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  Poling-Assisted Fabrication of Plasmonic Nanocomposite 

Devices in Glass 
 By    Martynas   Beresna  ,     Peter G.   Kazansky  ,   *      Olivier   Deparis  ,     Isabel C. S.   Carvalho  ,   
  Satoshi   Takahashi  ,     and   Anatoly V.   Zayats  
 Recent advances in nanophotonics and biosensing have been 
based on the ability to fabricate complex plasmonic nanostruc-
tures with enhanced and controllable optical properties. [  1–4  ]  
Both individual plasmonic nanostructures as well as their 
arrangements in the so-called metamaterial-type structures 
have attracted signifi cant attention due to their potential to 
control light interaction with molecules and various quantum 
objects, to provide artifi cial photonic properties for light guiding 
and manipulation, as well as in high-performance label-free 
bio- and chemo- sensing based on refractive index sensitivity 
or the surface-enhanced Raman scattering. [  1–4  ]  Majority of such 
plasmonic nanostructures are fabricated by structuring of thin 
metal fi lms and surfaces or by various nanoparticles arrange-
ments placed on a surface of a metal or dielectric substrate. 

 Recently, thermal electric-fi eld poling technique has been 
developed as an effi cient tool for modifying optical and struc-
tural properties of glass embedded with noble metal nanopar-
ticles. [  5–11  ]  In this article, we demonstrate that this technique 
can be used for fabrication of plasmonic nanostructures over 
large surface areas, consisting of an assembly of Au nanopar-
ticles directly inside the glass matrix. This is accompanied 
also by modifi cation of the refractive index of the glass in the 
vicinity of the plasmonic nanostructure leading to its unique 
optical properties. In particular, waveguiding in the plas-
monic composite metamaterial layer and anomalous conical 
light scattering pattern with the enhanced backscattering have 
been observed which can be used for the development of new 
types of sensing applications. Exposure of the surface to dif-
ferent kinds of organic vapors leads to signifi cant changes of 
the backscattering intensity, providing simple way to build an 
© 2010 WILEY-VCH Verlag Gmwileyonlinelibrary.com

 [∗]     M.   Beresna  ,   Prof.   P. G.   Kazansky   
Optoelectronics Research Centre 
University of Southampton
Southampton SO17 1BJ (UK)
 E-mail:  pgk@orc.soton.ac.uk   
   Prof.   O.   Deparis   
Research Centre in Physics of Matter and Radiation (PMR)
University of Namur (FUNDP) 
Namur B-5000 (Belgium) 
   Dr.   I. C. S.   Carvalho   
Pontifıcia Universidade Católica do Rio de Janeiro 
Rio de Janeiro 22453–900 (Brazil) 
   Dr.   S.   Takahashi ,    Prof.   A. V.   Zayats   
Centre for Nanostructured Media 
The Queen's University of Belfast 
Belfast BT7 1NN (UK)  

 DOI: 10.1002/adma.201001222 
optical bio-, chemical and environmental sensors. The experi-
mental results are supported by numerical modeling of metal-
dielectric nanocomposites. The described technique can be 
used for fabrication of planar as well as patterned plasmonic 
structures inside glass matrix with the pattern determined 
solely by the electrode layout. 

 The initial substrate used for fabrication of plasmonic nanos-
tructures predominantly consists of an electrically conducting 
soda-lime glass ( n sub    =  1.488) with a thin electrically resis-
tive sol-gel silicate fi lm ( n host    =  1.46) on top of it (supplied by 
Nippon Sheet Glass Co., Japan). The initial sample exhibited 
pink color due to localized surface plasmon resonance of the 
Au nanoparticles embedded in glass ( Figure    1c  ), which have 
the extinction peak at around 530 nm wavelength (Figure  1 d). 
The poling process induces change of the optical and physical 
properties in the region (few microns in thickness) below the 
anode due to the migration of cations (mainly Na  +   and K  +  ) in 
the glass substrate towards the cathode [  12  ,   13  ]  The areas of the 
sol-gel fi lm which were in the direct contact with the anode 
became bleached (discoloured) after poling. The bleaching can 
be explained by electric-fi eld assisted dissolution of gold nano-
particles studied previously. [  7  ]  However, since we intentionally 
avoided complete bleaching of the middle part of the sample, 
i.e. the fi lm area located below the air gap, gold particles were 
still present in this area as evidenced by its coloring.  

