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Abstract

Ultrafast charge transfer (CT) between gold and crystal violet (CV) molecules in relation with the surface enhanced Raman scattering
(SERS) activation was investigated using the transient reflecting grating (TRG) spectroscopic method. A charge transfer between gold and
crystal violet was observed only for the SERS-active substrate and it occurred within 200 fs. Since the adsorbed dyes had electronic overlap
with the metal substrate at the point of central carbon, considering the difference of the Raman spectra between adsorbed and free dyes
it was suggested that the charge transfer occurred through the central carbon of crystal violet. Furthermore, it was shown that the surface
morphology of the substrates is in close correlation with the charge transfer process from its dependence on the preparation method of

substrates.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction the ultrafast interaction between photo-excited carriers
and adsorbed speci¢$l]. Furthermore, the femtosecond
The dynamics of photo-excited electrons in the time time-resolved TRG method was improved to give spectro-
range from nanoseconds to femtoseconds has attractegcopic information by adopting a femtosecond white-light
much attention, because it is closely related to fundamentalcontinuum as a probe pulse (TRG spectroscgpg). This
processes of photochemical reactions, photoluminescenceimprovement has provided detailed information on the
and photo-induced effects. Solar cells, photocatalysts andexcited state of photo-excited carriers. When there are in-
photodevices which utilize these phenomena have beenterband transitions in the observed probe wavelength range,
developed for practical use, and surface enhanced infraredcarrier density change at an energy state optically coupled
absorption[1,2] and surface enhanced Raman scattering to the probe wavelength is selectively detected. Gold has
(SERS)[3] have often been used as spectroscopic meth-two optical transitions in the observed wavelength range,
ods for detecting and evaluating adsorbed species on solidand the excited carrier density at each state was detected.
surfaces. As a way to clarify fundamental processes of In a previous article[12], we studied electron—electron
these phenomena, consisting of ultrafast carrier dynamics,and electron—phonon scattering processes at a gold surface.
researchers have applied time-resolved measurements using/hen there are no interband transitions in the observed
an ultrashort pulsed laser for various cases. So far ultrafastwavelength range, Drude carrier dynamics is observed for
processes have been investigated, for example, with regardhe longer wavelength, while heat dynamics is detected for

to titanium oxide[4] and amorphous silicoff], gallium the shorter wavelengtfi3].
nitride [6], and gallium arsenidg7] as typical materials of In this study, we focus on the correlation between
photocatalysts, solar cells and photodevices. photo-excited electron dynamics and the SERS effect. In

