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Nanoparticle Direct Doping: Novel Method for 
Manufacturing Three-Dimensional Bulk Plasmonic 
Nanocomposites
 Metallodielectric materials with plasmonic resonances at optical and infrared 
wavelengths are attracting increasing interest, due to their potential novel 
applications in the fi elds of photonics, plasmonics and photovoltaics. 
However, simple and fast fabrication methods for three-dimensional bulk 
plasmonic nanocomposites that offer control over the size, shape and 
chemical composition of the plasmonic elements have been missing. Here, 
such a manufacturing method and examples of experimental realizations of 
volumetric isotropic nanocomposites doped with plasmonic nanoparticles 
that exhibit resonances at visible and infrared wavelengths are presented. 
This method is based on doping a low-melting dielectric material with 
plasmonic nanoparticles, using a directional glass-solidifi cation process. 
Transmission-spectroscopy experiments confi rm a homogenous distribution 
of the nanoparticles, isotropy of the material and resonant behavior. The 
phenomenon of localized surface plasmon resonance is also observed visu-
ally. This approach may enable rapid and cost-effi cient manufacturing of bulk 
nanoplasmonic composites with single or multiple resonances at various 
wavelength ranges. These composites could be isotropic or anisotropic, and 
potentially co-doped with other chemical agents, in order to enhance dif-
ferent optical processes. 
  1. Introduction 

 Today, materials with negative dielectric permittivity at fre-
quencies below their plasma frequencies are explored for the 
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design and fabrication of novel hybrid 
materials. These materials have a sig-
nifi cant impact on a number of photonic 
applications. In particular, these mate-
rials have led to important developments 
in the fi elds of metamaterials [  1–3  ]  and 
nanoplasmonics. [  4–6  ]  Examples of unu-
sual electromagnetic properties that have 
been demonstrated include artifi cial mag-
netism, [  7  ,  8  ]  the realization of a negative 
refractive index, [  7  ,  9  ,  10  ]  cloaking [  11–13  ]  and 
the squeezing of photons through sub-
wavelength holes. [  4  ]  In nanoplasmonics, 
collective electron oscillations—known as 
plasmons—at the metal–dielectric inter-
face [  4  ,  5  ]  of nanoelements interact with 
photons at a characteristic frequency and 
give rise to localized surface plasmon 
resonances (LSPR). These resonances 
in turn lead to increased absorption and 
scattering of light. These effects, together 
with the local-fi eld enhancement (LFE) 
around the nanoplasmonic elements, 
can amplify subsequent optical processes 
such as photoluminescence, optical non-
linearity and surface-enhanced Raman 
scattering. The use of plasmons in solar cells, [  14  ]  cancer treat-
ment, [  15  ]  sensing [  16  ]  and plasmon-based lasers [  17  ,  18  ]  has already 
been demonstrated; other applications under investigation 
include optical information storage, [  19  ]  new types of photonic 
devices, [  20  ]  highly effi cient light sources [  21  ]  and plasmonic met-
amaterials. [  22  ]  The availability of versatile nanoplasmonic mate-
rials is therefore of potentially great scientifi c and economic 
importance. 

 Depending on the application, one or more different aspects 
of the LSPR are critical: the type of enhanced optical prop-
erty (absorption or scattering); the resonance wavelength dis-
tribution (LSPR in the visible and/or infrared range; single, 
multiple, broadband or tuneable); the enhancement of subse-
quent optical processes (photoluminescence, up-conversion, 
nonlinear effects); the geometry of the plasmonic particles 
(isotropic, anisotropic, single particles, agglomerates); or the 
macroscopic geometry of the material (layers, volumetric mate-
rial). The LSPR properties strongly depend on a number of fac-
tors, among them the type of nanostructure used, the chemical 
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     Figure  2 .     Bulk nanoplasmonic NBP glass rod doped with Ag nanopar-
ticles (NBP:nAg) obtained by nanoparticle direct doping. The diagram 
depicts the general concept of the manufacturing method.  
composition of the nanoplasmonic elements, the environments 
surrounding the nanoelements, and the size, size distribution, 
and shape of the nanoelements. [  23  ]  

