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Breaking and restoring a molecularly bridged metal |quantum dot junction
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Nanometer-sized insulating quantum dd¢@dSe and ZnD have been attached to a @dl)
substrate, using molecular bridges with thiol and carboxylate end functions. We demonstrate that the
quantum dots can be probed by a scanning tunneling microscope at negative substrate bias. At
positive bias, however, the gold—sulfur bond is broken and the quantum dots are transferred to the
tip. Individual CdSe quantum dots can be picked up by the tip and displaced on the substrate in a
controlled way. ©2002 American Institute of Physic§DOI: 10.1063/1.1525396

The chemical approach to nanostructured systems comuantum dots attached to Ali1)—it also opens the possi-
sists of a bottom-up construction of materials using chemicability of quantum dot manipulation using a STM. We dem-
and physicochemical principlésTypical building blocks are  onstrate that, by using the potential-dependent linking prop-
metal and insulating nanocrystals, which show striking opti-erties of dithiols, individual quantum dots can be attached to
cal and electrical propertiés. With bifunctional molecules the tip and distributed in a controlled way on the substrate.
that either link the colloids or bind the colloids to the sub-  The CdSe nanocrystals were synthesized at elevated
strate, these particles can be processed into nanodévftes.temperature in  a mixture of trioctylphosphine/
An important element in this approach is the linking of col- trioctylphosphine oxide and hexadecylaminEhe particles
loidal nanocrystals to a conducting substrate. For instancdiad a narrow size distribution with an average diameter of
alkanedithiols have been used as molecular bridges to anchdr® nm. For the attachment, three routes were followed. First,
gold nanocrystals and CdSe and InAs quantum dots to @ flame-annealed A@ll) surface was provided with a
substrate. In this way, the electronic properties of InAs and3DMT monolayer by immersion in a 10 mM solution of
CdSe quantum dots could be measured by tunnelin@DMT in ethanol for 30 min, followed by 12 h of annealing
spectroscopy? and the first transistor based on a single!n €thanol at 60°. Monolayer formation was demonstrated by

quantum dot was fabricatédDbviously, the stability of mo- Measuring the capacitance of the Au surface in 0.1 M
lecular bridges during electron transport is of paramount imNaClOs; th_|§ decreased after treatment with BDMT from 18
portance for electrical spectroscopy and applications of® 2#Fcm “at0Vvs SCE. Asubmonolayer of CdSe quan-
quantum dots in nanodevices. tum dots was formed by immersing the |BDMT sample in

In this letter, we report on the stability of gdtdolecular & 1MMdS°'““3_” of Cdie qlgantum dots for %—%W(ﬁig-ul)-d
bridgdquantum dot junctions under conditions of electron>6cond, we dispersed a known amount of CdSe co tids

tunneling. We tested several dithiol molecules in combinaf‘M) in toluene and added ten molecules of HDT or PDT per

tion with CdSe quantum dots and a thiol-carboxylate bridgequ‘r’mtum dot. In this case, a ;ubmonolayer of QdSe quantum
ots was formed by immersing a Au sample in these solu-

in combination with uncapped ZnO quantum dots. We found. : . .
that that molecular bridgelsl,3-propanedithio(PDT); 1,6- tons for 1-5 min. Third, gtest gample was made by |.mn.1er§—
hexanedithiol (HDT), and 1.4-benzenedimethylthiol ing a pare gold sample in a thiol free CdSe dispersion; this
(BDMT), see Fig. 1link the CdSe quantum dots to the gold also yielded submonolayers of CdSe quantum dots on the
substrate. However, when probing the quantum dots with gold surface.

scanning tunneling microscog8TM) under ambient condi-

tions, we discovered that the dithiol link only survives nega- HS

tive substrate potentials. If the substrate potential is raised HS

above 250-500 mV, the quantum dots are transferred from SH o OH
the substrate to the tip. Uncapped ZnO quantum dots, linked

to gold by 3-thiopropanoic acitsee Fig. 1, are transferred

to the tip at substrate potentials exceeding 500 mV as well.

