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Abstract 

Tunable fluorescence property from visible to near-infrared (NIR) of high-localized 3D architecture 

down to the diffraction limit thanks to femtosecond (fs) Direct Laser Writing (DLW) in Bismuth-doped 

silver-containing glass is performed. Absorption and photo-luminescent spectroscopy showed evidence 

of the homogenous dispersion of bismuth ions (Bi3+) and silver ions in the glass matrix before DLW. 

High repetition rate fs DLW inducing simultaneously the photochemistry of silver ions and the photo-

redox reaction of bismuth ions has been obtained. Fs DLW allows the creation of 3D fluorescence 

patterns formed by co-localization of silver cluster and low valence bismuth ions exhibiting an emission 

band covering the whole visible to the NIR wave range. The phenomena of electron transfer from silver 

atoms to bismuth ions and the non-radiative energy transfer from silver clusters to NIR emitting bismuth 

ions are demonstrated. 

Keywords: Femtosecond, Photochemistry, Photo-reduction, Silver clusters, Bismuth, Energy transfer, 

3D structures. 
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1. Introduction  
Still in the scope to push scientific discovery over its actual limit, many efforts in recent years have been 

made at the interface of physics and chemistry to go further down to the diffraction limit to design new 



photonic components in transparent dielectrics. Miniaturization of 3D multiscale architecture is indeed 

of interest for the development of Photonic Integrated Circuit (PIC) and applications in several areas 

such as sensing, data communication, biomedical and optical storage1–5. The unique advantage of 

Femtosecond (fs) Direct Laser Writing (DLW) due to its flexibility, ultrafast micro processing, and high 

precision allows high-localized modification of photosensitive transparent dielectric resulting to low 

scale photonic component (PIC).  Recently, we have demonstrated the capability to structure the local 

fluorescence property of silver-containing glasses using fs DLW allowing the local creation of an 

elementary brick with inner features down the diffraction limit (<100 nm)6–9. This structuration relies 

on the creation of highly fluorescent silver clusters (Agm
x+) formed by local aggregation of silver atoms 

(Ag0) and silver ions (Ag+) thanks to fs laser-activated redox reactivity and migration of silver ions in 

the glass matrix10. For UV to Visible excitation, such a laser-induced silver cluster-containing structure 

exhibits a broad emission band in the visible. To extend the emission spectrum from the visible to the 

red and NIR(infrared), the possibility to create an interaction between silver and other fluorescent ions 

such as noble metal or Rare Earth ions in glass bulk was reported thanks to resonant energy transfer or 

local field effect phenomena11–13. However, monitoring highly localized 3D structures of tunable 

localized fluorescence in glass remains a challenge. We have recently demonstrated the laser-induced 

highly localized 3D structure with high contrast and tunable fluorescence property in the whole visible 

and NIR for Eu3+ and Yb3+ doped silver-containing glass respectively14,15. Indeed, the high fluorescent 

silver cluster strongly absorbing UV and blue light promotes the emission of Eu3+ and Yb3+ by resonant 

energy transfer phenomena. However, the f-f transition of rare earth results in a narrow emission 

bandwidth since the 4f levels are internal orbitals. Wider emission spectra has been reported with metal-

alloy element of the periodic table such as Bismuth (Bi) since the discovery of the NIR emission of the 

low valence Bismuth ions in silica-based glasses16. Indeed, the NIR emission of Bi+ ion exhibits a broad 

bandwidth covering the second optical communication window17–20. Such broad emission band is of 

particular interest for optical amplifier, for telecommunication and NIR laser applications. Low valence 

bismuth ion Bi2+ is also known as a red luminescent center and can have a great interest in high-power 

composite LEDs application17,21–25. It should be noticed that the stabilization of the different low valence 

state of bismuth ions highly depend on the nature of the host matrix as well its acidity and basicity17,26,27. 

However, photo-activated low valence bismuth ions can be generated using fs laser or other high 

ionizing sources28–34. In this article, we report highly localized 3D architecture in bismuth doped silver-

containing glass induced by fs DLW. This was done by combining laser-induced photochemistry of 

silver ions for the formation of Agm
x+ and the photo-induced redox reaction to reach low valence Bismuth 

ions. High localized optical contrast and tuneable luminescence property have been achived leading to 

a broad emission band from Agm
x+ and Bi2+ emitting centers covering the whole visible range, as well as 

a broad emission band in the NIR from Bi+ emitting centers. Furthermore, the mechanisms of energy 

transfer between silver clusters and rare earths11–15,35,36, as well as between bismuth ions and rare 



earths37–39 were repoted in the litterarture.However from our knowledge, the energy transfer between 

silver clusters and bismuth ions was not reported before. Thus, we also highlight in this article, the 

energy transfer phenomena occuring between silver clusters and bismuth ions. The reported results have 

been repeated with several glass batchs and for various laser irradation series, which ensures the 

reliaibility and repetability of the present work. 

