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Abstract

A new type of photo-active nano-composite material
appropriate for Ultra-fast Nonlinear Optical x© (o)
applications has been synthesized and optically
characterized. Compared to standard noble metal
particles- oxide nano-composites exhibiting a superior
effective x© (w) due to the enhancement of the local
electric field, these Au-VO, nano-composites display
an additional reversibly tunable surface plasmon
frequency under external temperature stimuli.

Such a smart plasmon tunability is correlated to the
Mott’s type semiconducting/metallic 1st order
transition of the host VO, matrix. The nano-gold
surface plasmon wavelength shifts reversibly from
645 nm to 598nm when the Au-VO, nano-composites
temperature varies from 25°C to 120°C.
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1 Introduction

Noble metal nanoparticles are well known for their strong
interactions with light through the resonant excitations of
the collective oscillations of the conduction electrons, the
so-called surface plasmon resonances (1-2). The typical surface
plasmon resonance of gold nano-particles, specifically,
manifests itself through the effective optical absorption peak in
the UV/VIS spectrum at about 520nm. Any changes in the
environment of the gold nano-particles, the nature of the
surface binding, or the degree of interaction between gold
nano-particles, will alter this feature. These changes form the
basis of numerous spectroscopy probing methods. Recently,
within the expansion of the multidisciplinary field of
Nanosciences, this surface plasmon resonance effect, involving
noble metals, is frequently used for biosensing to monitor
binding and changes in biological molecules (3-4) and to
improve immunolabeling (5). Likewise, it is used for ultra-low
doses gas sensing and bio-hazardous gases identification (6) as
well as high-sensitivity electrochemical studies (7). In the
standard Kretchmann geometry, this surface plasmon
resonance is used to monitor with a high accuracy the optical
parameters of Langmuir-Blodgett synthesized thin films (8-9).
Similarly, this superior sensitivity related to Kretchmann
geometry is used in enhanced Raman spectroscopy in nano-
sized particles (10). Alike, generation of discrete surface
plasmon modes based nanostructures allowed to synthesize
tunable narrow band infrared emitters (11). Finally, through the
forces in optical near fields coupled to surface plasmon
resonance of nano-gold, the possibility of orientational
imaging of single molecules was indeed demonstrated (12-13).
Besides this well established linear optical phenomenon of
surface plasmon resonance with gold nano-particles, there are
additional related nonlinear optical potentialities. Lately, it has
been shown that the exploitation of the optical surface 2nd
harmonic generation at the vicinity of the plasmon resonance
could be extended as a very sensitive probing method of
nano-gold in diverse environments (14). More accurately, it has
been demonstrated that this nonlinear optical technique is
very sensitive to the surface plasmon excitation, the second
harmonic signal being resonantly enhanced when the
harmonic wavelength is tuned in the vicinity of the plasmon
resonance (15).

In regard of 3rd order nonlinear optical NLO properties, at
the vicinity of the plasmon resonance, gold based
nano-composites, Figure 1, exhibit an ultra-fast enhanced NLO
x® values coupled with an ultra-fast response in the femto-
second regime (10). In actual fact, such a strong enhancement
of the 3rd nonlinear optical susceptibility x®(w) was found
to be induced by the local electric field within the metallic
nano-particles as alluded to previously by Ricard et al (16-19).
Since, these metallic-insulator nano-composites in general are
macroscopically isotropic, their 2nd NLO is negligible while
their nonlinear response is mainly of 3rd order. In juxtaposition
with the induced dipole polarization of the two-phase
medium, Figure 1, the local electric field Eeoc within the metallic
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Figure 1
Configuration of a typical metal-insulator nano-composite

nano-particles is related to the exciting electromagnetic field
Einc through the form factor f(w). On the assumption that the
nano-particles are spherically shaped and that they occupy a
small volume fraction, p<<1, the effective frequency
dependent 3rd NLO susceptibility x®(w) of such a nano-
composite has been found to be:

