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We present an in-depth analysis of the experimental estimation of cross-sections in surface enhanced raman
scattering (SERS) by vibrational pumping. The paper highlights the advantages and disadvantages of the
technique, pinpoints the main aspects and limitations, and provides the underlying physical concepts to interpret
the experimental results. Examples for several commonly used SERS probes are given, and a discussion on
future possible developments is also presented. Obtaining good estimates of SERS cross-sections is, in general,
an extremely hard problem and has been a longstanding ambition of the SERS community for reasons that
go from the purely applied (quantification of signals) to the more fundamental (comparisons of theoretical
electromagnetic enhancement factors with experiment). Any method that can produce a standard protocol for
the estimation of cross-sections is, accordingly, of great interest and an effort to understand its principles and
limitations is required.

Introduction as an alternative method for the observation of pumptng.
] In a recent paper, we provided definitive evidence for the

In the past decade, surface enhanced raman scattering (SERSkyistence of vibrational pumping under SERS conditions thereby
has made rapid progress toward applications. With a sensitivity pringing to conclusion one aspect of this complex probtém.
rivaling fluorescence in some cases, and a much higher StrUCtUI’aHere’ we address another aspect, namely the problems associated
specificity, SERS is a highly attractive technique, being with estimating the SERS cross-section using this method, and
developed simultaneously within the field of plasmonics. we extend our analysis to include different analytes and laser
Progress toward different uses of SERS in practical applications excitations. We also highlight several outstanding issues which
has been steady. New substrates including arrays of invertedwere not considered previousiy.
pyramids; silver pillar and toroid array3adaptive silver films, Before we go into the details, we briefly review the necessary
and metallic nano-shefiiave been demonstrated. In addition, concepts for understanding aS/S-ratios and vibrational pumping
many molecules relevant to a myriad of applications such asin SERS. The method we are going to present has not been
glucose® proteins! DNA,8 a wide range of medicinal drugsi! widely used, and therefore, we review the historical background
and substances for forensic scietfdeave been characterized. and also its peculiarities and limitations. The discussion has
On the other hand, the understanding of some fundamentalsome natural overlap with our previous pap&rg? but it is
aspects of the phenomenon is still incomplete and, in some casespresented here for the sake of completeness, the convenience
controversial. Although a full understanding is sometimes not of the reader, and future reference for forthcoming work in
essential for the development of applications, there can be noprogress. This will inevitably result in a somewhat lengthy
denying in the fact that a better comprehension is desirable. introductory section where the principles of the method are laid

Optical pumping of vibrational modes was first suggested in down. The next sections are fully devotedl to this qnd are
followed by a section at the end with a practical experimental

1996 based primarily on the observed dependence of the anti- . . e
Stokes/Stokes (aS/S) ratio with incident laser poWemnd it demonstration of SERS cross-section determination for several
' §tandard probes.

was suggested that this could be a possible tool to estimate SER
cross-sections. However, the interpretation of these experimental . - .
results has been the subject of considerable debate in the”' A Brief Description of SERS Pumping
literature, with many authors simply denying the existence of A, The Anti-Stokes/Stokes Ratio.Let us consider the
pumping and attributing the experimental observations to either different contributions to the population of a single vibrational
laser-heating, resonance effects, or combinations thételdf. level at temperaturd during a SERS measurement; we can
Over a series of previous papers we have suggested thedentify two main contributions:i)the laser itself which pumps
investigation of the aS/S-ratio as a function of temperatliye (  vibrations through Stokes Raman processes with a rate propor-
tional to its intensity i ) and to the RamanStokes cross-section

* Corresponding author phone: 44 (0)20 7594 7587; fax: 44 (0)20 7594 (0), and (i) thermal excitation populating the level. Vibrations
7580; E-mail: Robert.Maher@imperial.ac.uk. remain in the level with a finite lifetime, which encompasses
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all possible relaxation mechanisms, such as intramolecularthenl,svaries quadratically with power while the aS/S-ratio is
vibrational relaxation IVR (anharmonic processes) or external linearly dependent of .

relaxation mechanisms. There are other possible secondary The original work by Kneipp et df used rhodamine 6G
mechanisms, such as relaxation through anti-Stokes Raman(RH6G) and crystal violet (CV) (two commonly used SERS
processes, or excitation to higher vibrational levels. It is possible active dyes) under 830 nm excitation at room temperature (RT).
to write rate equations for the detailed dynamics of vibration The argument for pumping was primarily based on two
populations in such a systethln the regime of weak pumping  observations: (i) the aS/S-ratios were shown to be larger than
(which is the only case considered here), where the vibrational expected for a Boltzmann factor, and (ii) thewer dependence
population remains smalh < 1, it is sufficient to consider of the signal at RT (where the thermal contribution is likely to

only the two main mechanisms, and the rate equation fan dominate, or be important) was quadratic. This observation of
then be written as follows: a nonlinear dependence of the anti-Stokes intensities with power
(resulting in a linear dependence in the aS/S-ratio) was thought
dn oSILiexp(—th/kBT) n to provide strong evidence for vibrational pumping in SERS.
at ha, ' T T3 ) Further measurements on carbon nanottitzesl a DNA-basg

supported these initial results. The arguments against this
original interpretation are summarized in the following subsec-
tion.

B. Resonance and Heating Effectd-aslett et ak> were the
first to seriously question the existence of vibrational pumping
as revealed in the original studies. Extensive measurements were
made under similar conditions with a number of both resonant
and nonresonant molecules. They observed an anomalous ratio
for all the resonant molecules tested which was independent of
power until photobleaching occurred. No anomaly was observed
in the case of the nonresonant molecules. It was concluded that
the anomalous ratios observed in the original papers were the
result of “hidden” resonances rather than pumghBrolo et
all* also concluded that the observed anomalous ratio could
be explained by resonances. These resonances are accounted
for by the asymmetry factoA in the model of the previous
section. In the absence of pumping, the aS/S-ratio is predicted
+ e—h(uy/kBT (2) to be

whereos is the RamarStokes cross-sectiof, the intensity
(power per surface area) of the laskwy, the energy of an
exciting photon . = I /hw_ is the number of incident photon
per unit time and surface area), ahd, the energy of the
vibration. The first term on the right is the number of vibrations
per unit time being pumped into the level by the action of the
laser, while the second and third terms are the contributions of
thermal excitation and population relaxation, respectively. In
the steady statér/dt = 0. Generallygs is very small, so when