2. Methods 

2.1 Glass synthesis and characterization 

Bismuth-doped silver-containing phosphate glass samples were synthetized using the following 

compositional system (100-x)[55PO5/2-38ZnO-1GaO3/2-5.5AgO1/2] − xBiO3/2 (atm. %), x equal to 0, 

0.17, and 0.33. The theoretical compositions of glasses are shown in the table1. The raw material used 

to perform this synthesis are H3PO4 (Roth, 85%), Na2CO3 (Alfa Aesar, 99.95%), Ga2O3 (Strem 

Chemicals, 99.998%), and AgNO3 (Alfa Aesar, 99.995%) and Bi2O3 (Sigma-Aldrich, 99.9%). The 

precursors were homogeneously mixed with an aqueous solution and dried on the sand bath for 12 hours 

to obtain a cement. The cement was ground and melted at 1050 °C in a platinum crucible for 10 hours. 

The melt was quenched at room temperature to obtain the final glass samples. The synthesized glass 

was annealed at 40°C below the Tg for 4 hours to reduce mechanical strength created upon the 

quenching. A 1 mm thick slice of the glass was optically polished. Table 1 presents the label and the 

theoretical composition of the studied samples. 

Table  1 : Sample compositions 

Glass samples ZnO PO5/2 GaO3/2 AgO1/2 BiO3/2 

PZn:Ag 38 55 1.4 5.5  

PZn:Ag0.17Bi 37.87 55.08 1.38 5.5 0.17 

PZn:Ag0.33Bi 37.80 55 1.37 5.5 0.33 

PZn0.17Bi 38.35 56 5.5  0.17 
 

Cary 5000 spectrophotometer was used to perform the UV-Visible transmission spectra on the pristine 

glass in the range of 250-1500 nm. Room temperature excitation and emission spectroscopies were 

performed with a SPEX Jobin Yvon fluorescence spectrometer equipped with a double monochromator, 

a UV grating blazed at 350 and Peltier cooled PMT (Horiba Jobin Yvon Gmbh, Haching, Germany) for 

the UV spectrum range. A Xenon lamp was used as the excitation source. This enabled a continuous 

excitation from 200 to 800 nm and the collected spectra data were corrected from both the spectral lamps 

distribution, the grating response and the detector sensitivity.  



2.2 Femtosecond laser inscription 

The 3D modification of the glass where performed using a Ytterbium femtosecond (fs) oscillator (up to 

2.6 W, 9.1 MHz, and 390 fs FWHM at 1030 nm). The setup is combined with an acousto‐optic 

modulator, allowing focusing both the energy and the irradiance up to 100 nJ and 20 TW.cm-2, 

respectively. The following irradiances were considered: 3.70, 4.33, 4.79, 5.22 and 5.74 TW.cm-2, 

associated to pulse energies of 3.70, 4.33, 4.79, 5.22 and 5.74 nJ, and corresponding applied energy 

densities of 3.70, 4.33, 4.79, 5.22 and 5.74 J.cm-3. The displacement of the sample during DLW 

irradiation was performed with a high-precision XMS-50 translation stage (up to 50 nm). The considered 

sample velocities were 10 µm.s-1, and from 10 µm.s-1 to 100 µm.s-1 in supplementary information, 

typically corresponding to cumulative laser pulse overlaps from 1.48×105 to 1.48×106 pulses, 

respectively. Zeiss microscope objective (40×, 0.75NA) was used to generate the DLW structure at 160 

µm below the sample surface. A spatial light modulator (LCOS; X10468‐03, Hamamatsu Photonics) 

was used to eliminate spherical aberrations. The glass sample was moved by means of a three-coordinate 

motorized magnetic-levitation translation stage (Newport) synchronized with the laser. 

2.3 Fluorescence micro-spectroscopy and the hyper-spectral micro-imaging of the 
structured sample 

A high spectral resolution micro-spectrometer (LabRAM HR800 from (Horiba Jobin Yvon GmbH, 

Haching, Germany) with 1200 grooves.cm-1 (for visible) and 300 grooves.cm-1 (for NIR) grating using 

a Peltier cooled CCD camera and liquid nitrogen-cooled InGaAs detector respectively was used to 

record the fluorescence spectra of the DLW structures. The 405 nm and 532 nm excitations were 

performed with a OBIS laser (100 mW, TEM00, Coherent, Santa Clara, CA, USA) and a Sapphire SF 

laser (100 mW, TEM00, mono-mode, Coherent, Santa Clara, CA, USA), respectively. For the excitation 

and epi-collections an Olympus microscope objective of 50×, 0.9 NA is used. The fluorescence spectra 

were collected over the range of 425 - 1100 nm and from 900 - 1450 nm. 

We performed the Confocal fluorescence imaging with a Leica DM6 CFS TCS SP8 confocal microscope 

equipped with a 405 nm and 638 nm laser diode, and an immersion microscope objective (Leica, 63×, 

1.3NA, index matching oil at n = 1.512). 

