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Abstract: Bulk oxyfluoride glasses doped with Ag nanoclusters have been
prepared using the melt quenching technique. When pumped in the
absorption band of Ag nanoclusters between 300 to 500 nm, these glasses
emit a very broad luminescence band covering all the visible range with a
weak tail extending into the near infrared. The maximum of the
luminescence band and its color shifts to the blue with a shortening of the
excitation wavelength and an increasing ratio of oxide to fluoride
components, resulting in white color luminescence at a particular ratio of
oxide to fluoride; with a quantum yield above 20%.
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1. Introduction

Photoluminescence of silver (Ag) nanoclusters embedded in different hosts has recently been
attracted substantial interest because of the promising applications in optical nanolabels,
visible light sources, optical recording, and other, e.g. [1-6 and refs therein]. In particular, the
Ag nanoclusters have been embedded at the surface of some sodium (Na) containing oxide
glasses, such as silicate [7-9] and tellurite (TeO,) [10] glasses, by means of ion exchange
Ag—Na techniques at elevated temperatures, and their optical properties have been studied [7-
10 and refs therein].

Here, we report on the preparation of oxyfluoride glass doped with Ag nanoclusters, which
have been spontaneously created within this glass on its casting without any further heat
treatment steps. The glassy state of this material provides the options of its preparation in film
and fiber forms; and indeed we have pulled an unstructured fiber in air atmosphere with an
attenuation loss of several dB/cm. The structure of the glass and Ag nanoclusters has been
characterized by means of transmission electron microscopy. The luminescence band of Ag
nanoclusters expands from 400 to 1000 nm and it is most efficiently excited with UV-violet
light at about 325 to 425 nm. These features point out an option to use this luminescence in
screen monitors, where a glow is excited with a UV light source, while the red, green and blue
components of the glow may be selected by the color filters. Other applications may be in the
white light and visible light generation, CW laser sources tunable across the visible range of
the spectrum, and in down-conversion of the solar spectrum for enhancement the efficiency of
the Si solar cells; e.g. in [11 and refs therein].

2. Experimental and results
2.1 Preparation of bulk glass doped with Ag nanoclusters

The oxyfluoride glass has been prepared by batching the constituent oxides and fluorides
according to the formula 33(Si0,)9.5(Al0O;5)32.5(CdF,)19.5(PbF;)5.5(ZnF,;), mol%,
somewhat similar to the formula of the oxyfluoride glass developed in [12]. This oxyfluoride
glass will be called further in the text the basic glass. The proportion of oxide to fluoride has
been increased in some samples; this will be noted in the text where appropriate. When
preparing the batch, we have also added some wt% of the AgNO;, and in particular cases 3.5
mol% of YbF;, substituting for CdF,. All reagents were of highest purity supplied by Alfa-
Aesar. The batch was melted at about 1000 to 1300°C in a Pt crucible; the melting
temperature was increased with an increasing proportion of the oxides. The melts were casted
into a mold preheated to 350°C. Afterwards, the mould was allowed to cool to room
temperature, while placed into another furnace, with a cooling rate about 10°/min. No further
intentional heat-treatment steps were undertaken in the preparation of these glasses. The
resulting pieces of the glass were normally of 4 x 1 x 0.3 cm” in size, according to the shape
of the mold. Afterwards, these glass pieces were polished and cut in smaller pieces for optical
and structural characterization.
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2.2 Structure of samples

Figure 1 shows the photos of several glass samples in daylight, Fig. 1(a), and UV, Fig. 1(b),
ambient light. The Ag doped glasses, (samples 1, 2, 3), are homogeneously transparent and
have a light yellow color, while the undoped glass, (sample 4), is completely transparent in the
visible. Under UV illumination, the undoped glass emits a weak blue luminescence, while
doping with Ag results in orders of magnitude stronger yellow luminescence, which increases
with the Ag doping level (from sample 2 to 1), and becomes white in the glass with an
enhanced oxide content (sample 3).

