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O
ver the past decade, there has
been an increased interest in find-
ing new methods and devices

that provide easy, highly reproducible, and
ultrasensitive nanosensors to detect small
amounts of molecules.1-8 Specifications on
such nanosensors deal with three different
concepts: sensitivity, repeatability, and
selectivity. Surface-enhanced Raman scat-
tering (SERS) is already considered as a
highly selective technique in the sense that
the signal detected is the vibrational signa-
ture of a specific molecule. In this respect,
during the last years intense efforts were
invested in producing nanostructured sub-
strates for SERS applications.9-18 The prop-
erties of themetallic structures aremodified
compared to the bulk, inducing a modifica-
tion of the optical response related to the
effective coupling of the incident photons
to the conduction electrons (localized sur-
face plasmon). When a near field coupling
between nanoparticles (NPs) occurs, a large
enhancement of the incident electromag-
netic field in the interstice between the NPs
is observed giving rise to a so-called hot-
spot.
When molecules are placed in the SERS

area, the enhanced electromagnetic field is
strong enough to counterbalance the low
cross section of Raman scattering (∼10-30

cm2).3,5,6,9,19,20 Although the term hot-spot
might not be the most appropriate, this
appellation refers to an extremely small
volume where enhancement factors of 108

or more can be achieved,21-24 enabling
thus the detection of a few molecules. SERS
signal can also arise from a larger number of
molecules placed in a larger volume having
a moderate enhancement factor between
104 and 108;21,22 these enhancement vo-
lumes were defined as “cold sites”.22,25 The
term “enhancement sites” (ESs) was then
found more suitable. A SERS-active sub-
strate can be defined with its average value
of the enhancement factor, ÆGæ, which fre-
quently reaches 106 compared with mole-
cules without a SERS substrate. ÆGæ is an
average value that represents a broad dis-
tribution of a nanoscopic enhancement
factor, which is related to a distribution of
cold and hot enhancement sites. When a
SERS active area is excited with an incident
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ABSTRACT In the present work, the combination of chemical immobilization with electron

beam lithography enables the production of sensitive and reproducible SERS-active areas composed

of stochastic arrangements of gold nanoparticles. The number of nanoparticles was varied from 2 to

500. Thereby a systematic analysis of these SERS-active areas allows us to study SERS efficiency as a

function of the number of nanoparticles. We found that the experimental parameters are critical, in

particular the size of the SERS-active area must be comparable to the effective area of excitation to

obtained reproducible SERS measurements. The sensitivity has also been studied by deducing the

number of NPs that generate the enhancement. With this approach we demonstrates that the

maximum enhancement, the best sensitivity, is obtained with the smallest number of nanoparticles

that is resonant at a given excitation wavelength.

KEYWORDS: average and singlemolecule SERS . surface plasmon resonance . surface
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laser field Ein, the local electrical field EES at the ES(i) is
enhancedby a factor gi= EES/Ein.

22 The average value of
the enhancement factor ÆGæ = (1/NES)

P
i
NESgi

4, where
NES is the number of ESs distributed over all the SERS
active area and gi the local electrical field enhancement
factor.
ÆGæ depends onmultiple parameters: Raman scatter-

ing cross section of the probe molecule, excitation
wavelength, incident power and polarization, surface
chemistry, photochemistry, and morphology of the
surface.26 This is a nonexhaustive list of parameters
that can impact both sensitivity and repeatability of
SERS experiments.27 The key point for a practical use of
SERS-based sensors is the development of new fabri-
cation methods of SERS substrates enabling stable and
significant Raman enhancement, ÆGæ. Highly ordered
metallic nanostructures were then developed mainly
by template-assisted self-assembly or electron beam
lithography.10,12-16,28-30 Those well-ordered arrays
are usually constituted by a large number of ESs. The
resulting SERS signal is then an average of the signals
emitted by each molecules probing the distribution of
the locally enhanced electromagnetic field thereby
defining as “average SERS” (a-SERS) experiments.26,29

Recent SERS studies are mainly oriented toward the
ability of SERS to approach single molecule detection,
that is “single molecule SERS” (SM-SERS) measure-
ments using a single isolated ES.3,5,6,9,19,20,26,29 Usually,
such ESs are obtained by evaporation of a colloidal
solution of NPs leading to a stochastic arrangement of
particles over the substrate which is therefore extre-
mely difficult to replicate. On the other hand, it is fairly
easy to reproducibly mass-fabricate localized ESs with
modest local enhancement factors g by standard
electron-beam lithography. Despite the lack of sensi-
tivity for single molecule detection, those nanostruc-
tures can be duplicated easily on a chip ensuring a
good repeatibility of the signals required for reprodu-
cible measurements but lacking the sensitivity for
“single molecule SERS”.
In this work, we combine e-beam lithography and

chemical immobilization in order to control the
number of NPs attached at a predefined location. On
a single substrate it is then possible to compare the
enhancement factor ÆGæ in a-SERS and SM-SERS regime
by varying the number of NPs. The compromise be-
tween sensitivity and repeatability will thus allow to
define the best conditions to design an efficient SERS
detector.