The fluorescence hyper-spectral micro-imaging was performed using a Picoquant MT200 microscope 

equipped with a spectrometer and a CCD camera of the full emission spectrum over the visible range 

up to the NIR detection limit of the detector. The 473 nm excitation is performed with a continuous 

wave laser diode. The visible and NIR micro-images of the laser-inscribed patterns resulted from the 

spectral integrations over the 500-700 nm and 920-1050 nm spectral ranges, respectively. 

We performed fluorescence lifetime imaging microscopy (FLIM) using a Picoquant MT200 microscope 

equipped with two MPD single photon avalanche diodes (SPADs) and a PicoHarp300 timing board for 



time-correlated single photon counting (TCSPC) operation. A pulsed laser at 375 nm, with pulse 

duration of 90 ps and a repetition rate of 5 MHz via an acousto-optic pulse picker was used for excitation. 

A 100 × 1.40NA oil objective (UPLSAPO100XO, Olympus, Tokyo, Japan) was used for both excitation 

and collection of the fluorescence mounted with a band-pass filter with a transmitted spectral window 

425–450 nm. The laser was scanned by means of a piezoelectric stage in a grid pattern of 156 nm steps 

and 0.6 ms/pixel. For the FLIM images calculation, “FAST-FLIM” algorithm was used and the lifetime 

distribution was calculation used the method reported by Petit et al.,14.  

3. Results and Discussion 

3.1 Absorption, excitation and emission spectroscopy of the pristine glass 
spectroscopy 

Absorption spectroscopy covering the UV/Visible/NIR spectrum range, for different cationic 

concentrations of Bismuth (0 to 0.33%) in silver-containing PZn glasses has been performed and Figure 

1.a displays the corresponding linear absorption coefficient of these glasses. It is seen that all the glass 

exhibits a strong absorption tail in the UV range. For the bismuth-free glass (PZn:Ag), the UV tail is 

attributed to the strong absorption of silver ions40. In the presence of bismuth (PZn:Ag0.17Bi glass), a 

noticiable redshift of the UV tail is observed, which  increases with the increase of bismuth content up 

to 0.33 atomic percent. Indeed, this redshift is propbably associates to the presence of Bi3+ 21. Further 

linear absorption spectrum of PZn0.17Bi glass as shown in the the green curve of the Figure 1.a, 

exhibiting similar UV absorption tail as PZn:Ag0.17Bi  glass evidence the occurrence of  Bi3+ ions 

transitions  in the UV range. Above 300 nm, no significant absorption related to silver clustering or 

plasmonic effect is observed in silver-containing glasses. In the mean time, in bismuth-doped glasses, 

we didn’t observed any significant absorption from low valence bismuth ions which are typically seen 

in the visible and the NIR range28,41,42. Consequently, silver ions and Bismuth ions are well dispersed in 

their respective oxidation state Ag+ and Bi3+.  

Moreover, excitation and emission spectra of silver ions have been conducted on Bismuth-doped 

PZn:Ag glasses compared to undoped PZn:Ag glass. Figure 1.b evidence the occurrence of isolated Ag+ 

ions excitation band6,9 for 270 nm emission in the presence of Bi3+. Likewise, for the 370 nm emission 

the characteristic excitation band of  the paired Ag+- Ag+ ions occurred (as shown in Figure 1.c )6,9. 

However, a significant feature associated to the shape of the excitation band of the silver ions is observed 

in the presence of bismuth. This feature could arise from a competitive absorption associate to Bi3+, as 

Bi3+ ions also experience a strong excitation in this spectral range43 (see Figure#S1 of the supplementary 

information). For 230 nm excitation, Figure 1.d reveals the characteristic emission bands of Ag+ and 

Ag+- Ag+ with their respective spectrum maximum located at 270 nm and 370 nm6,9. The relative 

decrease of Ag+ contribution compared to the pair Ag+-Ag+ is observed, supporting the competitive 

absorption phenomenon due to Bi3+. Moreover, the Ag+- Ag+ emission band experiences a slight redshift 



with bismuth content, which can be associated to contribution of Bi3+ emission. When extending the 

emission spectrum to the red and NIR region (not presented here), no significant emission related to 

silver clusters, nor low-valence bismuth ions were detected. This imply that only monovalent silver ions 

(Ag+ and Ag+-Ag+) and trivalent Bi3+ ions co-existed in the PZn glass. 

 
Figure 1. Luminescence properties of the pristine Bismuth-doped silver-containing PZn glasses. (a) Linear absorption 

coefficients of bismuth-doped silver-containing and silver-free glasses, (b) Excitation spectra of  Ag+ for 270 nm emission, 
(c) Excitation spectra of Ag+-Ag+ for 370 nm emission (d) Emission spectra of Ag+ and Ag+-Ag+ for 230 nm excitation. 

