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Surface-enhanced Raman scattering (SERS) has been the subject

of renewed interest since the late 1990s, which was mainly
motivated by the observation of SERS from single molectlés.

has been found that the single-molecular SERS signals from a few

molecules trapped between two silver or gold nanoparticles are
many orders of magnitude stronger than those on other sufaces.

In order to reach a better understanding of SERS mechanism and
develop SERS applications in sensors, the surface enhancement

dependence on the size and shape of the nanoparticle dimer an
incident light polarization have been investigatdddowever, the
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q:igure 1. Schematic drawing of the experimental setup of combined Raman

and MCBJ.

dependence on the separation between two nanoparticles, as the

most effective factor predicted by the electromagnetic enhancement
theory? has not been realized experimentally, because there has

not been any method capable of precisely and flexibly adjusting
the separation during the SERS measurement.

Here we report a combined SERS and mechanically controllable
break-junction (MCBJ method to measure SERS signals of

molecules located inside the nanogap between two electrodes on a

Si chip. This approach allows us to reach two goals: First, the

MCBJ allows us to precisely and stably adjust the separation among
the electrodes on a chip over a range from a few angstroms to about

nanometers with a resolution of one angstrofhe apexes of the
electrode pairs could be simulated as a nanoparticle dimer with a
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Figure 2. SERS of 1,4-benzendithiol. The gold electrodes pair has its axis
(a) parallel and (b) perpendicular to the incident polarization. Laser: 632.8

a)

controllable gap width for the SERS study. Second, building nm

molecular devices also highly demands an ultrasensitive spectro-

scopic method that can directly characterize single molecules
connected to two electrodes at room temperature.

Our MCBJ was fabricated by first preparing microfabricated gold
electrodes on a Si substrate using optical lithography and then
reducing the gap between the electrodes from abguh 1o 1 nm
or less electrochemicalfThe gap is controlled mechanically using
a piezoelectric transducer with sub-A resolutidncident laser was
focused onto the molecular junction via a lens from the top of the
MCBJ chip, and the scattered light was collected with the same
lens and directed to a spectrometer (LabRam 1, Jobin-Yvon) as
shown in Figure 1. We choose a well characterized molecular
system, 1,4-benzenedithiol (BDT) on gold, for this study because
(1) the molecule is terminated with two thiol groups that bind
strongly to gold electrodes, (2) it is fairly conducting owing to its
conjugated structure, and (3) its symmetric structure gives strong
SERS signal.

We started the SERS measurement by setting the gap-at 1
nm. A droplet of BDT solution (0.1 mM in ethanol) was placed
over the gap to allow the molecules to adsorb on the electfodes.
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Before carrying out a detailed SERS study on the molecular
junction, we first analyzed the SERS activity of different parts of
the electrodes, such as the smooth surface, edge, and gap. Since
the electrodeposited layer is smooth on the nanoscale (see Figure
1S, Supporting Information), the SERS signals of probe molecules
from the surfaces and edges are weak (Figure 2S). In contrast, the
signal from the gap is much higher than from other areas. This
indicates that SERS signals of molecules trapped between two
electrode apexes are many orders of magnitude stronger than those
on flat surfaces.

We used a 3-dimensional finite difference time domain method
to calculate the distribution of the electromagnetic field of the
junction with 1 nm separation (see Figure 3S). It shows that when
the incident laser polarization is along the two electrodes, the field
in the nanogap is the strongest because of the coupling of the
localized surface plasmon resonance of two gold electrbdesa
consequence, the SERS enhancement factor reaches the maximum.
To confirm that the molecular junction gives pronounced SERS
signal, we examined the polarization dependence of incident light.
When the electrodes are rotated to be perpendicular to the
polarization direction, the SERS intensity decreases dramatically
(Figure 2). Since SERS from molecules on surfaces other than the
gap region should be depolarized, the observed polarization
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In summary, we have described a combined SERS and MCBJ
1067 1564 |1Dcps . .
178 method that can detect and characterize molecules in the nanogap
a) PIELill fwowm B . . H
—— of two electrodes with a gap width continuously adjustable from

several A to nanometers on a silicon chip. The SERS intensity of
[_;J sample molecules depends critically on the gap width and the
b) . incident light polarization, indicating that the signals came from

the molecules inside the gap. This kind of measurement, together
with the theoretical modeling, will provide us with a better
l;l understanding of the mechanism of single-molecule-SERS. Fur-
. thermore, the SERSMCBJ method shows potential as a powerful
1000 1200 1400 1600 1800 % characterization tool for molecular electronics studies and to answer

