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Highly sensitive SERS substrates with a limit of detection in the zeptomole (for Nile blue A and

oxazine 720) range were fabricated through a bottom-up strategy. Ag nanoparticles (Ag NPs)

were self-assembled onto glass slides by using 3-mercaptopropyltrimethoxysilane (MPTMS)

sol–gel as linker. The substrates were characterized by UV-Vis and AFM after each deposition of

Ag NPs. It was found that the glass slide presented just a few Ag NPs aggregates scattered

throughout the surface after just one deposition. The glass surface was gradually covered by

a homogeneous distribution of Ag NPs aggregates as the deposition number increased.

Surface-enhanced Raman scattering (SERS) of the substrates was examined at different numbers

of Ag NPs deposition using nile blue A and oxazine 720 as probe molecules and two laser

excitations (632.8 nm and 785 nm). Optimum SERS was observed after six depositions of Ag

NPs. SERS mapping indicated that at lower deposition numbers (less than 3 Ag NPs depositions)

the substrates presented a few SERS ‘‘hot–spots’’ randomly distributed at the surface. After 7 Ag

NPs depositions, spatial distribution of the SERS signal followed a Gaussian statistics, with a

percent relative standard deviation (RSD%) of B19%. In addition, the sample-to-sample

reproducibility of the SERS intensities under both laser excitations was lower than 20%. It was

also found that these substrates can provide giant Raman signal enhancement. At optimum

conditions and with a 632.8 nm laser, the signal from an estimated of only B44 probe molecules

(100� objective) can still be detected.

I. Introduction

After more than 30 years of development, surface-enhanced

Raman scattering (SERS)1–4 has been proved as a versatile

analytical technique.5 This is not only due to its high sensitivity

but also because SERS provides vibrational (fingerprint)

information of target molecules. The analytical capabilities of

SERS have been explored in several fields, including environ-

mental sciences and biomedicine.6–10 For example, SERS has

been used to detect DNA,11 enzymes,7 and even to follow

enzymatic activity in a single cell.6 In addition, SERS-based

immunoassays are widely reported and provide several

advantages relative to other labeling techniques, in terms of

sensitivity, selectivity and multiplexing.9,10 SERS detection has

also been used in environmental analysis for the detection of

polycyclic aromatic hydrocarbons in aqueous solution.12,13

The enhancement of local electromagnetic fields via localized

surface plasmon modes in metallic nanostructures is mostly

responsible for the SERS phenomena.5,14–16 This field locali-

zation is controlled by the nanostructure morphology. Hence,

there are tremendous efforts to explore different nano-

structures that support SERS, aiming at optimized substrates

with high sensitivity and reproducibility.

SERS substrates can be prepared using either the bottom-up

or the top-down strategy. The electrochemical roughening of

electrodes through oxidation–reduction cycles (ORCs) is

among the simplest example of a SERS substrate.1,17

However, this technique does not allow much control

over the size and shape of the nanofeatures, leading to low

reproducibility. Recently, more elaborated top-down strate-

gies have become accessible due to the latest developments in

nanolithography. Modern nanofabrication methods allow

tailoring of the nanostructures for maximum enhancement,

and the fabrication of reproducible nanofeatures even in a

large area.18–20 For example, periodic arrays of sub-wavelength

apertures (nanoholes) have been proved to be successful

SERS substrates.21–24 SERS from single nanoholes has also

been observed.25 Other top-down fabricated nanostructures

for SERS reported recently include: Au nanoparticle arrays;26,27

‘‘multi-bowtie’’28 structures; Au nano-disks with different

thickness and separation distances;29 and gold moon crescent

structures.30 Some of these structures have been proved

to have a close to single-molecule detection limit.25,28,30

However, the common disadvantage among some of these

top-downmethodologies is their high cost per fabricated sample

and their serial character (such as in focused-ion beam milling

and in electron beam lithography). A cheaper alternative is

the preparation of SERS substrates by the self-assembly of

metallic nanoparticles (bottom-up approach). The building

blocks in this case are nanoparticles (NPs) of different shapes

(nanospheres, nanorods, nanocubes) and compositions,

including core-shell structures.31 The NPs are immobilized

in a planar platform through either covalent32–36 or
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non-covalent37–43 interactions with linkers. The ‘‘linkers’’