We have developed one of the ultrafast measurementthe SERS effect, Raman intensities of molecules adsorbed
method, the transient reflecting grating (TRG) method on some metals are enhanced to values dt10° [14],
with a 200fs time resolutiof8—10], and have investigated which have allowed applications to detection of a single
molecule[15], new surface scanning method with a spatial
* Corresponding author. Fax:81-3-5841-6037. resolution of about 100 nm when combined with near-field
E-mail address: katayama@laser.t.u-tokyo.ac.jp (K. Katayama). optical microscopy[16] or atomic force microscopyl7].
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Several reviews on SERS have been publigigdl9] but and then further divided into two pulses by a half mirror.
SERS cannot yet be described as a versatile spectroscopidhe two pump pulses were crossed and irradiated onto the
method, mainly because of its low reproducibility. It is well same spot of the sample surface, to coincide in time to form
known this is because there are no standardized methodsan interference pattern. The probe pulse was focused into
for preparing the metal substrates necessary for the SERSheavy water to generate a femtosecond white-light contin-
measurement and that their surface structure greatly affectsuum after passing through a computer-controlled optical
the SERS enhancement. Due to some experimental and thedelay line. Wavelengths used ranged from 450 nm (2.75eV)
oretical problems including the above-mentioned one, the to 800 nm (1.58 eV). The white pulse was irradiated at the
mechanism is not fully understood, and the enhancement,center of the pump-irradiated spot on the sample surface.
peak shift, and selectivity of enhanced barf@8] cannot The reflected diffracted light was spread like a fan due to
be explained well. Generally, qualitative two mechanisms the diffraction conditions. It was collected and focused to
are proposed as followfd8]. One proposed mechanism is the entrance of the optical fiber end. The diffraction spec-
called the electromagnetic (EM) effect, which is caused by trum was detected using the PMA-11 (Hamamatsu) with
conditions of substratg®1]. The nano-scale roughness of the wavelength resolution of 2nm. As a matter of fact, the
a metal surface is coupled with the incident light to excite probe pulses arrive at the sample at different timing accord-
surface plasmon, resulting in a local enhancement of theing to the wavelength due to dispersion of the used optical
electromagnetic field. The other proposed mechanism iselements. Before the TRG experiments, the difference of
called the charge transfer (CT) effd2®,23], which has an the arrival time at the sample for each wavelength was
explanation analogous to that for the resonant Raman (RR)measured using the Kerr effect of a glass. Then, the time
mechanisni24]. The CT effect is induced by the resonant 0 of the detected TRG responses for each wavelength were
charge transfer between chemically adsorbed moleculesadjusted after data acquisition. From the Kerr measurement,
and photo-excited electrons at metal surfaces. Presentlythe width of the cross-correlation between the pump and
both of the above-mentioned mechanisms are consideredprobe pulses was obtained and it was approximately 200 fs
to work mutually for the SERS effect. The dynamics of at every probe wavelength. A part of the white-light contin-
photo-excited electrons is closely related to the SERS effectuum was detected as a reference of the spectral profile, and
in both mechanisms, but direct observation of the dynamics the TRG spectra were obtained by dividing the diffraction
is lacking. To deduce the carrier dynamics directly related intensity by the reference intensity at each wavelength.
to the SERS effect, we measured the photo-excited carrier Gold substrates (30 mmx 20 mm, 40nm thick) were
dynamics directly at each energy state for SERS-active prepared by vapor-deposition on a glass. Generally, a
and -inactive substrates. We found that ultrafast charge vapor-deposited gold film has a structure with a lot of is-
transfer occurred only for SERS-active substrate using alands with an average diameter of several tens of nanometers
pyridine/gold sampld25]. In this study, we investigated a laid on the surface. Two kinds of substrates were prepared
crystal violet (CV)/gold sample to elucidate more general by changing the vacuum pressure in the vacuum chamber
description in the fundamental processes of the SERS effectduring deposition at a deposition speed of 0.3 nm/s. Higher
by applying a typical dye as adsorbed species, including pressure deposition makes the island-like structure rougher
the consideration of the structure of the adsorbed speciesand such nano-sized roughness induces the SERS effect.
Furthermore, the contribution of the charge transfer in the In this experiment, one of the substrates was deposited at
SERS effect was investigated from the dependence on the2 Pa as a typical SERS-active substrate, while the other
substrate preparation method. was deposited at.7 x 103 Pa as a typical SERS-inactive
substrate. The AFM image of each substrate is shown in
Fig. L The SERS-active gold film had more islands with
2. Experimental an average height of 10nm in the AFM images than the
SERS-inactive one had. CV molecules were adsorbed on the
The principle of the TRG spectroscopic method was de- surface by dipping each of the substrates into CV solution
scribed previously12]. The main feature of this method is for 15min, and the substrate was washed with pure wa-
that the number density of excited electrons in the surface ter to remove impurities and non-adsorbed CV. The SERS
region of solids can be measured selectively at each excitedeffect was confirmed using a Raman spectrometer with ar-
state because the each excited state is resonant with thgon laser excitation (488 nm). To prepare several different
each probe wavelength. Regarding equipment, we used aSERS-active substrates with different morphology, we pre-
regeneratively amplified titanium sapphire laser (CPA-1000: pared the substrates at different deposition speed (0.1, 0.3,
Clark-MXR Inc.) as a light source. The pulse train wave- 0.5, 1, 2nm/s), fixing the vacuum pressure in the chamber
length was 800 nm, with a repetition rate of 1kHz and an to 2Pa. It is supported that electron dynamics related to
autocorrelation pulse width of 200fs in full width at half both chemical (charge transfer) and electromagnetic effects
maximum. The pulse was separated into pump and probe(localized plasmon) are included in the TRG spectra. But in
pulses using a partial reflective mirror. The pump pulses this experiment, we used the pump wavelength of 400 nm,
were frequently doubled to a wavelength of 400 nm (3.1 eV), which is quite away from the excitation wavelength of
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Fig. 2. A transient reflecting grating (TRG) spectrum only for the gold
film which was used as a substrate. The gold film was prepared by
vapor-deposition and had a thickness of 40nm. The decay of the TRG
spectrum intensity is shown in (a), and the normalized TRG responses at
various probe wavelengths are shown in (b).
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the normalized temporal responses at various probe wave-
Fig. 1. AFM images of vapor-deposited gold films (40 nm thick) used lengths are shown ifig. 2 The TRG spectrum had a r_naln
as substrates for inducing and not inducing the SERS effect. Two kinds peak around 520 nm and a Sh_OU|de_r arou_nd 600 nm just af-
of gold films were prepared by changing the vacuum pressure during €I photo-excitation, and the signal intensity decayed about
deposition. One of them was deposited at 2 Pa, and was SERS-active, (a)3—5 ps according to the probe wavelength, defining the de-
while the other was deposited af7ix 1073 Pa, and was SERS-inactive, cay time as the time when the Signa] intensity is reduced
®). to the half of the maximum. We previously found that the
peak and shoulder corresponded to the number of hotoex-
localized plasmon, and so only the chemical effect can be cited electrons at L and X in the band structure of gold, re-
measured. spectively[12], because the main interband transition from
the d-band to Eat 520 nm (2.5 eV) and the minor interband
transition at 600 nm (1.9 eV]25-27] are in good agree-
3. Results and discussion ment with the position of the peak and shoulder in the TRG
spectrum. The temporal response showed a linear decay
Following the same procedure of the previous study on [28—-30] The dependence of the decay time on the probe
the gold/pyridine, four kinds of samples, SERS-active gold wavelength shows that excited electrons decayed for differ-
substrates with adsorbed CV, without it, and SERS-inactive ent decay times according to the excited energy states. The
gold substrates with it, and without it were prepared. As decay curve corresponded to the decrease of photo-excited
expected, no enhancement of the CV spectrum was observeelectron density due to the electron temperature decrease
for only the substrates, and the CV-adsorbed SERS-inactiveprocess caused by electron—phonon scattering. It has been
substrate. Only the SERS-active substrate with CV clearly proved using the two-temperature model that this compo-
showed an enhancement of the Raman intensity of CV. nent decays linearly, when the gold film is thinner than
Before comparison of the TRG spectra among the sam-100nm and the temperature of photo-excited electrons is
ples, a TRG spectrum for only a substrate, that is, a gold much higher than that of phonoffi81]. The SERS-active
film, was observed. The decay profile of the spectrum and and SERS-inactive gold substrates showed no differences
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Fig. 3. The normalized TRG responses at various probe wavelengths for g I
the four samples; SERS-inactive substrates with CV (a) and without it (b), R with CV
shown inFig. 3A; and SERS-active substrates with CV (c) and without f_;"
it (d) shown inFig. 3B. s I
£ |
in the intensity profiles and decay times of the TRG spec- g, -
tra. The result indicates that both substrates have the same @0 . AV
electronic property, though each of them showed differ- 400 600 800
ent surface structure for roughness, as seen from the AFM () WavslEngtivinty
Images. Fig. 4. TRG spectra just after photo-excitation by pump pulses for (b)