I_ is small, the pumping contribution is negligible, and the
vibrational population is dominated by thermal effects; ire.,

= exp(-hw\/ksT) is given by a Boltzmann factor. Whenp or
osis increased (so that there is a significant pumping contribu-
tion to the population of the level) becomes the following:

. o4l
hw,

hw,
where the pumping term is clearly distinguished from the PZAGXF{_ ﬁ) (6)
thermal contribution.
In addition, for an ensemble df molecules, the Stokes
Raman signal is given bis = Nogl., while the anti-Stokes
signal is given byl,s = nNoad, leading to the following:

It is clear that theA factor can indeed result in anomalous ratios
(different from the Boltzmann factor), even in the absence of

pumping.

o Furthermore, it was suggested that the observed power
o= |ty g hovkeT |y 3 dependence was not the effect of pumping but rather laser
asS € aaSIL ( ) . . . .

hao, heating. The effect of heating qnin the absence of pumping

can be simply understood by including it in eq 6. The real
Moreover, taking the ratio of the anti-Stokes to the Stokes temperature of the probed moleculs, may be different to
intensities p), we have the following: the nominal temperaturE because of heating effects, either in
the SERS substrate or in the molecule it$&Ry writing T =

_las_ Oas —A 4 T + AT and assuming thaAT < T we can obtain the
P _E - gsn —An (4) corresponding ratiopn, by expanding eq 6 as follows:
. . . . hw hw, AT
whereA is theasymmetry factofextensively discussed in refs = Aexg — — v
) . : Pn X eX (7)
18—20). A includes not only any possible difference between ks T keT T

anti-Stokes and Stokes cross sections arising from resonance

effects (due either to plasmon resonances or to resonant Ramaithis expression first shows that heating can also result in an

scattering for a resonant analyte), but also the standardanomalous aS/S ratio, even wher:1. Moreover, it can have

wavelength dependence of Raman procedses= (w. + w,)¥ an important impact on the power dependence,dbecause

(w. — w,).* p can be expressed as follows: AT should increase with,.. We can assume in a first ap-
proximation thatAT ~ al.. The above expression shows that

TOSlL o et laser heating should then result in an exponential increase of

Ao, + (5) pn With 1. However, in many cases of interest, the argument in

the second exponential is small compared to 1, and eq 7 can

then be further expanded to give the following:

p=A

This simple model shows that the Stokégaman signal always
remains linearly dependent dp. The anti-Stokes signal also Ho Ao
shows a linear dependence with power when pumping is o= Aexr{— _”)( —g I_)_
negligible. But when pumping dominates over thermal effects, keT kgT T

8
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thermal terms in eq 5 are comparable, which occurs for the

Thermally following:
| ho \]2 9
: 104l )

dominated

1310 cm”' -
/ f kBTcr’\’ hwv
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107} R e peaks (with a largehw,), for which thermal excitation is
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Figure 1. Schematic diagram showing the temperature dependence Teff ~ Ter @s far as the populatiomsof the levels is concerned,

of the anti-Stokes/Stokes ratip)(for several different Raman modes. ~ and this temperature is different for different modes accounting
We have assumed here = 1 for simplicity and have used three for a transition to gpumping-dominated reginia which there
characteristic Raman modes of rhodamine 6G for the example. Thejs no thermal equilibrium among the populations of different
solid lines represent the ratio when there is no pumping contribution |ayels but rather fixed populations maintained by the pumping

Boltzmann factor). The dashed lines show the result of includin . . .
E)umping as giver)1 by eq 5. There are two regimes, one at higgh process. This aspect has been emphasized already in ref 20. In

temperature where the thermal contributions dominate and the ratio is the Pumping-dominated regime, the aS/S-ratio is constant and
similar to what is expected if no pumping were present. The second €qual top = Arasli/(hwy). IL/(fw.) can be estimated to a high
occurs at lowT's where the contribution of pumping becomes significant degree of accuracy for a given experimental setug # 1
relative to the thermal contribution. We refer to the crossover point (no asymmetry betweens and o,g), we can therefore deduce
between these two regimes as the(indicated by the arrows in this g productos from the plateau in the aS/S-ratio beldw. In
figure). Te; generally occurs at highdrs for higher energy modes due general, and in particular under SERS conditiohsz 1, but
to the different influence of the exponential factor for different mode its valué can be determined from aS/S ratios at roon,1 te,mperature
energies in eq 5. See the text for further details.

g a (where the effect of pumping is negligible). In practice, a fit of

A linear dependence of with I, (or equivalently a quadratic the experimental data over the whole temperature range with

- i 20
dependence of,s with I.) can then equally be the result of two par:almetersh enablbels us ]EO dgtermlnell?étlané:i T0s. b
corventional heating effects or pumpinguch an observation ~ Nevertheless, the problem of estimatimgstill needs to be
is therefore insufficient to demonstrate the presence or not of Circumvented to determine the SERS cross-seatiitself.

vibrational pumping. We also note that heating effects can also BY reducinlg(].T, the contribution frohm p‘,Jmping becomlt_esl
explain the mode-dependent behavior observed in the original 40Minant, making measurements much easier and more reliable.