 Despite major developments, the fabrication of nanosized 
metallodielectric structures remains a challenge. Most current 
fabrication techniques arrange metal nanoparticles on dielec-
tric surfaces. The methods used are either time-consuming and 
costly (e.g., lithography), or restricted to the creation of two-
dimensional structures at a limited production scale. Theoretical 
proposals [  24  ]  for and experimental demonstrations of bottom-up 
approaches are scarce and (despite demonstrated possibilities of 
millimetre-scale samples of well-ordered tightly arranged nano-
particles by colloidal chemistry, [  25  ]  metal-particle assemblies 
arranged into liquid crystalline phases, [  26  ]  or excitation of leaky 
waveguided modes in composites processed by electric-fi eld 
assisted poling, [  27  ]  magnetic and Fano-resonances observed in 
self-assembled nanoparticles clusters, [  28–30  ]  and ultrafast optical 
nonlinearities in gold nanorods assembled via anodized alumina 
templates), [  31  ]  they exhibit signifi cant drawbacks. For example, 
the optical response in colloidal metallic crystals is broadband 
and operates in refl ection mode, the arrangement of only few-
nanometre metal nanoparticles has been demonstrated in liquid 
crystalline phases, while metallic nanoparticles clusters have 
been demonstrated only in solutions or as single clusters. 

 A further approach is based on introducing metal nanopar-
ticles into dielectric materials, typically glasses, to yield three-
dimensional bulk materials. There is a number of different 
methods (i.e., ion exchange, ion implantation, sol-gel, melt 
quenching, etc.) which are in principle based on doping glasses 
with metallic ions and in post-processing reducing these ions to 
metallic nanoparticles (as in the famous example of the Lycurgus 
cup). [  32  ]  We call such methods indirect (chemical) since they 
incorporate metallic ions into glasses,  Figure    1  , instead of using 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  1 .     Comparison of the possibilities offered by indirect methods of 
manufacturing dielectric matrices doped with nanoparticles with nano-
particle direct doping method (NPDD).  
nanoparticles directly. Indirect methods preclude obtaining 
materials with nanoparticles of specifi c sizes and shapes, which 
is often required for many plasmonic applications. Also these 
methods can not yield materials with non-metallic particles 
such as semiconducting particles with smaller (than metallic) 
losses in the infrared range. Co-doping plasmonic nanoparticles 
with other chemical species is also not easy to obtain. These 
constraints can strongly limit further application of the above 
mentioned methods and manufactured by them materials.  

 Here we demonstrate a fast, low-cost, bottom-up method for 
manufacturing nanoplasmonic composites nanoparticle direct 
doping (NPDD), Figure  1  and  Figure    2  . This method is based 
on the direct doping of dielectric matrices with plasmonic 
nanoparticles and enables the fabrication of volumetric three-
dimensional materials through a non-chemical process/direct 
(see Figure  2 ). The concept is based on utilizing matrices with 
lower melting temperatures than those of the admixed nano-
particles. In this way, a variety of nanoparticles—of several dif-
ferent sizes, shapes and chemical compositions—can be intro-
duced into the matrix, even when other doping agents such as 
rare-earth ions are present; see Figure  1 . To demonstrate the 
potential of our method, we present nanoplasmonic composite 
materials with resonances in the visible and infrared wave-
length ranges. Moreover, we report enhanced Er 3 +   photolumi-
nescence in a material co-doped with silver nanoparticles and 
erbium ions.    

