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We present fabrication of and the first measurements orafigrsuspended double quantum dots in a car-
bon nanotube. Our objective is to enhance the energy résoligr spectroscopy of the vibronic modes of

a suspended nanotube. When fabricating our devices, rfamgrown on-chip are localized by AFM scan-

ning, and subsequently contacted and gated with custoneieettode geometries. First low-temperature
transport measurement results are discussed, where thiedmuantum dot characteristics are clearly rec-
ognizable in measured current. In addition, we addreseotutechnological challenges and future plans.

Copyright line will be provided by the publisher

1 Introduction and motivation In present nano-electromechanical systems (NEMS) carbootobes
(CNT’s) excel in a dual capacity. On one hand, their highiters¢rength and aspect ratio make them ideal
as molecular mechanical resonators [1, 2]. On the other,lihagxtraordinary properties of carbon nan-
otubes as “one-dimensional molecular conductors” [3, 4)jge means of electronically accessing the
mechanical properties in the quantum regime [5]. Previcpgements have shown [5] that vibronic ex-
citations of CNT quantum dots can be resolved in transpodgsmements as sets of harmonic excited
states at low energy. The energy scale of these states tieslitst the longditudinal or stretching mode
of the nanotubes was observed. The transversal or bendidg oam more directly couple to the electric
field between quantum dot and back gate charges, so a lasg#rogl—-phonon coupling is expected. The
direct observation of this mode — with a corresponding ensogle ofAe < 30 ueV at obtainable nan-
otube lengthd, > 90 nm —in low-temperature transport measurements, howen@iides a technological
challenge.

One way to potentially increase the energy resolution ingpart measurements is to use a double
quantum dot (DQD) [6, 7] defined within the CNT as spectromete bulk systems, this method has
already been successfully used as detector of the phonotrisme8]. For a DQD with very weak tunnel
coupling, the obtainable energy resolution can be limitethle tunnel rates between the quantum dots and
the leads alone, independent of the electron temperatuhe ¢éads [6].

2 Fabrication methods The starting point of our fabrication is a bare $iGn Si substrate with an
oxide thickness of typicallp.5 — 1 um. At first, e-beam and AFM alignment markers are defined by
electron beam lithography. The AFM marker grid is designechsthat it is possible to identify any
position within the marker grid by looking at the shape of er surrounding markers alone. Typically,
for the e-beam alignment markers, a metallizatiof i titanium (as adhesion layer) aé@nm platinum
provides good contrast. As the marker shape is critBtal; 50 nm chromium is used for the AFM marker
grid because of its high thermal stability during the CNTwgtte Subsequently a further electron beam
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lithography step is used to locally deposit catalyst fositu- growth of the CNT’s by chemical vapour
deposition (CVD) [9].

After growth, the position of the CNT’s is determined by atoforce microscopy (AFM). Using pattern
recognition software, the resulting AFM scans are impoiteéd a CAD system, such that the device
geometries for subsequent electron beam lithography stapde directly adapted to the position and
angle of each CNT lying on the chip surface. Script-drivenDCgrocessing is used to speed up the
design process and “draw” device geometries with presadatimensions (e.g. electrode width, separation
between electrodes, ...) at the required coordinates.

source

Fig. 1 Device geometries: (a) AFM picture of a carbon nanotube Bogbantum dot structure (under-
etched on both sides), with Cr/Au leads and a@J/Al/AuPd central top gate. (b) SEM micrograph of a
device underetched only on one side, with Ti/Pd contactslamee ALOs/Al/AuPd top gates. This picture
also serves to illustrate typical fabrication challengese(text). (c) Detail of a SEM micrograph, showing a
CNT pulled into the etched hole by surface tension duringndrysee text).

Figure 1 displays two different approaches to fabricatingaxtially) suspended DQD. In the device
in the AFM picture of Fig. 1(a), the CNT is contacted with leddrmed by a chromium adhesion layer
below gold. This layer structure is known to lead typicallya highly resistive tunneling contact [10].
In previous work, this has been used to directly form a quardot between the contact electrodes [11].
In direct analogy, this effect is used here to define the tubagiers between the DQD and its leads.
The central tunnel barrier between the two quantum dotsifagrthe DQD is generated by local gating
of the electrochemical potential. The required top gatalisi€ated by first repeatedly evaporating a thin
aluminum layer and oxidizing it in pure oxygen at atmosphpressure, then covering this isolation oxide
of ~ 5 nm thickness with aluminum and a gold palladium alloy [12].

Figure 1(b) displays a device using a complementary apprimathe electrode geometry, more closely
related to previous work on DQDs in carbon nanotubes [12feHie contacts are formed by palladium
on top of a thin titanium adhesion layer, which in turn gefigtaads to a low-resistance (Ohmic) contact
between metal and CNT [13]. For defining the DQD potentialctrre, in this case three top gates (con-
trolling the tunnel barriers source — dot 1, dot 1 — dot 2, apicd- drain, respectively) are required. As a
consequence, this geometry provides a higher level of cbower the potential landscape.

