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ABSTRACT

Single-molecule detection with chemical specificity is a powerful and much desired tool for biology, chemistry, physics, and sensing technologies
Surface-enhanced spectroscopies enable single-molecule studies, yet reliable substrates of adequate sensitivity are in short supply. We present
a simple, scaleable substrate for surface-enhanced Raman spectroscopy (SERS) incorporating nanometer-scale electromigrated gaps between
extended electrodes. Molecules in the nanogap active regions exhibit hallmarks of very high Raman sensitivity, including blinking and spectral
diffusion. Electrodynamic simulations show plasmonic focusing, giving electromagnetic enhancements approaching those needed for single-
molecule SERS.

Multifunctional sensors with single-molecule sensitivity are or nanostructures, resulting in large field enhancements
greatly desired for a variety of sensing applications, from within the interparticle gag?*® Fractal aggregates of nano-
biochemical analysis to explosives detection. Chemical and particled* can further increase field enhancements by focus-
electromagnetic interactions between molecules and metaling plasmon energy from larger length scales down to
substrates are used in surface-enhanced spectrosctpies particular nanometer-scale hotsp8tslowever, precise and
approach single- molecule sensitivity. Electromagnetic en- reproducible formation of such assemblies in predetermined
hancement in nanostructured conductors results when inci-locations has been extremely challenging. An alternative
dent light excites local electronic modes, producing large approach is tip-enhanced Raman spectroscopy (TERS), in
electric fields in a nanoscale region, known as a “hot spot”, which the incident light excites an interelectrode plasmon
that greatly exceed the strength of the incident field. Hot resonance localized between a sharp, metal scanned probe
spots can lead to particularly large enhancements of Ramanip and an underlying metal substrate. Recent progress has
scattering because the Raman scattering rate is proportionaheen made in single-molecule TERS detectfo A similar

to |E(w)[?|E(w")|* at the location of the molecule, wheiEéw) approach was recently attempted using a mechanical break
is tne olectric field component at the frequency of the incident junction® While useful for surface imaging, TERS requires
radiation, andE(w’) is the component at the scattered feedhack to control the tipsurface gap and is not scalable
frequency. or readily integrated with other sensing modalities.

a slhggfratigigrasn S(?[g?noallgg ;EaR”Ser;gtlfht;s?r? Sllg nm%?ﬁcfjigrllg\?;? We demonstrate a scaleable and highly reliable method
. Y L N9 for producing planar extended electrodes with nanoscale
Single-molecule SERS sensitivity was first clearly demon-

: : spacings that exhibit very large SERS signals, with each

strated using random aggregates of colloidal nanoparficles. . : '
. . electrode pair having one well-defined hot spot. Confocal
Numerous other metal substrate configurations have been

used for SERS, including chemically engineered nano- scanning Raman microscopy. demonstrates the Iocalization
particles$~® nanostructures defined by bottom-up pattern- of th? enhanced Raman emission. The SERS response s
ing®10 and those made by traditional lithographic ap- consistent Wltn a very small number of_moliecules in the
proached! In the most sensitive substrate geometries, hotspot, showing blinking and spectral diffusion of Raman

incident light excites adjacent subwavelength nanoparticlesINeS- Sensitivity is sufficiently high that SERS from physi-
sorbed atmospheric contaminants may be detected after

minutes of exposure to ambient conditions. The Raman
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electrode edges. On the basis of electromigration of 283
multibowties (1981 individual constrictions), 77% of multi-
bowties have final resistances less than 10D dnd 43%
have final resistances less than 28.RVe believe that this
yield, already high, can be improved significantly with better
process control, particularly of the lithography and liftoff.
The optical properties of the resulting nanogaps are
characterized using a WITec CRM 200 scanning confocal
Raman microscope in reflection mode, with normal illumina-
tion from a 785 nm diode laser. Using a 20®bjective,
the resulting diffraction-limited spot is measured to be
Gaussian with a full width at half-maximum of 575 nm.
Figure 1C shows a spatial map of the integrated emission
from the 520 cm! Raman line of the Si substrate. The Au
electrodes are clearly resolved. Polarization of the incident
Figure 1. (A) Full multibowtie structure, with seven nano- radiation is horizontal in this figure. Rayleigh-scattered light
constrictions. (B) Close-up of an individual constriction after from these structures shows significant changes upon po-

electromigration. Note that the resulting nanoscale gapg nm larization rotation, while SERS response is approximately
at closest separation, as inferred from closer images) is toward theindependenbf polarization.
right edge of the indicated red square. (C) Map of Si Raman peak

