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Abstract

In the present work, the effect of electron irradiations on silver-containing phosphate glasses
using a 2.5 MeV electron beam has been explored by Electron Spin Resonance (ESR) and
luminescence spectroscopy. The process involved in the interaction of electron beam with
both the silver-containing and silver-free phosphate glass matrix and the formation of colored
centers is discussed. This allowed an understanding of the initial phenomena of electron
deposition and charge trapping that supports the photosensitivity of these glasses by
identifying the point defects and the Ag species. The effect of the silver concentration and
the structure of the glass depending on the integrated dose have been investigated. The in-
situ cathodoluminescence measurements give additional valuable information about the
cascade of chemical reactions in the formation of new silver species, namely from the initial
silver ions to the molecular silver clusters.

Keywords: Silver containing Phosphate glass, Silver photochemistry, electronic irradiation,
Color centers, silver clusters.

1 Introduction

Phosphate glass is considered to be a very promising material for high-performance optics as
well as laser engineering applications because of its simple synthesis, low transition
temperature, easy drawing, and large solubility of numerous transition metals or Rare Earths
[1]. Recently the Direct femtosecond Laser Writing (DLW) technique has received great
attention for its ability to integrate photonic devices within the diffraction limit in transparent
photosensitive dielectrics and in particular in silver-containing phosphate glasses. Indeed, in
silver-containing phosphate glass, femtosecond infrared DLW at a high repeating rate (MHz)
and low laser power (few nanojoules) can initiate the photochemistry of the silver ions through
multiphoton ionization to form molecular silver clusters (Ag:") with less than 10 silver atoms
[2-5]. The generated silver clusters were believed to be responsible for the change in local
properties of the glass, such as the induced local fluorescence [6-9] the second and third
harmonic generation [10-12], the plasmonic resonance [4,13], and the localized refractive index
change [14,15]. Recently, we have reported the influences of the glass sodium gallium
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phosphate composition under DLW fs in the Na20O-P.0s-Ga203 system [8]. Phosphate glasses
are made up of polymer chains of PO4 phosphate tetrahedron Q" units, in which n is the number
of bridging oxygen [16, 17]. As a function of the oxygen to phosphorus ratio, different
associations of Q" units are obtained [8]. The photosensitivity of silver containing
polyphosphate and orthophosphate has recently been investigated [8, 18]. It was revealed that
the orthophosphate exhibits high photosensitivity and larger silver cluster formation under
DLW fs compared to the polyphosphate [8]. However, the understanding of the photochemical
phenomena allowing the formation of the silver clusters, which are at the origin of the
fluorescence in the phosphate glass remains unclear. Femtosecond laser interaction with glass
creates highly out-of-equilibrium free electrons that allow for the activation of silver-based
photo-chemistry and associated local material modifications at the root of high optical contrasts
both for linear and nonlinear optical properties, but the limited volume of the voxel of
interaction does not allow deploying the classical spectroscopy techniques such asESR for
identifying the different paramagnetic species formed. In this framework, it is highly interesting
to perform high-energy ionizing irradiation i.e. 2.5 MeV electrons to access the initial
mechanisms of material modification, and thus to provide the fundamental understanding of
the material parameters that play a role in the electrons and holes trap formation. Indeed
interaction with an electron beam using high electron energy provokes a cascade of electrons
resulting in the generation of high density of free electrons and holes within the glass matrices
comparable to the case of femtosecond laser. Such phenomenon occurring in the whole volume
of glass sample allows identifying by ESR, absorption, or luminescence spectroscopies, for
instance, the resulting defects on the matrix or on silver ions and the formation of novel induced
species. Still one has to keep in mind when establishing comparison that both femtosecond laser
and electron irradiation lead to different kinetic, dose, and temperature.