A

Fig. 1. (a) Daylight picture of as-prepared glass samples: 1 is the basic glass doped with 10
wt% AgNO;; 2 is the basic glass doped with 1 wt% AgNOs;; 3 is the oxygen-enriched glass
51(Si0,)14(AlO; 5)22.5(CdF,) 10(PbF,)2.5(ZnF,), mol%, doped with 5 wt% AgNOs; 4 is the
undoped basic glass. b) Luminescence image of the same glass samples, marked respectively,
excited with a UV lamp CAMAG at 366 nm. c) Energy filtered transmission electron
microscope image of a piece of the basic glass doped with 1 wt% AgNO; and 3.5 mol% of
YbF;: the red color represents Ag and the green color represents Yb, respectively. d) TEM
image of a single Ag nanoparticle grown by intentional heat-treatment of the basic glass doped
with 1 wt% AgNOs: the glass was treated at 350°C for 1 hour.

The nano-structure of glasses has been studied by means of X-ray diffraction (XRD) and
transmission electron microscopy (TEM). Elemental maps for Ag aggregates/nanoclusters
have been obtained with an energy filtered TEM (EFTEM) using the Ag-M, s inner-shell edge
in the electron energy loss spectrum (EELS) of the sample. Elemental maps for Yb were
obtained using the Yb-N, 5 inner-shell edge in EELS. The background in the EELS data has
been subtracted using the three-window method, by measuring the background at the low
energy side of the corresponding inner-shell edge. Figure 1(c) shows an EFTEM image of a
fragment of the glass co-doped with Ag and Yb.

We found that co-doping with Yb stabilizes the glass against electron beam damage in the
TEM, while the glass doped with only Ag was less stable under the electron beam. This is
perhaps due to an extra aggregation of Ag* ions into the area of the negative charged electron
beam. As it will be seen in Fig. 4, co-doping with Yb does also affect the emission spectrum
of Ag nanoclusters. This, together with the stabilization of the glass against the electron beam,
is an indication that an introduction of Yb* in the glass matrix restricts the growth of the Ag
nanoclusters and therefore quenches the red tail of the luminescence band of the Ag
nanoclusters. This restriction of the growth however is not substantial, as it will be discussed
further.

Ag signals from the glass observed in Fig. 1(c) stem from tiny Ag nanoclusters/aggregates
with an average size below 1 nm. Remarkably, the XRD pattern of this glass showed only
broad amorphous halos, similar to the halos shown in Fig. 2 of Ref [12]. for the same
oxyfluoride glass, indicating an absence of larger size crystalline nano-phases or crystalline
micro-phases in this glass. Obviously, the XRD technique is not suitable for the detection of
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such tiny Ag nano-aggregates, as shown in Fig. 1(c), because the XRD peaks of such small
entities are too broad for the detection in the respective XRD patterns.

Differential thermal analysis (DTA) curves of the basic glasses doped with different
amounts of Ag indicated their glass transition temperature T, at about 370° C, again similar to
the one in [12], where the same oxyfluoride glass host has been investigated. Some pieces of
the basic glass doped with 1 wt% AgNO; have been intentionally heat treated at temperature
of 300 to 350°C, i.e. below its glass transition temperature, T,, to avoid softening of the glass
on the heat treatment. In the intentionally heat treated at 350°C glass sample, we have detected
the dispersed spherical Ag nanoparticles with a mean diameter of about 20 nm, one of them is
shown in Fig. 1(d), for example. The XRD patterns of this intentionally heat treated glass
sample showed crystalline peaks corresponding to the face centered cubic phase of Ag.
Having measured the half height width of the silver XRD peak at about 260 = 38° and using the
Scherrer formula, we have calculated the average diameter of Ag nanoparticles to be about 20
nm, in agreement with TEM data.

2.3 Emission and excitation spectra

The spectral response of the set-up has been taken into account in all below shown spectra,
while an extended Hamamatsu photomultiplier has been used for detection of the emission.
The emission and excitation spectra of the basic glass doped with 5 wt% of AgNO; are shown
in Fig. 2.
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Fig. 2. Normalized emission and excitation spectra of the basic glass doped with 5 wt%
AgNOs. Emission and excitation wavelengths are post-signed, respectively.