work,:3 as the argument of the second exponential in eq 7 It also simplifies greatly their interpretation. But the main
depe,nds on the mode enertyy,. advantage is that it enables one to unambiguously rule out
C. Temperature Dependen::e of the aS/S Ratiosviost heating effects as an alternative explanation. As discussed, the

studies have concentrated on finding evidence for SERS &Ppearance of plateaus fdr < Te in Figure 1 is a clear

pumping at room temperature (RT), in particular by studying _characterization of the pu_mp?ng-dominated _regime. N_ote that
the power dependence of the aS/S ratio. It is true that the huge't does not mean that heating is absent, but simply that its effect

enhancements in SERS conditions greatly increases the contri-®" @S/S-ratios is negligible (relative to the pumping contribu-

bution from pumping, but may also contribute to an increased t°n); for as long as a plateau is observed, vibrational pumping
heating (in particular directly in the probe molecules). At room Must occur. Moreover, the value pin the plateau region (from
temperature (RT) and above, the thermal contributiop te whlc_h we will infer SERS cross-sections) is independent of
relatively large ,and in many cases dominates, suchpthaA heatmg. .
exp(ha,/keT). The study of vibrational pumping at RT Studies of the temperature d_ependencpkbl’erefo_re provide
therefore involves measuring small departures from an already@ MOre conclusive demonstration of SERS pumping. However,

existing (large) thermal population. Moreover, as the previous € technique ifs nort] Withoﬁt its .drawbackﬁ;. Tohextract SERS |
discussion has shown it is also extremely difficult to distinguish CrOSS-sections for the method discussed here there are several

the relative contributions of pumping and heating at RT. issues that need special attention as described below. These
A more practical approach is to study the temperature issues have been entirely overlooked in previous studies of

dependence of the aS/S ratios, and in particular the low- SERS pumping.
temperature regime where thermal effects are expected to be . S .
completely negligible compared to any other mechanisms, andl\l/librPrﬁlcgclalpEf:r?ft|on of Cross-Sections from

in particular pumping. The temperature dependence can be ational Fumping

directly studied using the model presented so far. Figure 1  Several issues need to be considered in the practical deter-
summarizes the different scenarios for aS/S-ratios as a functionmination of SERS cross-sections via vibrational pumping. Not
of temperature. The solid lines show the variation of the ratio all of them can be resolved satisfactorily and we have to include
with T when pumping is absent; i.e., an exponential decrease some ad-hoc approximations in order to obtain estimates of the
asT decreases, following the Boltzmann factor exgiw./ksT). cross sections. While there is nothing intrinsically wrong with
The dashed lines show the case when pumping is present. Atthis, it is necessary to be aware of the range of validity of the
high Ts the ratio is approximately the same as if pumping were estimates in order to be able to comprehend the current
absent. This is thehermally dominated regimeAs T is limitations of the method as proposed. Many of these limitations
decreased, there is a crossover fiuenping-dominated regime  concern the absolute values of the cross sections but are not
where the ratio reaches a plateau. We refer to the crossoverserious limitations for relative comparisons.

temperature between these two regimesTgsindicated by A. SERS Cross-SectionsThe pumping process under SERS
arrows in Figure 1. The crossover occurs when pumping and conditions has been the subject of considerable discussion in
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the literature. In particular with respect to the precise meaning from the SERS spectrum potentially leading to a serious
of the cross sectioos that is extracted from the measurements. limitation of this technique. In the first report of cross-section
It is worth mentioning here that, in many situations in Raman estimation via vibrational pumpifga lifetime of r ~ 10 ps
(and particularly in SERS), we talk plainly about the cross- was simply estimated without any reference to the experimental
section, while in reality there are several possible cross- data.
sections: i) The differential radiative cross-sectiaiy/dQ, is To improve upon this, we need to make a series of
the closest to what is measured in a typical experiment. It has assumptions. The validity of these assumptions needs to be
been showft that in SERS conditions, it is enhanced by a factor evaluated on a case-by-case basis and the results obtained for
of the order of the fourth power of the local field enhancement the cross-section have to be interpreted within these approxima-
factor: |ELod/Eol.* (ii) The total radiative cross-sectiarkadis tions/assumptions. Let us first review the problems associated
simply the sum over all directions of the differential cross- with trying to extract lifetimes from the SERS spectra.
section. In Raman scattering, neglecting depolarization effects, ,raman peaks in molecules have line shapes which are
it is simply obtained fromgaq ~ (87/3)do/d<2, which comes  ge1qom pure Lorentzians and have several contributions to their
from the co39 dependence of the radiation profile. In SERS, atyral widths: a subject of a longstanding history in spectros-
Orad May not show exactly the same enhancement as thecopy.23The observed line width has typically contributions from
d!fferentlal cross-section beca_u_se the radiation profile may_be (i) groups of Raman modes piled up together in narrow energy
different under SERS conditions. The enhancement will, yegions; (1) inhomogeneous broadeningjj X phase coherence
however, remain of the same order of magnitude, [Bed relaxation, andi) population relaxation. The last two are also
Eol.# (iii) In SERS conditions, some Raman photons may be nown as theff-diagonal(dephasing) andiagonal(population)
absorbed by the substrate and therefore not be detected in thgejaxation times in density matrix formalisthrespectively, and
far-field. One can, therefore, defingatal Raman cross-section,  gre part of thehomogeneous broadenirg the peak. These
OTot > Oras Which includes both radiated and nonradiated re|axation times are different from mode to mode and cannot
Raman photons. For positions of very high field enhancement g gasily separated from the observed line width in a plain SERS
(those of interest here)gro iS Close 10 0rag in @ first  gpectrum. The population relaxation is the one we neptbt
approximation (i.e., nonradiative effects are small). the estimation ofss.

The total cross-section characterizes the number of scattered ,The presence of multiple modes contributing to a peak is a

Raman photons. For each of these photons, exactly one quantunyrawhack that can be overcome in many situations. In the case
of vibration is created (Stokes) or destroyed (anti-Stokes). Itis, of gyes, it is not unusual for several Raman active modes, which
therefore, the total cross-section that governs vibrational pump- are closely spaced in energy and have different cross-sections,
ing effects under SERS conditions. This could potentially be {5 contribute to the observed peaks. This will naturally result
different to the differential radiative cross-section, which is what  distortions of the line shape and problems with any estimate
is measured in a standard SERS experiment. Two modes of theyf the lifetime based on the width of the peak. This can be
same molecule, but with different Raman tensor symmetries gyercome by the use of well characterized vibrations which are
could, for example, show a different ratio between total and re|atively isolated from the others and even (if possible)
differential cross-sections. Theses differences, however, arecomplementing the information by density functional theory
small compared to the magnitude of the SERS enhancementqDFT) calculations of the Raman speé## to support the

and are therefore ignored in our analysis. This could lead selection of those modes that are the best candidates for a
potentially to inconsistencies among cross-sections for different (gjiaple estimation of-.

