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Abstract: The photosensitivity to 248nm excimer laser radiation of Er-
doped Schott 10G-1 phosphate glass is presented. The photosensitive
mechanism is investigated by employing a grating recording process. Index
changes of up to ~2.0x10® were measured in silver ion-exchanged samples
using diffraction efficiency measurements; whereas changes of only ~10°
were measured for non-ion-exchanged samples. Absorption measurements
allowed the identification of specific color center bands, which were
attributed to the glass matrix and to the silver ions. Investigation of the
exposed ion-exchanged glass using scanning electron microscopy and
energy dispersive x-ray microanalysis revealed that in addition to the color
centers formed, silver ion migration and ionization contribute significantly
to the UV-induced index changes.
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1. Introduction

Er-doped phosphate glasses are promising host materials for the fabrication of high-gain
waveguide and fibre lasers and amplifiers operating in the 1.5um band. Phosphate glasses
combine beneficial material properties such as high solubility of Er ions and a large Yb/Er
energy transfer coefficient in the 980nm pump band. These properties of Er-doped phosphate
glasses render them attractive for the realization of short length, high gain, lasers and
amplifiers operating with low pump power. Fibre [1] and waveguide [2,3] amplifiers and
lasers have been realized in Er-doped phosphate glasses in recent years. In particular, in the
waveguide geometry, high gain amplifiers and lasers have been presented in potassium [2]
and silver [3] ion-exchanged waveguides in phosphate glass hosts. Moreover, second order
nonlinearity has been recently induced in thermally poled phosphate glass [4], enhancing the
potential for frequency converting waveguide laser sources.

The photosensitivity of phosphate glasses is of great importance, since significant changes
in the refractive index of such glasses under intense irradiation at UV or visible wavelengths
may lead to the development of highly efficient periodic structures or 3-D waveguide
channels written in the bulk of the glass. High efficiency periodic structures can be applied in
the realization of distributed feedback waveguide lasers or integrated gain-flattened optical
amplifiers. Studies on the photosensitivity of phosphate glasses have been presented using
ultra-fast near-UV [5] and visible radiation [6]. Furthermore, structural waveguide channels
were formed in phosphate glasses using femtosecond laser radiation at 800nm [7].

The photosensitivity of silver ion-exchanged Er-doped glass using 248nm excimer laser
radiation is studied here. The alteration of the refractive index of phosphate glass using a
conventional laser source such as a nanosecond 248nm excimer laser is convenient since high
quality complex periodic structures may be routinely recorded using the well known phase
mask technique or by employing direct two beam interference[8].

2. Experimental

Planar waveguide samples were fabricated in Er-doped |0G-1 Schott glass substrates. Energy
dispersive x-ray microanalysis (EDX) measurements performed in the glass samples provided
the following oxide composition: 68% P,0s, 16% Al,Os, 5.5% La0s;, 6.5% NaO, 3.5%
Er,0;, and 0.5% trace elements. A primary silver ion-exchange process was performed in
agitated molten salt baths of NaNO; with 1.0%, 0.5% and 0.25% by weight AgNO; salt
concentration, each at atemperature of 315°C. The ion-exchange time was 1h for all samples.
A secondary ion-exchange process was performed for 30 minutes in pure NaNOs melt in order
to dightly bury the silver ion-exchanged waveguides and also to anneal any silver clusters
formed.

The index change was quantified by recording gratings using a phase mask configuration.
The output of a Lambda Physik LPX 200 excimer laser, emitting at the wavelength of 248nm
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(35ns pulse duration) was interfered on the glass sample using a silica phase mask in contact
mode. The phase mask used was optimised for operation at 248nm (suppressed 0" order) and
had a periodicity of 1020nm. In order to adjust the energy density of the exposure a
cylindrical lens was positioned before the phase mask with a rectangular aperture for selecting
the optimum part of the beam. After recording, the grating samples were characterised using
diffraction efficiency measurements by employing the output of a He-Cd laser at 442nm,
probed in the grating region at the Bragg angle, and measuring the diffraction order
corresponding to the inscribed period of 510nm. For the calculation of the refractive index
change An the following equation was used:

An:arcsir(ead/COSGN/;)ﬂC.;S@ (1)
e

where o is the absorption coefficient (um™) of the sample at the probe wavelength, d; is the
effective thickness of the grating, m is the diffraction efficiency and © is the Bragg angle.
Further samples were exposed to uniform radiation from the excimer laser a 248nm to enable
determination of the absorption spectrum. The absorption coefficient o is evaluated by
employing Beer’s law for absorption in bulk media. Equation (1) is valid for thick, absorbing
phase gratings[9].