X Peftective(w) = p.f(w) If(w)P xCPmetal(w) M
f(w) = 3 ed(w) [ (emetal(w) + 2 ed(w) ) )
Table 1

emetal(®) and ed(w) are the complex dielectric constants of the
metallic nano-particles and the dielectric host matrix
respectively. When considering the frequency dependence of
the factor f(w), it may be noted that f(w) becomes colossal at
the vicinity of the plasmon resonance frequency wp, the
frequency for which the denominator of equation (2) tends to
0: (em(wp)*+2ed(wp))~0. Therefore, at this optical frequency wp,
XPefi(w) of the nano-composite can overtake giant values as a
result of the enhancement reinforced by the power 4 of the
form factor f(w) compared to those found in classical bulk
materials. Degenerate four-wave mixing as well as Z-scan
measurements in Ag and Au as well as Cu based nano-
composites consistently revealed the colossal third order
nonlinear optical susceptibilities x®eft(w) of about 107-10 esu
in the vicinity of the surface plasmon resonance, with response
times of the order of picoseconds, Table 1, (20-32). This
enhanced xPlefi(w) offered by this new class of nano-
composites is opening new perspectives in emerging nano-
photonics sector. In this sense, these emerging NLO nano-
photonics would be further valuable if they could additionally
exhibit a frequency tunability of their x®er(w). Such a
frequency tunability perspective could be envisaged if one can
tune the surface plasmon frequency “wp” by an external
stimulus exclusively. There are a number of mechanisms which
allow such a tunability but in a limited degree of freedom
except, a priori, one procedure which is the cornerstone of this
contribution.

Typical values, in esu units, of effective X? of Gold-based inorganic/organic nanocomposites from recent literature in both nanosec, picosec and
femtosec regimes. 1-Co-Sput.: Co-Sputtering, 2- Colloi.: Colloidal, 3- Poly.: Polymer, 4- Acet.: Acetone, 5- Diel.: Host Dielectric matrix,

6- Synth.: Method of synthesis, 7- <¢/2>: average radius of nano-gold particles in nm, 8- Apr:Plasmon resonance frequency, 9- Ae:Excitation laser
frequency, 10- Tiaser: pulse duration of the excitation laser beam, 11- xeft: Experimental deduced 3rd NLO

Diel.  Synth. <dp[2> % Au Npr \e xeff Tlaser. Ref.
(nm) (nm) (nm) (esu)

SiO, Co-Sput. 3.5-13 2-3 528 480 1107 20ns [20]
540 560

SiO, ion-impl. 5-30 4-7 107 - 532 2 10° 35ps [21]

Si0,  doped 1.4-15 1.10° 530 532 8101 25ps [22]

Glasses 527 5.5 10" 5ps

SiO, Co-Sput. 3-80 5-63 520 532 2 10° 70ps [23]
545 2.510°

SiO, Co-Sput. 3 13-19 539 532 -2.11 10°% 7ns [24]

SiO, ion-impl. 2.9 79 525 532 1.2 107 ns [25]

Sio, ion-impl. 15-3 1 505 532 15108 7ns [26]

Si0,  ion-impl.  5-25 5 532 1.86 10 6ps [27]

591 2.93 10°

ALO;  Co-Sput. 10-250 25-60 545 532 1.2 10% 70ps [28]
590

TiOo, Co-Sput. 10-250 15-60 630 532 8 10° 20fs [29]
670 670 6 107

Colloi.  Hydrosol 10 510°% 530 15108 28ps [30]

Poly. Organo. 24 7.210° 550 110 20ns [31]

Acet. 5-40 1.10-6 535 516 =710 500ps [32]

522 -4.2 107
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The collective oscillation plasmon frequency, wp, of metallic
nano-particles embedded in a host matrix, is given by:

wp? = (ne?/eo Mefi)/(1+ 2ed(w)) (3)