modes if they have different symmetries, or if they happen at
frequgncies .Wh.ere the .non.raQIiat?ve gontributiong are different. contributions to the line width are the diagonal and off-diagonal
We .W'" not |nS|.st on this d'St'nCt'_On in the following. relaxation times. Molecular vibrations have typically very strong
Finally, as discussed above, it has been ar§futiwht the  anharmonic couplings with other vibrations in the molecule and
pumping effect, characterized it should only be propor-  contributions to inhomogeneous broadenings are mostly neg-
tional to|ELod/Eol? instead of a power of 4. However, a power |igible. Even in SERS experiments where the single molecule

oIf the broadening is homogeneoifsthe only remaining

of 4 in the differential cross-sectiord/d<2 is required to |imit is approache®f (which would be more sensitive to
explain the observation of SERS from single molectllesid  jnhomogeneous broadening) the full width at half-maximum
has also been justified by theoretical arguméhBinceoro is (fwhm), T, of the peaks does not change by more tharl.5

obtained by integration afo/d<2, it must be of the same order  ¢m-1in peaks with a typical” of ~15—-20 cntt. The validity

Of magnitude unIeSS the radiation prOfi|e iS eXtI’eme|y Unidi' Of th|S assumption (Whether inhomogeneous broadening iS
rectional. There are no experimental or theoretical argumentsjmportant or not) has to be assessed obviously in each specific
to support such an extreme unidirectionality. For example, a sjtyation.
model SERS hot-spot at a junction between two spheres behaves «The separation between diagonal and off-diagonal relaxation
esseqtially like adiPO% and a simple cosf is prgdlicted. The times cannot be achieved by a simple SERS spectrum. It is
pumping cross-sectiofry should, therefore, exhibit the power always possible to invoke a different type of spectroscopy (time
of 4 enhancement and be of the same order of magnitude asggojyed)? hut this may not be feasible in most situations. One
cross-sections inferred from direct SERS measurements. simple possibility (as done in ref 20) is to estimate the population
B. Vibrational Lifetimes. We summarize, in this subsection, relaxation by using the fwhnij of the peaks via~h/T’; i.e.,
the different aspects of the problem of lifetime estimation for essentially ignoring the contribution of the dephasing (off-
the purpose of obtaining SERS cross-sections. diagonal) relaxation to the width. This will produce an
Ultimately, the observation of a crossover from a thermally underestimation of and an overestimation afs. In addition,
dominated to a pumping-dominated aS/S-ratio leads to anthis typically produces cross-sections for different peaks which
estimation of both the asymmetry facthiand the productos. are not entirely consistent with the relative (integrated) intensities
An estimation ofss itself requires the knowledge of as pointed among peaks; thus showing an intrinsic inconsistency in the
out before. The latter cannot be directly obtained, in general, estimation of thers (which can be of the order of a factor of
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2—10 for the examples we examined). It is generally difficult in the other peaks. The reference mode is then specified in each
to make a simple estimation that will be valid for all modes. It case for each data analysis.
is quite clear that for the cross-sections to be meaningful (and If we are comparing different substrates with the same
if they are not affected by different amounts of nonradiative analyte, we could also directly compare the valuesrof
processes) the relative cross-sections among peaks must be iithout any further assumption. If there is no reason to believe
accordance with the relative integrated intensities observed inthat the relaxation lifetime is different between the two
a normal SERS spectrum. substrateshe ratio ofzos for two different substrates prides
ePopulation relaxation is caused mainly by the anharmonic g direct comparison of SERS cross sections
coupling to the “thermal bath”. This bath includes all other = The Asymmetry Factor. Problems with measuring the
modes in the molecule as well as those in the solvent Or asymmetry factor A” can be as important as those to obtain a
substrate. Generally speaking, higher energy modes have shortefgjiaple lifetime. Heating in the thermally dominated regime
lifetimes due to a greater number of possible decay pathways.can he amajor problem. As demonstrated in Section Il B,
Intramolecular anharmonic decays are energy conserving, MeaNheating can be in part a source for a larger than nodnélit
ing that high energy modes have more possibilities for a decay js not properly identified. As we shall show later, heating can
than low energy ones. L _ _ be identified in the pumping data by the inclusion of an
eItis important to realize that, in principlé,we find asingle  aqdjtional parameter in the fit. This compensates partially for
peak in the spectrum where the population relaxation can be the problem and makes the estimatiorAahore reliable, even
gained directly from the fwhmia 7 ~ A/, then all of the cross- i the presence of a moderate amount of laser heating.
sections of the other modes follow immediately through the Ideally, the best estimation @fcan come from measurements
relative integrated intensities of the peakghen lacking a time- at RT wi,th long integration times and very low powers. For
resolved experiment to isolgte.the contriputions propefg, the same laser excitation, the obtaingsl should be morel or
problem comes down to a judicious choice of a mode where oo 1o same for a given analyte in the presence of the same

the width is dominated by population relaxatighcompromise . . :

then is to extract the va?/ugspof the cross-sectionsg means Ofmetal (they are mainly related to the local interaction of the
) . . Y dye with the metat?).

the width of one of the highest frequency (isolated) Raman Th dUCtATO= i d with hiah in th

active modes. A rule of thumb is that the lower the temperature € productizos ‘!S meas”ure Wi Igh accuracy In the

and the higher the energy of the mode the more the line width pumping dominated plateau at low temperatures. Accordmg_ly,

will be dominated by population relaxation. We can then use the best use of the technlquel IS to use one well-characterized

one mode to estimate itss, and all the others follow analyte (without .photobleachlng if p.035|ble) as a means to

automatically from this assumption. The cross sections are nowcompare the relative SERS cross-sections of the dye on different

consistent by construction and the method provides, in fact, theSlljt?[StratesTﬁf the Zag;e m(_atal, bﬁ/ S'mg:e (t:)orr:p‘?ré)sfont_of”the

means to estimate the relative lifetimes of the modes. We call P'2!€aus. the produtiros Is perhaps ihe best “objective

this procedure (i.e., estimating th@f one Raman active mode ~ OMParnson petvveen the cross-sections of two substrates without

and making the other cross-sections consistent with this value ™Y assurtr_lptlon. However, it is _also |mpor';atnht o note that the

through the relative integrated intensities), tioerected lifetime cross-sections we are comparing are not thé average cross-

method(CLM). sect!ons,.but rather a biased ave.rage.toward the hlghest.cross-
«The selection of a suitable reference peak dominated by sections in the sample, as explained in the next subsection.