generally used for non-covalent self-assembly are organic

polymers44 and polymer dendrimers,38,45 DNAs,37 and

proteins;42,43 as for covalent self-assembly, organic silane32

and dithiols33–35 are common choices. The preparation of

positively charged Ag NPs46 and their application in the

multi-layer self-assembly of oppositely charged NPs as SERS

substrates47,48 has also been reported. The bottom-up

approach, however, commonly provides less spatial and

sample-to-sample reproducibility than the nanolithographic

methods.

Previously, we have reported a bottom-up strategy to

fabricate SERS substrates using Au NPs.33,34 1,3-Propane-

dithiol was used as a linker for the multiple depositions of Au

NPs onto both glass and gold slides. It was found that the

SERS signal maximizes after a certain number of Au NPs

depositions at a given excitation energy. Meanwhile, the

spatial variation of the SERS signal and the optimized sample

to sample reproducibility obtained by this procedure were

lower than 20%.34

In this report, we will present a self-assembled substrate for

SERS based on Ag NPs as building blocks and 3-mercapto-

propyltrimethoxysilane (MPTMS) sol–gel as linker. Although

dithiols proved to be good linkers for the stepwise deposition

of Au NPs,33–35 they are not as efficient for Ag NPs deposition.

Alternative approaches for Ag immobilization include thiol-

exchange reactions49 and layer-by-layer deposition through

electrostatic interactions.37,38,40,47,48 The limited success of the

application of dithiol as a linker to the fabrication of self-

assembled Ag structures is probably due to the strong affinity

of the thiol functionality towards the Ag surface which favors

the simultaneous interaction of both thiol groups of the dithiol

with the Ag, leaving no free thiol group to interact with the

adjacent layer.50 Hydrolyzation of MPTMS leads to the

formation of a sol–gel rich in free thiol functionalities,51 which

guarantees the availability of thiol groups after binding to

the bottom layer of Ag NPs. It was found in this report that

the SERS efficiency increases with the number of Ag NPs

deposition, stabilizing after 6 depositions for both 632.8 nm

and 785 nm laser excitations. These results agree with our

previous work involving Au NPs deposition on Au films.34

The spatial variation of the SERS signal also decreased with

increasing Ag NPs depositions, as revealed by SERS mapping.

In addition, slide-to-slide variations in SERS intensities

proved to be less than 20% for both lasers used. Finally, this

class of substrates is very sensitive, allowing the detection of

about 44 Nile blue A (NBA) molecules at 632.8 nm excitation

using a 100� objective.

II. Experimental

2.1 Chemicals

Unless otherwise mentioned, ACS grade chemicals were used.

AgNO3, sodium citrate dihydrate, 3-mercaptopropyl-

trimethoxysilane (MPTMS), Oxazine 720 and Nile blue A

(NBA) perchlorate were obtained from Sigma-Aldrich. Ultra-

pure water with a resistivity of 18.2 MO cm (from Barnstead

NANOpure Diamond water purification system) was used

throughout the experiments. Glass slides are 1� 1 inch regular

microscope slides.

2.2 Synthesis of Ag NPs and MPTMS sol–gel

The preparation of Ag NPs followed the procedure reported in

the literature.52 Briefly, a 500 mL AgNO3 solution (1 mM) was

heated to B90 1C (initial boiling) under vigorous stirring.

Then, 20 mL of 1% sodium citrate solution was quickly

added. The solution was kept on a hotplate with stirring

until it turned into an apparent luminescent yellow. After

that, the hotplate was removed but stirring was kept until

the solution cooled down to room temperature (about 25 1C).

The as prepared Ag NPs showed an absorption peak at

407 nm.