Raman shift/ cm questions, such as if and how a molecule is present between two
Figure 3. SERS of 1,4-benzenedithiol in the nanogap with the process of probing electrodes. Finally, we point out that the ability of detecting
bending the metallic electrodes pair. The gap width is reduced, from (a) 8 a single or a small number of molecules in nanoparticle/aqueous
A, (b) 6 A, (c) 4 A Laser: 632.8 nm. solution interfaces may open the door to the analysis and study of
esingle biomolecules.

c)

dependence provides strong evidence that molecules inside th

nanogap are responsible for the SERS signal. , Acknowledgment. This work was supported by NSF of China
After characterizing the molecules in the gap, we studied (Grants 20328306, 20021002) and MOST of China (Grant

systematically the SERS intensity dependence on the gap Width2001C8610506), and by US-NSF (DMR-03-05242, Li and Tao).
by controlling the voltage applied to the piezoelectric transducer.

During the change of the gap width, current between the two  Supporting Information Available: Experimental details, including
electrodes was monitored (Figure 1), and the optics was also electrodeposition, SEM and SERS results, and FDTD calculations. This
carefully monitored and adjusted to ensure that the SERS intensitymaterial is available free of charge via the Internet at http:/
change is solely due to the gap change. pubs.acs.org.

Figure 3 shows three typical SERS spectra of BDT inside the
gap at the different separation. The SERS intensity was increasedReferences
conS|derany Whe_n the gap W|dth_ was changed from aBok to (1) (a) Nie, S. M: Emory, S. RSciencel997, 275 1102-1106. (b) Kneipp,
4 A. This change in SERS intensity is not unexpected because the K.; Wang, Y.; Kneipp, H.; Perelman, L. T_; Itzkan, |.; Dasari, R. R.; Feld,
electromagnetic field increases dramatically as one reduces the gap ,, 'E{a'-) S;(-u'?hﬁ’_sxfeéj'éfrﬁtélld?gé 38 I%g?I?_Ml.?g%rjesson, Bhys. Re. Lett
width.5> Similar results were obtained from other probe molecules, 1999 83, 4357-4360. (b) Michaels, A. M.; Jiang, J.; Brus, II. Phys.
such as 4-aminothiophenol (see Figure 4S). It should be noted that Chem. B200Q 104, 11965-11971.

. . . (3) (a) Haynes, C. L.; Van Duyne, R. P.Phys. Chem. B001, 105 5599
at the present stage, the success rate in observing the gap width 5611. (b) Schatz, G. C.; Van Duyne, R. P.Hiandbook of Vibrational

dependent SERS is about 20%, which will be improved b SpectroscopyChalmers, J. M., Griffiths, P. R., Eds.; John Wiley &
p. .. 0 . p y Sons: Chichester, U.K. 2002; pp-16. (c) Qin, L. D.; Zou, S. L.; Xue,
optimizing the surface morphology and gap configuration. Never- C.; Atkinson, A.; Schatz, G. C.; Mirkin, C. Aroc. Natl. Acad. Sci. U.S.A.

theless, these preliminary results illustrate that the combined SERS 4 200)% 1?43 )1<3.3|g(ﬁ1'\?;|3g?{ PhysChe(@003 410011005, (b) Tall
and MCBJ can be further developed as a new method to study the @ g)E_?’Jaéksgn,%_’ B.. OU%TE’ é’s G,Zdy, N. K. Hollars, (':F \)\,_;aLg,){é‘ s.

enhancement mechanism in detail on the molecular junction gfls.ﬁuser, T. R.; Nordlander, P.; Halas, N.Nano Lett.2005 5, 1569~
between a pair of microelectrodes. _ ~ (5) (a) Aravind, P. K.: Nitzan, A.; Metiu, HSurf. Sci.1981 110, 189-204.
Regarding the second goal of this work, we are interested in (Sb) IIQOLIiie’ yv.;_Othaﬁa,ZﬁJ. Phg/(s '\S/Ioc.k JgnLJ%g 5‘2,h3g5?|§3886?]. (Ic) <
. . . u, K. H.; Wei, Q. H.; Zhang, X.; Mock, J. J.; Smith, D. R.; Schultz, S.
problng_smgle _mol_ecules_ wwed to two electrodes for molecular Nano Lett.2003 3, 1087-1090. (d) Futamata, M.; Maruyama, Y.;
electronics applications. Vibrational spectroscopy can determine the Ishikawa, M.J. Phys. Chem. R003 107, 7607-7617.