population relaxation is the key step. Once this peak is chosen D- Which Cross-Section do we Really Measure?There

(and its lifetime calculated via~ A/T), we use it to determine ~ are additional complications with the estimation of the cross-

the cross-sections of other peaks through their relative StokesSection. Itis generally accepted that SERS signals are dominated

intensities. Let us call the cross-section and lifetime of the Py the presence of “hot-spots” or places with high local
reference peakssRe’, and Ref, respectively. The integrated ~€nhancements. The formulas presented above made implicitly

Stokes intensity of this peak will be calldgRe. The cross- the assumption that the cross-section is the same foNall
sections for theith peak can be readily obtained from the Molecules in the sample. The question we want to address now
following: is, do we obtain an estimate of the average cross-section with

this method? We shall show in what follows that what we
i actually obtain from the experiment is an estimate which is
os= RsefGSRef- (10) _heavily biased towarq the sites w_ith the highest enhancement_s;
g™ i.e., the method provides an estimate of the enhancements in
hot-spots. This is, of course, an advantage and a disadvantage
Once theo's have been determined, we can calculate the at the same time. We show this explicitly in this section.
corresponding population relaxations for title mode ¢') by We consider a number of moleculdsfiom 1 to N) in the
using the experimental value pfin the plateau region below  sample. Each molecule can have a different anti-Stokas) (
Ter (given by eq 9) which ifriod| /hw, . For self-consistency,  and Stokesds) SERS cross-sections (according to the asym-
we need to check that none of the so-obtainélare smaller metry factorA' = o,d/os for that molecule). We assume for
than the value oft/I" obtained from their widthd. The simplicity that the incident powel; is the same for all. The
lifetimes, 7', can only bdarger than (or equal tol/I" to account rate equation for the average phonon populativnof a
for the existence of the dephasing relaxation time. If this is not vibrational mode ofone moleculgi, and its stationary state
the case, the choice of the reference peak was not the mossolution are given by expressions similar to eqs 1 and 2:
appropriate. The strategy is then to go in decreasing order of Following the other formulas in the previous sections, the Stokes
energy among the Raman active modes in the spectrum untilsignal for this molecule is simplys = o4, while the anti-
this condition is fulfilled for one of them. This is the best guess Stokes signal is given bigd = nio,dl; . The anti-Stokes/Stokes
for a consistent determination of cross-sections based on a modeatio for this molecule ', is given by an expression similar to
with a likely large contribution from population relaxation and eq 5. If all the molecules experienced the same enhancements,
that respects the minimum broadening observed experimentallythen the total Stokes and anti-Stokes intensities woults be
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NIs andlas = Nlad, and the ratio would be = p;. However, considering 1®molecules with one molecule at a HS and 999
if the molecules have different cross-sections (SERS enhance-molecules at places with much lower enhancements. The
ments), which is a much more realistic assumption, we then expression given above would give the following:

have

_ 1/1000(16¢™%)*+99905"*)?)

- i OSE - H NH (18)
lg= Zale (11) 1/1000(1649)+999w "))
=
= NI, (12) If there is a difference of a few orders of magnitude between

the cross-sectionss™ andog\MS, the numerator is then easily
dominated by the one molecule at the HS (due to the square).
For the denominator, it is not as clear-cut, it all depends on
how much stronger the HS is and how many molecules are at
i o JkaT non-HS positions. But overall, the denominator is likely to be
las= ) O +e = i HS i i i
as™ g VeS| dominated byos™S, possibly slightly larger if the second
= L contribution is not negligible. This shows tha¢® ~ ¢<"S, or
Tl b kT perhaps slightly smaller. A more quantitative argument is only
Nm’aSUSD]Lh + Niodl e (13) possible if we had a more realistic distribution of SERS
W . o
enhancements for a given substrate, but the qualitative conclu-
sion is thatpumping experiments priwle a good lower estimate
(because of the influence of the rest of the distribution) of the
cross-section of the few molecules experiencing the highest

and

N e
) slL

All the averages herél.Oare the usual statistical ensemble
averages. The aS/S-ratio is then

o A% o0 | enhancements
p=1dls= a a’s —C 4 g hovkeT (14) E. Photobleaching.The last aspect we want to briefly touch
@ o W, hog upon in this analysis of cross-section estimations via vibrational

pumping is photobleaching. The exact mechanisms of photo-
Comparing this expression with that obtained previously in eq bleaching under SERS conditions are still poorly understood

5, what we calledA is now replaced by and would deserve a full study in itself. Photobleaching is
particularly important in the method we are describing here
g 0d] because molecules sited at HS's (i.e., those exposed to the largest
—ED- (15) enhancements) are likely to be affected to a greater degree. At

high power densities, for example, the population of molecules
at HS's may be bleached at a faster rate than the average and
this will change the measured cross-section. Studyingder
photobleaching conditions could, in fact, tell us something about
& this distribution. There is robust experimental evidence that
e_ JassH hotobleachi licate the analysis, prod -
108 = 1— > (16) photobleaching can complicate the analysis, produce experi
b, mental artifacts, and to a large extent, even decide the answer
we obtain from a specific experiment. This is added to several
To understand the meaning ofF (E for ensemble), we need  experimental complications in aS/S, ratios which include the
to understand the sources of nonuniformity. The main variation fact that sometimes (depending on the dispersion of the
is in the cross-sections, because of the large differences in SERSpectrometer) the anti-Stokes and Stokes sides cannot be
enhancements at different locations on the SERS substrate. Weneasured simultaneously. This implies a delay between the two
typically have values which are, for example 33Q.0° larger measurements, and therefore, a difference in exposure times to
at hot-spots than in other places. However, for a given molecule, the laser. By choosing a certain power level we are, in a way,
the ratioA' = og,d/od should not vary as much (at least not by selecting the population of HS's that we are going to measure.
more than 1 order of magnitude). In fact, this ratio can, in a We shall come back to this problem in the discussion of the
first approximation, be taken as a constant, which is an intrinsic results. A rule of thumb is that larger laser spots with low power
property of the adsorbed molecule/metal compfeAssuming densities (but sufficient to produce detectable pumping), short