Imperfections on the ion-exchanged glass surface, and the burial of the waveguides, did
not alow the direct measurement of the refractive index profile of the ion-exchanged planar
samples using prism coupling measurements and inverse WKB calculations. Instead, EDX
measurements were used for the measurement of the depth profile of the silver ion
concentration before and after exposure to UV radiation.

3. Results and discussion

We exposed both untreated and ion-exchanged glass samples in order to clarify the
contributions of the host glass composition and the silver ion doping to the photosensitivity
mechanism. We found that an index change occurs in both cases, accompanied by strong
photodarkening, indicating significant defect formation.
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Fig. 1. Refractive index change vs. AgNO; concentration in ion-exchange melt for fixed
exposures of 400mJ/cn? energy density and 30000 pulses. Zero concentration refers to the non
ion-exchanged glass sample. The green square represents the index change cal culated using the
Kramers-Kronig relations for the UV exposed non-ion-exchanged glass. The solid line
indicates the index change obtained using diffraction efficiency measurements (red circles).

The dependence of the UV-induced index change upon the silver concentration in the ion-
exchange melt is presented in Fig. 1 for grating exposures through the phase mask with 30000
pulses of energy density 400mJcm?. Exposures for greater energy densities resulted in clearly
observable surface damage, indicating that the ablation threshold of the material had been
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exceeded. Asit is shown in Fig.1, An does not significantly increase for samples prepared in
sodium nitrate melt of silver nitrate concentration greater than ~0.2wt%.

The maximum index change obtained using Equation (1) is ~2.0x10°3, which corresponds
to the glass which has been ion-exchanged in the melt of concentration 1% AgNOs, whereas
the index change recorded in the un-treated glass sample is of the order of 10°. For
comparison, grating recording using 248nm excimer laser radiation in Er-doped
aluminosilicate and phosphosilicate fibres resulted in index changes lower than 10° [10]. For
the evaluation of the index change in the non ion-exchanged glass sample, it was assumed that
the grating had been written to a depth of 100um, which is the exposure depth within which
high-contrast interference fringes are formed, due to the poor coherence length of the 248nm
excimer laser source [11]. The error bar on Fig 1 indicates the refractive index change
deduced assuming gratings of thickness 50um and 150um, respectively. For the evaluation of
index changes in the ion-exchanged glass, the effective grating depth was taken to be the
silver ion-exchange depth estimated using EDX measurements performed after the UV
exposure. These depth-profiling measurements revealed that a significant change in the silver
concentration profile occurred in the exposed waveguide areas (see Fig. 2), compared to the
concentration profile of the unexposed waveguide.
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Fig. 2. Silver ion depth distribution obtained by EDX depth scans for ion-exchanged phosphate
glass prepared in a NaNO; melt of 1.0% AgNO; concentration, before and after exposure to

248nm excimer laser radiation. Red line: ion-distribution before UV exposure. Black line: ion-
distribution after exposure to 30000 pulses of 400mJcm? energy density.

The ion-yield data presented in Fig. 2 illustrate that the exposure to 248nm excimer laser
radiation shifts the silver ion distribution towards the upper surface of the exposed area. This
ion shift creates a region of high silver concentration of approximately 3um thickness,
compared to that before UV exposure. The effective grating thickness used in the diffraction
efficiency calculation presented in Fig. 1 was therefore chosen to be 3um.

Surface changes were also observed using scanning electron microscopy of the surfaces of
the exposed gratings in the ion-exchanged glass. The SEM scan presented in Fig. 3 shows that
where the UV irradiation formed bright interference fringes, shallow relief structures have
been formed. The widths of the raised regions in the corrugated structures show an average
value of 150nm, corresponding to a duty cycle of ~30%. By applying an index matching fluid
to the top of the corrugations, contained by a 100um thick glass cover-slide, the contribution
of these relief structures to the diffraction efficiency was measured to be approximately 10%
of thetotal diffracted signal for the grating presented in Fig. 3.

We believe that the relief structures created are not high volume damage gratings like
those observed during high-fluence grating inscription in other optical materials [8, 12] (i.e.,
Type 11 structural modifications). Here the relief structures may be attributed to extensive
silver ion migration, which is assisted by volume thermal dissipation. This explanation is
supported by the observation that the thermal diffusivity factor ¢ for IOG-1 glass is 3.15x10°
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"mP/sec; so that significant thermal dissipation will occur over a heat affected zone of ~150nm
for exposures using 35ns pulse duration [13]. The minor extent of material damage was also
verified by optica microscopy observations in transmission mode, performed in the ion-
exchanged samples. The optical microscopy inspection showed observable periodic index
variation, without significant damage in the form of melting or amorphisation.
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Fig. 3. SEM microscan of grating inscribed in ion-exchanged glass, prepared in 1% wt
concentration of AgNOs. Exposure conditions: 30000 pulses of 400mJ/cm? energy density.