3.2 Micro-fluorescence spectroscopy of laser-inscribed patterns 

Fs DLW have been performed in PZn:Ag0.17Bi glass, inducing identical square patterns of 50 µm X 

50 µm snake like structures resulting from successive laser track of 10 µm interline. Such structures 

were induced under 160 µm of the glass surface with fixed linear translation of the glass sample of 10 

µm.s-1 speed and different laser irradiances from 3.70 TW.cm-2 to 5.74 TW.cm-2. Figure 2.a displays the 

wide field confocal fluorescent image of the laser induce structural patters. In the case of Figure 2.a(i), 

the experiment was performed with 405 nm excitation and the fluorescence was collected over the range 

of [480 - 580 nm]. The observed green fluorescence of the pattern is attributed to the molecular silver 

clusters (Agm
x+)9, formed by a mobile silver atoms Ag0 and silver ions Ag+. No fluorescence is seen for 



3.70 TW.cm-2 laser irradiance. The fluorescence intensity associated to the formation of Agm
x+ increase 

from 4.33 TW.cm-2 up to 5.74 TW.cm-2. However, the Figure 2.a(ii) show the confocal image of the 

same patterns excited at 638 nm and fluorescence collected over [680 - 750 nm]. The red fluorescence 

of the patterns cannot be attributed to Agm
x+ as 638 nm is far from the excitation band of Agm

x+14,44, and 

as reported in Figure 2.a(i), no fluorescence of Agm
x+ is observed for the 3.70 TW.cm-2 induced pattern. 

Hence, the red fluorescence of the patterns is probably associated with bismuth ions especially Bi2+ 

which is knew to present a strong fluorescence in this spectral range17,21,24. This fluorescence of Bi2+ can 

be seen for 3.70 TW.cm-2 where no Agm
x+ fluorescence is detected, suggesting that the presence of 

bismuth might play a role in the mitigation of Agm
x+ fluorescence at such laser irradiance. To elucidate 

this, DLW structural matrix with identical laser parameters was induced in both PZn:Ag and 

PZn:Ag0.17Bi glasses as shown in the Figure#S2 of the supplementary information. As a result, the 

overall fluorescence intensity of Agm
x+ of the patterns is reduced in the presence of bismuth. This 

confirms the impact of bismuth ions in the creation of Agm
x+ and its fluorescence efficiency upon fs 

DLW. Indeed, the formation of Ag𝑚𝑚
x+ is highly dependent on the Ag0 which is originated from an electron 

trapped by Ag+ ions. With the presence of bismuth, a competitive reaction involving electron transfer 

between Ag+ and and Bi3+ occurs, during which the reduction of Bi3+ with an electron to Bi2+ would be 

more favorable than the electrons capture of silver ions to formed Ag0. As a consequence the kinetic of 

Ag𝑚𝑚
x+ formation will be reduced in the presence of bismuth. This results reveals the inversion of standard 

redox reaction that may occur based on the gamma rule in aqueous solution where the redox potential 

of Ag0/Ag+ is higher than that of Bi3+/Bi2+ as well as Bi2+/Bi+ couple45, thus the reduction of Ag+ to Ag0 

should dominate. On the other hand we can assumed that the activation energy necessary for the 

formation of fluorescent Ag𝑚𝑚
x+ under DLW might be affected by the reduction of Bi3+. 

The inset of the Figure 2.a shows the magnified image of a given pattern, highlighting double-track 

fluorescence for both Agm
x+ and Bi2+ that might preferentially formed at the edge of the voxel of 

laser/matter interaction upon the laser passes15. These results demonstrated that the interaction of fs laser 

with PZn:Ag0.17Bi glass trigger both the photochemistry of silver ions and the photo-reduction of Bi3+. 

Indeed the electron density generated upon the first laser pulses will be simultanouesly involved in the 

photochemistry and phoredox reactions. This unique feature allows for creating multiscale architectures 

exhibiting sub-micron features and fluorescence propreties in the green and red range, as shown in 

Figures 2.a(iii&iv), possibly leading for high-resolution optical standarts for confocal fluorescence 

optical microscopy calibration in the Vis/NIR, similar to that reported in the case of Ag𝑚𝑚
x+/Yb3+ 15.  



 
Figure 2. (a) Confocal fluorescence images of laser-inscribed patterns at 10 µm/s for various intensities : (i) 405 nm 

excitation and fluorescence collection in the 480-580 nm range, (ii) excitation at 638 nm and fluorescence collection in the 
680-750 nm range. (iii and iv) Illustration of multi-scale architectures of fluorescent optical standard for confocal microscopy 

calibration with (iii) green and (iv) red emissions, respectively. (b) Confocal micro-emission spectra of laser-inscribed 
patterns under 405 nm excitation showing visible and NIR emissions of Ag𝑚𝑚

x+, Bi2+ and Bi+ species. (c) Confocal micro-
emission spectra recorded with a nitrogen cooled InGaAs camera showing the Bi+ emission in the 900-1400 nm range. 