The MPTMS sol–gel preparation also follows the literature51

but with some modifications. Briefly, 600 mL of MPTMS and

500 mL of 0.1 M HCl were added into 50 mL of water. The

solution was vigorously stirred for at least 1 h. The sol–gel

solution should be used the same day.

2.3 Preparation of the SERS substrate

The glass slides were cleaned using piranha solution and rinsed

thoroughly with water. Then, they were dried using a nitrogen

flow, rinsed with methanol and soaked in 10 mM MPTMS

methanolic solution for 24 h. The modified slides were then

rinsed with copious amounts of methanol, dried with nitrogen,

rinsed again with water, and finally immersed into the Ag NPs

solution for another 24 h. For the deposition of additional Ag

NPs, the slides were removed from the Ag NPs solution,

thoroughly rinsed with water and dipped into the MPTMS

sol–gel for 20 min and then immersed again in the Ag NPs

solution for 1 h. This procedure was repeated until the desired

number of Ag NPs depositions was achieved. Rigorous rinsing

was performed after each step.

2.4 Characterization of the SERS substrate

The UV-Vis spectra of the slides were obtained using a

UV-visible spectrometer (Agilent, model 8453). The spectrum

of a clean glass in air was used as background. AFM scans

were accomplished using a Nanonics Imaging AFM model

MV-1000. Intermittent contact mode was used with a pulled

glass fiber tip. The image was analyzed with WSXM software.

2.5 SERS measurement

All the Raman measurements were accomplished using a

RENISHAW inVia Raman microscope system equipped with

a He–Ne and a diode near IR as laser sources. The He-Ne

excitation, at 632.8 nm (6.7 mW), presented a circular laser

spot at the sample with a diameter (FWHM) equal to

0.9 mm for the 50� objective and equal to 0.5 mm for the

100� objective. The laser spot of the diode near IR laser, at

785 nm (0.317 mW), was a rectangle of 2.6 mm � 5.8 mm for

the 50� objective.

The SERS probes (Nile blue A and oxazine 720) were added

to the substrates as follows: An appropriate amount of the

dyes were dissolved in methanol. Then, 50 mL of the solution

was dropped onto the 1 � 1 inch substrate. This amount of
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solution covered the whole surface. The slides were then left in

air to dry.

To calculate the amount of probe molecules in the laser spot

region, the number of moles of the probe molecule was

calculated from the solution concentration and then divided

by the surface area of the glass slide, yielding moles per unit

area, which was then multiplied by the size of the laser spot.

Note that this calculation is based on the assumption that the

binding constant of the probe molecules to the substrate is

infinitely high. Thus, the estimated number N of adsorbed

molecules is an upper limit.

III. Results and discussion

3.1 Substrate characterization

Scheme 1 represents the procedure used in the preparation of

the SERS substrates used in this work. A clean glass slide was

initially modified with MPTMS. The modified slide was

dipped into an Ag NPs solution for 24 h. The Ag NPs interact

with the pendant thiol groups of the MPTMS, forming the

first layer of NPs. Further addition of NPs was accomplished

by dipping the slide with the first layer of Ag NPs in MPTMS

sol–gel for 20 min. The MPTMS sol–gel ‘‘polymer’’ attach to

the Ag NPs but leaves free thiols for the deposition of the next

Ag NPs layer. The last two steps were repeated until the

desired number of Ag NPs depositions was achieved.

A common disadvantage of linker-based SERS substrates is

the Raman signature of the linker molecules (the sol–gel

‘‘polymer’’, in our case), which will be a constant background

in the SERS experiments. Fig. 1 shows the spectra of the SERS

substrate after the deposition of 7 Ag NPs ‘‘layers’’ for both

laser excitations used in this work. The Raman signature in

Fig. 1 is typical for hydrolyzed MPTMS. For instance, the

bands labeled as a have been assigned to the longitudinal and

transverse optical (LO and TO) stretching modes of Si–O–Si,

and the b band is the symmetrical stretch of the Si–O–Si

network.53,54 The peaks labeled c and d are from SiOH modes,

implying some defects in the polymeric network.53,55 The

background spectrum presented in Fig. 1 will not be a

significant spectral interference for SERS of strong scattering.