(integrated from 500 to 550 cm¥) in device from (B), with red F_res_:hly cleaned nanogaps show no StOkes'Shiﬂed Raman
corresponding to high total counts. The attenuation of the Si Ramanemission out to 3000 cm. However, in 65% of clean
line by the Au electrodes is clear. (D) Map pA SERS signal ~ nanogaps examined, a broad continuum background (see

floorstglti ‘ﬁ‘{'(‘)’in?f)‘s(eg) (I:/Inaorc])?igfg b?z;erénlgv{/ngr?gr ('“fgcrstfgu‘zgm Supporting Information) is seen, decaying roughly linearly
(50-300 cnr?) for this de\E)ice. 9 oy 9 in wavenumber out to 1000 crh before falling below
detectability. This background is spatially localized to a
diffraction-limited region around the interelectrode gap and
is entirely absent in unmigrated junctions. The origin of this
continuum, similar to that seen in other strongly enhancing
SERS substrateéfss likely inelastic electronic effects in the
gold electrodeg® In samples coated with molecules, this
background correlates strongly with visibility of SERS. No
Our structures are fabricated on a Si wafer topped by 200iunctions without this background displayed SERS signals.
nm of thermal oxide. Electron beam lithography is used to L€ the SERS signal, this background is approximately
pattern “multibowtie” structures as shown in Figure 1A. The Polarization independent. Temporal fluctuations of this
multibowties consist of two larger pads connected by background_ln clean junctions are minimal, strongly |mplylng
multiple constrictions, as shown. The constriction widths are that fluctuations of the electrode geometry are not responsible

80—100 nm, readily within the reach of modern photo- for SERS blinking.
||thography After evaporation of 1 nm Ti and 15 nm Au, The SERS enhancement of the junctions has been tested

followed by liftoff in acetone, the electrode sets are cleaned Using various molecules. The bulk of testing utilizadA,
of organic residue by exposure te @lasma for 1 min. The ~ Which self-assembles onto the Au electrodes via standard
multibowties are placed in a vacuum probe station, and thiol chemistry. Particular modes of interest are carbon ring
electromigratiof? is used to form nanometer-scale gaps in modes at 1077 and 1590 cf Figure 1D shows a map of
the constrictions in parallel, as shown in Figure 1B. Electro- the Raman emission from the 1077 Tthiine on the same
migration is a nonthermal process whereby momentum junction as Figure 1B,C after self-assemblypdflA. This
transfer from current-carrying electrons is transferred to the €mission is strongly localized to the position of the nanogap.
lattice, rearranging the atomic positions. Electromigration has No Raman signal is detectable either on the metal films or
been studied thoroug¥y24 as a means of producing at the edges of the metal electrodes. Figure 1E shows the
electrodes for studies of Sing|e-m0|ecu|e conduction. We Spatial localization of the continuum background mentioned
have performed manual and automated electromigration at2bove.
room temperature, with identical results. The number of Figure 2 shows a more detailed examination of the SERS
parallel constrictions in a single multibowtie is limited by response of the gap region of a typical junction after self-
the output current capacity of our electromigration voltage assembly opMA. Figure 2A,B are time series of the SERS
source. A postmigration resistance ofl0 k2 for the response, with knowpMA modes indicated. The modes
structure in Figure 1A appears optimal. visible are similar to those seen in other SERS measurements
Postmigration high-resolution scanning electron micros- of pMA on lithographically fabricated Au structurésEach
copy (SEM) shows interelectrode gaps ranging from too spectrum was acquired Witl s integration time, with the
small to resolve to several nanometers. There are noobjective positioned over the center of the nanogap hotspot.
detectable nanoparticles in the gap region or along the Temporal fluctuations of both the Raman intensity (“blink-

rich collection of interelectrode plasmon modes that can
readily lead to SERS enhancements as large as B'°
over a broad range of illumination wavelengths. These
structures hold the promise of integration of single-molecule
SERS with electronic transport measurements, as well as
other near-field optical devices.
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_ _ _ center of one nanojunction densely coveredpMA, integrated
Figure 2. (A) Waterfall plot (1 s integration steps) of SERS for 10 min at incident power of 70&W. Green curve (right

spectrum at a single nanogap that had been soaked in P scale): integrated signal under same conditions on middle of Au
in ethanol. IdentifiedoMA peaks include the ring modes at 1077  pad on the same nanojunction. The feature near 966 rfrom
cm*and 1590 cm', as well as an 1145 cm 0CH mode withb, the Si substrate. No Raman features are detectable on either the
symmetry, an 1190 cnt mode identified a®CH of a; symmetry, Au pads or their edges under these conditions.