Thanks to the formation of silver based electron and hole traps, silver containing phosphate
glass have received much attention for dosimetry applications. Indeed, under the ionizing
irradiation of the silver-containing phosphate glass, electron-hole pairs are generated. These
electron-hole pairs are then trapped either directly or indirectly by transfer of the colored centers
to the Ag* ions to form Ag® and Ag?* leading to characteristic luminescence properties [19-21].
Due to the presence of an unpair electron on their 4d° and 4d°5s! electronic configurations
respectively, Ag® and Ag®" are referred to as paramagnetic centers. The mechanism of the
formation of the paramagnetic center in silver-doped phosphate glass has been widely reported
using optical and electron spin spectroscopy (ESR) [19, 20, 22, 23].

In this paper, we report the use of electron 2.5 MeV irradiation with SIRUS accelerator on
samples of silver-containing phosphate glasses. The aim is to assess the influence of the electron
beam on the generation of defects and luminescent centers. ESR spectroscopy was carried out
to determine the paramagnetic centers that were formed during the irradiation and the influence
of the irradiation dose. In addition, the effect of the silver concentration as well as the effect of
the structure of the phosphate glass network on the formation of the different species has been
carried out. Time-resolved cathodoluminescence spectroscopy was also conducted to
investigate the mechanism of formation of the silver centers in situ from the initial step of
electron-hole pair formation.



2 Materials and methods

2.1 Glass synthesis

The silver-containing gallium zinc phosphate (PZnGass:Ag) and sodium gallo phosphate
glasses (GPN:Ag) with the composition listed in Table 1 have been prepared from the following
precursors: HsPO4 (Roth, 85%), Na2COs (Alfa Aesar, 99.95%), Ga.0Os (Strem Chemicals,
99.998%) and AgNOs (Alfa Aesar, 99.995%), ZnO (Fox chemical 99.99%). The precursors
were then mixed in an aqueous solution in a Teflon beaker and dried over a sand bath for 12
hours to produce the cement. The cement was ground and placed into a platinum crucible and
dried at 900°C for 1 hour to eliminate the residual carbonate and nitrate compounds. The dried
cement was melted at 1050°C for both PZn and GPN, and 1400°C for GPN, for 24 hours with
an intermediate quench and grind to maximize the homogenization of the Ag* silver ions.
Finally, the glasses were quenched at room temperature and then annealed at 30°C below the
glass transition temperature (Tg) for 4 hours to reduce the mechanical stress. The annealed
glasses were subsequently cut into small pieces and optically polished on the two parallel faces.

2.2 Sample irradiation and cathodoluminescence

Glass samples of 4 mm x 5 mm x 0.7 mm were continuously irradiated at LS| (Laboratoire des
Solides Irradiés), Palaiseau, France, and supported by the French Network EMIR using the
SIRIUS electron accelerator with an electron beam size of 7 mm diameter. The electron energy
is 2.5 MeV in order to homogenously irradiate glass samples of 0.7 mm thick at 10* Gy and 10°
Gy. The sample holder was kept at room temperature with a water cooling system. The emission
from the front face of the sample is collected at 45° (angle between the electron beam and
collecting fiber) through a lens associated with the detection fiber. The detection fiber is 14
meters long and can reach the spectrometer and ICCD camera that is located in another room
than the irradiation for security reasons.

2.3 Sample characterization

ESR spectroscopy was carried out to analyze the paramagnetic point defects formed during the
electron beam exposure. JOEL JESX310, an X-band (9.8 GHz) spectrometer was therefore used
at room temperature. The power of the microwaves was optimized for each defect to work in
unsaturated conditions.

A Cary 5000 Spectrometer (Varian) was used for collecting the UV-Visible transmission
spectrum.

The SPEXFluorolog-3 spectrofluorimeter (Horiba Jobin-Yvon) is used to monitor the
photoluminescent properties (excitation and emission) of the irradiated glass at room
temperatures. The setup is provided with a 450 W Xenon lamp and a Hamamatsu R298
photomultiplier. The emissions were recorded at room temperature with an Edinburgh
Analytical Instruments M300 monochromator, a Xe-900 lamp and an AMHERST SCIENTIFIC
CORP. 4100 cooled PMT