However, the background does become important during the

detection of a small number of adsorbates, as will be

discussed later.

The morphologies of the SERS substrates prepared in this

work were monitored by AFM, and a few representative

images are presented in Fig. 2. It is clear from the AFM that

the packing density and the homogeneity of the surface

features increased with the number of Ag NPs deposition.

The height of the features in Fig. 2a was between 40–90 nm,

which is in agreement with the particle size distribution of the

synthesized Ag colloid.52 All AFM images presented features

with average lateral dimensions between 200–400 nm, except

for Fig. 2a (1 Ag NP deposition) that shows a few clusters with

lateral dimensions of less than 100 nm.

Fig. 3 shows the UV-Vis absorption of the substrates

prepared with different numbers of Ag NPs depositions. A

typical surface plasmon absorption band was observed at

409 nm for the substrate with just one deposition of Ag

NPs. This absorption maximum red-shifted with the increasing

number of Ag NPs deposition, quickly reaching 446 nm

after 7 depositions of Ag NPs, and shifting only slightly after

that. An absorption shoulder at around 680 nm appears after

3 depositions of Ag NPs, and the absorption band tails towards

the near IR (ca. 1000 nm) region as the number of Ag NPs

deposition increases. These results are common indications of

Ag NPs aggregation, which become more significant with the

Scheme 1 Preparation of the SERS substrates. This diagram is not to

scale. Step 1: The surface of a clean glass slide is modified by MPTMS

to yield pedant thiol groups; Step 2: The modified glass slide is

immersed in a solution of Ag NPs (grey circles), which will adhere

to the surface by interacting with the thiol groups; Step 3: The slide is

dipped in a sol–gel of MPTMS to add more thiol functionalities to the

surface; Step 4: The substrate is immersed again in a solution of Ag

NPs to receive an additional layer of Ag NPs. Steps 3 and 4 are

repeated until the desired number of depositions is achieved.

Fig. 1 SERS spectrum from Ag NPs substrate after 7 Ag NPs

depositions. There are no probe molecules adsorbed at the silver

surface and the spectrum corresponds to the background due to the

sol–gel polymer. Laser excitation at 785 nm. The inset shows the

spectrum of the same sample obtained using 632.8 nm excitation.
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increase in the amount of Ag NPs.44 The optical data agrees

with the increase in nanoparticle density with the number of Ag

NPs depositions shown in the AFM images in Fig. 2.

3.2 SERS performance

3.2.1 Substrate optimization for SERS. Nile blue A (NBA)

and oxazine 720 were used as molecular probes to evaluate the

SERS performance of the Ag NPs modified slides. Both dyes

have a very similar structure and have electronic absorptions

in the region of the 632.8 nm excitation. Therefore, experi-

ments using that excitation wavelength contain contributions

from the resonance Raman effect (surface-enhanced resonance

Raman scattering (SERRS)). The dependence of the SER(R)S

intensity of the ca. 593 cm�1-band of NBA with the number of

Ag NPs depositions is presented in Fig. 4. Experiments were

carried out for two laser excitations: 632.8 nm and 785 nm.

The SER(R)S intensities in Fig. 4 are averages of 5 measure-

ments from different spots of the slide surface and the error

bars represent the standard error of these measurements. The

SERS spectrum in the inset for 785 nm excitation presents a

weak broad shoulder around 680 cm�1 (indicated with an

arrow), but this feature is absent in the case of 632.8 nm

excitation. This shoulder is a background contribution from

the substrate (Fig. 1). Notice that no resonance Raman

contribution is expected at 785 nm, but an additional Raman

resonance effect is present at 632.8 nm excitation (SERRS

effect) and the background signal from the substrate is

Fig. 2 AFM images of the Ag NPs substrates after (a) 1; (b) 3; (c) 5; and (d) 7 depositions of Ag NPs. The representative line profiles of the images

are shown in a0, b0, c0 and d0, respectively. Scale bar shows 40 nm.