For each of the substrates, we compared normalized TRGSERS-active substrates with and without CV and for (a) SERS-inactive
responses between the presence and absence of adsorbedbstrates with and without CV.
CV. The sets of transient responses for the SERS-inactive

substrates with the presence (a) and absence (b) of CV _ o
are shown irFig. 3A, and those for the SERS-active sub- compares TRG spectra just after photo-excitation for only

strates with the presence (c) and absence (d) of CV areg°|d and CV-adsorbed gold for the SERS-active substrate.

shown inFig. 3B. No difference in the TRG spectra for !n the wavelength range from 500 to 650 nm, the spectrum

SERS-inactive substrates was observed between (a) and (b)mtensity for the CV-adsorbed gold was greatly reduced only
but there was a slight difference in the decay time between for the SERS-active substrate. This indicates that the den-
() and (d), where the TRG signal of (c) decayed a little sity of excited e_Iec;trons has been rgduced through some
faster than those of (d) for every wavelength. This result in- eﬂergy states \Imttjhmt;htet::melrefolu.tlo.n tOf tht? apt[)) atratus.
dicates that the number of excited electrons decreases faste-ll— IL(;S’ Wde g\)/nc ude da .tﬁ. e;(c):or?nlc m_erﬁ]c 'on be wgtin
for the SERS-active gold substrate with CV than without it, tgho ar_1d_ occurred within S, as IS the same wi
while there was no difference in the electron dynamics for € pyridine. _ _

the SERS-inactive gold substrate, whether there were ad- To speculate which part of the CV molecules is involved
sorbed species or not. The decre:’ise of the decay time waén the ultrafast charge transfer, the Raman shift of each band