3 Results and discussion

3.1 Glass composition and properties

Unlike silica Glass, phosphate glass presents more advantages such as low melting temperature
and the ability to contain high amounts of transition ions such as silver. Glasses in two glass
systems have been investigated: Zinc phosphate and sodium gallo phosphate. Zinc phosphate



glass (PZnGas s) for instance with oxygen to a phosphorous ratio greater than 3.25 exhibits good
stability toward direct femtosecond laser writing with the formation of colored centers [24, 25].
Such a matrix allows the solubility of a large concentration of silver clusters. In the past two
decades, we have demonstrated the role of silver ions as a photosensitive agent in zinc
phosphate glasses [26] and their ability to undergo photochemical reactions to form luminescent
silver clusters under femtosecond laser writing [9]. Thus, in this paper, zinc phosphate glasses
as illustrated in Tablel have been chosen to investigate the effect of the silver concentration on
the formation of colored centers following electronic irradiation. A 5.5 cationic percent of
gallium has been introduced into the glass composition to stabilize the glass network toward
moisture. For the same PZnGas s glass composition (pyrophosphate), the cationic percentage of
silver varied from 0 to 8 %. All PZnGas s glasses presented UV-blue homogenous fluorescence
(not shown here) under a 254 nm UV lamp, which is the signature of good dispersion of silver
ions within the glass matrix without detrimental reduction effect [27, 28]. The increasing silver
content influences the physical-chemical property of the phosphate glass by the formation of
non-bridging oxygens which decrease the glass transition temperature. Indeed the presence of
Ag20 in phosphate glass tends to break the P-O-P bond inducing the depolymerization of the
glass network and lowering the covalence character of the phosphate glass skeleton. To
investigate the glass structure impact on the formation of paramagnetic centers, three glass
compositions have been selected with the same number of silver ions per cm?. Sodium-gallo
pyrophosphate and orthophosphate glasses in the glass system Na>O-P20s-Ga203 labeled GPNp
and GPN, respectively, as well as PZnGass pyrophosphate, have been targeted. The GPNo
without silver was also synthesized to well illustrate the effect of the presence of silver.
Regarding the GPNp composition, a silver-free glass with good optical quality could not be
obtained. In the case of the sodium gallo phosphate glass as for pyrophosphate, one can notice
that introducing a modifier such as silver and sodium tends to decrease the glass transition
temperature.

Acronym Cationic composition NAg* Tg
POsz | GaOa NaOw. | ZnO | AgOw, | (10%cm?®) | (x2°C)

PZnGass 56.0 5.5 - 38.5 0 0 435
PZnGass-Agus 55.1 5.5 - 37.9 1.5 3.9 422
PZnGass-Agso 54.2 5.5 - 37.3 3.0 8 410
PZnGass-Agss 52.7 5.5 - 36.3 5.5 13.6 396
PZnGass-Agso 51.3 5.4 - 35.3 8 22 381
GPN,-Ag 56.0 28 14 - 2 5.7 497
GPN, 31.58 21.05 47.37 - 0 0 399
GPNo-Ag 31.0 20.6 46.4 - 2 6.5 385

Table 1: Cationic compositions of prepared glasses, the number of silver ions per volume (NAg*), and the glasses' transition
temperature (Tg).

3.2 Effect of silver content in PZnGas s glasses analyzed by ESR.

This section aims to understand the impact of the electron beam on silver-containing phosphate
glass. Thus, PZnGass glasses with various concentrations of silver (Tablel) were irradiated
with an electron beam using the NEC SIRUS electron accelerator. The irradiation energy and
dose are 2.5 MeV and 10° Gy respectively. Subsequently, the irradiated samples were analyzed
by ESR spectroscopy at room temperature for identifying the different paramagnetic centers
formed during irradiation. Figure 1 depicts the ESR spectra of irradiated silver-doped and non-
doped PZnGas s glasses. The ESR spectrum of the unirradiated glass (not shown here) did not
reveal any ESR signal linked to any paramagnetic center. Thus, it is assumed that the silver ions



