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Abstract

Low melting point glasses, specifically tin fluorophosphates, have recently received attention as a successful host
matrix to rare earth metals to be used in photon conversion for solar cell applications. We have used high resolution
X-ray photoelectron spectroscopy and Raman microscopy to investigate the structure of 50SnF,-20SnO-30P,05 glass.
To compliment this experimental study density functional theory was used to predict Raman spectra. The O 1s X-ray
photoelectron spectra indicate a high non-bridging to bridging oxygen ratio, a sign of relatively high durability
needed for this glass to be applied to solar energy. The experimental results are in good agreement with theoretical
calculations.
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1. Introduction

Solar cells have relatively low efficiency because only a small portion of the total solar energy passing
through the atmosphere can be absorbed. By an appropriate photon up and down-conversion the spectrum
of absorbed light can be significantly extended. Glass structures doped with rare earths or organic dyes
are one possible method for photon conversion. Low melting point glasses, specifically tin
fluorophosphate glasses, have been shown to be promising hosts for the converters; however, durability
of these materials is still in question. It was shown that one of the ways to obtain more chemically durable
phosphate glasses can be the depletion of bridging oxygen, which is usually associated with
hydrolysis [1]. This is why structural studies of tin fluorophosphate glasses are an important topic and are
investigated in this work.
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The structure of these glasses has been previously studied using X-ray photoelectron spectroscopy
(XPS) [2] and Raman spectroscopy methods [3,4]. Analysis of O 1s XPS core level spectra showed that
for the 50SnF,-20Sn0O-30P,05 composition the ratio of non-bridging to bridging oxygen is relatively
high, leading to an increase in durability [2]. Raman spectroscopy studies have indicated the possibility
for high chemical durability due to low signal associated with bridging oxygen modes [3,4].

The resolution of the methods previously used did not allow for the structural features to be established
with sufficient precision. That is why the application of high resolution XPS in combination with Raman
microscopy will provide us with the real bulk and surface structure of the low melting glasses needed for
efficient application of these materials in solar energy. Density functional theory (DFT) was used to
calculate electronic ground state geometries and to predict the Raman spectra of the glasses. DFT
calculations have numerous advantages, including being computationally inexpensive compared to post
Hartree-Fock methods such as n™-order Meller—Plesset perturbation theory (MPn) and gives results that
are complementary to experimental data. Raman spectra of glasses are difficult to simulate using
quantum chemistry codes (such as in the present study) as the large random network is modeled by
a relatively small portion of the network accounting for less random variations in the model structure than
in the network. This causes the broad band Gaussians associated with vibrational modes in glasses to
narrow, typically becoming a series of sharply peaked Lorentzians instead. As such, multiple
representative structures need to be run in order to discern trends in the line positions and intensities.

2. Experimental

The studied glass samples have a composition of 50SnF,-20SnO-30P,0s, made from reagent grade
components. Raw materials were mixed in an argon environment and melted in an air atmosphere at
250° C for 15-25 minutes in an alumina crucible. The melt was poured into a room temperature copper
mould consisting of a ring covered with two plates. Samples were stored in a desiccator before
measurement to prevent contamination.

High resolution XPS spectra were measured using an ESCA Scienta 300 spectrometer with
monochromatic Al-Ka X-rays as the excitation radiation. To examine the bulk structure the glasses were
fractured in UHV 107 torr immediately before measurement. To avoid influence of surface charging on
the recorded spectra, a flood gun of slow electrons was used for charge compensation.

Raman spectra were measured with a HORIBA XploRa confocal Raman microscope using a 532 nm
excitation laser. The laser power was filtered by 75% to approximately 22 mW. The spectral resolution
was maximized to 1 cm™ using 1800 gratings, 100 um wide slit, and 200 um hole diameter. Samples were
measured one day after quenching to prevent contamination. Raman spectra from the surface and the
volume of the samples were measured.

DFT electronic ground state and Raman spectra calculations were used to complement the
experimental data. Several initial geometries were created, based on high resolution XPS spectra.
Hydrogen atoms were used to terminate strings of covalent bonds, allowing us to keep the structures
moderate in size. Calculations were performed using Gaussian 09 revision B1 [5] (G09) using the B3LYP
[6] exchange-correlation functional. In these calculations, the LANLOS8 [7-9] basis set was used for the Sn
and P atoms and LANL2DZ [10-12] basis set for the F and O atoms.