Large-area non-grating exposures were performed on the glasses using the same exposure
conditions as for grating inscription. The changes in the absorption Ao due to UV irradiation
of untreated and ion-exchanged glass are presented in Fig. 4.
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Fig. 4. Absorption spectra changes Aa. of pure and ion-exchanged Er-doped 10G-1 glass
prepared in a NaNO; melt of 1.0% AgNO; concentration, due to UV irradiation. Exposure
conditions for all glasses: 30000 pulses of 400mJcm? energy density. Data have not been
normalized to sample thickness. Absorption change data for wavelengths longer than 650nm
are not presented here, since they do not exhibit any significant change.

In the case of the untreated 10G-1 Er-doped glass (solid red line) two definite spectral
features are observed after UV irradiation: the first feature is an extended absorption band
formed between 275nm and 650nm, and the second is a bleaching band created around the
center of the exposure wavelength (248nm). The long wavelength absorption band may be
attributed to PO-bond hole center defects, as has been observed in other ultraphosphate
glasses following UV exposure [14].

The microscopic origin of the bleaching band observed a 248nm is presently under
consideration. Other reports [e.g., 4] claim the presence of Ce in I0G-1 glass, which may
provide such a bleaching band; however, we could not detect any trace of Ce with our EDX
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apparatus. The PO, electron center located at 242nm, observed in other phosphate glasses
after 248nm excimer laser irradiation, congtitutes an absorption band rather than a bleaching
band [14]. Other impurities such as Fe may be responsible for such a spectral feature, however
this could not be verified by our analysis. Thus, the origin of this bleaching band is not yet
clear. By normalizing the absorption results to the sample thickness (3mm), and applying a
Kramers-Kronig (KK) transformation for the 442nm probe wavelength, in the band between
220nm and 900nm, we obtain an index change of 3.8x10® (Green square in Fig. 1). This index
change is in good agreement with the maximum value evaluated using diffraction efficiency
measurements (An=1.7x10"°), where agrating depth of 100um was assumed.

Two curves are presented in Fig. 4 quantifying the absorption changes in the ion-
exchanged sample. The long-dashed green curve (Aoy,) represents the absorption change of the
UV exposed sample, normalized to the absorption of the un-irradiated ion-exchanged sample;
and the short-dashed blue curve (Aas) is Ao, With the absorption due to the glass matrix (Acoy)
subtracted. A prominent feature observed in curve Aa; is the strong absorption band formed
around a wavelength of 320nm. Such a localized absorption band is a common feature of UV
or X-ray exposed silver ion-exchanged glasses, due to plasmon resonance effects that occur in
dispersed silver nanoparticles [15]. However, by subtracting the absorption due to the
phosphate glass, this feature becomes less distinct, with its peak shifting to shorter
wavelengths (=305nm). By normalizing the deduced absorption change Ao to a thickness of
the ion-exchange depth of 40um, estimated from the EDX data presented in Fig. 2, and
applying a KK transformation, an index change of =5.6x107 is obtained. Subsequently, by
subtracting the index change contribution due to silver ion-exchange process for 1.0% AgNO;
melt concentration, which has been estimated to be 1.1x10? [16], the index change that
corresponds to UV irradiation becomes 4.5x102 This value is ~23 times greater than that
obtained using diffraction efficiency measurements for the same exposure conditions. The
discrepancy between the index change evaluated from the Kramers-Kronig relations and that
measured directly by diffraction may be due to the grating writing process generating a large
component of uniform index change over the grating area, which does not contribute to the
diffraction efficiency, in addition to the smaller periodic component which does. The UV-
induced index changes may be attributed to combination of silver ion-migration and defects
attributed to photoionisation of Ag” and Ag* species [5, 17], and thermal effects are likely to
result in a strong component of uniform index elevation. However, the strength of the index
modulation at the writing period of 510nm is the most important optical parameter considered
for grating fabrication.

4. Conclusions

Summarizing, strong index changes have been observed in silver ion-exchanged, Er-doped
|OG-1 phosphate glass. Index changes of ~2.0x10° have been measured for ion-exchanged
glass exposed to 3000 pulses of energy density 400mJcm? at a wavelength of 248nm. SEM
and EDX measurements revealed that exposure to UV radiation creates significant silver ion
migration due to thermal effects. However, by employing absorption measurements and
Kramers-Kronig transformation, greater overall index changes of the order of 5x10? are
estimated. Grating recording in silver ion-exchanged channel waveguides formed in Er-doped
IOG-1 glass for the development of distributed feedback waveguide lasers is currently being
carried out.
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