Fig. 3 UV-Vis absorption of Ag NPs modified slides. From bottom

to top: 1, 2, 3, 4, 5, 7, 9, 11, 13, 15, 17 deposition(s) of Ag NPs on

glass.
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negligible in that condition. The higher intensity (in cps)

observed for the 785 nm excitation (Fig. 4b) is due to the

larger power density and illuminated area for this excitation.

After 6 Ag NP depositions, the SER(R)S signal reached a

maximum and stabilized after the peak, although some

increase is still noted in Fig. 4a. It is difficult to rationalize

the reason for this stabilization without any knowledge of the

evolution of the near field distribution within the different

morphologies, although an increase in scattering loss from

large nanofeatures should contribute to this effect. The beha-

vior, however, is in agreement with our previous results from

Au NPs deposited on gold slides.34 Interestingly, we didn’t

observe the strong dependence on the optimum SERS with the

excitation wavelength as observed for Au NPs deposited in

glass using a dithiol linker.33 This may be rationalized by

considering the differences in particle size and morphology

between these substrates (Au deposited on glass using dithiol

linkers33 and Ag deposited on glass using MPTMS sol–gel

(this work)). As shown in Fig. 2a to d, the coverage of Ag NPs

aggregates changed with increasing deposition. This can be

further confirmed from the line profiles in Fig. 2b0 to d0, which

show almost no change in the lateral dimensions of the

nanostructures with increasing deposition numbers. This

behavior differs from the results observed using Au NPs,

where lateral sizes of the features increased with increasing

deposition number.33 This is a fundamental difference, cer-

tainly related to the nature of the linker, which might explain

the different trends in SERS intensities observed from both Ag

and Au deposited on glass.

The SER(R)S intensity obtained after 6 Ag NP depositions,

normalized by the excitation conditions, from just one Ag NP

deposition was about 2 orders of magnitude higher than what

was observed for Au NPs.33,34 Fig. 4 also shows that the SERS

signal increased as a power function up to the peak at 6

depositions of Ag NPs, where our former result on Au showed

roughly a linear increase until the maximum.34 Zhu et al.56

considered that SERS intensities should depend on both size

and population (i.e. inter-particle distance) of NPs, and they

showed that there is a threshold particle density where the

interaction between the particles become significant. When the

population is lower than this threshold, the SERS intensity

increased slowly with the particle density. However, the SERS

intensity will increase rapidly due to the surface plasmons

(SPs) coupling after the threshold value is reached. This effect

is especially prominent for NPs with larger size, which is the

case here.

The insets in Fig. 5 are the SERRS mappings from the Ag

NPs substrate surfaces obtained using the 632.8 nm laser. The

spatial distribution of SERRS intensity (in terms of peak area,

see the caption in Fig. 5) can also be visualized in Fig. 5 by the

analysis of the histograms obtained from these maps. The

statistics of the mappings were performed using a method

proposed by Scott.57 The histogram shows the distribution of

SERRS intensities (normalized by the average). The inset in

Fig. 5a shows that, for 1 Ag NPs deposition, there are several

regions at the surface with weak SERS activity. This is

confirmed by the large number of events with ‘‘zero’’ intensity

in the histogram. In this case, more than one third of the

surface area of the substrate presents very low SERRS

intensity, although regions with SERRS signals as high as 32

times the average were also observed, indicating the presence

of a SERS hot-spot.3,16 A skewed spatial distribution of

SERRS intensities is also observed after 3 and 5 depositions,

respectively (Fig. 5b and c). After 3 Ag NPs depositions

(Fig. 5b), the distribution of the SERRS signal narrows, and

the distribution peak maximum appear closer to 1 (average)

compared with that of Fig. 5a. The same observation was

recorded after 5 Ag NPs depositions (Fig. 5c). A dramatic

change in the shape of the distribution is observed after

7 Ag NPs depositions (Fig. 5d). The distribution in this

case presents a normal (Gaussian) profile, with the dis-

tribution maximum centered at 1. Also note that the long

distribution tails seen in Fig. 5a, 5b and 5c are not evident any

more after 7 Ag NPs depositions (Fig. 5d). The spatial

variability of SERS intensity calculated from the FWHM of

the Gaussian distribution from Fig. 5d is about �20%. The

mapping results from Fig. 5 indicate that the spatial variation

of the SERRS intensities were greatly improved after 7 Ag

NPs depositions.