 2. Results and Discussion  

 2.1. Fabrication Process 

 All materials reported here are based on sodium borophos-
phate dielectric glass (Na 5 B 2 P 3 O 13 , NBP), which serves as the 
medium. Glass has several advantages over other dielectric 
materials as a matrix for nanoparticles, including high trans-
parency in the UV–vis range, good mechanical strength, ease 
of fabrication into desired shapes and sizes, and an amorphous 
isotropic structure that provides suitable doping conditions. 
NBP has been chosen as a matrix for the nanoparticles due to 
its low melting point and wide transparency range. [  33  ]  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3443–3451
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     Figure  3 .     De-agglomeration of Ag nanoparticles during directional solidifi cation using the micro-pulling-down method. a) Scheme of the micro-
pulling-down method and of the de-agglomeration process occurring during the nanoparticle direct doping due to the fast fl ow of the liquid through 
a capillary, which causes the formation and collapse of bubbles. b) SEM image of the agglomerated Ag nanopowder used for doping the NBP matrix 
(nominally, spherical particles, 20 nm in diameter). c,d) SEM images of small (c) and large (d) nanoparticles embedded in the NBP matrix after the 
solidifi cation process using the  μ -PD method. e) Comparison of coloration of three solutions (left to right): (i) pure NBP glass dissolved in HCl (aq); 
(ii) Ag nanopowder mixed in an ultrasonic mixer in isopropanol; the black color is due to Ag agglomerates; (iii) NBP:nAg glass dissolved in HCl (aq), 
the yellow coloration is due to dispersed Ag nanoparticles.  
 As plasmonic nanoparticles with resonances in the visible 
region, we have used commercially available silver nanoparti-
cles (see the Supporting Information). Silver is characterized 
by one of the highest electrical conductivities and relatively low 
ohmic losses in the visible-wavelength range, which makes it an 
attractive plasmonic material. Differential-scanning-calorimetry 
(DSC) measurements confi rmed that Ag nanopowder melts at 
the same temperature as bulk silver (961.8  ° C), and that NBP 
glass melts at the much lower temperature of 750  ° C (see Sup-
porting Information Figure S1), approximately as previously 
reported (747  ° C [  33  ] ). Mixing Ag nanopowder with NBP glass 
in a planetary mill does not signifi cantly infl uence the melting 
point of silver. The silver nanopowder we used contained the 
silver crystallites of 20 nm in average diameter as shown by 
powder X-ray diffraction and the Scherrer equation. However, 
scanning-electron-microscopy (SEM) images revealed a strongly 
agglomerated character of the nanoparticles ( Figure    3  b).  

 For samples fabrication with NPDD we introduce slightly 
modifi ed micro-pulling-down ( μ -PD) method. [  34  ,  35  ]  This method 
is based on the directional solidifi cation of a melt fl owing 
through a capillary placed in a die at the crucible bottom 
(Figure  3 a). The solidifi cation begins outside of the crucible die 
after contacting the melt at the die bottom with a seed material 
due to a substantial but controllable temperature gradient. This 
method has been previously proposed as a potential method for 
manufacturing metamaterials. [  36–38  ]  Preliminary attempts have 
also been made to use this method for doping single crystalline 
matrices with metallic nanoparticles. [  39  ]  

 For NPDD with micro-pulling down method we used 
powder of dry nanoparticles. In such form nanoparticles tend 
to agglomerate as their surface-to-volume ratio is high, leading 
to strong attractive electrostatic and adhesion forces. A distinct 
advantage of the  μ -PD method is that it helps de-agglomerate 
the nanoparticles, as they are transported through the nozzle at 
the center of the crucible die. During the fl ow of liquid through 
the capillary, bubble formation (cavitation) and collapsing of 
formed bubbles (implosion) [  40  ]  can occur (Figure  3 a). Previous 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3443–3451
investigations of liquid fl ows through capillaries have sug-
gested that this phenomenon can lead to separation of nano-
particles originally present as larger agglomerates, as the shock 
waves are created at the locations of the collapsed bubbles. [  41  ]  
Following the principle of mass conservation, we calculated the 
increase of the liquid fl ow in the capillaries used in our experi-
ments to be at least 50-fold, compared with the fl ow out of the 
capillary. This result implies a decrease in pressure inside the 
capillary, which can lead to the formation of bubbles and their 
subsequent implosion due to, for example, a sudden increase 
in pressure at the capillary outlet. An additional process that 
might help de-agglomeration is the high hydrodynamic shear 
stress present in the capillaries. [  40  ,  41  ]  As a result, the Ag nano-
particles present in the solidifi ed glass rods are not agglomer-
ated (Figure  3 d,e). To verify this, we dissolved, our NBP glass 
doped with Ag nanoparticles in HCl (aq) and found that it 
exhibited a yellow color, characteristic of dispersed Ag nanopar-
ticles (Figure  3 c), in contrast to the black color of agglomerated 
Ag nanoparticles mixed with isopropanol and the almost color-
less solution of undoped NBP glass dissolved in HCl (aq).   