 Transmission electron microscopy (TEM) images (Figure  1 e) 
of the sample cross-section in the partially bleached region 
revealed a 2  μ m thick modifi ed layer within the glass substrate, 
underneath the sol-gel fi lm. This layer is a result of charged 
carrier migration (e.g. alkali ions in soda lime glass) during 
the thermal poling process. The modifi ed layer is a part of the 
region which was depleted of charged carriers and thus, has a 
higher electrical resistivity than the remaining soda-lime sub-
strate. Many void-like nanoscale features were observed within 
that layer which were initially absent in the original sample 
before poling (Figure  1 e). The modifi ed layer is expected to 
have a reduced refractive index ( ∼ 1.5% less) as compared to the 
main soda-lime glass substrate. [  14  ]  

 The diameter of the Au particles in the metal-dielectric 
composite was estimated from the series of TEM images to be 
statistically unchanged ( ∼ 15 nm). This was confi rmed by the 
unchanged position of the extinction resonance ( ∼ 530 nm) of 
the poled structure measured at normal incidence. At the same 
time, the drop in the extinction observed at the resonance, indi-
cated about 20% reduction of the nanoparticle concentration. 
These observations suggest towards the step-like (explosion-
type) dissolution of the Au nanoparticles during poling, rather 
than their continuous dissolution. [  7  ]  Gold clusters, ionized by 
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 4368–4372



C
O

M
M

U
N

IC
A
TIO

N

www.advmat.de
www.MaterialsViews.com

      Figure  1 .     (a) The poling rig arrangement. (b) Schematic of the structure obtained after thermal 
poling (not to scale). The angle   θ   s  indicates the angle of incidence. (c) Scanning electron micro-
scopy (SEM) image of the unpoled sample cross-section (image supplied by NSG Co.) showing 
the 130 nm thick sol-gel fi lm with embedded Au nanoparticles on top of the glass substrate. (d) 
The extinction spectrum of the pristine and poled samples measured at normal incidence; after 
poling absorption peak is decreased by about 20% without noticeable shift of the resonance. (e) 
TEM image of the cross-section of the partially bleached region of the sample after the electric-
fi eld thermal poling. The region under the anode reveals the fi lm doped with Au-particles and 
the modifi ed region of  ∼ 2  μ m with void like nano-structures in the depletion region.  
the escaping electrons, become unstable and “explode” due to 
the expulsion of gold ions induced by strong Coulomb forces 
(avalanche process). The remaining cluster becomes neutral 
again, for a while, but rapidly the ionization starts again and 
the dissolution process is repeated until the cluster is totally 
dissolved. The Au nanoparticles remaining after poling have 
arbitrary spatial arrangement within the layer. 

 In order to characterizes optical properties of the fabricated 
nanocomposite metamaterial, refl ection and scattering experi-
ments have been performed using a single-mode linearly polar-
ized 10 mW continuous-wave laser operating at   λ    =  532 nm 
wavelength close to the plasmonic resonance measured for 
the structure. We take advantage of the confi guration of the 
fabricated nanocomposite sample (Figure  1 b) which resem-
bles the frustrated-total-internal-refl ection confi guration (Otto 
confi guration) for the studies of surface plasmon polaritons. [  15  ]  
The soda-lime glass substrate acts as the medium from where 
light is launched. The reduced refractive index region which 
was created during thermal poling forms the spacer between 
the glass and the layer with Au nanoparticles. This layer with 
smaller refractive index acts as leaky waveguide placed near the 
plasmonic nanocomposite layer and thus increases interaction 
length of light with plasmonic nanocomposite. 