Confocal micro-emission spectroscopy have been performed on the structural patterns of the Figure 2.a. 

The emission spectra for 405 nm excitation is displayed in Figure 2.b, showing broad band spanning 

from the visible to the NIR range featuring two main contributions at 525 nm corresponding to Ag𝑚𝑚
x+ 

emission9,14,46 and at 720 nm corresponding to Bi2+ emission17,21,24. Additional shoulder around 900 nm 

can be observed. The intensity of the emission bands increases with the increase of the laser irradiance 

from 4.33 TW.cm-2 to 5.74 TW.cm-2. Below 4.33 TW.cm-2 at the same 10 µm.s-1 velocity, the 

contribution of Ag𝑚𝑚
x+ and the NIR’s shoulder are not seen, only Bi2+ contribution can be observed, 

supporting the feature shown in the confocal fluorescence image of the Figure 2.a. Notably, when 

excitated the pristine glass at 405 nm no Ag𝑚𝑚
x+, nor Bi2+, nor NIR emission is observed, highlighting that 



the visible to NIR emission is only promoted in the laser structured areas co-located with the 

fluorescence properties. One should notice that the recorded spectra are not corrected by any 

instrumental responce. Moreever, the shoulder at around 900 nm is associated with an emission in the 

NIR , not recorded by the  CCD camera and the grating used. Using a nitrogen cooled InGaAs detector 

and an adapted grating, the NIR emission was well resolved starting from 900 nm to 1450 nm with an 

FWHM around 350 nm as shown in Figure 2.c. The oxcillation displayed by this spectra originate from 

the spectral filter used for filtering the emission signal. The broadening of this NIR emission can be 

attributed to the characteristic emission of Bi+ ions17–19,43 as well the contribution of bismuth clusters 

cations which formed during the laser writing47,48. This bismuth clusters may formed by aggregation of  

Bi+ ions and/or with reduced Bi0 atoms. As this emission as well as Ag𝑚𝑚
x+ emission are not seen together 

for the patterns written with 3.70 TW.cm-2 irradiance, it is possible to suggest a strong correlation 

existing between Ag𝑚𝑚
x+ and Bi+. 

3.3 Co-localization of laser-induced species  

The spatial distribution of the laser induces fluorescent centers have been investigated. Figure 3.a 

displays the hyperspectral fluorescence images of four successive laser passes from the pattern in the 

inset of the Figure 2.a. The pattern was excited with 473 nm laser diode and the fluorescence images 

were recorded in various spectral range to distinguish the contribution of the different luminescence 

centers. Indeed, from the top to the bottom, the first image with green fluorescence is recorded over the 

500-580 nm spectral range attributed to Agm
x+ fluorescence. The second image with red fluorescence is 

recorded in the 650-750 nm spectral range corresponding to the fluorescence of Bi2+ ions.  However, the 

third image recorded over the 850-950 nm spectral range, with less fluorescence intensity resulting from 

Bi+. The red fluorescence color of this image represents a false color by shifting the spectral information 

of the NIR to match the red region. The result reveals a double track fluorescence for all three 

fluorescence species: Agm
x+, Bi2+, and Bi+, which are located in the same laser structured area. By 

normalizing, the transversal fluorescence profile for these tree fluorescence species as shown in Figure 

3.b, each Bi2+ fluorescence double-track is more thicker with an internal distance between track closer 

to the center voxel of the laser/matter interaction. However, Agm
x+ and Bi+ fluorescence double-track are 

sharper and further away from the center of the voxel of the laser/matter interaction. Thus, such double-

track modifications could be due to the occurrence of the photo-dissociation and photo-diffusion effect 

for both silver clusters and Bi2+, similar to that observed in the glasses containing only silver8,9. The 

lower size and high mobility of silver species (Ag0 and Ag+) compared to Bismuth ions could explain 

the higher internal distance of Agm
x+ fluorescence. We can also suggest the higher photo-destruction of 

created silver clusters in the center of the voxel of the laser/matter interaction compared to Bi2+. In the 

case of Bi+ double-track the photo-diffusion and photo-dissociation phenomena cannot be used to 

explain the higher internal distance between the double fluorescence tracks, since the size of Bi+ ion is 



expected to be higher than the size of Bi2+ ion. On the other hand, as described above, the fluorescence 

of Bi+ appears only with Agm
x+ fluorescence, suggesting a strong interaction related to energy transfer 

phenomena between the Agm
x+ and Bi+.  

 
Figure 3. (a) Hyperspectral fluorescence images of the double-track patterns induced with 5.22 TW.cm-2 and 10 µm.s-1 under 

excitation at 473 nm, showing the spatial distribution of the fluorescence of  Agm
x+ (500-580 nm range), Bi2+(650-750 nm 

range), and Bi+ (850-950 nm range). (b) Normalized transverse fluorescence profile for Agm
x+, Bi2+, and Bi+ species.  