 2.2. Optical Bulk Plasmonic Nanocomposites 

 The NBP:nAg rod we have produced exhibits both the LSPR 
phenomenon in the visible range and a dichroic effect (that is, 
the phenomenon of different colors in transmission and in scat-
tering; see Supporting Information Video 1).  Figure    4  a depicts 
transparent and colorless NBP glass rod obtained using the 
NPDD. After doping the rod with Ag nanoparticles (NBP:nAg), 
it becomes colored. Figures  4 b,c show the NBP-glass rod doped 
nominally with 0.15 wt.% silver nanoparticles. Against a white 
background, the observer sees the rod as yellow in the trans-
mitted light. When the rod is placed on a black background, 
however, light goes through the rod and is absorbed by the back-
ground—only scattered light reaches the observer. The material 
now appears blue. The observed colors originate from the LSPR 
3445wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     Localized surface plasmon resonance at optical wavelengths in nanoplasmonic NBP:nAg rods obtained using NPDD. a) Pure NBP glass, 
colorless and transparent. b,c) NBP glass rod doped with 0.15 wt.% of silver nanoparticles, showing yellow coloration on a white background (trans-
mitted light) and blue coloration on a black background (scattered light) due to the LSPR dichroic effect. d) Extinction coeffi cients of pure NBP and 
NBP:nAg at two positions along the plasmonic rod, demonstrating the LSPR effect in the visible range; red curve: sample from the centre part of the 
rod, extinction coeffi cient max.  =  3.07 eV (404 nm), FWHM  =  0.15 eV, integrated extinction  =  10.6 (eV cm  − 1 ); green curve: sample cut from the end of 
the NBP:nAg rod, extinction coeffi cient max.  =  2.93 eV (423 nm), FWHM  =  0.31 eV, integrated extinction  =  4 (eV cm  − 1 ). e) Demonstration of isotropy 
and homogeneity of the material via transmission spectra taken in different regions of two samples and with different apertures, showing resonance 
peaks at the same wavelength. A lens effect is also observed, due to the shape of the glass rod, both in pure NBP (a) and in NBP:nAg color (b).  
of the silver nanoparticles, which occurs at a violet-blue wave-
length. The absence of perceived green and red components in 
transmission results from the inability of the human eye to per-
ceive those colors simultaneously, at least under normal con-
ditions. [  42  ]  Following the results of Evanoff and Chumanov, [  43  ]  
we expect that this dichroic effect has two possible origins: the 
presence of medium-sized nanoparticles in which absorption 
and scattering occur with similar intensities and in a narrow 
absorption band, or the presence of a mixture of nanoparticles 
sizes (for example, 20 nm and  > 100 nm, respectively) in which 
the small particles have a strong and sharp absorption peak but 
the large particles are responsible for broader scattering.  

 The NBP:nAg rod exhibits a resonance at visible wavelengths, 
which is manifested as a sharp extinction peak with a maximum 
at 404 nm (Figure  4 d, red curve). The Lorentzian shape of this 
peak indicates a homogenous broadening of the band, which 
is of high importance for many applications. The LSPR quality 
3446 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
factor, defi ned [  44  ]  as the ratio between the LSPR energy and the 
LSPR full-width-at-half-maximum (FWHM), is 20.5. Narrower 
plasmon resonances, thus larger quality factors result from 
smaller damping. This is important for applications where large 
fi eld enhancement is necessary, such as photoluminescence. [  45  ]  
For a sample cut from the conical part at the very end part of 
the rod, the LSPR wavelength is slightly shifted towards higher 
values (  λ   max   =  424 nm; green curve in Figure  4 d), suggesting 
the presence of predominately larger Ag particles in this region. 
This result is also partially confi rmed by the coloration of the 
conical part of the rod, which exhibits very little yellow colora-
tion in transmitted light (see Supporting Information Figure S4) 
but still shows blue/violet coloration in scattered light (the blue 
color is darker here than in the other parts of the rod). The differ-
ences in the integrated extinction coeffi cients (4 for small peak 
compared with 10.6 for the large one) also suggest that in the 
end region of the rod a smaller concentration of nanoparticles 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3443–3451
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is present. The quality factor of 9.4 is determined from these 
results for the end part of the rod. 