 The angular dependence of the refl ectance ( Figure    2a  ) clearly 
exhibits sharp ( Δ   θ   s    ∼   1 ° ) resonances for both  s - and  p -polarised 
incident light:   θ   s    =   11 °  for  s -polarization and   θ   s   =  10.5 °  for 
 p -polarization (  θ   s  is defi ned as the angle between the normal to 
the sample surface and the incident laser beam direction in the 
X-Y plane of incidence (see Figure  1 b)). The leaky waveguiding 
of the light in the plasmonic composite was clearly observed 
when excited at these angles through almost the entire region 
where the Au nanoparticles are present (Figure  2 c). At the 
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2010, 22, 4368–4372
resonant angles, the refl ected intensity was 
about 0.1 of the nonresonant refl ectance, 
i.e. almost 90% of the incident power was 
absorbed. (Please note that the total scattered 
power, as measured in the scattering experi-
ments described below, was approximately 1% 
of the incident power; therefore, the most of 
the incident light in the resonance is absorbed 
in the plasmonic metamaterial). These effects 
are absent in the unpoled structures (the low-
refractive index layer is not present) and in 
the completely bleached structures (no plas-
monic nanocomposite).  

 To model the observed effects, the refl ect-
ance of the 3-layer structure (substrate/
depleted region/nanocomposite) was calcu-
lated with the plasmonic metamaterial layer 
described by the effective medium model 
since both the size of the nanoparticles and 
the distance between them is much smaller 
than the wavelength of the light. [  15  ]  In the 
absence of reduced index layer (unpoled 
sample), the calculated refl ectance as a func-
tion of the incident angle   θ  s   reproduces the 
experimental observations (cf. Figure  2 a 
and b) with the decrease of refl ectance with 
increasing angle and the higher refl ection 

ght. In the presence of the reduced index layer 
for  p -polarised li
(poled sample), the resonances due to leaky waveguided modes 
were observed at specifi c angles in the simulations, as well as 
in the experiment. The shape of the refl ectance angular spectra 
is consistent with the experimental results. The closest fi t to 
measurements was achieved for the thickness of the depleted 
layer of  d  dep   ∼  2  μ m, in line with the experimental observa-
tions, and the reduction of the refractive index due to poling of 
  δ    ∼  1.0%. No other fi tting parameters were used. 

 Under the conditions of the enhanced absorption, peculiar 
scattering pattern with atypically strong backscattering has 
been observed from the plasmonic nanocomposite. In the scat-
tering experiments, the sample was fi xed on a rotating stage, 
the same laser source, which was used for refl ectance measure-
ments, was shone onto the substrate side surface and focused 
onto the substrate/fi lm interface within nanocomposite area, 
at grazing angles of incidence (Figure  1 b). An arc-shaped scat-
tering pattern ( Figure    3a  ) was clearly observed for the incident 
angles   θ   s  ranging from 5 °  to 13 ° . The scattering intensity distri-
bution can be described by a surface of a wide-angle cone with 
stronger scattering in the backward direction. (The arc observed 
on the screen in Figure  3 a is a part of a ring that constituted 
the base of a cone.) By rotating the sample, i.e. by changing   θ   s , 
the highest intensity of backscattering was observed at   θ   s   ∼  11 °  
for  s -polarization and at   θ   s   ∼  10.5 °  for  p -polarization of the 
incident light. These are the same angles at which the excita-
tion of the waveguided mode and minimum of the refl ect-
ance were observed (Figure  2 ). As was noted above, the total 
scattered power was approximately 1% of the incident power. 
Thus, the reduction of the refl ection is not at the expense of 
the increased scattering but rather increased absorption. In the 
similar way, as increased transmission of the plasmonic crystals 
4369heim wileyonlinelibrary.com
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      Figure  2 .     (a) Angular dependence of the refl ectance of the unpoled and poled samples for  s - and  p -polarization of the incident light. The resonant 
absorption occurs at   θ   s   =  11 °  for  s -polarization (solid line) and   θ   s   =  10.5 °  for  p -polarization (dotted line) when the waveguided mode is excited. (b) 
Effective medium simulations of the refl ectance of poled (solid lines) and unpoled (dashed lines) samples for  s-  and  p -polarized light (black and red 
lines, respectively). (c) (LEFT) The images of the refl ected beam in the far-fi eld at the resonant and non-resonant angles of incidence for  s -polarization 
of the incident light and (RIGHT) the corresponding images taken near the point of incidence of the beam at the substrate—fi lm interface.  
is accompanied by the reduced refl ection and the increased 
absorption. [  16  ,  17  ]   