: ; ; ; (6) (a) Reed, M. A.; Zhou, C.; Muller, C. J.; Burgin, T. P.; Tour, J.8¢ience
chemical |_dent|ty ef a sample molecule and_ prowde valuable 1997 278 252°254. (b) Reichert, J.. Ochs, R.. Beckmann, D.: Weber,
structural information of the molecule. Inelastic tunneling spec- H. B.; Mayor, M.; Lohneysen, HPhys. Re. Lett. 2002 88, 176804.

0 i i (7) (a) van Ruitenbeek, J. M.; Alvarez, A.; Pineyro, |.; Grahmann, C.; Joyez,
troscopy (IETS)l‘ Fourier transfor_m m_frarEd (FTIR}’and SERZ P.; Devoret, M. H.; Esteve, D.; Urbina, Rev. Sci. Instrum 1996 67,
have been used to measure vibration modes of molecules self- 108-111. (b) Zhou, C.; Muller, C. J.; Deshpande, M. R.; Sleight, J. W.;
i Reed, M. A.Appl. Phys. Lett1995 67, 1160-1162.
assempled on metal surfaces. The IETS measures electron tunneling (8) (@ Xiang, J- L, B.. WU S. T.: Ren. B.. Yang, F. 2. Mao, B. W.: Chow,
which is powerful but requires cryogenic temperatures. The FTIR Y.L Tian, Z. Q.Angew. Chem., Int. E®005 44, 2—5. (b) Liu, B.;
studies rely on multiple reflections with limited sensitivity. Very Xiang, J.; Tian, J. H.; Zhong, C.; Mao, B. W.; Yang, F. Z.; Chen, Z. B.;

. Wu, S. T.; Tian, Z. QElectrochim. Acta2005 50, 3041-3047.
recently, SERS and surface-enhanced infrared spectroscopy (SEIRS) (9) oubre, C.; Nordiander, B. Phys. Chem. 2005 109, 10042-10051.

have been employed to characterize molecules within two metal (10) (a) Kushmerick, J. G.; Lazorcik, J.; Patterson, C. H.; Shashidhar, R.;
Seferos, D. S.; Bazan, G. §8ano Lett.2004 4, 639-642. (b) Wang, W.

plates at room temperature, which have been so far limited to large Y. Lee, T.: Kretzschmar, I.: Reed. M. Alano Lett 2004 4. 643-646.
electrodes and fix separation. Because MCBJ can continuously g:)zggépigg, glls.;l g_itégg,zA.; Ratner, M. A.; Stewart, D. 8 Phys. Chem.
adjes_t the gap_between two electr_odes, one can maximize the SERS(ll) (a) De Boer, B.; Frank, M. M.; Chabal, Y. J.; Jiang, W.; Garfunkel, E.;
activity by tuning the gap width in order to probe the molecules ’I\BﬂaoéZbLangmglrIaOOé 20, éSEA}DlSAlHZ' (b) vl\glag(erUA._Iy.;sT{%he, T. §

. f . . .; Cabarcos, O. M.; Reinard, M. D.; Haynie, B. C.; Uppili, S.; Winograd,
wired to_ electrodes during electrical measurement. We believe that N.: Allara, D. L. J. Am. Chem. So2004 126, 3954-3963. (¢} Jun, .
SERS is a useful tool to characterize molecules in molecular S.; Zhu, X. Y.J. Am. Chem. So@004 126, 13224-13225,

; ; : ; (12) (a) Nowak, A. M.; McCreery, R. L1. Am. Chem. So2004 126, 16621
junctions and thus contribute to a better understanding of electron 16631. (b) Jaiswal, A; Tavakoli, K. G.. Zou, S. &nal. Chem2006

transport in molecules. However, like other spectroscopy tools, it 78, 120-124. (c) McCreery, R. LAnal. Chem200§ 78, 3490-3497.
cannot easily distinguish if the signal comes from the particular (d) Zhao, L. L.; Jensen, L.; Schatz, G.Kano Lett2006 6, 1229-1234.
molecules that are responsible for the current between the electrodes. JA0648615

J. AM. CHEM. SOC. = VOL. 128, NO. 46, 2006 14749