were well dispersed and fully oxidized to their Ag* form with an electronic configuration of
4d° and showed no unpaired electrons before irradiation. However, the ESR spectra of the
irradiated glass exhibit many ESR signals linked to the existence of various paramagnetic
defects that depend on the silver content. For the non-silver doped glass (blue curve), the
saturated signal doublet located at 3493 Gauss and 3528 Gauss can be assigned to a hole center
located on non-bridging oxygen bound to a phosphorus atom and named Phosphorus Oxygens
Hole Center (POHC) [29, 30]. This doublet originates from the hyperfine splitting resulting
from the interaction between the % nuclear spin of the phosphorus atom and the spin of the
trapped hole. For the PZnGass:Ados (green curve), the POHC defect contribution decreases
dramatically (see inset of Figure 1) with the apparition of new signals. The signal at 3680 Gauss
can be linked to one contribution of the doublet of PO5~ (P4) defect [30, 31]. Indeed, the PO5~
defect is typically considered as an electron trap center with a characteristic doublet at Aiso =
305 Gauss in the ESR for phosphate glass [30]. The signals at 3000, 3200, 3400, and 3850
Gauss probably originate from the presence of silver and are associated with highly stable
silver-related paramagnetic defects. The broad and main signal at 3000 Gauss and the intense
signal at 3400 Gauss seen in all silver-doped glass can be ascribed to the hole trapped center of
Ag?* doublet [19, 21, 32]. With the increase of silver concentration to 3% and 5.5% in PZnGas s
(Figure 1 red curve and black curve respectively), the intensity of the ESR signal of Ag?*
increases and almost reaches its maximum. The shifting of the ESR signal at 3400 Gauss for
PZnGas5:Agos may result in the overlapping of the second contribution of P05~ doublet and
Ag?* signals. While the ESR signals around 3200 and 3850 Gauss can be assigned to the silver's
electron trapped center of (Ag°) doublet [5, 9, 22, 33]. The increase in the intensity of the Ag°
signal with the increasing silver contents is also observed.
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Figure 1: ESR spectra of electronic irradiated PZnGass : Agx glass with different concentrations of silver showing the
signals of paramagnetic electron and hole trapped center formed (insect: signal of POHC defect).



To clarify the various processes related to the concentration of the defects induced by electron
irradiation as a function of the silver doping concentration, semi-quantitative analysis was
carried out by using the following equation I o Y4, * (Apr)Z. Where Y., 1S the peak-to-
peak amplitude of the signal and AH,,,, is the width of the peak-to-peak of the related signal. As
the magnitude of the ESR signals of each species depends on the silver ion concentration in the
pristine glass and the induced defect concentration, this will give an approximated quantitative
trend for each paramagnetic defect. Figure 2 plots the trend of the normalized magnitude of the
individual paramagnetic defects function of the molar concentration of silver ions in the virgin
glass. It can be observed that the silver-free glass shows signals only corresponding to the
POHC defect. For PZnGass:Agos, the POHC signal decreases significantly, while the P02~
signal reaches its maximum. In addition, the Ag® and Ag?* species are formed at 30% and 90%
of their maximum values respectively. For the higher silver concentration (PZnGass:Ags), a
significant inversion of both Ag® and PO%~ populations are observed, where Ag° increases to
90% while PO5~ decreases to 30%. At this stage, the POHC signal is no more detected. In the
glass with the highest concentration of silver ions (PZnGass:Agss), the PO3~species is not
detected while the Ag® species become the only electron trap center. This variation in the
magnitude of the ESR signals highlights the efficient substitution of the silver ions for
phosphorus as the main hole and electron traps forming Ag®* and AgP centers. Indeed, the fast
decrease of the POHC can be caused by electron and hole recombination or hole transfer to
Ag". Indeed, the hole transfer from POHC to Ag" has been already reported in the literature
[21, 34, 35]. In conclusion, in the silver-containing PZnGas s glass, Ag™ ions entrap electrons
and holes according to the following equation (1) to form silver-colored centers that can last for
several weeks and have a very low recombination rate [36].