also observed for the pyridine/gold samfis]. When the was investigated in detail, and it was found that several spe-
carrier dynamics for CV is the same with that for pyridine, cific peaks showed remarkable shifts in comparison with the

it can be considered that the initial density had already de- Raman spectrum Of_ only_CBBB]. The wave numb_er of thelr
creased before the process of electron—phonon scattering bepeaks are summarized in ti@ble 1 in comparison with
gan. This interpretation means there is another relaxationthose of the resonant Raman spectrum. Mainly shifted peaks
channel between gold and adsorbed CV in the faster time

range. For gold, electron—electron scattering occurs within Table 1

several hundred femtoseconds before electron—phonon scatthe wave numbers of the Raman shift of crystal violet which were
tering, [12,30,32]and so the SERS-related new channel is different for the surfa_ce enhanced Raman scattering (SERS) and resonant
competing with electron—electron scattering. To confirm the Raman (RR) scattering

validity of the interpretation, a TRG spectrum intensity at Assignment RR (cm)  SERS (cn?)

the delay time of zero was investigated because a TRG SpecCin_plane Ph-C—Ph bend 334 344

trum intensity reflects the density of excited electrons at each

. . -phenyl stretching 1377 1366
energy state and so we can reason the behavior of excited' 1390 1395
electrons before the electron—phonon scattering by examin-_ o _
Ring C—C stretchingt ring deformation 1489 1482

ing the TRG spectra just after photo-excitati@®]. Fig. 4
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substrates which were prepared under different deposition speed (0.1, 0.3,
0.5, 1.0, 2.0nm/s) at constant vacuum pressure, 2 Pa in the chamber.
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were related with the central carbon and three nitrogens at
the end of the phenyl group. This result indicates that the
charge of the central carbon and the lone pair of each nitro- 400 600 800
gen had some interaction with the gold substrates. Then, CV Wavelength (nm)
molecules are assumed to be adsorbed on the gold substrates
with a flat structure. Since the places of the nitrogens had Fig. 6. TRG spectra just after photo-excitation by pump pulses for the
originally excess charges, photo-excited electrons might pePresence and absence of CV for various substrates prepared as the same
transferred through the central carbon which had originally method withFig. 5
the positive charge.

Furthermore, the dependence of the charge transfer pro-4. conclusion
cess on the surface morphology of the gold substrates was

investigated. Gold substrates were prepared at 2Pa under A charge transfer from the SERS-active substrate to the
various deposition speeds because it is well known that cpemisorbed dyes was detected, and the process was almost
vapor-deposited films have different morphology according the same as the case for the SERS-active substrate and pyri-
to the speed. Each surface was measured by AFM, and cleagine although it is too much to make a conclusion from the
differences of the surface structure were not observed for oqits only for CV and Py molecules, no clear dependence
the island size. However, the Raman intensity of CV for ¢ ihe spectra on the chemisorbed species indicates that the
each substrate showed a dependence on the deposition SpeedERs related charge transfer has a close correlation with the
shown inFig. 5. The Raman intensity showed a maximum  ,qnerty of substrates. On the other hand, these dyes may
at the deposition speed of 0.3nm/s. It was supposed thaty cigentally have a similar adsorption energy state in the
the deposition speed changed the surface structure on th‘?vvavelength range from 500 to 650 nm. Similar experiments
smaller scale than the island size. The TRG spectra for each, o necessary for other dyes to confirm the dependence of
substrate for the presence and absence of CV were showne agsorption state on the kind of dyes or the property of
in Fig. 6. The partial reduction of the spectrum intensity, ggRs-active substrates. As a support of the interpretation,
corresponding to the charge transfer, was increased in th& a5 found that the SERS related charge transfer depended
order of the Raman signal intensity. From this result, three 5, the preparation method of the substrates. The TRG spec-
conclusions can be made._ Fir;t, the charge transfer detecteqlroscopy’ one of the ultrafast spectroscopic method, can de-
by the TRG spectroscopy is directly related to the SERS en-q,ce only the charge transfer process directly, and so such
hancement. Second, the SERS enhancement increases Witgy,jies will make a prospect for the SERS mechanism, which

the quantity of the charge transfer. Finally, though it is apt 155 heen a controversial problem for more than 20 years.
not to be noticed, the SERS enhancement was observed due

to EM enhancement even for the substrate with the lowest

enhancement, prepared at 2 nm/s. However, the TRG spectrReferences
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