RESULTS AND DISCUSSION

The study presented here is based on the combina-
tion of two fabrication methods: the chemical immo-
bilization of colloidal NPs on a templated substrate
patterned by electron-beam lithography. The proce-
dure is illustrated in Figure 1. After e-beam lithography,
indium tin oxide (ITO) square areaswere functionalized

using 3-aminopropyltriethoxysilane (APTES). The silane
termination of this molecule binds covalently to the
hydroxyl sites of the ITO surface. The obtained layer of
APTES is positively charged and binds electrostatically
to the NPs negatively charged due to the presence of
the citrate capping layer. Then the remaining resin
(poly methylmethacrylate (PMMA)), used as template,
is lifted off. This procedure is described with more
details in theMethods section. The arrangement of the
NPs provides generation of ESs with large enhance-
ment factors, while templating offers a deterministic
location of the SERS-active areas. Our substrates are
thus constituted of predefined square arrays filled with
a random assembly of gold NPs.
Figure 2 shows a lowmagnification SEM image of an

array of 1� 1 μm2 square patterns. It demonstrates the
good control achieved during the process since the
colloidal NPs are only immobilized onto the position
defined by the electron beam lithography template.
Moreover, since repeatability is a key parameter for
sensing application, the robustness of the immobiliza-
tion was tested against different treatments. Exposure
to soap, trichloroethylene in ultrasonic bath, or oxygen
plasma cleaner did not have any measurable effect on
the integrity of the arrays. To study and compare the
influence on the number of ESs inside these arrays, the
area of the squarewas systematically reduced from1� 1
down to 0.1� 0.1 μm2 to limit the number of particles
located inside the defined areas from hundreds to few

Figure 1. Schematics for the self-assembly template-as-
sisted method to produce predefined SERS-active regions.
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as shown in Figure 3a-h. The colloidal NPs are randomly
distributed onto the surface, and a large variety of
arrangements and interparticle distances are observed.
Figure 3i shows a confocal intensity map recorded

with an avalanche photodiode (APD) placed behind a

bandpass notch filter as described in the Methods
section. The signal measured is the total intensity
integrated over all the spectral window defined by
the notch filter. The probe molecule used here was
methylene blue and the deposition process is given in
theMethods section. The spectral response is shown in
the SERS spectra ofmethylene blue plotted in Figure 4a
to demonstrate that the signal is indeed due to the
presence of the probe molecules. Both spectra have
been acquired on a 0.15� 0.15 (red curve) and a 1� 1
μm2 square (black curve), respectively, using 532 nm
wavelength. No Raman spectra were acquired on areas
without NPs. The same behaviors were observed with
633 and 785 nm and are not shown here. Rayleigh
scattering of each structures was investigated using a
dark field setup in order to compare the enhancement
properties of the structures as a function of the excita-
tion wavelength. Figure 4b shows how the surface
plasmon resonance is broadened and red-shifted as
the number of NPs inside the active-area increases.
Both, broadening and red-shift of the plasmon reso-
nance reveal that interactions between NPs are taking
place.31-36

The surface coverage of NPs was estimated by
plotting the number of NPs as a function of the size
of the active area (Figure 5). The number of NPs is

Figure 2. SEM image of an array of SERS-active areas
fabricated by a random deposition of gold NPs in prede-
fined areas. The array parameter is 5 μmand a square size of
1 � 1 μm2.

Figure 3. SEM images of colloidal arrangements obtained for different sizes of the square pattern: (a) 1� 1 μm2, (b) 0.8� 0.8,
(c) 0.6� 0.6, (d) 0.4� 0.42, (e) 0.3� 0.3, (f) 0.2� 0.2, (g) 0.15� 0.15, and (h) 0.1� 0.1 μm2. (i) Confocal intensitymapof the SERS
signal emitted from methylene blue molecule obtained on the areas defined in panels a-h recorded using an avalanche
photodiode (APD). The excitation wavelength is 532 nm. The red arrows represent the polarization as it was fixed during the
experiments.