 The observed angular scattering diagram (Figure  3 b) exhibits 
pronounced forward and backward scattering lobs. When the 
beam was  s(p) -polarized, vanishing (maximum) scattering 
power intensity was observed at a scattering angle of 90 °  with 
respect to the incident beam direction. At the same time, when 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com

      Figure  3 .     (a) True image of the anomalous conical scattering pattern with 
tering for an  s -polarized light incident at   θ   s   =  11 °  (the laser beam is trave
left). The observation screen was placed at a distance of 10 cm from the sam
substrate surface. (b) Polar representation of scattered optical power distri
of the cone under the same illumination conditions as in (a); forward and ba
directions correspond to 180 °  and 0 °  polar angles, respectively. Bottom pa
drawn for eye guidance.  
the laser beam was focused onto the completely bleached 
areas of the sample (no plasmonic nanocomposite), the scat-
tered power decreased drastically with isotropic scattering pat-
tern. The conical scattering was also absent for other samples 
tested that were fabricated with different poling parameters 
and arrangements [  6  ]  but all completely bleached (no metal 
nanoparticles). 
mbH & Co. KGaA, We
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 To model the observed phenomenon of 
backscattering in Rayleigh regime, the refl ect-
ance and scattering properties of the sample 
were studied numerically using the 3D transfer 
matrix method. [  18  ]  (Please note that since mul-
tiple scattering effects are important, it cannot 
be modeled in the effective medium approxi-
mation regime describe above). The glass sub-
strate was assumed to be semi-infi nite. The 
region of the substrate which was modifi ed 
by poling was treated as a homogeneous layer 
with reduced refractive index. The nanocom-
posite fi lm was considered as 8 layers of thick-
ness equal to the experimentally estimated 
gold particle diameter  b   =  15 nm and random 
distribution of several ( N ) gold spheres within 
each layer. The fi lling factor was set similar to 
the experimentally determined by taking  N   =  8 
spheres in the unit cell ( f Au   =   2.48%). 
inheim Adv. Mater. 2010, 22, 4368–4372
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      Figure  4 .     (a) Variations of the backscattering when the sample is fl ashed with warm (35  ° C) dry air. (b) Variations of the backscattering when the sample 
is exposed to various vapors at the interval around 60–160 s. (c,d) Numerical simulations of total and backscattered refl ectance of the poled sample 
for two different superstrate media: air (squares) and water (stars).  
 Due to randomness in the spheres positions, the scattering 
quantities became statistical quantities and were computed for 
10 different statistical realizations of the nanoparticle arrange-
ment ( Figure    4d  ). The total refl ectance spectrum was found to 
be almost identical to the case of periodically arranged particles 
and, in turn, in a good agreement with effective medium calcu-
lations (Figure  2 d) and only weakly depends on the statistical 
distribution, as it should be expected. The backscattering inten-
sity, on the other hand, was found to be strongly dependent on 
the particle spatial arrangement as it is signifi cantly infl uenced 
by the multiple scattering effects on the spheres. Stronger 
backscattering is predicted for clustered nanoparticles (see Sup-
porting Material). Again, the model predicts correctly the posi-
tion of the resonance angle at which strongest scattering has 
been observed, which corresponds to the refl ection minimum.  

 As was analyzed from the TEM images (Figure  1 d) of the 
nanocomposites, the gold spheres are stochastically distributed 
within the layer. Some of them form clusters of 2 or 3 parti-
cles and it seems that there is also an overall interspacing of 
on average 200 nm between some particles, which is close to 
spatial period yielding optimal backscattering in the modeling. 
Therefore, only a small fraction of the particles form a more or 
less regular lattice with 200 nm spacing, which produces the 
backscattering. The rest of the particles are randomly distrib-
uted (with aggregations) and contribute to incoherent scattering 
background on top of which the backscattering is observed. 

