the validity of the following
analysis), we can relate the tunneling rates to the typical peak
current for the single dot case ks~ 80 pA = (4Vee/ksT)-
(FBLFBR/FBL + FBR) to find I'ei=Igr=T ~9 GHz, where
VE is the excitation voltage used in the measurementTand
= 1.5 K is the measurement temperature (this formulation
holds approximately for the conditions met in this cdde,
< kgT).28 Using these values we solve for the middle barrier
tunnel rate Iy, from the peak current in the intermediate
(Ip ~ 60 pA) and weaklé ~ 10 pA) coupling cases using
I“f,, = 1p['%4(2eT — 3lp) for the case of resonant tunnel-
ing.!® We find that for the intermediate couplidg, ~ 700
MHz, and for the weak coupling cadéy ~ 200 MHz,
consistent with a modest visible splitting of the vertices for
intermediate coupling. Finally, if we assume that in the weak
coupling case tunneling through the middle barrier provides
the dominant component of resistance, settifhg= Iq/e
givesT'y ~ 60 MHz, smaller than, but comparable to, the
value of 200 MHz obtained above.

The gate-controlled transition from open conduction to the
Coulomb blockade regime has been investigated in eight
devices with various gate dimensions, configurations, and

dot sizes. Double quantum dot devices have been investigated

1270

(1) Beenakker, C.; van Houten, H. Bolid State Physics Advances
in Research and Application&Ehrenreich, H., Turnbull, D., Eds.;
Academic Press: San Diego, 1991; Vol. 44, p 1.
(2) Kouwenhoven, L.; Marcus, ®hys. World1998 11, 35.
(3) lijima, S. Nature 1991, 354, 56.
(4) McEuen, P. L.; Bockrath, M.; Cobden, D. H.; Yoon, Y.-G.; Louie,
S. G.Phys. Re. Lett. 1999 83, 5098.
(5) Nygard, J.; Cobden, D. H.; Lindelof, P. Nature200Q 408 342.
(6) Bockrath, M.; Liang, W.; Bozovic, D.; Hafner, J. H.; Lieber, C. M.;
Tinkham, M.; Park, HScience2001, 291, 283.
(7) Mason, N.; Biercuk, M. J.; Marcus, C. Macience2004 303 655.
(8) Postma, H. W. C.; Teepen, T.; Yao, Z.; Grifoni, M.; Dekker, C.
Science2001, 293 76.
(9) Biercuk, M. J.; Mason, N.; Marcus, C. Nllano Lett.2004 4, 2499.
(10) Javey, A.; Guo, J.; Wang, Q.; Lundstrom, M.; Dai,Ntature2003
424, 654.
(11) Biercuk, M. J.; Mason, N.; Martin, J.; Yacoby, A.; Marcus, C. M.
Phys. Re. Lett. 2005 94, 026801/1.
(12) Bockrath, M.; Cobden, D. H.; McEuen, P. L.; Chopra, N. G.; Zettl,
A.; Thess, A.; Smalley, R. ESciencel997, 275 1922.
(13) van der Wiel, W. G.; De Franceschi, S.; Elzerman, J. M.; Fujisawa,
T.; Tarucha, S.; Kouwenhoven, L. Rev. Mod. Phys2003 75, 1.
(14) Sohn, L. L.; Kouwenhoven, L. P.; Schon, G.NIATO ASI Series.
Series E, Applied Sciencasluwer Academic Publishers: Boston,
1997; Vol. 345.
(15) Waugh, F. R.; Berry, M. J.; Mar, D. J.; Westervelt, R. M.; Campman,
K. L.; Gossard, A. CPhys. Re. Lett.1995 75, 705.
(16) Livermore, C.; Crouch, C. H.; Westervelt, R. M.; Campman, K. L.;
Gossard, A. CSciencel996 274, 1332.
(17) Crouch, C. H.; Livermore, C.; Waugh, F. R.; Westervelt, R. M.;
Campman, K. L.; Gossard, A. Gurf. Sci.1996 361—-362, 631.

Nano Lett., Vol. 5, No. 7, 2005



(18) Beenakker, C. W. Phys. Re. B 1991, 44, 1646. (22) Forro, L.; Salvetat, J.-P.; Bonard, J.-M.; Bacsa, R.; Thomson, N. H.;

(19) This expression is derived from eq 15 of ref 13, assuming current is Garaj, S.; Thien-Nga, L.; Gaal, R.; Kulik, A.; Ruzicka, B.; Degiorgi,
allowed to flow in either direction through the dot, and zero detuning L.; Bachtold, A.; Schonenberger, C.; Pekker, S.; Hernadi, K. In
between the dots. Science and Application of Nanotub@®manek, D., Enbody, R. J.,

(20) Loss, D.; DiVincenzo, D. FPhys. Re. A 1998 57, 120. Eds.; Kluwer Academic/Plenum Publishers: New York, 2000; p 297.

(21) Burkard, G.; Loss, D.; DiVincenzo, D. Phys. Re. B 1999 59,

2070. NLO050364V
1271

Nano Lett., Vol. 5, No. 7, 2005