Fig. 4 SERS performance of the Ag NPs-modified glass slides.

NBA was used as the molecular probe and its 593 cm�1-band is

plotted against the number of Ag NPs depositions. (a) 632.8 nm

excitation and power density equal to 10 mW/mm2; (b) 785 nm

excitation and power density equal to 21 mW/mm2. The amount of

NBA on each slide was constant (4 mg/ml). 5 measurements

were performed in different regions of each sample and the SER(R)S

results were averaged. The bars show the standard error (SE)

that represents this spatial variation. Insets show SER(R)S spect-

rum of NBA on a substrate after 7 Ag NPs deposition for each

excitation.
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3.2.2 Sample-to-sample reproducibility of SERS measure-

ments. The sample-to-sample reproducibility of the slides

prepared using our self-assembly procedure was tested and

the results are presented in Fig. 6. Three different slides were

used and the experiments were carried out at both excitations

(632.8 nm and 785 nm). The SER(R)S intensity from each

slide is the average from 10 randomly chosen spots and the

error bars in Fig. 6 represent the calculated standard error

(SE) for the spatial variation of the SER(R)S signal. The

RSD% (among different slides) on the mean SERRS inten-

sities is less than 10% for 632.8 nm excitation, but the RSD%

under 785 nm is 18%. The difference in the spatial variation of

SERS intensity for the same molecule at the same substrate

but at different excitation wavelengths is an interesting effect.

We attribute this difference to the nature of SP modes excited

within the illuminated area at the laser frequency. It is

anticipated that different SP-modes (surface features) are

responsible for SERS at different wavelengths. The spatial

distribution of surface structures that provide optimum SERS

(hot spots) at 632.8 nm and 785 nm are not expected to be the

same. This interesting result highlights the fact that a SERS

substrate is ‘‘optimized’’ (not only in terms of enhancement

efficiency but also in terms of reproducibility) for a particular

excitation wavelength.

3.3 Limit of detection (LOD) for the probe molecule NBA

The quality of the SERS substrate may also be evaluated by its

limit of detection (LOD) for a particular molecular probe.

Fig. 7 shows the spatially-averaged SERRS spectra of NBA

obtained at different concentrations. A fluorescence-like back-

ground, present in some spectra, was corrected, and the

spectra at lower concentrations were multiplied by a constant

for better comparison. The strong bands at B509 cm�1,

B677 cm�1, B750 cm�1 are from the substrate (Fig. 1), but

the NBA band (marked with an asterisk (*) in Fig. 7) can still

be clearly identified at very low analyte concentrations

(Fig. 7a). Even the dominant band from the substrate

atB677 cm�1 doesn’t constitute a strong interference at higher

concentrations of the dye for 633 nm excitation (100 ng/mL,

Fig. 5 SERRS mapping of the substrates coated with oxazine 720. Laser excitation at 632.8 nm. The diagrams plot the area of the dominant

oxazine 720 SERRS peak at around 595 cm�1. a to d represents the SERRS intensity (in peak area) distributions from the respective SERRS maps

(inset). Note that the intensities for the histograms were normalized using the average SERRS intensity (in peak area).
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Fig. 7d), showing the strong efficiency of the SERRS effect in

this case. The number of molecules in the laser spot, N,

was calculated assuming a uniform coverage of the whole

surface (see experimental section for details). SERRS was still

observed even when only 142 molecules were estimated

to populate the laser spot at 632.8 nm excitation and a

50� objective lens. Since it is unlikely that all 142 molecules

populate hot-spots inside the laser illuminated region, it is

possible that the amount of molecules that are actually

contributing to the observed signal is even smaller.