3.4 Competitive mechanisms of Bi and Ag species formation 

Figures 4.a and 4.b present the confocal fluorescent images of the pattern inscribed with the same laser 

parameter (4.97 TW.cm-2 and 10 µm.s-1) exhibiting Bi2+ fluorescence in PZnAg:0.17Bi and PZn0.17Bi 

glasses, respectively. Notably, the intensity of Bi2+ fluorescence in the presence of silver is stronger and 

exhibits a double-track laser modification. Moreover, without the presence of silver ions, only single-

track laser modification is observed at the considered irradiation condition, being associated to a much 

weaker Bi2+ fluorescence emission intensity. Under fs laser irradiation, Ag+ ions can get ionized, 

behaving thus a reservoir to create free electrons8,10. Thus, without the presence of silver ions, laser 

irradiation leads to a much weaker generation of free electrons, leading thus to a much weaker 

probability to reduce Bi3+ ions into Bi2+. The fact that the Bi2+ emission shows either a bright double-

track feature or a less intense single-track when considering glasses with or without silver, respectively, 

results from the cumulative multi-pulse management of the silver reservoir8,10. In presence of silver, the 

dynamics of Bi2+ creation is dominated by the creation dynamics of free electrons, which is directly 

linked to the diffusion of silver species from the center of the laser irradiation voxel to its edges, leading 

to the bright double-track feature. In absence of silver, the free electron dynamics is much less efficient, 

as it has to come from the glass matrix itself, so that it remains localized at the center of the laser 

irradiation voxel, leading to the less intense single-track feature. Thus, the significant contrast between 

Figures 4.a and 4.b corroborates the central role played by silver ions in the reduction reaction of Bi3+ 



favoring the formation of Bi2+ ions. As abovementioned, the bismuth in silver-containing PZn glass 

could trap electron by preventing the formation of Agm
x+. This might be due to a rapid reduction of Bi3+ 

with laser-generated electrons from silver ions Ag+ being ionized in Ag2+ ions: this kinetically limits 

silver ions to trap these electrons to form Ag0 species and subsequently to participate to the growth of 

silver clusters. Concerning Bi+, this species appear after the formation of Bi2+ species, and appear to be 

strictly co-localized with the silver clusters, as evidenced in Figure 3.b. in the considered irradiation 

conditions. This suggests that such a second reduction step of Bismuth elements results from an electron 

release directly from the silver clusters during their process of growth and chemical/electrical 

stabilization. Hence, the Bi+ species appear to directly follow the spatial distribution of silver clusters 

Agm
x+. While fs laser irradiation lead to the full cascade of mechanisms (species diffusion and 

modification of species reservoirs, successive redox processes and chemical bond formation), it is worth 

noting that electron-beam irradiation leads to much low free electron creation (several orders of 

magnitude below what obtained with fs lasers). As a consequence, electron-beam irradiation allows for 

revealing the initial mechanisms at play such glasses.  

 

Figure 4: (a,b) Influence of the presence of silver on Bi2+ fluorescence in laser-inscribed patterns (4.79 TW.cm-2, 10 µm.s-1) 
under excitation at 638 nm (collection range : 680-750 nm). Confocal fluorescent images of in PZn:Ag0.17Bi and PZn0.17Bi 
glasses, respectively.  

To elucidate this effect, Electron Spin Resonance (ESR) spectroscopy was conducted on 2.5 MeV 

electron-irradiated glasses containing silver or bismuth, or both to investigate the process of electron 

and hole trapping. Indeed, the interaction of the 2.5 MeV electron beam with the glasses will generate a 

high density of free electrons and holes that could simulate the electron density generated during fs 

DLW. This allow accessing a high volume of irradiated glass with ESR spectroscopy to access the initial 

steps involving in the formation of the fluorescence elements. Figure 5.a illustrates the ESR spectra of 

irradiated PZn:Ag (black curve), PZn:Ag0.17Bi (red-curve), and PZn0.17Bi (blue curve) glasses. For 

PZn0.17Bi, the ESR spectrum reveals a doublet at 327 mT and 330 mT, corresponding phosphate 

oxygen hole centers (POHC)49,50. No ESR signal that could be attributed to bismuth ions is observed in 



this glass. This supports the ongoing debate surrounding the detection of paramagnetic bismuth ions by 

ESR spectroscopy51,52. For the PZn:Ag glass, the ESR signals associated with Ag0 (302 mT and 362 mT) 

and Ag2+ (280 mT and 318 mT) can be seen50. In PZn:Ag0.17Bi glass, the presence of bismuth notably 

reduced the Ag0 signals, although the signals of Ag2+ experience a slightly reduction in intensity. This 

result demonstrate that Bi3+ can act as trap center for Ag0, forming low valence bismuth ions Bi2+/Bi+ as 

proposed in Figure 5.b, or modifying the stability of Ag0 in the glass. As consequence, the quantity of 

Ag0 diminishes, preventing the formation of silver clusters. Additionally, no signal attributed to silver 

cluster is observed. 