Figure 4. (a) SERS spectra of 0.15 � 0.15 (red curve and scale) and 1 � 1 μm2 (black curve and scale). Both spectra were
obtained using 532 nm laser line. (b) Scattering spectra of 0.15 � 0.15 (red curve) and 1 � 1 μm2 (black curve).
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linearly dependent on the size of the area. Considering
a NP diameter of 40 ( 3 nm, we deduce a surface
coverage of 56( 10% that canbe compared to an ideal
coverage for a square (71%) or hexagonal (76%) ar-
rangement of 40 nm NPs separated by 2 nm (average
thickness of citrate capping37). The 20% difference in
the surface coverage can be explained by the inhomo-
geneous functionalization of the squares by the APTES
layer. First, since the ITO surface was not treated prior
to electron beam lithography processing, the OH-

binding sitesmay not cover the whole surface. Second,
the amine groups of the APTES might bind with the
hydroxil binding sites, leading to a competition be-
tween amine and silane to bind to the surface. Both
effects result in an inhomogeneous distribution of
APTES onto the surface which explains the distribution
of the NPs onto the surface. It is also worth noting that
few NPs can attach on top of others leading to 3-
dimensional arrangements. Two phenomenamay lead
to these arrangements: redeposition of a few NPs that
were not strongly bond to the surface during the lift-off
process or aggregation in solution. The latter is atte-
nuated by placing the substrate on top of the colloidal
solution as described in theMethods section. However,
these 3D arrangements correspond to less than 5% of
the active area, and it sounds reasonable to consider
that NPs are organized in the plane of the substrate.
Figure 6 shows how the photon counts vary as a

function of the SERS-active area excited at 532 nm. The
photon counts were determined using the confocal
intensity maps of each structure. For the smallest
structures (from 0.1� 0.1 to 0.3� 0.3 μm2) the photon
counts were measured on the pixel corresponding to
the maximum signal. For larger areas the photon
counts were averaged over the pixels that define the
structure. This operation was repeated for eight struc-
tures and the final photon counts represented in
Figure 6 were averaged defining thus the error bars.
Figure 6 shows an exponential increase in the photon

counts when increasing areas before reaching a pla-
teau where the area is larger than 0.3 μm2. The lowest
photon counts correspond to a fewNPs such as a dimer
(Figure 3i), when only one ES is active. In this case, the
number of probe molecules n that feel the enhance-
ment is small, and we are close to the SM-SERS regime.
As the number of NPs increases, the likelihood of
probing more ESs necessarily increases. As a result,
the intensity increases since all the molecules present
inside each ESs within our detection volume contri-
bute to the measured signal. In other words, the
measured photon counts, Pcounts, can be defined as
follows:

Pcounts �
XNES

i

nigi
4 ¼ ntotÆGæ (1)

where ntot =
P

i
NES ni is the total number of probe

molecules sensing enhancement.
Within eq 1, the photon counts increasewith the size

of the SERS-active area since ntot will necessarily in-
crease. However, a saturation is observed in Figure 6.
This saturation has two possible origins. The number of
ESs increases with the number of NPs, and thus the
number of molecules ntot. ÆGæ then decreases as the
number of NPs increases due to near field interactions.
This implies that for large areas the ÆGæ will be low, in
clear disagreement with the observations recorded in
the literature.22 The other possibility is setup-depen-
dent and is strongly correlated to the area of excitation.
The cross-section of the confocal spot of our setup at
532 nm has been estimated to be 175 ( 25 nm by
determining the point spread function38 (see Methods
section). From this value we can deduce an effective
area of excitation21 of∼0.05 μm2. We extrapolated this
value to determine the surface of the excitation area at
633 and 785 nm (see Methods section). The gray band
in Figure 6 corresponds to the effective area of

Figure 5. Number of NPs as a function of the size of SERS-
active areas. The red line is a fit of the experimental data.
The green and blue dashed curves correspond to cubic and
hexagonal arrangements of 40 nm colloidal NPs separated
by 2 nm, respectively.

Figure 6. Photon counts as a function of the size of the
SERS-active area. The error bars are the standard deviation
estimated over 8 SERS-active areas of each type. The gray
band corresponds to the effective area of excitation. The
lower values were determined using the point spread
function38 (described in the Methods section) while the
higher value was calculated using the Rayleigh criterion.
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excitation, the lower value (0.05 μm2) determined
experimentally and the higher value (0.075 μm2) cal-
culated using the Rayleigh criterion. This implies that
Pcounts measured originates from the structures that
are excited inside the effective area of excitation. In
other words, when the SERS-active areas become
larger than the excitation area NES excited is limited,
explaining thus the saturation observed. This latter
effect is dominant and therefore it is not possible to
conclude about the behavior of ÆGæ.

