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Investigation of non-linear optical effects at conjugated
polymer/silver interface by surface plasmon resonance
and surface enhanced Raman scattering
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Abstract

SERS experiments performed at 1064 nm with quasi-monomolecular layers of polycarbazolyldiacetylene (polyDCHD-HS: 1,6-bis-
(3,6-dihexadecyN-carbazolyl)-2,4-hexadiyne) spun on silver-coated plates suggest that the very large value of the intensity dependent
refractive index measured in such samples and at the same wavelength by surface plasmon spectroscopy (SPS) tests is related to th
nanostructured surface of the silver films, that provides an electromagnetic mechanism for the enhancement of the non-linearity through

local field effects at optical frequencies far from the plasmon resonance of the metal.
© 2003 Published by Elsevier Science B.V.
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1. Introduction ther to chemical interactions at metal/polymer interface, at
to a local-field-induced electromagnetic enhancenént 41
Considerable effort is currently being made in the synthe-
sis and characterization of novef® polymers. In particular,
a PDA of recent synthesis, the polycarbazolyldiacetylene 2. Experimental tests and discussion 42
(polyDCHD-HS: 1,6-bis-(3,6-dihexadec-carbazolyl)-
2,4-hexadiyne), exhibited high solubility in common or-  The details of the experimental setup and of the data
ganic solvents and made possible the fabrication of optical processing procedure adopted to evaluate the intensity-
waveguides by means of spin coating. The good process-dependent refractive index of thin polyDCHD-HS filmss
ability of this material stimulated the study of its linear (10—200 nm) spun on silver-coated glass plates are reported
and non-linear optical properti¢s,2]. A surprisingly large  elsewherd3]. Such experiments, which were based on the
off-resonance intensity-dependent refractive index was ob- SPS method, were performed by usipgpolarized light 4s
served by using surface plasmon spectroscopy (SPS) withfrom a Nd:YAG mode-locked lasen. (= 1064 nm, 27 ps 49
quasi-monomolecular layers deposited on silver. At 1064 nm FWHM pulses, 10 Hz repetition rate) at average intensity
and with ps pulses, the intensity-dependent refractive index |evels between 18 and 170 MW/émWwithin this intensity s1
observed in 10-200 nm-thick polymer layers on silver corre- regime, the results obtained with different films could be fit2

sponded to an effectivg® of the order of 101" m?/\/2 or ted by assuming a third-order non-linearity with saturatioss
more, which is one of the largest ever observed with organic [3]: 54

materials[3]. This result, which was not in agreement with
other non-linear testgl,2], suggested a surface enhanced App = : et
Raman scattering (SERS) investigation of analogous sam- 1+1/Is 1+ I/Is)?
ples, at the same wavelength, in order to elucidate the origin
of this anomalous non-linearity, which might be related ei-

norl narl
— D

whereAng ; represent the increase of the complex index @b
refraction, and the complex non-linear index of refractiosr
n2 = (ngr+1inyy) and the saturating intensitg are the un- ss

* Corresponding author. Tek:39-055-4235223; faxi-39-055-410893.  Known parameters. To account for the observed bleachisg
E-mail address: e.giorgetti@ifac.cnr.it (E. Giorgetti). effect of the imaginary part, represented by the existence aof
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Table 1 ing factors close to one and for wavelengths far from thes
Non-linear refractive indices for two samples of PDCHD-HS on silver plasmon resonance of the metal. In these conditions, tie

(from [3]) molecules, which are in close vicinity to the metal sursz
PolyDCHD-HS Ag thickness nor (M?/W) gy (m*W) s face, undergo huge magnification of the Raman scatterisg
thickness (nm) (nm) (W/m?) and of the non-linear properties. In particular, a close relas
43 33 —13x 10 1.7 x 10 60 tionship between the gain coefficients obtained in the case
157 41 ~1.3x 1071 1.1x 107%° 40 of Kerr and SERS effects was found experimentally and