 Transmission spectra taken on a microspectrometer at 
various sample locations and with different apertures and 
polarization confi rmed the locally homogenous and isotropic 
distribution of the nanoparticles, as well as the isotropy of 
the resonance. Figure  4 e shows transmission spectra for the 
same two samples for which the extinction coeffi cients have 
been determined (Figure  4 d). To verify the homogeneity of the 
material, the samples were cut from the central part of the rod 
perpendicular to the solidifi cation direction and from the end 
part of the rod parallel to the solidifi cation direction (see the 
Supporting Information). The measurements were taken in 
different regions of both samples, with apertures of 2.4  μ m  ×  
2.4  μ m and 10  μ m  ×  10  μ m. From the similar appearance of all 
the transmission spectra for each sample we conclude that the 
nanoparticle arrangement is rather homogenous in these sam-
ples, which were a few millimetres in diameter and in length. 
However, we note that the technology used here provides 
centimetre-long rods, and the nanoparticle density is lower at 
the ends of the rods, presumably due to depletion of the nano-
particles in the melt during the solidifi cation process.   

 2.3. Infrared Bulk Plasmonic Nanocomposites 

 As a second example (of advantages of NPDD over the indirect 
methods), we report bulk nanoplasmonic materials displaying 
the LSPR phenomenon at infrared wavelengths. These sam-
ples were manufactured by direct doping the NBP glass with 
nanoparticles of transparent conductive oxide. Transparent 
conductive oxides, such as antimony–tin oxide or indium–tin 
© 2013 WILEY-VCH Verlag G

     Figure  5 .     Bulk nanoplasmonic rods with resonances in the IR wavelength 
area with densely packed ATO nanoparticles inside the NBP glass. c) Extin
respectively, indicating increasing extinction with increasing nATO concen
deconvoluted from the differential-extinction-coeffi cient (see also Support
of isostatically compressed ATO nanoparticles, provide an estimation of th

Adv. Funct. Mater. 2013, 23, 3443–3451
oxide, are active in the near-infrared region and constitute 
attractive plasmonic materials, owing to the small negative 
values of the real part of the permittivity and to low losses. [  46  ,  47  ]  
These features make them promising candidates for example 
for transformation-optics and superlens applications. [  48  ]    

 Figure 5  a shows a NBP-glass rod doped with 5 wt% com-
mercially available ATO nanoparticles (see the Supporting Infor-
mation). At the conditions used in our experiments, we did not 
achieve a fully homogeneous distribution of the ATO nanoparticles 
in NBP and areas with larger amounts of particles were observed 
(Figure  5 b). Further optimization of technological parameters, 
such as applied nozzle, pulling rate, additional rotation of melt in 
the crucible or of the seed material, may result in homogeneity.  

 The extinction spectra of the obtained rods (NBP:nATO 2, 
5 wt%) display ATO-related broad extinction, with the maxima 
at  ∼ 2.9  μ m (Figure  5 c). Due to NBP phononic resonance at 
about 3 and 3.7  μ m, the extinction coeffi cient of NBP glass was 
subtracted from the spectra of NBP:nATO. The extinction coef-
fi cient increases with increasing nanoparticle concentration, an 
effect that is particularly evident in the differential plots (inset 
of Figure  5 c, and Supporting Information Figure S4). 

 We have estimated the resonant plasma wavelength of the 
ATO used in our experiments to be  ∼ 1.6  μ m. We have pre-
pared an ATO bulk sample by isostatically compressing ATO 
nanoparticles (identical to those used for doping the NBP 
glass). For the bulk material, refl ection starts around 1.6  μ m 
(Figure  5 d). A calculation of the LSPR frequency for the ATO 
nanoparticles yielded  ω LSPR(ATO)  ≈  80 THz (  λ    ≈  3.7  μ m). 
We worked with the formula for small spherical plasmonic 
particles in electrostatic approximation [  49  ]  and used  ε  M (NBP) 
 ≈  2.25. [  50  ]  The calculated wavelength does not coincide with the 
value observed experimentally, as a result of the approximated 
3447wileyonlinelibrary.commbH & Co. KGaA, Weinheim