Ag'+h" > Ag*
Ag'+e > Ag° (1)
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Figure 2: Trend of the evolution of the normalized ESR intensity of paramagnetic electrons and hole centers formed
during electron irradiation of PZnGas s for different silver content



3.3 Effect of silver concentration on Absorption and luminescence properties
PZnGas s glass

In this section, the absorption spectroscopy of the irradiated silver containing PZnGass was
performed to support the findings of ESR in the previous section. Figure 3 illustrates the
absorption coefficient of PZnGas s glasses with different silver concentrations after electronic
irradiation. For the silver-free PZnGas s, the absorption spectrum (Figure 3 black curve) exhibits
broadband up to the visible range with two contributions maximum at 540 nm (2.3 eV) and 410
nm (3.0 eV). These contributions can be associated with POHC defects [29]. From 300 nm to
a lower wavelength in the UV range, a much more intense absorption is observed, which can
be attributed to phosphate electron trap centers (EC) [29]. Once silver ions are added to
PZnGas 5 glasses, new broad bands spanning from UV to visible range appeared (Figure 3 red
curve). Those absorption bands are different from that of the undoped PZnGas s glass and their
intensities increase with silver content exhibiting two maximum contributions around 280 nm
and 380 nm. These two contributions can be associated with the formation of Ag?* [18, 27, 37].
For the highest content of silver (Figure 3 green and blue curve), the band at around 280 nm
shifts to the largest wavelength, and an additional contribution appears around 320 nm which
can be associated with a new type of silver species. This finding is highly correlated to the ESR
result presented in the previous section. The tail of the absorption band observed above 500 nm
for the silver doped glass can be due to the defect centers, radiation damage, and diffusion
phenomena.
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Figure 3: Absorption spectra of irradiated PZnGass : Agx for different silver concentration

To further investigate the silver species that are formed after electron irradiation, luminescence
properties of irradiated silver containing PZnGass were performed. Figure 4 illustrates the
emission spectra for excitation at 305 nm and 380 nm and the excitation spectra for emission at



700 nm and 550 nm respectively. For PZnGas s:Ado.s, the excitation at 305 nm induces a broad
emission band with a maximum located around 525 nm and a shoulder located at 600 nm
(Figure 4a full black curve). A similar band is seen for the glass containing a high concentration
of silver (PZnGass:Ags and PZnGas 5:Agss), the main peak, in this case, is located around 630
nm (Figure 4a full red curve and green curve respectively). For the emission spectra collected
for excitation at 380 nm, the main peak around 525 nm with the highest intensity is seen in the
glass with the highest silver content (Figure 4b full green curve), whereas the main peak at 630
nm with the highest intensity is seen in the glass with the lowest silver content (Figure 4b full
black curve) indicating that different silver luminescent centers are formed upon electronic
irradiation. To elucidate this finding, excitation spectra for emissions at 550 nm and 700 nm
have been performed to identify the different contributions. For PZnGass:Ago.s the excitation
spectra for the two later emissions provide a broad signal with several contributions for which
the identification of each contribution is quite ambiguous. For the emission at 700 nm one can
distinguish an intense band below 300 nm and shoulder at 325 nm and 380 nm (Figure 4b dash
black curve). For the excitation at 380 nm, the main band at 630 nm is associated to the silver
Ag?* as reported elsewhere by Bourhis et al., whereas the emission collected at 550 nm for the
excitation at 305 nm is associated to silver clusters [9, 18, 37].

When the concentration of silver rises to 3% (PZnGass:Ags) and above (For PZnGass:Ags.5)
the main emission bands for the two excitations at 305 nm and 380 nm are located at 500 nm
and 630 nm (see full red and green curves in Figures 4a and 4b). For the emission of 700 nm,
the collected excitation spectra (Figure 4a red and green dash curves) are characteristic of Ag?*
with maximum located at 280 nm, 320 nm, and 380 nm respectively [18, 27, 37]. However, the
excitation spectra for the 550 nm emissions reveal an additional contribution at 355 nm (Figure
4b red and green dash curves) although such emission is characteristic of silver clusters with an
excitation band with a maximum between 320 nm and 400 nm [18, 27, 37]. The luminescence
spectroscopy evidence at least two cluster families for lower and higher silver concentration
with maximum absorption respectively below 300 nm and between 300 - 400 nm.
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3.4 Influence of glass matrix analyzed by ESR

In this section, the interaction of the electron beam on the silver-containing glass is extended to
phosphate glasses having a different network structure with a similar number of silver per cm?
as the sample PZnGas 5:Ags. Ga203-P20s-Na2O glass system has been chosen to prepare optical
quality silver containing pyrophosphate GPNp and orthophosphate GPN, (cf Tablel). One can
notice that GPNp and PZnGass exhibit both pyrophosphate structures with oxygen to
phosphorus ratio [O/P] near 3.25.