a mode near 1380 crhidentified as0CH + vCC of b, symmetry,
and a mode near 1425 cidentified asvCC + 6CH of by

symmetry. Mode assignments are based on ref 27. (B) Close-up Ofcarbon S|gnatl_1re, even aft?r hours of ambient EXposure.
(A) to show correlated wandering and blinking of 1077-érand Presumably this has to do with the extremely localized field

1145 cnt! modes. (C) Comparison of 1145 ctamode position enhancement in these structures, with the SAM sterically
(blue) with the Si Raman peak (red), which shows no such preventing physisorbed contaminants from entering the
wandering. The jitter in the Si peak position is 1 pixel in the region of enhanced near field.

detector. (D) Comparison of 1145 cfnpeak height (green, found . . .
by a Gau(ss)ian fitFio the peak) qucTL?ations V\?ith (t%ose bf the Si .Recently grrlved contaminant SERS §|g_natures abruptly
peak (blue). disappear within tens of seconds at high incident powers (1.8
mW), presumably due to desorption. SERS from covalently
ing”) and Raman shift (spectral diffusion), generally regarded bound molecules is considerably more robust, degrading
as hallmarks of few- or single-molecule SERS sensititity, slowly at high powers and persisting indefinitely for incident
are readily apparent. Figure 2C shows a comparison of thepowers below 70W. SEM examination of the nanogaps
wandering of the 1077 cm pMA line with that of the 520 shows no optically induced damage after exposure to
cm! Raman line of the underlying Si substrate over the same intensities that would significantly degrade nanopartiéles.
time interval. This demonstrates that the spectral diffusion The large extended pads likely aid in the thermal sinking of
is due to changes in the molecular environment rather thanthe nanogap region to the substrate.
a variation in spectrometer response. Figure 2D shows the Estimating enhancement factors rigorously is notoriously
variation in the peak amplitudes over that same time interval. difficult, particularly when the hotspot size is not known.
This blinking and spectral diffusion are seeutinelyin Although SERS enhancement volume measurements are
these junctions. We have observed such Raman responsg@ossible using molecular ruletthis is not feasible with
from several molecules, including self-assembled films of such small nanogaps. Junctions made directly on Raman-
pMA, para-mercaptobenzoic acigliBA), a Co-containing active substrates (Si with no oxide; GaAs) show no clearly
transition metal comple® and spin-coated poly(3-hexyl- detectable enhancement of substrate modes in the gap region,
thiophene) (P3HT). These molecules all have distinct Ramansuggesting that the electromagnetic enhancement is strongly
responses and show blinking and wandering in the junction confined to the thickness of the metal film electrodes. Figure
hotspots. 3 shows a comparison between a typigdlA SERS
Another indicator of very large enhancement factors in spectrum acquired on a junction with a 600 s integration
these structures is sensitivity to exogenous, physisorbedtime at 70QuW incident power and a spectrum acquired over
contamination. Carbon contamination has been discelséed  one of that device’s Au pads for the same settings. The pad
in the context of both SERS and TERS. This substrate is spectrum shows no detectalfA features and is dark
sensitive enough to examine such contaminants (see Supeurrent limited.
porting Information). While clean junctions with no delib- We use FDTD calculations to understand the strong SERS
erately attached molecules initially show only the continuum response in these structures and roughly estimate enhance-
background, gap-localized SERS signatures in tReabon ment factors. It is important to note that the finite grid size
region between 1000 and 1600 chare readily detected (2 nm) required for practical computation times restricts the
after exposure to ambient lab conditions for tens of minutes. quantitative accuracy of these calculations. However, the
Nanojunctions that have been coated with a self-assembledmain results regarding spatial mode structure (allowing
monolayer (SAM) (for examplepMA) do not show this assessment of the localization of the hotspot) and energy
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Figure 4. (A) FDTD-calculated extinction spectrum from the model electrode configuration shown in (B). (B) Mock-up electrode tips
capped with nanoscale hemispherical asperities, \Eithplotted for the 937 nm resonance of (A). Constriction transverse width at narrowest
point is 100 nm. Gap size without asperities is 8 nm. Asperity on left (right) electrode has radius of 6 nm (4 nm). Au film thickness is 15
nm, SiQ underlayer thickness is 50 nm. Radiation is normally incident, with polarization oriented horizontally. Grid size for FDTD calculation