To investigate the behavior of ÆGæ it is interesting to
compare the photon counts measured with the real
number of NPs excited. This is shown in Figure 7 at
three different wavelengths. Note that for experimen-
tal reasons, the intensities at the three wavelengths
cannot be compared, only the shapes of the curves are
informative. Indeed, methylene blue is resonant at 633
nm, and the plasmon damping is significant at 532
nm.39,40 The maximum numbers of NPs that are con-
tained in the effective area of excitation (Methods
section) are ∼22, ∼47, and ∼178, at 532, 633, and
785 nm excitation wavelength, respectively.
Let us first consider the smallest area where only

one ES is activated (dimer Figure 3h). Two different
surface plasmon resonances, corresponding to the
collective oscillations of the free electrons along the
short and long axis of the dimer, transverse and long-
itudinal mode, respectively, are excited in the range
520-540 and 580-630 nm depending on the inter-
stitial distances.32,41 The ES in the interstice between
the NPs is excited when the polarization state is
parallel to the long axis of the dimer and g is maximum
when the longitudinal surface plasmon is excited
close to its resonance.41 At 532 nm, the excitation is
far from the resonance of the longitudinal surface
plasmon and closer to the transverse mode. Altough
we do not expect a large enhancement value at 532
nm, the surface plasmon field is still strong enough to
induce a measurable SERS signal whatever the orien-
tation of the dimer toward the polarization. For these
experiments the polarization direction was main-
tained constant, and thus only the orientations of
the structures induce changes in the measured signal.
The maximum intensity is observed for the smallest
SERS-active area (Figure 7a). At 632 nm excitation
wavelength, the largest electromagnetic enhance-
ment is located in the gap of the dimer and thus is
extremely sensitive to the polarization state as the
transverse plasmon cannot be excited. In Figure 7b,
the maximum photon counts is obtained for a SERS-
active area of 0.15 � 0.15 μm2, corresponding to
approximately 10 NPs. Since the NPs are randomly
attached onto the surface, it is more likely to obtain a
dimer with the appropriate orientation (parallel to the
polarization state). Out of resonance, for example at
785 nm, only dimers having very short interstitial
distance can be excited,32 which is less probable in
our case due to the presence of the citrate. When
increasing NES, the surface plasmon broadens and its
resonance shifts to higher wavelengths as shown in
Figure 4b. SERS response at 785 nm is then maximum
for the largest area enclosing at least 40 excited NPs.
This interpretation indicates that the maximum of the
photon counts corresponds to the highest enhance-
ment, ÆGæmax, which is highly dependent on the
plasmonic properties of the structure and thus on
the excitation wavelength.

Figure 7. Photon counts per NPs as a function of the size of
the SERS-active area (logarithmic scale), for (a) 532 (green),
(b) 633 (red), and (c) 785 nm (purple). The error bars
represent the minimum and maximum values obtained
over eight structures of each type. At 785 nm, no SERS was
observed for the two smaller areas. (Reminder: the inten-
sities are not comparable). The dotted lines indicate the
effective surface area21 calculated by the Rayleigh criterion
for each wavelength.
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In all graphs of Figure 7 the maximum of the photon
counts per NPs decreases with the number of NPs and
reaches a minimum value for larger SERS active area.
This is unexpected since NES and ntot increase. From
eq 1, we deduce that gi and thus ÆGæ might decrease
when NES increases. This effect was already predicted
theoretically for different types of NPs arrange-
ments.31,33,42 In particular Stout et al.31 shows that
the maximum local enhanced field generated by five
aligned NPs of silver is approximately 4 times smaller
than for a dimer. In our case, the minimum of the
photon counts, and thus ÆGæmin, is obtained approxi-
mately for 40 NPs at 532 and 633 nm, and 160 NPs at
785 nm, corresponding approximately to the effective
area of excitation. When this area is full of NPs (right
side of Figure 7) the photon counts remains constant;
ntot and NES are constant and maximum implying that
ÆGæ tends to its minimum value ÆGæmin. It is then
possible to deduce the ratio between the maximum
and the minimum of the photon counts that is propor-
tional to ÆGæmax/ÆGæmin. We obtain 3.5, 5, and 2 for 532,
633, and 785 nm excitation wavelength, respectively.
These values are comparable with the results obtained
by Stout et al.31 Although these ratios cannot be
compared among wavelengths in our experiment
due to the resonant probemolecules, it is worth noting
that themaximum is observed at 633 nm, that is, in the
resonant SERS configuration. Finally in all cases the