Note that this is not exactly the average of W&, i.e.,[Al
Moreover, what we measure (insteadrof) is now

thatAl = A is the same for all molecules, we simply get tA&t integration times, and nonresonant (with the dye) laser excita-
= A i.e., theAwe measure is the correct one. Moreover, using tion, are in general preferable for a more reliable estimate of
0ad = Aod, we can expressst as a function obd only as SERS cross sections. All possible measures should be taken
(including the type of scanning used) to address and minimize
@20 the undesirable effects of photobleaching.
S b0

IV. Experimental Section

If the distribution ofos's were fairly uniform (for example a We turn now to an experimental demonstration of the
Gaussian around an average value with a small standardprinciples underlined above. SERS measurements have been
deviation), therosF would be a good estimate of the average performed on substrates formed by dried Ag colloids on silicon.
of the distribution (slightly overestimated). But this is far from The colloids were prepared using the standard Lee and Meisel
reality in SERS conditions. A more realistic situation is to have technique?® SERS active samples were prepared by mixing the
a small number of molecules at a hot-spot (HS), and a large colloids with a 20 mM KCI solution in equal amounts. The
number of molecules at non-HS positions. For the sake of analytes were then added to give a concentration of Min
argument, let us demonstrate the effect on this average byeach case. A small amount of this solution was then dried on
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Figure 3. Effect of photobleaching on the temperature dependence of

- - A the aS/S-ratio for the 610 cthmode of RH6G at 514 nm excitation.
500 1000 1500 The measurement in (a) is performed at low power density (25 mW
Raman shift [cm™] on a 20um spot in diameter). The sample is then exposed to 400 mW
for 3 min on the same spot and the measurement is repeated afterward
with the same original low power density. The decrease in the plateau

Figure 2. SERS spectra of the three analytes used in this paper taken
with a 633 nm laser: crystal violet (CV, top), 3.@iethyloxadicar- : ;

) ; of In(p) to smaller values (and the associated shiftTgfto lower
bocyanine (DODC, center), and rhodamine 6G (RHEG, bottom). The temperatures) in (b) is consistent with a bleaching of the molecules on

temperatur_e_dependence .Of the aS/S-ratios of th_e peaks '?be'e.d Wm}he HS's with the highest enhancement in the first measurement. The
“*" are explicitly shown in Figure 4. Tables 1 and 2 include estimations dashed line in (b) is the value at which sails in (a). By choosing

of cross-sections for additional peaks not labeled here. a certain power level, we are selecting the population of HS's that will
. . . . survive through the experiment. We are therefore measuring a
to a silicon substrate. The investigated analytes are rhodamineconvoluted property of the substrate and the photostability of the probe.
6G (RH6G), crystal violet (CV), and 3;8liethyloxadicarbocya-
nine (DODC). Figure 2 shows the basic SERS spectra of the hower density excitation, the choice of laser line can have an
analytes at the same excitation wavelength (633 nm). We shallimportant effect on the measurement. An explicit example is
show the explicit temperature dependencies of the aS/S-ratiosshown in Figure 3 for the 610 crh mode of RH6G under 514
for only a few modes (labeled in Figure 2) while the tables nm excitation. As explained in the caption, this observation is
_show additional data for other modes. Sample; were mountedcompatib|e with a bleaching of the HS's with largest cross-
in a closed-cycle He-cryostat (CTI-Cryogenics) with temperature sections. Laser lines that are strongly resonant with the probe
control in the range 16300 K. Raman measurements were molecul@? should be avoided when possible so that the
performed using several laser lines of a'kand Ar*-ion lasers  photostability of the analyte and the accumulated exposure to
which were focused to a 20m diameter spot. The signal was  the laser do not become an issue in the interpretation and
collected using a high-numerical aperture photographic zoom analysis of the data. If this situation is not achievable the effect
lens (Canonx 10 magnification) onto the entrance slit of a high-  of heating coexisting with pumping might have to be taken into
dispersion double-additive U1000 Jobin-Yvon spectrometer gccount (as we shall show in the next section). We only
coupled to a liquid h-cooled CCD detector. Peaks were concentrate hereafter on results obtained with the 647 and 676
analyzed using standard Voigt functions with subtracted back- nm lines of a Kr-laser. These two lines are close enough to
grounds. The variation in the aS/S-ratio wikffor each mode  the visible (to profit fully from SERS enhancements) but, by
was then fitted to eq 5. For this purpose, it is convenient to the same token, they do not produce excessive photobleaching

modify the expression to the following: for the dyes under consideration here.
In(o) = a+ In[b + e "] (19) V. Results and Discussion
wherea = In(A), andb = zosl /hw, which are the (dimension- Having all the theoretical tools from the previous sections,

less) fitted parameters. The of the peaks (necessary to obtain We can now easily scan through several experimental results
the cross-sections) are estimated in two different ways following that demonstrate the method in practice. Figure 4 shows the
the prescriptions in Section Il B. aS/S-ratios (Ing)) vs T, as measured using the 676 nm line, for
As discussed earlier, it is of critical importance that the sample four modes of each of the investigated analytes. The solid lines
remains stable over the entire length of the experiment. Powerrepresent the best fit to the experimental values using eq 19. A
densities were kept to a minimum compatible with the observa- series of small imperfections can be seen in the data for some
tion of pumping and exposure to the beam was minimized as modes, but overall the behavior is very well represented by eq
much as possible between change$.oiVe used 50 mW spread 19, with RH6G being the best example. The arrows indicate
over the 2Qum diameter spot. This implies a power density for the crossover points{,) between the thermally dominated and
all measurements of the order of 1x3108 W/m2, which is an pumping-dominated regimes for all the investigated motgs.
order of magnitude smaller than the typical power densities usedoccurs at highet's for higher energy modes, as expected. The
in Raman microscopes. As the rate of photobleaching may fact that pumping is observed for each of the modes indicates
change withT?° a suitable power density to ensure reasonable that the effect is fairly general and should be observable for a
stability must be decided at RT, where the effect is greatest. large number of analytes for as long @sis high enough to
The relatively large spot and low power densities have the triple make pumping observable at moderate power densfies.
advantage of (i) reducing photobleaching to a negligible level, Itis interesting to note that of the three dyes shown in Figure
(i) reducing any indirect laser heating effects, and (iii) improv- 4 at 676 nm laser excitation, DODC is the one that does not
ing the averaging over cluster geometries. Still, even under low quite follow eq 19 as well as the other dyes, unless an additional
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Figure 4. Anti-Stokes/Stokes ratios (Ip)) as a function of temperature for four modes of each of the analytes investigated here (all taken using
676 nm excitation). The arrows indicate the crossover points between the thermally dominated and pumping-dominated regimes. Note that the cross
over occurs at different temperatures for different modes, being at highéor larger vibrational energies. The solid lines represent the best fit