is 2 nm. (C) Close-up of central region of (B), showing extremely localized enhancement at asperities. (D) Cross section indicated in (C),
showing that enhancement in this configuration does not penetrate significantly into the substrate. Predicted maximum electromagnetic
Raman enhancement in this mode exceeds 10

dependence are robust to these concerns, and the calculatef@dbricated in controlled positions with high yield using a
electric field enhancement is amderestimaté* Figure 4 combination of standard lithography and electromigration.
shows a calculated extinction spectrum and majE¢f in The resulting hotspot geometry is predicted to allow large
the vicinity of the junction. Calculational details and ad- SERS enhancements over a broad band of illuminating
ditional plots are presented in the Supporting Information. wavelengths. Other nonlinear optical effects should be
These calculations predict that there should be large SERSobservable in these structures as well. The extended electrode
enhancements across a broad bandwidth of exciting wave-geometry and underlying gate electrode are ideal for integra-
lengths because of the complicated mode structure possibleion with other sensing modalities such as electronic trans-
in the interelectrode gap. Nanometer-scale asperities fromport. Tuning molecule/electrode charge transfer via the gate
the electromigration process break the interelectrode sym-electrode may also enable the direct examination of the
metry of the structure. The result is that optical excitations fundamental nature of chemical enhancement in SERS.

at a variety of polarizations can excite many interelectrode

modes besides the simple dipolar plasmon commonly  acknowledgment. D.W. acknowledges support from the

considered. For extended electrodes, a continuous band oysF.funded Integrative Graduate Research and Educational
plasmon resonances coupling to wavelengths from 500 t01raining (IGERT) program in Nanophotonics. N.H., P.N.,
1000 nm is expecte®. This broken symmetry also leads to  5nq D N. acknowledge support from Robert A. Welch

much less dependence of the calculated enhancement Ofqngation grants C-1220, C-1222, and C-1636, respectively.
polarization direction, as seen experimentally. The calcula- 5150 acknowledges the National Science Foundation,
tions confirm that the electromagnetic enhancement is \o payid and Lucile Packard Foundation, the Sloan Founda-
confined in the normal direction to the film thickness. ..\ and the Research Corporation. C.S.L. was supported
Laterally, the field enhancement is confined to a €QIoN Ky a training fellowship from the Keck Center Nanobiology
comparable to the radius of curvature of the asperity. For Training Program of the Gulf Coast Consortia, NIH 1 T90
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sufficient for single-molecule sensitivity.

Using the data from the device in Figure 3, we estimate
the total enhancement in that device. To be conservative,
we assume a hotspot effective radius of 2.5 nm with dense
packing ofpMA, giving N ~ 100 molecules. Blinking and
wandering suggest that the trdvalue is much closer to
one. The integrated Raman signal over a Gaussian fit to the,
1077 cmt Raman line is 2.0 counts/s/molecule when the
incident power is 70@W. For our apparatus, the count rate
from imaging a bulk crystal at the same equivalent power
(see Supporting Information) is 4.% 107 counts/s/ g; &A,?;kovﬁsi V'\C;@-Y’V'_Olg-]eﬁ’hysﬁﬁiﬁn;?i%?-Itzkan  Dasa
molecule, so that we estimate a total enhancement of at least R RI.[);pl':elé, M. ngh.)’/s. Rg ply_etii 1997 78, 1667-1670. '
5 x 10 (3) Nie, S.; Emory, S. RSciencel997 275 1102-1106.

We have demonstrated a SERS substrate capable of () ggvfééijirg&')d' E.J. K& M. Bdrjesson, LPhys. Re. Lett. 1999
extremely high sensitivity for trace chemical detection. () wichaels, A. M.; Jiang, J.: Brus, L1. Phys. Chem. R00q 104
Unlike previous substrates, these nanojunctions may be mass ~ 11965-11971.

Supporting Information Available: Detailed examina-
tion of continuum background and adsorption of exogenous
contaminants; extended discussion of FDTD calculations;
more detailed discussion of SERS enhancement calculation.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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