range. a) NBP:nATO rod obtained using NPDD. b) SEM image showing an 
ction coeffi cients of pure NBP and NBP:nATO with 2 and 5 wt% of nATO, 

tration. Inset: ATO-related peaks in comparison with NBP-originated peaks, 
ing Information Figure S3). d) Refl ectance spectra of bulk ATO, composed 
e plasma frequency,  ω   p  (ATO)  ≅  188 THz (1.6  μ m).  
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     Figure  6 .     Bulk nanoplasmonic materials co-doped with NBP:nAg,Er 3 +   and their absorption and emission properties. a) NBP:Er 3 +   (pink) and NBP:nAg,Er 3 +   
(yellowish-pink) rods obtained using NPsDD. b) Extinction coeffi cients of pure NBP, NBP:nAg, NBP:Er 3 +   (3 wt.%) and NBP:nAg,Er 3 +   (3 wt%), dem-
onstrating similar Er 3 +   ions absorption in a sample doped only with erbium ions and in a sample co-doped with nAg and Er 3 +   ions. The large peak 
at  ∼ 400 nm originates from the LSPR of the silver nanoparticles; Er 3 +   ions absorption peaks are indicated. c) Energy-level diagram of the Er 3 +   ions 
with respective Russel–Saunders notation and corresponding absorption spectrum. d) Comparison of photoluminescence properties of pure NBP, 
NBP:nAg, NBP:Er 3 +   and NBP:nAg,Er 3 +   excited with a 325-nm cw He-Cd laser, demonstrating NBP-originated broadband emission in visible wavelength 
range for all samples and an increase of 1534 nm PL for the sample co-doped with nAg and Er 3 +     in comparison with the sample doped only with Er 3 +  . 
The PL intensity for visible wavelengths and IR wavelengths should not be compared. e) A close-up view of the visible PL of NBP:nAg, NBP:Er 3 +   and 
NBP:nAg,Er 3 , demonstrating Er 3 +   ions-related absorption and emission peaks in the PL broadband spectrum of NBP. The effect of absorption by nAg 
due to LSPR is also evident in the PL broadband spectrum of NBP.  
character of the applied Drude model, [  51  ]  which describes the 
electromagnetic properties of free carrier materials.   

 2.4. Co-doped Materials 

 Next, we explored the possibility of manufacturing materials 
doped with both nanoparticles and other chemical agents by 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
co-doping NBP rods with Ag nanoparticles and erbium ions, 
NBP:nAg,Er 3 +   ( Figure    6  a) with NPDD. The extinction spectra of 
the NBP rod doped with erbium ions alone and the rod doped 
with both erbium ions and Ag nanoparticles exhibited similar 
absorption intensities for the erbium lines, indicating similar 
concentrations of Er 3 +   ions (Figure  6 b). In addition, the strong 
extinction peak due to the LSPR of nAg was observed in both 
NBP:nAg and NBP:nAg,Er 3 +  .  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3443–3451
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 In NBP:nAg,Er 3 + ,  we observed, relative to the NBP:Er 3 +   
sample, a seven-fold increase of the 1534-nm Er 3 +   photo-
luminescence (PL) at room temperature upon excitation with 
a 325-nm continuous wave He-Cd laser (Figure  6 d). Erbium 
ions do not exhibit a resonant excitation at this pumping wave-
length (see Figure  6 c). The observed emission from the erbium 
ions resulted most likely from a strong NBP-matrix emission in 
the visible spectral range, which was observed in all the sam-
ples (Figure  6 d). The PL of the matrix causes the absorption 
of photo ns by the Er 3 +   ions, whose resonant frequencies (at 
488 and 521 nm) overlap with the NBP emission band. Via this 
indirect route, Er 3 +   PL at 1534 nm may be observed. In addition, 
the PL band of NBP overlaps with the absorption band of the Ag 
nanoparticles and causes resonant absorption. Due to a LSPR 
in the same region as the erbium absorption band (at 377 nm), 
the overlap between the NBP PL band and the nAg absorp-
tion band leads to an increase of the 1534-nm Er 3 +   emission in 
NBP:nAg,Er 3 +  . The decreased NBP PL at  ∼ 400 nm in NBP:nAg 
(Figure  5 e) confi rms absorption of the NBP PL by nAg particles. 
The observed parasitic emission at   λ   max   ≈  613 nm and 589 nm 
in these samples suggests the formation of additional radiative 
recombination centres connected with erbium and nAg. 