As one can anticipate, this collective oscillation of electron
density could, within the metallic nano-particles, be tuned by
varying either the electron density “n” or the effective
electronic mass, mefi, (33). In addition, it can be varied by
affecting the shape symmetry of the nano-particles
themselves inducing both transversal and longitudinal modes
(34). Furthermore, as indicated by equation (3), since wp is
related to the dielectric function of the different materials in
the nano-composite, it can be varied by changing the host
matrix optical constants, ed. This is illustrated by the
experimental literature reported on both Ag and Au nano-
particles embedded in different host matrices such as Fe,0,,
SiO,, TiO, and Nb,Os (35). Higher is the refractive index of the
host matrix “n(Fe,05)= 2.94, n(TiO,)= 2.67, n(Nb,Os)= 2.23 and
n(SiO,)= 1.76” larger is the red-shift. In this particular case, the
wp variation is reasonably sizeable: from 2.4 eV down to 1.7 eV
for nano-gold. Naturally, such a consequential variation of wp,
entails a change of the host insulating matrix which is not a
very practical way in nano-photonics requiring an wp tunability,
and therefore a possible externally driven xPlefi(w) tunability.
One should mention that it is has been showed experimentally
that wp can be thermally varied but not in a controllable
approach. This thermal variation takes place in semimetals as
exhibited experimentally by the surface excitation of graphite
(36). This temperature variation wp(T) has been attributed to
the excitation of - band plasmon polarized with E parallel to
the c-axis. Likewise, one should mention the tunability of the
plasmon resonance frequency in core-shell gold-insulating
particles “nano-scaled gold as a shell” (37). In the case of SiO,
core, ~100 nm in <>, coated with a nano-sized gold shell
with thickness varying from 5 to 25 nm, the plasmon
resonance wavelength varies from ~1027 nm to ~730 nm
(37). Even if the tunability option is achievable, yet again, once
the shell thickness/core size coupled value is fixed, the plasmon
resonance cannot be tuned.

As pointed out previously, the cornerstone of this
contribution is to present a novel method to thermally tune
the surface plasmon frequency wp and therefore x©kft in a
controllable manner for potential nonlinear applications of the
considered Au based nano-composite without changing the
insulating initial host matrix. This new innovative approach
combines the advantages of the two above mentioned w,
tunability; namely the variation of the refractive index of the
host matrix in addition to the wp(T) thermal variation as in
semi-metals. In general, the intrinsic optical properties of a
material are determined by three physical processes: free
electrons, lattice vibrations, and electronic transitions. The
dominant physical process depends on the nature of the
material. All materials have contributions to the complex index
of refraction from electronic transitions. Metals and
semiconductors are additionally influenced by free carriers
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effects. The strength of this effect depends on the carrier
concentration; thus, it is very important for metals. The
temperature, T, and frequency, w, dependence of the real part
of the refractive index, n(T,w), is determined by the dominant
physical processes previously mentioned. The temperature and
frequency dependence of the imaginary part of the index of
refraction, k(T,w), (Index of extinction), is more involved and
requires consideration of not only the dominant physical
processes but also higher order processes, impurities and
defects. The temperature dependence of the refractive index
n*(T,w) = n(T,w) -  k(T,w) could be estimated using the Lorentz-
Lorenz formula (38):

[M(Tw) 1]/ [n*(T) + 2] = p(T) a0 (p,T) / 3 €0 (4)

where p, p=N/V, is the number density of oscillators per unit
volume, N is the number of oscillators per unit volume and ap
is the polarizability. The derivative of the refractive index with
respect to “T” becomes (39):

2n €0 dn/dT= - (n2+2).(n=1) {o.[1-(V/ats) (dcxpfaV)r] +
[(BowsfaT)v/3ep]  (5)

The first term depends on changes in volume with respect to
temperature. Thermal expansion is the dominant contributor.
The second term represents the temperature changes in the
polarizability. Many optical materials, such as the alkali halides
and fluorides, have negative values for dn/dT in the VIS and IR
spectral regions. Thus, for these materials, volume expansion
dominates over polarizability temperarure dependence.

In this contribution, a specific host material for gold
nano-particles, with a temperature driven refractive index has
been considered. This host matrix consisting of Vanadium
Dioxide VO,, undergoes a semiconducting-metallic transition
when the temperature is raised above the critical value of
T.~68°C, with a jump-like change of the electric conductivity
by several orders of magnitude. This thermally driven first order
phase transition of the host VO, concurs with a
crystallographic phase transition from monoclinic to tetragonal
and is accompanied by a strong variation in electric, magnetic
and specific heat properties (38-43). This semiconductor-
metal phase transition is followed naturally by a sharp optical
transition and therefore a variation of the optical constants:
the real and imaginary parts of the refractive index n*(T)= n(T)
+j k(T). This change n*(T) is, specifically, pronounced in the
Infrared spectral region. This latter has been investigated
comprehensively by Verleur et al and Barker et al (44). One
should mention that recent femtosecond laser investigations
have been carried out to study the dynamic response of the
VO, refractive index as well to measure the structural transition
duration which was found to occur within =500 fs (45-46).
Such an ultrafast change in complex refractive index with
temperature should enable ultra-fast optical switching devices
based on VO, (47).