to the experimental data using eq 19. DODC needs the inclusion of a heating parakieter50 K) to achieve a satisfactory fit (unlike RH6G

and CV). The figures for DODC show fits with both eq 19 (no heating: dashed line) and eq 20 (heating: solid line). Table 2 presents an analysis
of these data using different assumptions for the lifetimes.

TABLE 1: Values of b = rodl /ho, 7, Relative Integrated Intensities, and Cross-sections of the Stokes Modes

widths corrected

Oas (sz) Os (sz) Oas (sz)

mode (cn?) b (x10%) t(ps) rellsrel.os os(cm)( x10% (x10) 7(ps) rells rel.os (x1071) (x107H
610 25.6 0.8 0.9 115 6.0 22.0 104 0.9 0.9 0.5 1.7
780 6.9 0.2 11 11.2 5.9 28.2 2.3 11 1.1 0.6 2.7
1360 1.3 0.5 1.0 1.0 0.5 14.3 0.5 1.0 1.0 0.5 143
1510 21 0.3 1.7 2.6 1.4 42.1 0.4 1.7 1.7 0.9 28.3
1650 21 0.3 0.6 24 1.2 94.8 1.3 0.6 0.6 0.3 235

@ The values obs andoas are shown for two analysis schemes: #8)obtained from the fwhm of the peaks (ignoring dephasing contributions)
and (i) correctedss to account for the relative integrated intensities (CLM method with reference mode 1360 Niote that thers from CLM
with this reference peak atarger than the broadening limitegs, as required. All data are for RH6G using the 676 nm laser line as excitation. The
“rel. s’ column is obtained directly from the relative integrated intensities of the peaks in the SERS spectrum. We do not quote error bars because
the overriding cause of error in these numbersyistematiqrather than statistical) and comes from the estimation itself.

degree of freedom is allowed for in the form of laser heating the cross section through the plateawiat low temperatures

(AT). This implies using (which is proportional tod).
oo lka(T + AT) To transform these data into estimates of the cross sections
In(o) =a+In[b+e ™ ] (20) we need to address the different methods of estimatifigble

1 shows the experimental results for RH6G taken with the 676
nm line. For the sake of comparison, we display the cross-section
by using two different estimations of ths. This gives a better

Instead of eq 19. Figure 4 shows fits with and without the extra
parameteAT for the case of DODC for the 676 nm laser. The
existence of direct laser heating (coexisting with pumping) in

DODC is consistent with direct photon absorption for this dye idea of how reliable thgse numbers are and how differepces
implying it is closer to the direct resonance condition with the 2Mongd them should be interpreted. Table 1 shows both (i) the

laser at 676 nm. The other two dyes achieve a high quality fit €xtraction oft directly from the widths via~A/I" (this normally

to eq 19 without evidence of heating. The pragmatic approach "énders cross-sections which are not fully consistent with the
we have used here is to start with eq 19 and introduce an relative integrated intensities of the peaks) and (i) the extraction
additional heating parameter in the fit as in eq 20 only if the ©of = from the CLM method described in Section Ill B using a
curvature of the S-shaped experimental pumping data pf In(  reference mode (1360 crhin this case). A column with relative

vs T require it. This is an important judgment to be made, for intensities and cross-sections among modes is also provided for
a fit with or without AT will achieve different values for the  completeness. The anti-Stokes cross-sections are obtained
asymmetry parameték and, therefore, affect the estimation of through the Stokes ones via the fitted value of the asymmetry
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TABLE 2: Cross-Section for the Stokes and Anti-Stokes (depending on the choice of reference mode). The main
Ramﬁn/%()d%sb?;ir?%i Eznt'o%ghag(ijtti?\go?hce E’gg%ﬁg rf[g{“b conclusions of these experiments can be summarized as fol-
= T0sl ./hm. . (i _ :

Data to Eq 19 (or Eq 20 for DODC) for Both the 647 and lows: (i) RH6G shows larger cross sections at 547 than at 676
676 nm Laserg nm (by on average a factor of3). This is consistent with a

resonant increase known to exist in RH6G toward the yellow

647 nm 676 nm part of the spectrurf? (i) CV also shows larger cross-sections
mode o5 (Cﬂf) Oas(CTZ) b S (Cﬂf) Oas b . at 647 than at 676 nm (by on average a factor of 6) but overall
(cm™) (x1019) (x10719 (x107% (x10°%) (cnm?) (x1079) similar enhancements to RH6G. (iii) The cross-sections calcu-
RH6G lated for DODC is similar at both excitation frequencies

%8 g-g 12'(7) gg-g 8-2 %; 22-8 suggesting a very broad resonance profile in this range. (iv)
1360 17 143 40 05 143 13 Broadly speaking, the CLM method predicts vibrational lifetimes
1510 26 36.8 5.7 09 283 21 that lie within the range-0.1—-10 ps, which compare reasonably
1650 3.1 57.8 21.4 0.3 23.5 2.1 well with typical vibrational lifetimes obtained from time-

DODC resolved spectroscopy.