 
Figure 5: (a) ESR spectrum illustrating the influence of bismuth on silver atom formation under electronic irradiation, showing 
that Bi3+ ions behave as a strong electron scavenger than Ag+ ions, while hole trap centers remain supported by silver with the 
formation of Ag2+. (b) Proposed mechanism of electron/hole transfer from the glass matrix to silver ions (left) and to silver and 
bismuth ions when co-inserted, where electron capture appears more likely to occur from Bi3+ ions when existing. 

3.5 Energy transfers between silver clusters and Bismuth elements 

To investigate the coupling mechanisms between silver species and Bi2+ or Bi+ species on fluorescence 

emission, we have performed the confocal micro-emission of the patterns of Figure 4. Two excitation 

sources were used (405 nm and 532 nm), and the emission spectra were collected over the red and NIR 

range respectively. The 532 nm excitation promotes the emission of both Bi2+ and Bi+ with an 

enhancement of about 5 times and 10 times, respectively, in presence of silver ions, as shown in the 

Figure#S4 in the supplementary information. Accordingly, the similar effect was observed for Bi2+ 

emission for the 405 nm excitation (Figure 6.a). At this step, such an enhancement may dominantly 

result either from an enhanced formation of Bi2+ and Bi+ species in presence of silver and/or from energy 

transfers from laser-induced silver clusters (these structures being inscribed in each glass with the same 

laser parameters). However, Figure 6.b reports that the NIR emission of Bi+ excited at 405 nm shows a 

quite zero intensity emission (black curve) for a laser-induced structure in the bismuth-containing glass, 

and a much more intense emission for a laser-induced structure in the bismuth-and-silver-containing 

glass. This proves that Bi+ emission is promoted only in presence of Agm
x+ for the same excitation at 405 



nm, while there exist Bi+ species in both the Bismuth-containing and Bismuth-and-silver containing 

glasses, as proved with Figure#S4 under excitation at 532 nm. As a consequence, the Bi+ NIR emission 

under 405 excitation is understood as being fully attributed to energy transfers from laser-induced silver 

clusters. Therefore, this suggests the ability to activate the NIR emission of Bi+ indirectly through Agm
x+ 

by energy transfer phenomena, including for an excitation at 532 nm, much like the phenomena observed 

in Agm
x+/Rare earth couples14,15. As seen in Figure 3, the fluorescence of Bi+ tends to be co-localized with 

that of Agm
x+, which is highly  compatible with non-radiative energy transfer phenomena occurring from 

Agm
x+ to Bi+ at short scales (from sub-nm to a few nm). Furthermore, the presence of silver nanoparticle 

in glass containing bismuth have been reported to enhance the fluorescence emission of Bi+53,54. 

However, in the present study no plasmonic band from silver nanoparticle was observed: indeed, no 

surface plasmon resonance from metallic silver NPs and associated absorption band was observed as it 

is very unlikely to occur at such silver loading in these glasses (without applying a subsequent thermal 

treatment around the glass transition temperature). Thus, energy transfers appear only where laser 

irradiation took place, allowing for perfect background-free NIR emission whose excitation is fully 

mediated by energy transfers, while considering relevant excitation wavelengths.  

To gain further insights into the energy transfer mechanism from Agm
x+ to Bi+, time-resolved 

spectroscopy of Agm
x+ using FAST-FLIM have been performed. Similar Fs DLW pattern induced in 

PZn:Ag and PZn:Ag0.17Bi glasses respectively were analyzed. A pulse laser of 90-picosecond and 

repetition rate of 5 MHz at 375 nm was used for excitation and the fluorescence lifetime was monitored 

over the spectral range of 400-450 nm to select only the Agm
x+ lifetime. Figure 6.c displays the FAST-

FLIM fluorescent lifetime histogram of Agm
x+ extracted from FAST-FLIM images (not shown here) of 

the patterns. The result shows at typical relative peak value of Agm
x+ mean fluorescence lifetime of 1.21 

ns in the presence of bismuth (PZn:Ag0.17Bi), while in the absence of bismuth, the relative peak value 

of Agm
x+ fluorescence life time is about 2.78 ns. This results an important shortening of Agm

x+ fluorescence 

lifetime in the presence of bismuth. Moreover, the corresponding exponential decay curve shown in 

Figure 6.d, which exhibits at least two fluorescence lifetime originating from different Agm
x+ family, 

experiences a shortening of all fluorescence lifetime with a quenching intensity of about 5.5 times. This 

result confirms a strong quenching of Agm
x+ fluorescence through the energy transfer mechanism from 

Agm
x+ to Bi+ ions with a quenching rate corresponding to 𝑄𝑄𝜏𝜏𝐴𝐴𝐴𝐴,𝐵𝐵𝐵𝐵+/  𝜏𝜏𝐴𝐴𝐴𝐴

= 1 −  𝜏𝜏𝐴𝐴𝐴𝐴,𝐵𝐵𝐵𝐵+/  𝜏𝜏𝐴𝐴𝐴𝐴 about 56%, 

much higher than the quenching rate observed in the case of Agm
x+ /rare earths couple14,15. This showcase 

a more efficient non-radiative energy transfer phenomenon between Agm
x+ and Bi+. 