The emission in Fig. 2 comes from the Ag dopants, since the same basic undoped glass,
containing no Ag, shows a very different luminescence, as depicted in Fig. 1(b) and Fig. 3. In
particular, the luminescence of undoped glass cannot be excited at wavelengths longer than
380 nm, and at the wavelengths at which it can be excited, its maximum integrated intensity is
orders of magnitude lower than the maximum integrated intensity in the basic glass doped
with Ag; this can be seen, e.g. in photos of Fig. 1(b). Moreover, the most intense emission
band of the Ag dopants in Fig. 2 is observed at an optimum excitation wavelength of 380 nm,
while the luminescence of the undoped glass host is not excited at 380 nm, see Fig. 3.

When excited at the optimum wavelength of about 380 nm, the resulting emission
spectrum, further called an optimized emission spectrum of Ag dopants, peaks at about 580
nm, i.e. in the yellow part of the spectrum. The excitation spectrum, which is obtained by
detection at 580 nm emission wavelength, will be further called an optimized excitation

#132634 - $15.00 USD Received 2 Aug 2010; revised 3 Sep 2010; accepted 5 Sep 2010; published 4 Oct 2010
(C) 2010 OSA 11 October 2010/ Vol. 18, No. 21 / OPTICS EXPRESS 22035



spectrum. The position and shape of the emission and excitation spectra in Fig. 2 do match the
earlier reported respective spectra of Ag nanoclusters [1-6]. Moreover, it was detected in [13]
that the lifetime of the Ag emission band, at the maximum of the optimized emission
spectrum, equals to 2.6 ns, which agrees with the lifetime of Ag nanoclusters dispersed in
other media [1-6].

The shortening of the excitation wavelength in Fig. 2, from 457 to 320 nm, results in a
blue shifting of the respective emission spectrum. A similar shifting with excitation
wavelength has been detected in semiconductor quantum dots, and it has been related to the
size-selective excitation of the quantum dots. Therefore, we conclude that the short
wavelength part of the Ag emission spectrum corresponds to the emission by smaller size Ag
nanoclusters, while the long wavelength part corresponds to emission by larger size
nanoclusters, and the largest light emissive Ag nanoclusters emit in the red-to-infrared tail of
the Ag emission band down to 1100 nm (Fig. 2). When the size of Ag nanoclusters reaches a
critical value, they apparently cease to emit, perhaps because they are acquiring bulk silver
metal properties, in particular an absence of luminescence. With increasing the Ag doping
level, the emission spectra are shifted to the red at the same excitation wavelength indicating
that the average Ag nanoclusters size does increase with the Ag doping.
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Fig. 3. Normalized emission and excitation spectra of the undoped basic glass, as post-signed.
The emission spectrum does not shift appreciable with change of the excitation wavelength.

Figure 4 illustrates an effect of Yb co-dopant on the spectrum of the glass presented in
Fig. 2. It was noted above that co-doping with Yb restricts the growth of the Ag nanoclusters,
and indeed we see in Fig. 4 that luminescence of larger Ag nanoclusters, emitting in the red
and infrared, has been suppressed, and the maximum of Ag emission shifts to the blue from
580 to 550 nm. In addition, an emission band of Yb** corresponding to the only f-f transition
2F5,2—>2F7,2 of Yb*, appears around 980 nm. This may indicate an electron energy transfer
from the larger size Ag nanoclusters to the Yb** co-dopants.

In principle, the Yb** might be directly excited at 380 nm, either into its charge transfer
d-state or due to energy transfer from other atoms involved in the chemical formula of this
glass. To check this, we have prepared and compared the single Yb™ doped glass and the
glass co-doped with the same concentration of Yb** and Ag; their excitation spectra and the
difference between them is shown in Fig. 5. It is seen that indeed, the Yb** is excited directly
in a broad band peaked at about 315 nm in single Yb**-doped glass, but Ag co-dopants
broaden the excitation band of Yb** and shift the excitation maximum to 345 nm.
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Fig. 4. Normalized emission spectra of the basic glass doped with 5 wt% AgNOs; (red curve)
and the basic glass co-doped with 5 wt% AgNOs and 3.5 mol% YbF; (blue curve).
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Fig. 5. Excitation spectra of 980 nm emission band of Yb** in the basic glass single doped with
3.5 mol% YbF; (blue curve) and in basic glass co-doped with 3.5 mol% YbF; and 1 wt% of
AgNO:s; (red curve). The green curve shows their difference.