sensitivity is reduced as NES increases. We have so far
discussed about the behavior of ÆGæ as a function of the
SERS active area, and it is now interesting to discuss the
repeatability of these measurements.
In this last part, we compare the statistical distribu-

tions of the intensity per NPs in large and small areas
(Figure 8) at two excitation wavelengths. At this stage
we have to recall that only the behaviors measured at
each wavelength are comparable, and not their inten-
sities. With few ESs (small area), the photon counts are
randomly distributed (Figure 8a,b), reaching high value
at rare places (>106 count s-1). The equiprobability
suggests then a bad repeatability. On the opposite
side, for larger active area the intensity is normally
distributed (Figure 8c,d). The high NES favors the
repeatability: more molecules can feel the same en-
hancement ÆGæmin. However, the distribution of the
photon counts in a large SERS-active area (Figure 8b)
can change at different excitation wavelengths. At 532
nm, the distribution of photon counts is relatively well
centered at 1.5 � 104 count s-1. The confocal map
shows a quasi-constant signal over the square area:
single NPs are resonantly excited. At 633 nm, a long tail
is observed in the distribution. Intensities higher than
2� 104 count s-1 demonstrate the presence of ESswith
high enhancement factors among ESs having low
enhancement factors. This was also clearly observed
in the confocal intensity maps at λ = 633 nm. This is

Figure 8. (a, b) Intensity distribution for functionalized area of 0.15� 0.15 μm2 using 532 and 633 nm excitation wavelength,
respectively. (c,d) Intensity distribution for functionalized area of 1 � 1 μm2 using 532 and 633 nm excitation wavelength,
respectively. The insets in panels c and d are the confocal intensity maps at 532 and 633 nm (same scale, 1.2 � 1.2 μm2).
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again related to the likelihood of excited resonant
structures that are generated by the stochastic ar-
rangements of the NPs.

CONCLUSIONS

Our fabrication technique allowed us to vary the
number of colloidal NPs in a determined position and
area, with high control and repeatability. This gives us
the opportunity to study the SERS response of methy-
lene blue molecules deposited on our substrate as a
function of the number of NPs. It was found that it is not
necessary to build a large SERS active area since the
measurements are limited by the effective area of
excitation. Moreover the photon counts measured must
be reported to the number of NPs to deduce the real
enhancement of the SERS-active area. Using thismethod
we demonstrate that the maximum photon counts per
NP are obtained for the smallest number of NPs that is

resonant with the excitation wavelength. This case
corresponds to the higher sensitivity and the lower
repeatability. On the opposite, the photon counts mea-
sured on larger structures are more reproducible, but
with a sensitivity 5 times less (at 633 nm). Finally, the
choice of a stochastic arrangement of NPswas discussed
in terms of the distribution of the uncontrolled local
enhancement factor, gi. SERS areas of random active
enhancement gi might be very robust against experi-
mental parameters (polarization, wavelength, etc...)
thereby providing significant advantages for probing
the SERS activity of unknown nonresonant molecules.
Moreover, controlling the size and position of the SERS-
active area allows us to optimize the repeatability of
experiments whatever the distribution of gi, keeping in
mind that the SERS-active area should be comparable or
slightly smaller than the effective area of excitation
defined by the confocal spot.