The shortening of the emission decay time of the silver clusters in the presence of bismuth and the 

concomitant enhancement of Bismuth emission suggests the occurrence of a non-radiative energy 



transfer. Concerning the mechanism, Dexter and FRET processes can be anticipated. In both cases, the 

energy transfer is expected to occur at short distances (from contact to a few nm). Indeed, ‘Dexter’ is an 

electron exchange mechanism, requiring an overlap of the electronic orbitals of donor and acceptor. 

Concerning FRET, the strong overlap between the emission spectra of silvers clusters and the excitation 

spectra of Bi+ 20 is allowing the occurrence of such a mechanism. However, the very weak absorption 

coefficient of bismuth ions in the glass matrix, as well as the short lifetime of the donor, are not favorable 

for long distance energy transfer. The discrimination between both processes, in any case probably 

occurring at very short distances, would be difficult experimentally and requires theoretical approaches, 

which are beyond the scope of the present article. 

 
Figure 6. (a,b) Confocal micro-emission spectroscopy of Bi+ and Bi2+ ions for 405 nm excitation, respectively, of the considered 
laser-inscribed pattern in both PZn0.17Bi and PZn:Ag0.17Bi glasses. (c) Histogram of time-correlated single-photon 
fluorescence emission from silver clusters under excitation at 375 nm, in both PZn0.17Bi and PZn:Ag0.17Bi glasses (patterns 
with 4.79 TW.cm-2, 10 µm.s-1). (d) Associated decay times of Agm

x+ fluorescence showing both their lifetime shortening and 
amplitude decrease, demonstrating energy transfers from Agm

x+ to Bismuth elements. 

4. Conclusion 

We have demonstrated that the insertion of Bi3+ ions in a silver-containing photosensitive glass preserves 

the femtosecond laser activation of the photochemistry of silver, which allows for producing highly-



efficient broadband fluorescent silver clusters and associated 3D-localized patterns with sub-micron 

features. While silver cluster fluorescence covers the blue-green spectral range, the insertion of Bi3+ ions 

allows for remarkably extending the span of the spectral range of the laser-inscribed patterns, by adding 

red (around 700 nm) and NIR (900-1400 nm) bands. The new emitting bands results from the formation 

of new species, namely Bi2+ and Bi+, respectively. The redox mechanisms for Bi2+ and Bi+ formation 

are detailed, correlatively to the formation of silver clusters, which describes the central role of silver 

ions and silver clusters in the efficient formation of new degrees of oxidation of Bismuth. While silver 

ions behave as both electron trap and hole trap centers, the insertion of Bi3+ ions modifies such a 

dynamics as Bi3+ ions are proved to behave as even more efficient free electron scavenger, as clearly 

evidenced by electron-beam irradiation and subsequent ESR spectroscopy. The formation of Bi2+ tends 

thus to limit the formation of silver clusters in the early stages of this process under femtosecond laser 

irradiation, while Bi+ ions appear to get stabilized and created at the strictly co-localization of silver 

clusters. 

Furthermore, as far as we know, we have demonstrated in the present article the first efficient non-

radiative energy transfer from Agm
x+ to a metal transition ion Bi+. Indeed, energy transfer is clearly 

evidenced by a lifetime shortening of the silver clusters under FLIM microscopy, from 2.78 ns down to 

1.21 ns which corresponds to a quenching rate of 56%. Such energy transfers appear even more efficient 

than those recently observed with rare earth ions. These evidences allow for producing a remarkable 

background-free 3D-localized NIR emitting patterns while the emitters are being locally produced under 

femtosecond laser irradiation. Such patterns open new perspectives in terms of designing new pairs of 

acceptors and donors bearing efficient energy transfers to achieve highly-localized emission in new 

spectral ranges, which can be of high interest for producing high-quality optical standards for the 

calibration of the future generation of IR confocal microscopes. 

Supporting Information: Excitation and Emission spectroscopy of Bi3+; wide field fluorescence 

images of DLW induced pattern with different laser intensity and sample displacement velocity in  

PZn:Ag glass and  PZn:Ag0.17Bi glass; wide field confocal fluorescence images of laser inscribed 

patterns for 405 nm excitation and fluorescence in 480 nm - 580 nm range, excitation at 638nm and 

fluorescence in 680 nm -750 nm range; emission spectrum of Bi+ ions and Bi2+ ions respectively of a 

DLW pattern in both PZn0.17Bi and PZn:Ag0.17Bi glasses for 532 nm excitation. 
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