Figures 5a and 5b depict the ESR spectra of GPNp:Ag glasses irradiated at 10* Gy and 10° Gy
respectively. The ESR signal of the 10* Gy irradiated glass shows a broad contribution at 2850
Gauss and a very intense contribution at 3200 Gauss that is attributed to the doublet of the
trapped silver hole center (Ag?") [21, 22, 32]. Additional contributions around 3050 Gauss and
3630 Gauss associated with electron trap silver center’s (AgP®) doublet are also observed [5, 9,
22, 33]. These ESR signals of GPNy:Ag at 10* Gy are quite comparable to that of PZnGas 5:Ags
irradiated at 10° Gy, meaning that the threshold to induce silver photochemical behavior is
lower in GPNp:Ag. When the irradiation dose increases to 10° Gy, the ESR signal of Ag?*
strongly increases relatively, compared to that of Ag®. The behavior of AgP signal amplitude is
attributed to the simultaneous consumption of Ag® to form silver clusters as Ag® plays a key
role in silver photochemistry reaction illustrated in the following equation.

aAg'+bAgt--— Agitwithx =bandm=a+b (2)
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Figure 5: ESR spectra of irradiated GPNp:Ag glass for two different radiation doses a) 10* Gy and b) 10° Gy.

Furthermore, the ESR spectrum performed on irradiated silver-containing and silver-free GPNo
at 10*Gy and 10° Gy is presented in Figure 6. For the silver-free GPN, irradiated at 10* Gy the
signal doublet observed around 3250 Gauss and 3300 Gauss (Figure 6a) is characteristic of
phosphate oxygen hole center (POHC) defects [19, 22] as seen for PZnGass (Figure 6 blue
curve). In between the POHC doublet, two additional components are visible between 3280
Gauss and 3290 Gauss which may be linked to the radical peroxide Il defect not detected in the



case of PZnGass [30, 38]. Indeed, two bonded oxygen atoms linked to a phosphorus atom
characterize the peroxide defect. Moreover, the shoulder around 3240 Gauss can be attributed
to the radical peroxide I defect [30, 38]. For the 10° Gy dose, (Figure 6d) the radical peroxide
defect intensity becomes higher while the intensity of the POHC defect decrease. This might
be linked to the highest irradiation dose leading to a change in the host glass and promoting the
P-O-0 bond formation [30, 38]. One could assume the presence of a phosphate-related electrons
center, which is barely invisible in this case. The phosphate-related electrons center’s signal
can be very weak and can be overwhelmed by the very intense signal of POHC. For GPNo:Ag,
the ESR spectra of the glasses irradiated at 10* Gy and 10° Gy, shown in Figures 6b and 6e
respectively, revealed that the signal from the phosphate-related paramagnetic center vanishes
altogether with the occurrence of new ones like in the case of PZnGass:Ag. The broad ESR
signal at 2850 Gauss and the very intense signal at 3200 Gauss in the 10* Gy irradiated glass
can be attributed to the doublet of Ag?* [21, 22, 32]. Whereas the small broad signal between
3020-3100 Gauss is attributed to Ag° [5, 9, 22, 33]. By raising the dose to 10° Gy, only the Ag?*
ESR signal can be observed and the ESR signal of Ag® is not detected. Indeed, unlike
pyrophosphate PZnGas s :Ag and GPN,:Ag glasses, the stabilization of Ag® in orthophosphate
GPNo:Ag glass is negligible, assuming that AgP is rapidly consumed to form silver clusters.
This reveals the higher photosensitivity of GPNo:Ag compares to PZnGas s :Ag and GPNp:Ag
upon ionizing irradiation [18]. It is therefore proposed that the variation of the ESR signal in
both silver-containing and silver-free GPN, as well as PZnGas s is correlated to the hole created
by irradiation, initially being trapped on a shallow site of POHC and Peroxide, then transferred
to Ag* to generate Ag®* as shown in equation (1) in the case of silver containing glass. The
broadband associated with the ESR signals of Ag® can result from electron transfer from a
phosphorus-trapped center to Ag®.