875 2.1 15.3 20.4 1.8 18.8 36.0 The values in Tables 1 and 2 deserve a special comment

925 2.0 195 16.3 1.9 19.4 42.7 regarding their interpretation. For a start, the main source of

965 2.0 18.9 13.9 22 298 229 potential error (as pointed out in the caption of Table 1) is
1128 2.9 27.2 9.8 3.4 67.6 11.1 : . :

systematic rather than statistical, and comes from the different
1375 0.5 11.7 2.8 2.0 53.7 3.8 . . .

ov methods used in the estimation of Error bars for these

760 1.0 13 93.5 o1 025 574 Zystenéatlc tet:rorslatr_e not e?_st))/ tt(_) ObttaIS]fr?\:\/nhthe ?ata, f(ljrt_they

805 8.0 10.6 74.7 17 39 317 epend on the relative contribution to the fwhm of population

910 2.8 4.8 124.1 0.5 1.9 71 relaxation and dephasing, which is unknown and changes from
1175  14.2 22.4 18.0 2.1 15.2 6.5 mode to mode. The number of significant figures has been
1292 2.7 4.5 8.4 0.8 2.3 4.1 decided by the range of values for a given group of modes and
1620 4.6 10.5 10.0 1.0 16.2 2.2

laser excitation. The order of magnitude of these values deserves
aThe reference mode for the CLM is always the peak with the a special comment too. The method provides a good estimate
highest Raman shift in the spectra, except for RH6G for which we use of the highest cross sections available in a specific substrate
the 1360 cm* mode (to make thes compatible with the broadening  (compatible with experimental parameters such as photobleach-
of the peaks). For RHEG at 647 nm we used the sasnebtained for ) ang accordingly, the estimations should be compared not
676 nm due to the much higher quality of the_dat_a in thl_s_ latter case. t fi found Vi licati
The ts of the modes are expected to be fairly insensitive to laser 0 averagecross sections found commonly in many applications
excitation; i.e., if the lifetimes for one laser are very reliable (due to PUt rather to cross sections compatible with single molecule
the quality of the data) they can be, in principle, transferred to the SERS. The most consistent set of values are obtained using the
analysis of other laser excitations. See the text for further details. ~ CLM method (which is the preferred option) and are all of the
order of~105cn®. In a few cases, cross-sections of the order
parametelA from eq 19. These results prove the point that the of ~10-14 — 1018 cn? are obtained (with the addition of
estimation of the lifetime is a crucial step in this method to resonance effects, as in the case of DODC). All these values
transform the experimental values into an estimation of the are within what is expected from estimations of cross sections
cross-sections themselves. The values should be interprete¢ompatible with single molecule observations in SERS and with
within this assumption, and their validity should be assessed enhancement factors of the order of46 102 In addition, if
on a case-by-case basis. The preferred (more consistent) methoghe absolute magnitude of the cross sections is not an issue, the
is of course the one that ensures the relative cross sections agregethod makes it possible to compate (or Atos) for the same

with the relative intensities of peaks (CLM in Section Il B). modes in different substrates providing an unbiased relative
Finally, we can discuss the effect of estimating the cross- comparison of performances.

sections for two different excitation wavelengths. The experi-

ment is.some\./vhat restricteq_in the chqice of gxcitation§ (to be /1 conclusions

compatible with photostability) but still provides a hint of

resonance contributions to the cross-sections with some limita- We have presented an in-depth discussion of the state-of-
tions. Table 2 shows the cross-sections obtained for RH6G, the-art of SERS cross-section estimation via vibrational pumping
DODC, and CV for 647 and 676 nm excitations for different and have given several experimental examples of it. Despite
modes. All the cross-sections were obtained by the CLM the approximations needed and the intrinsic problems of the
analysis. The highest energy mode was found to be the mosttechnique, itis still an excellent tool (and in many cases possibly
acceptable reference peak for CLM (as expected) for both the only tool) to extract an estimation of the SERS cross-sections
DODC and CV, but not for RHBG. In this case the 1360ém in situations where the number of molecules and hot-spots
mode was found to be the best choice. The RH6G data obtainedoresent in the sample are not known or are difficult to estimate.
with the 647 nm laser was of considerably lower quality than The self-normalizingnature of the method (with respect to the
that obtained using the 676 nm laser. This resulted in an number of molecules involved) is certainly a major advantage.
unphysical estimation afs. As a result, the lifetimes calculated  In addition, we feel that these latter experimental and theoretical
at 676 nm with the CLM method were used for the data at 647 developments have moved forward to establish vibrational
nm. It is worth noting that in this latter method we only need pumping as a real phenomenon in SERS after almost a decade
(in principle) one temperature dependent aS/S-ratio for the of controversy about its very existence.

reference mode (judged to be dominated by population relax-  Taking into account that this method gives a good estimate
ation). This together with the plain SERS spectrum of the dye of the highest cross-sections in these substrates, the experimental
is enough (in principle) to estimate all the cross-sections of the values for the cross-sections are in agreement with the expecta-
modes via the relative integrated intensities. The results will tions coming from single-molecule detection SERS and with
be consistent (by construction) but not necessarily accuratethe expected electromagnetic enhancements obtained in simula-
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tions (taking into account that the SERS enhancement is (11) Szeghalmi, A. V.; Leopold, L.; Pinzaru, S.; Chis, V.; Silaghi-

proportional to the fourth power of the electric il %’g“'”escu' I; Schmitt, M.; Popp, J.; Kiefer, Viéiopolymers2005 78,

. Orje outstanding issue that sgrely deserves further !nvestlga- (12) Sylvia, J. M.; Janni, J. A.; Klein, J. D.. Spencer, K. Ahal. Chem.

tion is the effect of photobleaching under SERS conditions (in 200q 72, 5834.

particular in HS). As we showed in Section Il D, the fact that (13) Kneipp, K.; Wang, Y.; Kneipp, H.; Itzkan, |.; Dasari, R. R.; Feld,

this technique produces an estimate of the cross-sections whictM- S. Phys. Re. Lett. 1996 76, 2444. _

is heavily biased toward HS's provides a unique opportunity to 69(}1‘;1130'0' A. G.; Sanderson, A. C.; Smith, A. Phys. Re. B 2004

explore_thelr charact_erlstlcs. This is pa_rtlculz_irly true in the ‘(15) Haslett, T. L.: Tay, L.: Moskovits, MJ. Chem. Phys200Q 113

comparison among different substrates (in which the photosta- 1641.

bility of the analyte plays a special role). A forthcoming study (16) Le Ru, E. C.; Etchegoin, P. Garaday Discuss2006 132, 63.

on the topic is in preparation. (17) Teredesai, P. V.; Sood, A. K.; Govindaraj, A.; Rao, C. NARpl.
Surf. Sci.2001, 182, 196.
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