The difference spectrum in Fig. 5 peaks at 355 nm and it is similar to the excitation
spectrum of the Ag nanoclusters in Fig. 2, when detected at 450 nm, i.e. with the excitation
spectrum of smaller Ag nanoclusters. This indicates that the excited smaller Ag nanoclusters
transfer some part of the electron excitation to Yb**, perhaps via nanoclusters of a larger size,
which emit in the red and near-infrared (Fig. 2 and Fig. 4), overlapping with the emission
band of Yb™".

Figure 6 shows the optimized emission and excitation spectrum of the glass, sample 3 in
Fig. 1(b), which is enriched with oxide components. The most intense excitation in this glass

#132634 - $15.00 USD Received 2 Aug 2010; revised 3 Sep 2010; accepted 5 Sep 2010; published 4 Oct 2010
(C) 2010 OSA 11 October 2010/ Vol. 18, No. 21 / OPTICS EXPRESS 22037



occurs at 335 nm with a resulting emission spectrum peaked at 520 nm. Note that optimized
emission and excitation spectra for this oxygen-enriched glass are shifted to the blue
compared to the respective spectra in Fig. 2. Such emission spectrum has red, green and blue
components; therefore the color of this emission is near to white. We have estimated a
quantum yield for emission of this sample at about 20% using the integration sphere detection,
when excited at about 360 nm. Since the maximum of excitation of this glass peaks at the
shorter wavelength of 335 nm, then the yield could be even higher when excited at the
wavelengths closer to 335 nm. A shoulder at 315 nm can be seen in the excitation spectrum in
Fig. 6. It may indicate that the emission of Ag nanoclusters can be excited by pumping and
energy transfer from the glass host in oxygen-enriched glass hosts.
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Fig. 6. Optimized emission and excitation spectra of an oxygen-enriched glass
51(Si0,)14(AlO; 5)22.5(CdF,)10(PbF,)2.5(ZnF,), mol%, doped with 5 wt% AgNO; (sample 3
in Fig. 1 (b)).

3. Discussion

Although the luminescence of metal nanoclusters in a variety of hosts has been investigated
for a few years, the mechanism for this luminescence has not been completely understood, e.g.
[14 and refs therein].

The luminescence spectrum of single Ag* ion lies at about 300 nm and its half height
width is about 25 nm [15 and refs therein]; this is different principally from the Ag
luminescence spectra in our glasses (Figs. 2,4,6), indicating that in these glasses, the Ag
luminescence stems from Ag nanoclusters. At the moment, it is difficult to name precisely the
number of Ag atoms in these nanoclusters and this will be addressed in the following work
dealing with computer simulations of Ag nanoclusters electronic structure. EFTEM and XRD
techniques, Fig. 1(c), point out an angstrom scale of the nanoclusters and that some
distribution of the cluster sizes takes place, which fortunately results in broadening the
luminescence spectra. Comparing the emission spectra, we also can conclude that an average
size of Ag nanoclusters decreases with co-doping of these glasses by Yb*, Fig. 4, in
agreement with EFTEM data Fig. 1(c); and also with increasing oxides content in the glass
composition, Fig. 1(b) and Fig. 6. The red-infrared vanishing tail of the luminescence band in
the single Ag-doped glasses, Fig. 2 and Fig. 4, indicates that the largest Ag nanoclusters cease
to emit, perhaps because of acquiring the properties of metallic silver.

The simplified energy level diagram suggested in Fig. 7 illustrates the excitation and
emission transitions in Ag nanoclusters and accounts for the observed large Stokes shift of the
luminescence (Figs. 2,4,6). While the ground state of the silver atom is fixed, the excited state
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may be a matter of controversy, because the Ag atom has a rich number of excited states, e.g.
in [16 and refs therein]. We follow here the notations of the work [15], where luminescence of
the prototype single Ag® ions in a cubic site of a fluoride crystal has been studied and
modeled. The detailed diagram for Ag nanoclusters will be addressed in the following work.

25 AN
S s
20
:é 15}
Biof
/
5L
10 1
. 4d5s o

Fig. 7. The simplified energy configuration diagram illustrates the excitation and emission
transitions in Ag nanoclusters by straight lines. The wavy red curve corresponds to relaxation in
the excited state between the sub-levels of a single nanocluster, and energy transfer between
separated nanoclusters, whose energy splitting depends on the parameters of the crystalline
field around Ag nanoclusters sites, as e.g. in [15].