For both device geometry variants, suspending the CNT ig dignwet underetching in buffered HF.
Care must be taken that the aluminum oxide / aluminum topsghit@ot come into contact with the etchant.
For this purpose, in a further lithographic step the e-beasist PMMA is used as etch mask [2]. After
etching, the devices are soaked in warm isopropanole acdgblaet onto a hot plate for drying.

3 Firstresults Figure 2 displays exemplary measurements of partiallytfanal structures. All data
have been recorded in a dilution refrigerator setupyat < 20 mK andTg ~ 100 mK. In Fig. 2(a) and
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Fig. 2 Exemplary measurements of partially functional device; (b): Absolute value of the dc current
through a DQD CNT structure similar to the one depicted in E{@), as function of back gate voltayg
and source-drain voltagesg for center top gate voltage (&g = —1.2V and (b) Vig.c = +1.2V. The
gating effect towards a DQD potential structure for holeseiognizable. (c): dc-current through a DQD
CNT structure similar to the one depicted in Fig. 1(b) as fiamcof the two side gate voltages for a finite
source-drain voltag&sq = 200 uV.

(b), current through a device similar to the one of Fig. 1ég)lbtted as function of back gate voltaljg
and source-drain voltagéq. The central top gate voltage is chosen asifgy = —1.2V and (b) Vig.c =
+1.2V. Whereas Fig. 2(a) displays nearly regular Coulomb bldekaegions with a charging energy of
up to 10 meV and broadened edges, in Fig. 2(b) a more than doublediogagnergy of> 20 meV, a
large, highly irregular region of suppressed current admaro bias|(s¢ < 5mV) and sharp resonances
of enhanced current at finite bias are observed. Comparaigvinmeasurements, it becomes immediately
clear that the nanotube is in the hole conduction regimelaatdr Fig. 2(b) for more positive gate voltage
a central potential barrier is formed below the top gate.dlitiiiment of the chemical potentials in the two
formed quantum dots leads to single electron tunneling gsion for a large bias region, alignment of
ground and / or excited states to current maxima [6].

Figure 2(c) displays data taken from a different device,jlainin design geometry to the one shown
in Fig.1(b). The dc current dfzg = 0.2 mV is plotted as function of the applied voltage on the tweesid
gates controlling the chemical potentials of the two quantlots. In the parameter region shown, the
characteristic stability diagram of a DQD at weak tunnelglmg can be immediately recognized [14].
The regions of Coulomb blockade and fixed electron numbegpantum dot are rhomboids, indicating a
very low capacitive coupling between the two quantum dotistha triple points of the stability diagram
where the electron number in both quantum dots can fluctéaté] [ discrete maxima of single electron
tunneling current occur. Measurements at higher souram-tias display the expected broadening of the
triple points into triangular regions of finite current (datot shown).

4 Challenges and outlook DQD characteristics have been clearly observed in low-tratpre trans-
port measurements. Thus, there is a promising prospectaifiag a fully tunable weakly coupled DQD
as spectrometer, and work on the respective chip strudsioegjoing.

One important objective of our current work is improving ttkevice fabrication yield. As can be
observed in Fig. 1(b), the etch mask technigue at the montesg dot completely protect the aluminum
oxide / aluminum top gates from the hydrofluoric acid (see argow 1 in Fig. 1(b)). Judging from the
shape of the etched holes, the etchant also flows along the €@NBarging the etched hole (see arrow 2).
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An additional consistent feature is that the hydrofluorid attacks the oxide layer along the edges of
aluminum oxide / aluminum gate contacts; no similar effext heen observed along chromium / gold or
titanium / palladium contacts. Improvements towards desirey edge roughness of the metal are required
as well as research into alternative top gate and isolattenmass.

Imaging the devices fabricated up to now, further potewtiallenges can be identified. Surface tension
during the drying process causes the CNT in many deviceomqags straight across the etched “hole” at
the same level as the non-etched oxide surface. Instead\tfiddllows the oxide surface for a small dis-
tance before stretching across at a lower height, as isriliesl in the detail SEM micrograph of Fig. 1(c).
Effectively, several bends are introduced in the CNT onegitfide of the suspended length, potentially
leading to tension and / or a local distortion of the bandcétme and barrier structures in transport. Cur-
rently tests using a critical point dryer are conducted geoto fully eliminate such surface tension effects.

Regarding the measurements, a common characteristicabdiden observed several times in transport
measurements has been a suppression of zero-bias cugeasoashown in Fig. 2(a) (the “single-dot
limit”). Although the observations are not fully conclusiup to now, it seems that this effect is also
present in the DQD stability diagrams as e.g. Fig. 2(c) (data shown), which rules out misalignment
of the double quantum dot pseudo-potentials as a possiblecaWhether this is caused by additional
potential barriers, as e.g. at the aforementioned bendseo€NT or growth / fabrication defects, or by
phonon blockade effects [15] remains to be decided by amtditimeasurements.
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