In this communication, the externally controllable tunability
of the nano-gold surface plasmon frequency resonance by
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temperature in the range of 25-120°C in non percolated
Au-VO, nano-composites is demonstrated.

2 Experiments and Results

XeCl pulsed laser ablation non percolated Au-VO,
nano-composites with a thickness ranging from 135£5
to =170+#5 nm have been deposited on to Corning glass
substrates. The volume concentration of nano-gold, ~29%,
was kept below the percolation threshold to ensure a
homogeneous colloidal-like distribution of the nano-sized gold
particles within the host VO, matrix. The different
Au-VO, nano-structures were subjected to Atomic Force
Microscopy, AFM, X-Ray Diffraction, XRD, and VIS-NIR optical
measurements. These latter measurements were carried out
within the range of 25-100°C.

Figure 2 shows the room temperature atomic force
microscopy surface profile of a typical pulsed laser
deposited sample with nano-gold average diameter of
about <> ~12.7nm and labeled as Au<p>=12.70m-VO,, thickness
~160 £3 nm. Generally, all deposited films consist of very
compact grains. This expected dense structure is a
characteristic of films deposited by laser ablation (50). It is
explained, generally, by the fact that the ablated clusters from
the Vanadium dioxide target component is most likely ejected
in the form of fairly large molecular clusters. The coalescence
of these molecular clusters on the substrate could be favoured
by the flash radiative heating because the rates of heating and
cooling are faster than what phase separation cannot occur in
the bulk material. Based on such an hypothesis and compared
to VO, nano-structures synthesized by other vacuum
processing methods, one can indeed explain the high surface

nanocomposite presents a relatively rough profile. While the
average value of the root mean square roughness is about
6.1nm, the mean height distribution is of the order of 29.7
nm. This latter high value is correlated to the numerous
conical-like islands observed on the surface as shown in Figure
2. These conical-like topography with approximately 193.2 nm
in base and 27.9 nm in height within the surface is related to
the columnar growth mechanism in the transversal direction
well established in the case of this type of nano-composites
synthesized by sputtering and laser ablation. The XRD
investigations with Cuke: radiations of 1.54 A, showed that the
VO, host matrix presents an effective (111) crystalline
orientation (51). Likewise, the large intensity of a Bragg peak
located at 26~ 38.22 +0.08 deg indicates the presence of
crystalline Au nano-particles with a possible cubic structure of
(111) orientation. The average size <¢> deduced from XRD
linewidth using Debye-Scherrer approximation was found to be
of the order of 12.7 nm.

The optical measurements were carried out with a
Cary-type spectrophotometer in the wavelength interval of
290-3000 nm in normal incidence configuration. To
substantiate the thermal tunability of the surface plasmon
frequency in the investigated Au-VO, nano-composites, the
optical measurements were made on the samples held in an
optical fixture housed in an evacuated system with an in-situ
heater for temperature cycling. The optical transmission
measurements were performed in a reversible manner with
the temperature cycling from 25°C to 120°C and vice-versa.
As the experimental optical trends of the different Au-VO,
nano-composites were found to be quite similar, we report
only the optical transmission measurements corresponding to
the Au<e>=12.70m-VO, nano-composite on Corning glass sample.

roughness observed on all current PLD synthesized nano-
structures. The surface topography of the Auses-12.70m-VO, Au-VO, Nano-Composite/Corning Glass
351l 120°C
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Atomic force microscopy topography of “Au<e>=~12.7 nm -VO, nano-
composite/ Corning glass sample, “thickness =~ 160 +3 nm”
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Optical transmission of Au<e>~12 .7 nm -VO, nano-composite/Corning
glass sample below and above the transition temperature Tc ~68°C
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Figure 4

Representative temperature evolution of the nano-gold surface
plasmon wavelength below and above Tc ~68°C. of the
Au<p>~12.7 nm -VO, nano-composite/Corning glass sample.