 It is well known that plasmonic nanostructures and meta-
materials are very sensitive to the refraction index of the 
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 4368–4372
surrounding medium and often used for label-free sensing 
applications. [  1  ,  2  ]  In many cases complex experimental confi gu-
rations are required to access the resonant conditions of surface 
plasmon excitation. Remarkably, the observed backscattering, 
being intrinsically determined by the interaction within plas-
monic layer also possesses strong sensitivity to the refractive 
index of the substance above the nanocomposite layer and can 
be used for sensing application in the simple arrangements 
where only the detection of the scattering intensity is required. 

 Sensing properties of the structure can be described within 
the same model as above, considering different superstrates 
(air:  n  ext   =  1 and water:  n  ext   =  1.33) above the nanocomposite 
layer (Figure  4 d). One can readily see that the increase of the 
refractive index reduces both scattered and refl ected signals. At 
the same time, the position of the observed resonances does not 
depend on the superstrate. The origin of the effect is in the mod-
ifi cation of the waveguided mode excited in the nanocomposite 
layer. Interestingly, backscattering is much more sensitive to 
ambient environment than the refl ection (cf. Figure  4 c and 4d). 

 In order to experimentally demonstrate the effect, we studied 
the effect of the water removal from the nanocomposite layer 
(Figure  4 a). The backscattering power was monitored while 
exposing the sample to the stream of dry air. When the laser is 
switched on in the ambient conditions, the scattering increases 
due to the heating of the sample related to the laser light absorp-
tion in the nanoparticles and related water molecule desorption. 
When the sample is heated to 35  ° C in the dry atmosphere 
environment, the backscattered power sharply rises by about 
4371bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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60% within fi rst 20 s of the exposure followed by saturation 
at the end of 10 min with almost 70% increase of the back-
scattered power. When the sample is again exposed to initial 
ambient conditions, the scattered power steadily decreased back 
to the initial value in an exponential fashion due to adsorption 
of water molecules from the atmosphere. Numerous studies of 
the adsorption on glass surface suggest that even in the driest 
of environments, glass samples have a layer of adsorbed water 
ranging from a few angstroms to several nanometers depending 
on the relative humidity. [  19  ,  20  ]  Another possible effect may also 
be associated with water molecules from the ambient environ-
ment penetrating into porous sol-gel matrix. [  7  ,  21  ]  

 To further illustrate this effect, the sample, originally in the 
ambient conditions, was exposed to organic vapors (ethanol, 
2-propanol, methanol, acetone) that are known to contribute to 
drying the glass surface via removing molecular layers of water 
existing on the surface. An appreciable increase in the back-
scattered power was observed when the surface is contact with 
those vapors (Figure  4 b). At the same time, when the sample is 
exposed to vapors containing traces of water molecules, the back-
scattered intensity decreases due to water molecule adsorption 
on the surface. In parallel, with the changes in the backscattering 
under the vapor exposure, there was also observed a proportional 
change in the refl ectance of the sample, but with much smaller 
relative variations and thus requiring more cumbersome detec-
tion. Hence, this system, after precise calibration, could poten-
tially be used for sensing organic vapors and humidity. 

 In summary, electric-fi eld assisted poling has been demon-
strated as effi cient and inexpensive tool for fabrication of plas-
monic metamaterials (metal-dielectric nanocomposites) directly 
within glass substrate over large areas. The refractive index 
modifi cation of the host medium near the plasmonic structure 
during fabrication results in the formation of the plasmonic 
metamaterial with peculiar optical properties, enabling excita-
tion of leaky waveguided modes in the composite layer as well 
as leading to the enhanced backscattering effects. The concept 
of the enhanced interaction of light with gold nanocomposites 
can be exploited for developing novel bio-, chemical and envi-
ronmental sensors and other nanophotonics applications. We 
have demonstrated that the exposure of the sample surface to 
different kinds of organic vapors leads to a rapid substance-
dependent change in the backscattered intensity which can 
be detected by simple illumination of the sample with a laser 
beam without any special arrangements. 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
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