 The bulk samples reported here contain a signifi cantly 
higher number of active centres than other plasmonic mate-
rials reported in the literature. The intensity of PL and rate of 
up-conversion strongly depends on the concentration of active 
ions introduced into the matrix. In the materials described 
here, the calculated erbium concentration is  ∼ 2.4  ×  10 20  ions/
cm 3 . Previously, concentrations of erbium in plasmonic mate-
rials up to 10 20  ions/cm 3  have been reported. [  52  ]  However, taking 
into account that the materials described in the literature are 
mainly fi lms, the number of ions available for photolumines-
cence is much lower, due to the considerably smaller volumes 
of the fi lms. This leads us to the conclusion that the Er 3 +   PL 
reported here (without any increase caused by LSPR) is likely 
to be stronger than that in the previously reported data. More-
over, the average amount of  ∼ 2.4 Er 3 +   ions/10 nm 3  suggests a 
short average distance between the Er 3 +   ions and Ag nanopar-
ticles, thus providing good conditions for photoluminescence 
enhancement.    

 3. Discussion and Outlook 

 Our approach to manufacturing bulk nanoplasmonic compos-
ites differs signifi cantly from other techniques for producing 
nanoparticle-based materials. NPDD offers the possibility of 
introducing nanoparticles of various chemical compositions 
into a variety of glasses, and perhaps even other matrices. Par-
ticles with plasmonic, polaritonic, and excitonic resonances, 
as well as nanoparticles with assorted shapes and dimensions, 
may be used. NPDD also enables the addition of other doping 
agents, such as rare-earth ions and, potentially, quantum dots. 
Using this approach, various types of nanoparticles might be 
combined within the same medium to confer multiple reso-
nances and/or broadband effects. Utilizing nonlinear glasses 
as a matrix might enhance the nonlinear susceptibilities 
which in turn might lead to applications such as nonlinear 
absorbers. 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3443–3451
 The introduction of rare-earth ions and/or quantum dots 
should promote the enhancement of important optical prop-
erties, including photoluminescence. Glasses doped with 
rare-earth ions are used in such various applications as lasers, 
sensors, displays and in the telecommunication industry. How-
ever, strong photoluminescence is limited by the quenching 
effect for higher doping levels and their small absorption cross 
sections. Enhancement of up-conversion processes could enable 
new functionalities and/or increased performance of existing 
devices such as silicon-based solar cells, by introducing, for 
example, glasses co-doped with nAg and rare-earth ions. [  53  ]  
Up/down-converters and plasmonics are essential paths in the 
roadmap of the International Energy Agency toward an increase 
in photovoltaic energy-conversion effi ciency. [  54  ]  

 An advantage of the materials we describe is that the compo-
nent particles are protected chemically and mechanically by the 
matrix. Although the samples presented here come in the form 
of centimetre-long, millimetre-wide rods, larger sheets could 
be produced if desired, by working with a crucible with a rec-
tangular die and a slit. Other geometries are also possible. The 
observed de-agglomeration and self-dispersion of plasmonic 
nanoparticles suggests the broader possibility of utilising well-
established crystal/glass-pulling techniques for manufacturing 
new materials and thus promises easier transfer of such tech-
nologies from the laboratory to industry.   