One can note that the emission spectra collected are in accordance with the luminescence
spectroscopy previously reported in the case of femtosecond laser interaction validating the
comparison of electron and femtosecond laser irradiation which lead both to the formation of
silver traps and silver clusters. It also confirms that for large silver concentrations, both
irradiations lead to the formation of silver species without affecting the phosphate glass
skeleton. The process of silver trap and cluster formation under an electron beam, being
dependent on the dose, allows also bringing some insight valuable to understand the silver
species evolution and migration under femtosecond laser irradiation.
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Figure 6: ESR spectra of Ag free and Ag containing GPNo glass irradiated at 10* Gy and 10° Gy

3.5 Effect of the glass matrix structure on absorption and photoluminescence of
irradiated GPN glasses

The absorption spectra of GPN,:Ag and GPNo:Ag irradiated at 10* Gy and their corresponding
pristine glass is shown in Figure 7. The absorption edge of the pristine glasses is observed at
below 280 nm and no further absorption bands are observed beyond 280 nm. This indicates that
silver ions (Ag®) are well dispersed and no clustering or plasmonic signature occurs. When the
glasses are irradiated at 10* Gy, a wide absorption band covering the late UV with main
contributions around 325 nm and 380 nm as well as a tail in the visible range can be observed
in GPNp:Ag (Figure 7a). Those absorption features are similar to the absorption collected on
the 10° Gy irradiated PZnGas s:Ags glass. However, the GPNo:Ag exhibits much more intense



absorption with the absorption edge shifting to the red compared to GPNp:Ag. This is related
to the formation of the largest amount of color centers.
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Figure 7:Absorption spectra of irradiated GPNp:Ag (a) and GPNo:Ag (b) glass at 10 Gy.

The photoluminescent property of the irradiated GPNp:Ag and GPNo:Ag has been performed
at room temperature for two excitation wavelengths (320 nm and 405 nm) and is shown in
Figure 8. For the excitation at 320 nm, the GPNp:Ag irradiated at 10* Gy glass exhibits a broad
emission band with the main contribution at 630 nm (Figure 8a black curve) characteristic of
Ag?" emission band and comparable to that of PZnGass:Ags excited at 305 nm (Figure 4a red
full curve). This finding confirms the presence of Ag?" discussed in absorption and ESR
spectroscopy. When the irradiation dose increase to 10° Gy, the contribution around 525 nm
strongly increases (Figure 8a red curve) and reveals the existence of silver clusters as already
mentioned for PZnGass:Ags [9, 27, 37]. To better elucidate the presence of silver cluster, an
excitation spectrum at a longer wavelength has been performed knowing that higher wavelength
excitation (>380 nm) promotes preferentially the emission of silver cluster without exciting
silver-colored centers. So, at 405 nm the emission band centered around 525 nm becomes
dominant (Figure 8b) and can be compared to the emission band for excitation at 380 nm of
PZnGass5:Ags. The intensity of silver cluster emission increases with the dose traducing that the
higher irradiation dose highly promotes the diffusion of silver species (Ag® and Ag®) which
combine to form silver clusters [38] as illustrated in equation (2). This phenomenon is in
agreement with the weak ESR signal of Ag® at 108 Gy , which indicates that the majority of Ag°
is consumed to form silver clusters. However, for GPNo:Ag glass an intense emission assigned
to the silver clusters can be seen already at 10* Gy with a maximum at 550 nm when excited at
320 nm or 405 nm which does not evolve with the irradiation dose (Figure 8c and 8d). The
nature of silver clusters is here not dependent on the dose, even at 10* Gy, the majority of Ag°
participates in the formation of clusters [18]. This phenomenon is also in accordance with the
investigation of the femtosecond irradiation on sodium gallo phosphate glasses indicating that
the orthophosphate compositions present the largest photosensitivity as previously reported [8].
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Figure 9 : Photoluminescence emission properties of the irradiated GPN, :Ag and GPN, :Ag glasses a&c) for 320nm
excitation, and b&d) 405 nm excitation, at two different radiation doses (104 and 10° Gy)