This is better illustrated in Fig. 8, where a SERRS mapping

was performed for a sample with only B142 molecules

estimated in the laser spot. Since the coverage of NBA is

small (assuming NBA molecule lies flat on the substrate (the

maximum space it can occupy), the coverage would be roughly

0.06%), the chance of NBA molecules finding a hot spot is

also small. Furthermore, the distribution of hot spots and the

distribution of molecules are two independent factors, and the

combination (to produce SERRS) is multiplicative. Thus, a

log normal (or tailed) rather than a normal distribution of

intensities across the slide is expected.58 This is exactly what is

shown in Fig. 8b. Most of the surface presents signal levels

smaller than the average (there are also spots with no SERRS

signal), but the SERRS from a few spots can be much larger

than the average value.

Similar results were obtained with a 100� objective and are

presented in Fig. 9. The higher magnification and NA of the

Fig. 6 Spatially-averaged SER(R)S intensities (at 593 cm�1) for three

7-Ag NPs-deposition slides. (a) 632.8 nm; (b) 785 nm. The error bar

shows the standard error of the spatial distribution of SER(R)S

intensity. Concentration of NBA: 4 mg/ml.

Fig. 7 Spatially-averaged (5 measurements) SERRS spectra at dif-

ferent concentrations of NBA (background corrected). (a) 2 ng/mL;

(b) 10 ng/mL; (c) 40 ng/mL; (d) 100 ng/mL. Spectra a to c were

multiplied by a constant shown in the figure. Laser excitation was

632.8 nm and the substrate with 7 Ag NPs depositions were used. N is

the estimated number of molecules within the laser spot. The asterisk

(*) marks the position of the strongest NBA band.

Fig. 8 (a) SERRS mapping of the 593 cm�1-band of NBA;

(b) histrogram of the spatial distribution of SERRS intensity. 60 s

accumulation. Concentration of NBA 2 ng/mL. 7 Ag NPs deposition.

Laser excitation at 632.8 nm.
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100� lens allow the illumination of an even smaller spot size,

probing a smaller number of molecules. A weak NBA signal is

still present under these conditions. Since only 44 molecules

are estimated in the laser-illuminated area, and not all of them

will be at hot spots, it is likely that these results are approach-

ing the single-molecule limit. No blinking was observed in our

case, indicating that the molecules are immobilized in the hot

spot in the dry conditions of our experiments.

The performance of the substrate at near IR excitation was

also probed. Fig. 10 shows the SERS from different con-

centrations of NBA obtained using 785 nm laser excitation.

Since NBA has no electronic absorption in this region, the

Raman enhancement does not benefit from a resonance

Raman mechanism, as was the case for the 632.8 nm excita-

tion. Thus, the relative SERS signal is not as strong as for the

632.8 nm excitation, and the interference of the background

signal from the substrate is much more severe (Fig. 10 inset).

In this case, the LOD determined using the same procedure as

for 632.8 nm, was about 28 zeptomoles (2.8 � 10�20 moles) of

molecules (10 ng/mL, 50� objective, numerical aperture

(NA) = 0.75). Note that the laser spot at 785 nm is larger

(see Experimental section for details).

IV. Conclusion

In this report, we used a multi-step deposition procedure to

immobilize Ag NPs on glass using MPTMS sol–gel as linker.

The procedure yielded highly sensitive SERS substrates. It is

found that the Raman signal was dramatically enhanced (up

to 3 orders of magnitude compared to just one deposition for

both lasers (visible and near IR)) after 7 Ag NPs depositions.

SERRS mapping showed that the number of hot spots

increased with the deposition number, and the spatial dis-

tribution of intensities follows normal statistics when the

surface is covered by a homogeneous distribution of nano-

features. The spatial and sample to sample variability of the

SE(R)RS intensities were less than 20% in this case. Detectable

SERRS signal was observed even when the number of mole-

cules in the laser spot was less than 100. Single molecule

sensitivity is likely achieved, since not all molecules will

populate the hottest spots. Even without the extra con-

tribution from resonant Raman effects, the detection limit

from these substrates is at the sub-zeptomolar level for the

dyes tested.
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