 4. Experimental Section  
 Directional solidifi cation  :  The bulk nanoplasmonic materials were 

grown at the Institute of Electronic Materials Technology (ITME) in 
Warsaw. The raw materials were prepared as follows: (i) A Na 5 B 2 P 3 O 13  
(NBP) glass matrix was prepared from high-purity Na 2 CO 3  (99.99%), 
NH 4 H 2 PO 4  (analytically pure), and H 3 BO 3  (99.99%) in a 2.5:3:2 molar 
ratio. The material was mixed in an alumina mortar and synthesised 
at 850  ° C; (ii) Commercially available Ag nanoparticles (nominally 
spherical, 20 nm in diameter, and of 99.9% purity by Nanostructurated 
& Amorphous Materials, Inc. Houston, USA) and ATO nanoparticles 
(SnO 2 :Sb 2 O 3 , 90:10 wt%, nominally spherical, 40 nm in diameter, 
99.5 + % purity by SkySpring Nanomaterials, Inc. Houston, USA) were 
used. (iii) The fi nal raw material was prepared by mixing appropriate 
amounts of the powdered glass matrix and the respective nanoparticles 
using an alumina mortar and/or a planetary mill. The original silver 
nanopowder was agglomerated. After manual mixing, many silver 
agglomerates were still present. After mixing in the planetary mill, the 
agglomerates were partially separated, and the particles got pressed 
into the surface of glass fragments. After introducing the raw materials 
into the crucible (during the solidifi cation process) and heating it up, 
convection provided for further mixing of the material. The micro-
pulling-down method was used for the solidifi cation process, employing 
commercial  μ -PD growth equipment (Cyberstar). Thanks to the 
rotational convection forces inside the crucible, the molten material is 
mixed before the solidifi cation process begins. Inductive heating has 
been used, and the experiments were carried out both in nitrogen and in 
air atmospheres. Platinum, iridium and Al 2 O 3  (with a heating Ir cylinder) 
crucibles and alumina afterheaters have been used. The applied pulling 
rates ranged from 0.5 to 3 mm/min. The  μ -PD equipment enables the 
growth of rods up to 45 cm long. The  μ -PD method enables temperature 
gradients up to 300  ° C/mm. [  35  ]   

 Compositional and Structural Analysis : Powder XRD measurements 
were performed on the as-grown samples using a Siemens D500 
difractometer equipped with a semiconductor Si:Li detector, using 
K  α  Cu radiation. The powder diffraction pattern was measured using 
the  θ /2 θ  scanning mode with a step size of 0.02 °  and a counting time 
3449wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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of 10 s/step. The average Ag nanoparticles diameter in the applied Ag 
nanopowder was calculated using the Scherrer formula.  

 Thermal Analysis : Calorimetric and thermogravimetric measurements 
were performed on a STA 449 F1 (NETZSCH) with a platinum furnace 
and using the following (fl owing) gas mixture: argon (20 mL/min) 
and nitrogen (20 mL/min). The signal was measured using a Pt–Rh 
thermocouple, and platinum crucibles were used in a temperature range 
from ambient to 1373 K with a heating rate of 10 K/min. An exception 
was made for silver, for which alumina crucibles were used. The sample 
masses varied from 45 mg (NBP and NBP-Ag nanocomposite) to 60 mg 
(silver nanopowder). Temperatures were extracted from the plots based 
on their onset (melting and crystallization).  

 Electromagnetic Characterization : The optical transmission spectra of 
NBP:nAg samples were measured using a microspectrometer (CRAIC) 
available at the University of Southampton, UK. To verify the homogeneity 
of the material, samples were cut from the central part of the rod (round, 
approximately 3 mm in diameter, thickness 368  μ m) perpendicular to 
the solidifi cation direction and from the end part of the rod (rectangular, 
3 mm  ×  5 mm, thickness 410  μ m) parallel to the solidifi cation direction. 
The distance between samples was approximately 6 cm along the axis 
of the rod. The size of the sampling area varied from 2.4  μ m  ×  2.4  μ m 
to 42  μ m  ×  42  μ m. Other transmission/extinction measurements were 
performed on Carry500 and Fourier VERTEX 80 spectrophotometers, 
available in ITME.  

 Photoluminescence Characterization : The photoluminescence spectra 
were excited with a 325-nm cw He-Cd laser and recorded using a 
double grating monochromator HR460 and the lock-in technique, with 
a resolution 0.7 nm at 600 nm. The PL signal was collected by a cooled 
photomultipliers, EMI- 9658BM and Hamamatsu 5509–72.  

 Additional Information : The authors have applied for a patent 
regarding this work.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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