It was mentioned in the introduction that up to now the Ag nanoclusters were embedded
only in oxide glasses and only at their surface by means of ion exchange Ag—Na techniques
at elevated temperature. A homogeneous doping of the bulk oxide glass with Ag nanoclusters
seemed to be impossible [7-10 and refs therein]. The oxyfluoride glass presented in this work
has a substantial fluoride component, which apparently makes it possible to dope the glass
homogeneously with Ag nanoclusters. Indeed, the Ag atoms in these oxyfluoride glass
network become mobile already at 300 to 350°C, as proven by the heat treatment induced
condensation of Ag atoms in 20 nm diameter silver nanoparticles depicted in Fig. 1(d), while
in oxide glasses the Ag atoms become mobile at substantially higher temperatures above
500°C [7-10]. The high mobility of the Ag atoms in the fluoride network component perhaps
assures a static homogeneous dispersion of Ag nanoclusters in this oxyfluoride glass network.

The intrinsic property of alkali halides, including PbF, and CdF, fluorides (which are the
substantial components of the oxyfluoride glasses studied here), are the F vacancies,
otherwise called color centers, or F-centers, e.g. in review [17 and refs therein], where an
electron substitutes onto the place of an F. These vacancies/centers are statistic
homogeneously dispersed across the host and they are obvious attractors for Ag" ions.
Moreover, at elevated temperatures, the F-centers intrinsically condense in nanoclusters
consisting of two and more F-centers [17], which then will be an obvious nucleation center for
the Ag-nanoclusters consisting of the respective amounts of the Ag” ions, which then will also
be statistic homogeneously dispersed in the host as the F-centers are. The high ionic
conductivity of fluorides, especially of PbF, [17], helps to create nanoclusters of F-centers,
and the known high ionic conductivity of Ag® in silver halides helps to trap the Ag
nanoclusters on nanoclusters of F-centers. The charge compensation mechanism in case of
trapping two Ag" ions near a nanocluster of two F-centers (or two electrons ~ on place of two
F ions) can be described by Eq. (1) resulting in the formation of a neutral Ag, nanocluster:

248" +2 =Ag"+Ag’ = Ag,’ 1)

The two Ag* ions may substitute either of Cd** or Pb** cations, as in [15], and nearby cation
vacancies that are typical in PbF, and CdF, hosts, page 1242 in [17]. Note that Ag is next to
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Cd atom in the periodic table, making a substitution especially easy, and the concentration of
the F" nanoclusters above 1% in PbF, and CdF, (page 1241 in [17]), matches the concentration
of Ag dopants in these glasses allowing an accommodation of all the Ag™ dopant ions.

The nanoclusters of F-centers and the resulting Ag nanoclusters might already be created
in the melt of the glasses because we noted that the silver has not been dispersed in the glass
melt, and even did precipitate on the bottom of the crucible, when melted in particular
crucibles, e.g. in a silica crucible.

Finally, the emission spectra of Ag" monomers and nanoclusters have been investigated in
soda-lime based oxide glass hosts [18,19] and the spectral positions of the respective
identified emission bands differ substantially from the Ag emission band in this work,
indicating that the surrounding of Ag nanoclusters in our oxyfluoride glass is not of oxide
origin.

The energy transfer mechanism where silver clusters play the role of sensitizer for the
luminescence of rare earth ions, as of Yb** in our case, without plasmonic contribution, has
been considered earlier in Refs [20,21]. and will be refined in the following work.

4. Conclusion

Bulk oxyfluoride glass doped with Ag nanoclusters has been prepared. The glassy state of this
material suggests a possibility to prepare it in film or fiber form. When optically pumped in
the UV-blue absorption band of the Ag nanoclusters, this glass emits a broad luminescence
band of Ag nanoclusters covering the whole visible range; its quantum efficiency can be
above 20%. This emission band has a potential for application in broad band visible light
sources, CW lasers tunable across the whole visible range, and panel displays based on
selective filtering of red, green and blue parts from the emission band of Ag nanoclusters.
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