3.6 Cathodoluminescence of PZnGass:Ags and GPNy:Ag glass

This section presents the in-situ luminescence measurement using cathodoluminescence and
explores the direct excitation of the produced silver species. Pyrophosphate glass composition
with the lowest sensitivity toward electron irradiation as compared to orthophosphate has been
selected (PZnGass:Ags and GPNp) for monitoring in situ investigation. The measurement
scheme consisted of irradiating the sample with the 2.5 MeV electron beam (used as excitation
as well) and collecting the fluorescence emission of the glass instantaneously for a certain
amount of time. The irradiation dose is directly related to irradiation time depending on the
electron flux. This aims to follow instantly the process of silver cluster formation to study the
silver ions chemistry under ionizing irradiation. The cathodoluminescence was conducted at a
fixed current intensity and dose rate. The emission spectra were collected every 5 seconds or
30 seconds according to the current intensity. To dismiss the effect of an artifact originating
from the measurement setup which presents an emission band around 420 nm when the current
is equal to 5nA (low dose), the contribution of the artifact was subtracted from the signal, the
resulting data are presented in Figure 9a and 9c. Figure 9a illustrates the emission spectra of
silver containing PZnGass:Ags glass irradiated with a 5 nA current and collected every 5



seconds. The first emission band collected at the beginning of the irradiation shows a slight
broad band spanning the spectral range of 450 nm to 650 nm traducing the silver cluster's
excitation by an electron beam. By increasing the irradiation time to 500 seconds, which
corresponds to the irradiation dose of 4.5 kGy, one can observe a continuous raise of this
contribution with a maximum around 500 nm. The same phenomena are observed in the
GPNp:Ag glass but with stronger emission (Figure 9c). This highly supports the
abovementioned result as well as the photosensitivity of GPNp:Ag compared to PZnGas.s:Ags.
The cathodoluminescence performed at 5 pA current intensity on both GPNp:Ag and PZnGas s:
Ags displayed in Figures 9b and 9d respectively exhibit a broad emission band spanning the
entire visible range with a peak around 500 nm which doesn’t evolute in shape with the
irradiation dose. The cathodoluminescence targeting the silver cluster emission illustrates their
formation even at the early stage of irradiation.
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Figure 9: Catholuminescence of a,b) silver-doped PZnGas.s:Ag and c¢,d) GPN,:Ag glasses

4 Conclusion

The impact of 2.5 MeV electron irradiation dose and silver in pyrophosphate and
orthophosphate glasses was reported. The electron beam generated an electron-hole pair in the
phosphate glasses which is initially captured by the phosphorus trapped center. In the presence
of silver ions, this electron-hole pair is rather transferred to the silver ions to form Ag® atoms
and Ag?* ions. It has been then well illustrated that silver ions are the most susceptible species



to act as an electron-hole trapping center. The Ag® atoms formed following irradiation are
rapidly associated with Ag* ions to form silver clusters. The occurrence of silver clusters has
been observed by luminescence spectroscopy, but their detection in the ESR is limited by the
experimental issue. Orthophosphate glass matrices are the most suitable for the formation of
the hole and electron traps and the formation of the silver cluster in large quantities as compared
to pyrophosphate. The cathodoluminescence allows collecting the progression of the silver
cluster formation during the first step of irradiation and shows that the cluster is formed at the
early stage of the irradiation. Finally, the luminescence properties induced by electron beam
irradiation are quite comparable to the luminescence properties obtained after femtosecond
direct laser writing. Thus, this finding allows making a connection between the nature of silver
clusters formed during both electron beam and femtosecond laser irradiation. The process of
silver clusters formation under an electron beam remains slow as compared to femtosecond
laser. However, it allows not only following the electron and hole recombination in silver
phosphate glasses but also brings some insight into the photochemistry process of silver under
femtosecond laser irradiation, which is still under debate.
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