METHODS
Template Assisted Self-Assembly. The multistep procedure con-

sists in a combination of two fabrication techniques. In a first
step, an array of squares (5 μm period) is created in a poly-
(methyl methacrylate) (PMMA) film on top of 50 nm thin
indium tin oxide (ITO) film using electron beam lithography
followed by a development of the resist. The development pro-
cedure exposes the ITO surface which will be subsequently
functionalized by dipping the substrate in a 5% solution of
3-aminopropyltriethoxysilane (APTES) in ethanol during 30min.
The ITO surface naturally exhibits hydroxil (OH-) sites allowing
the silane termination of the APTES to bind with the ITO surface.
A positively charged monolayer is thus produced by the amine
compound. This template is then placed on top of a drop of
colloidal suspension of gold NPs, sufficiently large to avoid total
evaporation for 12 h. We experienced that this process reduces
the deposition of large clusters of NPs, that can be present in the
colloidal solution, on the surface. The NPs were prepared
according to the Frens method.43 Since their surface is nega-
tively charged by the presence of a citrate monolayer, the self-
assembly of the colloidal NPs is mainly governed by electro-
static interactions.44 The colloidal suspension contains spherical
NPs with an average diameter of 40 ( 3 nm. However, few
triangles resulting from the colloidal synthesis method are also
present, but their number is negligible (about 1 triangle for 70
spheres). Finally, after rinsing the substrate several times with
deionized water the remaining PMMA is lifted off using acetone
and by ultrasonic agitation. All colloidal NPs incidentally de-
posited on top of the PMMA layer as well as those that are
weakly attached to the surface are thus removed. Themorphol-
ogy and structure of the SERS-active areas obtained were
observed by scanning electron microscopy (SEM) at 20 kV.

SERS Measurements. To demonstrate the SERS efficiency of
our structures, a drop (100 μL) of a 10-6 mol 3 L

-1 solution of
methylene blue in isopropyl alcohol was spin coated at 2000
rpm onto the substrate. SERS mappings were performed using
two different confocal setups at excitation wavelengths of 532
and 633 nm (setup 1) and 785 nm (setup 2).

Setup 1: (532 and 633 nm) The sample was moved using a
piezoelectric XY translation stage to perform two-dimensional
scanning (XY step size fixed to 80 nm). The incident laser
excitation is focused using a �100 oil-immersion objective
(NA = 1.49). The backscattered signal is filtered using a band-
pass notch filter. The signal was monitored either by an
avalanche photodiode (APD) or by a spectrometer equipped

with a thermo-electric cooled CCD. The time response of the
APDwas 1ms. The confocal aperture is defined by the size of the
APD detector, that is, 150 μm. The acquisition time for the
spectrometer was 20 s using 600 line per millimeters grating.
The spectrometerwas essentially used to confirm that the signal
measured with the APD was due to the enhanced Raman
signature of methylene blue.

Setup 2: (785 nm) We use a commercial confocal Raman
spectrometer coupled with a 785 nm excitation wavelength.
The Labram HR (Jobin-Yvon) spectrometer is equipped with a
thermo-electric cooled CCD and motorized XY displacement
stage. The objective was a conventional�100 in air (NA = 0.95),
and a band-pass notch filter was placed before the pinhole
aperture fixed at 150 μm. The grating (1800 lines per
millimeters) was either used as mirror (0th order) for the total
intensity map acquisition (1ms per point), or as spectrometer to
check the reality of the Raman signal (acquisition time: 20 s per
spectrum). For XY mapping, the step size was fixed to 100 nm.

The optical power wasmaintained as low as possible in both
setups to avoid photobleaching (e50 μW), and the light was
linearly polarized in all experiments(Figure 3).

Point-Spread Function. The point-spread function of setup 1
was determined at 532 nm using the method described by
Novotny and Hecht.38 A solution of fluoro-spheres of 60 nm
diameter (excitation 530 nm; emission 560 nm) at low concen-
tration was spin-coated onto a glass surface in order to obtain
well separated nanospheres. When a single object was loca-
lized, the focus (z) was adjusted by maximizing the detected
intensity. Then, multiple lateral cross section scans were ac-
quired with x step of 15 nm and acquisition time of 5 ms per
point. We thus obtained the intensity profile as a function of x,
which can be fitted by a Gaussian intensity profile:

I(x, z ¼ 0) ¼ I0 exp -
2x2

ω(z ¼ 0)2

 !
(2)

where ω(z = 0) = ω0 is the waist of the Gaussian beam. In our
experiment at 532 nm ω0 = 175 ( 5 nm. This value was
compared to the diameter of the Airy disk which can be
approximated by the Rayleigh criterion as follows:

Dairy � 1:22λexc
2� NA

(3)

In our experiment at λexc = 532 nm with NA = 1.49, Dairy ≈ 218
nm. The experimental value is lower than the estimated
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theoretical value; however, the Rayleigh criterion gives a good
approximation. We have thus calculated this value at 633 nm
(NA = 1.49) and 785 nm (NA = 0.95): Dairy

633 ≈ 260 nm and Dairy
785 ≈

504 nm.
The effective surface area of the Gaussian excitation,21

Aeff = (πω0
2)/2 was determined at each wavelength. Aeff

532 ≈
0.050 μm2, Aeff

633 ≈ 0.105 μm2, and Aeff
785 ≈ 0.400 μm2.
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