This yields evidence that this bridge failure is due to the
Au-S bond. Clearly, this questions the use of molecular links

based on this bond. However—in the case of semiconductdfiG. 1. Left. Representation of the different linker molecules usad®DT,
(b) HDT, (c) BDMT, and (d) 3-thiopropanoic acid. Right. Atomic force
microscopy imag&€250x 250 nnf) of a submonolayer of CdSe quantum
¥Electronic mail: zeger.hens@rug.ac.be dots attached to a Alill substrate by a BDMT monolayer.
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(=1000 m\), a small area scan (5060 nm) at positive bias
(+1500 mV) and again the large area at negative bias. As a
result of the scanning at 1500 mV, a quantum dot free area
of 50 by 50 nm is created in the center of the image. How-
ever, no additional quantum dots were found outside this
area. Again, identical results were obtained in the case of
linking via PDT or BDMT. We conclude that the CdSe quan-
tum dots are not shunted by the STM tip but are transferred
from the substrate to the tip.

A similar effect was found using uncapped ZnO quan-
tum dots(3.3 nm in diameter—made from zinc acetate and
lithium hydroxidé®—which were linked to A@d11) by a
monolayer of 3-thiopropanoic acid. In this case, linking is
achieved by the thiol group binding to the gold and the car-
boxyl group binding to the Zn®" A submonolayer of ZnO
quantum dots could be formed by immersing the modified
gold sample in the ZnO sol. Imaging of the ZnO nanocrystals
was possible at negative bias potentials. Increasing the sub-
strate potential to above 500 mV induced a transfer of the
guantum dots from the substrate to the tip.

The transfer of semiconductor nanocrystals from the
substrate to the tip can be seen as a two-step process: break-
ing of the link between the nanocrystal and transfer of the
nanocrystal to the tip. A dielectric sphere in an inhomoge-
neous electric field moves towards the region of highest field
strength*2 This explains the transfer of the nanocrystal to the
tip, since the highest field is found at the tip. The fact that we
obtained similar results with CdSe quantum dots linked via
several types of dithiol molecules and ZnO quantum dots
% APy linked via thiopropanoic acid strongly suggests that the fail-

R ure of the nanocrystal-substrate link is due to the breaking of
0 25 50 75 the gold—sulfur bond. The strong asymmetry of the bond
FIG. 2. (&) STM image of CdSe nanocrystals attached to @AD substrate  Preaking can be explained as followsSince the Au-S bond
by HDT linker molecules. Bias potentia:250 mV.(b) STM image of the IS closer to the substrate then to the tip, electrons entering
samespot on the substrate surface as in Figh)2 Bias potential+500 mV. this bond will have gained more energy by crossing the bar-
Scaling in nanometers. rier when tunneling from the tip to the substrdfositive
potentia) then when tunneling from the substrate to the tip

All gold|CdSe samples could be imaged by tapping(negative potential Hence, at positive potential, STM-
mode atomic force microscofAFM). Although AFM indi-  induced excitations are possible at lower absolute values of
cated a density of quantum dots similar to that shown in Figthe bias then at negative potential. The detailed mechanism
1, the CdSe nanocrygtals attached to the gold by van def bond breaking remains unclear. Avouris and co-workers
Waals forces onlymethod 3, could not be imaged by STM describe various STM-induced bond-breaking mechantéms:
(only bare gold was segnThe layers of CdSe linked via field induced desorption, electronic excitation, and vibra-
dithiol molecules to a A(L11) surface could be imaged by tional excitation. In addition, alkanethiol monolayers can be
STM at negative substrate potential. This is demonstrated bgfesorbed from a gold surface by electrochemical reduction
Fig. 2(a), which shows HDT-linked CdSe nanocrystals on awhen the potential drop across the Au-S bond exceeds 600
Au(111) surface imaged at 250 mV. The substrate potential mV.'®> We found that the potential difference involved in the
could be decreased t62000 mV, without affecting this re- breaking of the Au-S bond is 500 mV or less. This makes
sult. However, if the substrate potential was raised above 500eld induced desorption and electronic excitation unlikely as
mV, the quantum dots could not be observed. This is dembond-breaking mechanisms and it also questions the possi-
onstrated by Fig. (), which was obtained on theamespot  bility of vibrational excitation since the desorption yield is
of the gold surface as Fig.(®, at a substrate potential of relatively high 3X 10" ° quantum dots per electron, see
+500 mV. At a potential of 250 mV, the quantum dots arelater). Rather, this moderate threshold potential suggests a
partially removed from the substrate surface. Similar result€ommon origin of reductive desorption of alkanethiol mono-
were obtained with CdSe nanocrystals linked to the goldayers and STM-induced desorption of the Au—S bond.
substrate with PDT or BDMT. It is clear that the failure of the Au—S bond imposes a