The line is an eye guide

Even if the modulation in the optical transmission is very large
in the near infrared as expected, we limited the study to the
spectral range of 425-750 nm in order to focus on the shift of
the nano-gold surface plasmon wavelength, if any. Figure 3
displays the corresponding optical transmission versus the
wavelength of the incident beam for 4 representative heating
temperatures, below 25 and 65°C and above 70 and 120°C
the critical temperature T. of 68°C. While the nano-gold
surface plasmon wavelength is about 648 nm below T, it shifts
obviously to 603 nm above T, towards the blue. This nano-gold
surface plasmon shift is consequential variation of ~45 nm
and sizeable enough and confirms the option of tunability of
wp Vvia an external temperature stimuli. This thermally driven
variation of wp(T) confirms the valuable purpose of this
communication. As mentioned previously, the spectral
position of the plasmon frequency depend in fact not only on
the relative refractive index of the hosting matrix but also on
the size of the metallic nano-particles. According to Mie theory
and even more advanced theoretical models such as the
effective medium model, smaller is the metallic nano-particles,
blue is the shift of the plasmon frequency. This is evidenced
clearly in some elegant experiments using nano or/and
femtosec regimes of laser induced size reduction of noble
metal particles (52-54). Figure 4 reports the experimental
variation of the nano-gold surface plasmon wavelength versus
temperature. As shown, it decreases quasi-linearly with the
following slopes of —0.18 nm/°C and -0.17 nm/°C below and
above T, respectively while it falls sharply around T,. Such an
expected abrupt variation at the vicinity of T. is, indeed,
associated with the first order transition nature of the host
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matrix VO, with temperature. Moreover the curve displays the
anticipated hysteresis with a bandwidth of the order of 8°C.
This hysteresis corresponding to the heating-cooling
phenomenon of the host VO, matrix is related to the degree
of crystallinity of the host matrix (55-57). The sharpness of the
temperature variation of the surface plasmon wavelength in
the vicinity of Tc is due to the fact that the host VO, matrix is
highly crystalline as shown by the principal VO, narrow (111)
Bragg peak (57). Such a high epitaxial growth extent is a
characteristic of the laser deposition in vacuum procedure
(57). Hence, to smooth out the abrupt temperature variation
in the vicinity of T, two options could be considered. The first
involves minimizing the crystallinity of the host VO, matrix
while the second involves tungsten doping of the same matrix
(50, 55-57). There is an alternative option which involves using
a combination of Ti,O, with the VO, host matrix. Effectively, a
smooth nonmetallic-metallic transition with temperature
prevails in Ti,O; (56, 58-59) in the range of 177°C-377°C in
particular.

As depicted by figure 3, the optical transmission in the
visible spectral part is low; at 525 nm approximately, its value
is about 22.5% and 19.7% below and above T.. Therefore,
such an Au-VO, nanophotonic device would be impractical in
its current form for tunable third order frequency xGef(w)
generation. Indubitably, one should enhance the optical visible
transmission by a genuine approach. As substantiated
experimentally by Khan et al (60), fluorine doping of the order
of 6.20+0.60 %atomic of the VO,_:F host matrix increases
significantly the VIS transmission. Naturally, such an “F” doping
should be coupled with a thickness optimization as well as the
Au-VO, nano-composite. Such an optimization is currently in
progress in our labs.

3 Conclusion

Surface plasmon tunability has been demonstrated in Au-VO,
nano-composites. Such a surface plasmon tunability is induced
thermally and reversibly in a controllable way, within the range
of 25-120°C. Even if the nano-gold surface plasmon variation
is not dramatic “ variation from 548 nm to 600 nm”, it is
substantial. For possible x® NLO applications, the VIS optical
transmission of these Au-VO, nano-composites should be
increased by fluorine doping of the host oxide VO, and
optimization of the nano-composite thickness. New nano-gold
based nano-photonics will be explored. These latter consist of
Au-V;05 and Au-NbO, nano-composites. Both V505 and NbO,
exhibit, as the considered VO, host matrix, a semiconducting-
metallic 1st order transition at 147 and 797°C respectively.
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