theoretically justified via electromagnetic calculatidf$. 92
On this basis, we performed SERS experiments with the
a maximum in the non-linear absorption, a higher order sat- aim of using the SERS efficiency as a demonstration of
urating behavior had to be assum@&dble 1summarizes the  the existence of large field fluctuations at metal/polymes
results obtained ifi3] with two polyDCHD-HS films. The interface. 9%
experimental errors were of the order of 20-30%. In both Raman measurements were performed at 1064 nm on tgjn
cases, the magnitude of the non-linearity was very large for polyDCHD-HS films spun on Ag-coated glass plates, ang
an off-resonant process. At first glance, these results couldon a thick (1400 nm) polyDCHD-HS layer deposited on agy
be explained by a heat transfer from the metal to the poly- uncoated glass plate, to be used as a reference for the pglk
mer layer. However, according to the SPS experiments re-Raman response of the polymé&ig. 1 shows the Raman,g,;
ported in[5], and on the basis of our specific tests described spectra obtained with 108 and 84 nm-thick polymer films,
in [3], we could reasonably exclude both a significant ther- on Ag and with the 1400 nm-thick reference sample. Thg
mal contribution to the non-linear behavior of the polymer most intense bands occurred at about 1520 and 2126 cma
layer and a temperature-induced variation of the dielectric and correspond to€C and G=C stretching modes, respecyys
constant of the metal. tively, as observed in the reference Raman spectrum. ;j3-
An AFM analysis of the same metal/polymer structures tensification of the Raman bands is evident for both filn
used for the SPS tests showed, in particular, that the silverdeposited on silver. We attributed the enhancement tgya
layers exhibited a nanostructured surface having a rough-purely electromagnetic contribution related to the roughnegs
ness of the order of 5~-10nm rms and consisting of silver of the Ag layer. Indeed, no evidence of chemisorption wag
isles with an average diameter of 70r#]. This surface observed either at 1064 nm, or with other exciting wavgy
morphology suggested a different explanation of the SPSlengths[4]. 112
results, related to anomalous field fluctuations. These gi- Fig. 2adescribes the model that we used to explain thg
ant fluctuations were predicted for semi-continuous films SERS results and provides a sketch of the impinging EM
consisting of metal granules randomly distributed on an in- field. In particular, we supposed that the SERS effect was
sulating substrat¢6]. These fluctuations persist, although present only in a 7 nm-thick polymer layer in close congg
with lower values, also in the case of metal/dielectric fill- tact with the metal. With this hypothesis, which was sug-

1515

DCHD—HS on glass 2116

| / 1400 nm

DCHD—HS on silver

/ 108 nm
] DCHD—HS on silver ~/
84 nm
l“‘w‘l‘ "". 'l” '1’,71‘ tl"‘“,”ll' ‘\ \“"“ #, .‘l‘ W‘ W“lwl M i\ ‘ " "h! “D‘ ‘

w i .{ "\4‘1
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Fig. 1. Raman spectra of 108 and 84 nm-thick polymer layers on Ag and of a 1400 nm-thick polymer layer on a silver-free glass plate. Exciting line:

1064 nm.
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a) Configuration adopted for SERS tests
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b) Configuration adopted for SPS tests
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Fig. 2. Modeling of (a) SERS and (b) SPS experiments. The shape of the EM fields impinging on the two samples is also sketched.

118 gested by the AFM investigation of the silver surfaces, we gbtaining G,o ~ 10%. A substantial agreement has to bhes
119 evaluated the enhancement fact®gers = Isery/ Irs ~ noted between the values 6f, s andGsers 139
120 6 x 102 Isersis the intensity of the Raman scattering from

121 the 7 nm-thick dielectric layer in contact with Ag ahgs the
122 Raman signal from a polymer film having the same thick- 3. conclusions 140
123 ness, but without silver.

124 We adopted the previous model also for SPS experiments, The |arge intensity-dependent refractive index exhibited
125 in order to get further indications that support our inter- st 1064 nm by thin polyDCHD-HS films adhering to silvem2
126 pretation of the SPS results in terms of giant fluctuations |ayers was related to an e|ectromagnetic enhancement pro-
127 of the local fields. As depicted ifrig. 2h according to  moted by giant fluctuations of the local field, that, as pres
128 this model, the non-linear effect is significant only in the djcted theoretically iff6], can be large, not only in the visi-14s
120 7nm-thick polymer layer, in close contact with the metal, ple, but also far from the metal plasmon resonance, namelyin
130 while the contribution to the non-linearity of the remaining the near IR. The previous statement was confirmed by SERS
131 film can be neglected. A good agreement with the experi- tests performed at the same wavelength. A rough modeling
132 mental SPS results was found by assuming an effective susof our SPS tests which limited the non-linear contribution of
133 ceptibility |x®| = 3.5x 10-*° for the thin non-linear layer.  the polymer to a 7 nm-thick layer in close contact with theo

134 Lastly, an evaluation of the enhancement faciges forthe A film could fit well the experiments, giving also a qualitsi
135 non-linearity was obtained by comparing this valueyd?)| tative idea of the factor of enhanceméhtThe values of5 152
136 with that measured by third harmonic generation (THG) with obtained for the SPS and the SERS tests resulted in substan-
137 polyDCHD-HS films on glass|§®| ~ 2.8 x 10719 [1]), tial agreement and well in the range of the results published

SYNMET 10516 1-4



155
156

157

158
159
160
161
162
163
164

4 E. Giorgetti et al./Synthetic Metals xxx (2003) x0Xxx
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