To understand what happens with these quantum dotstrong restriction on the bias range in which thiols and dithi-
we made a series of three scans at the same spot on thés can be used as molecular linkers, although they have
surface of a sample with HDT-linked CdSe nanocrystals: @een used successfully in the pastHowever, as demon-

large area scan (200200 nm) at negative bias potential strated by Fig. 3, it also opens the possibility of manipulating
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FIG. 3. (8) STM image of three CdSe nanocrystals attached to @® substrate(b) Image of the same spot on the A&l surface after quantum dot 2
has been selectively transferred to the STM (@.Image of the A¢l11) surface after the quantum dot 2 has been redeposited on the substrate, to the left of
guantum dot 3. All scans were obtained-at500 mV. Scaling in nanometers.

individual quantum dots on a gold substrate. The left-hand*J. H. Fendler and F. Meldrum, Adv. Matéf, 607 (1995.
figure [Fig. 3(@)] shows a scan at1500 mV of a Ai111) 2U. Kreibig and M. \ollmer, Optical Properties of Metal Clusters
surface (=10 pA) on which three CdSe quantum dots— _(Springer, Berlin, 1995 _ _
numbered 1-3—linked via HDT can be discerned. Subse- (Séa\;bﬁ:g:Tf;t:f;f;";igog?;ﬁ d;; Sl';g;:o”d“cmr Nanocrystals
quently, the STM tip was positioned above quantum dot 24 p andres, J. D. Bielefeld, J. I. Henderson, D. B. Janes, V. R. Kola-
and the bias potential was raised #1500 mV for 5 s. gunta, C. P. Kubiak, W. J. Mahoney, and R. G. Osifchin, Scie2it@
Afterwards, the sample surface was scanned agaiil&D0 1690(1996.
mV. As demonstrated by F|g(B), quantum dot 2 has been 5D. L. Klein, R. Roth, A. K. L. Lim, A. P. Alivisatos, and P. L. McEuen,
selectively transferred from the substrate to the tip and scan;Nature(London 389 699 (1997, _

. . . . K. V. Sarathy, P. J. Thomas, G. U. Kulkarni, and C. N. R. Rao, J. Phys.
ning occurs with this quantum dot on the tip. As a current of Chem. B103 399 (1999.
10 PA, applied fo 5 s suffices to desorb a quantum dot, the “U. Banin, Y. W. Cao, D. Katz, and O. Millo, Natur¢.ondor) 400, 542
desorption yield is at least>810"° quantum dots per elec-  (1999.
tron. Afterwards, the STM tip was positioned to the left of °E. P. A. M. Bakkers, Z. Hens, A. Zunger, A. Franceschetti, L. P. Kouwen-
nanocrystal 3 and the bias potential was further decreased tg'oven. L. Gurevich, and D. Vanmaekelbergh, Nano LBtE51 (2001.
—3500 mV for 10 s. After raising to potential t61500 mV D. V. Talapin, A. L. Rogach, A. Kornowski, M. Haase, and H. Weller,

. ano Lett.1, 207 (2002).
again, a new scan of the surface shows that the nanocrystaha- Meulenkamp, J. Phys. Chem. 182, 5566(1998.

h_as been redeposited on the_ SUbSt'[m- 3(©)]. Similar  117his was checked using a test sample for which a BDMT monolayer was

displacements have been realized using the BDMT and theused to attach the ZnO quantum dots. In this case, no quantum dots could
PDT linked quantum dots. Controlled manipulation of quan- be observed with the STM, which demonstrates that the carboxy! group of

tum dots can be of value in the formation of quantum dotlzii'”\‘}‘)p"ljlfgng'; ac";ﬁ'”‘,’ssto_the Z”BO- i 1007 0. 318

molecules from individual quantum dots and in the fabrica-, " Y09¢h Gerthsen PhysikSpringer, Berlin, 199% p. 315.

. . . 133, Kirtley, D. J. Scalapino, and P. K. Hansma, Phys. Revi4B 3177
tion of nanotransistors based on a single quantum dot. (1976.

.. 1P, Avouris, R. E. Walkup, A. R. Rossi, H. C. Akpati, P. Nordlander, T. C.
Z.H. acknowledges the Fonds voor Wetenschappelijk Shen, G. C. Abeln, and J. W. Lyding, Surf. 5863 368 (1996.

Onderzoek-Vlaanderen(FWO-Vlaanderep for financial  15c. A widrig, C. Chung, and M. D. Porter, J. Electroanal. Chafr0, 335
support. (199)).

Downloaded 08 Jan 2003 to 131.211.35.95. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