James York-Winegar et al. / Physics Procedia 44 (2013) 159 — 165

3. Results

3.1 XPS Spectra

XPS is considered one of the fundamental structural methods for amorphous solids. Brow et al. [2]
used this method to study the structure of SnF,-SnO-P,05 glasses of various compositions. Their results
for the O 1s spectra of 50SnF,-20SnO-30P,05 glass indicate a high ratio of non-bridging to bridging
oxygen (19:1). However, it is known from a previous infrared spectroscopy study of the glass that 5-10%
bridging oxygen atoms exist [13]. The F 1s spectra show that fluorine is present in both F-P and F-Sn
sites with the majority connected to P. They also report an average Sn 3ds), binding energy of 487.9 +
0.1 eV without specification of any fitting. The modern high resolution XPS technique allows us to verify
these valuable data and obtain information for the core level spectra of other atoms in the system.

The analysis of O 1s core level spectrum of 50SnF,-20SnO-30P,0s glass (Fig. 1a) confirms the
previous conclusion on the minor concentration of bridging oxygen in the matrix. The peak contains two
components centered at 531.7 eV (non-bridging oxygen) and 533.0 eV (bridging oxygen). According to
our data 7.8% of oxygen atoms form the bridging P-O-P bonds. Such a high non-bridging to bridging
oxygen ratio is usually considered as evidence for high chemical durability of glass which is required for
solar energy applications.

It was possible to establish quite precisely the percentage of fluorine atoms in two different chemical
environments, more specifically, bonded with P and Sn atoms whose components are situated at
687.23 ¢V and 684.7 eV, respectively (Fig. 1b). According to the calculations the ratio of F-Sn to F-P is

4:5. These results testify that both types of structural units play an important role in the formation of glass
structure.
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Fig. 1. (a) O 1s XPS spectra of 50SnF,-20SnO-30P,0s; (b) F 1s XPS spectra of 50SnF,-20Sn0O-30P,05
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Fig. 2. (a) Sn 3ds,, XPS spectra of 50SnF,-20SnO-30P,0s; (b) P 2p XPS spectra of 50SnF,-20SnO-30P,0s
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It is clear from the analysis of previous two spectra that the Sn atoms should be bonded with oxygen
as well as fluorine within Sn-O,F and Sn-F,O molecular blocks. The former is the preferable
configuration in agreement with Brow et al. [2]. The Sn 3ds, core level spectra confirm this statement
with the major component centered at 487.3 eV and the minor one at 488.4 eV (Fig. 2a). The P 2p core
level spectrum contains two components which are associated with spin orbit splitting of the level and
which represent only one chemical environment, namely P-O;F. The P 2p;, component is located at
134.0 eV.

3.2 Raman Spectra

Analysis of previous Raman spectroscopy data for the structural units of interest allows us to list the
major bands which can be expected in our spectra. The band near 250 cm™ was assigned to the Sn-O,
bending vibration [14]. The band in the 500 cm™ region was associated with P-F bending modes [15]. In
the 600 cm™ peak was connected with SnO,-F structural units [16]. The 750 cm™ band was associated
with P-F stretching modes [17]. The most interesting bands from the point of environmental durability are
those between 650 cm™-775 cm™ which were linked to bridging oxygen (P-O-P) symmetric stretching
modes and the 950 cm™ band associated with bridging oxygen asymmetric stretching modes [4,18,19].

The Raman spectra were measured both on the surface and inside the volume of the glass. The latter
(Fig. 3a) contain nearly all previously described peaks with various intensities with the exception of those
related to bridging oxygen (650 cm-1-775 cm-1 and 950 cm-1). The absence of these peaks is in good
agreement with O 1s XPS spectra of the bulk glass indicating a high ratio of non-bridging to bridging
oxygen.

The surface Raman spectrum of the glass (Fig. 3b) reveals a major peak centered at 360 cm™ which
possibly corresponds to the F-PO; scissoring mode which is supported by DFT Raman calculations
described below. The surface also has a strong peak centered at 478 cm™ and a weak band at 590 cm™.
The surface spectra of the glass shows no evidence of bridging oxygen usually associated with the 950
cm” band [18]. Another peak which can be linked to the bridging oxygen at 700 cm™ [4,19] has very low
intensity indicating a relatively environmentally durable surface structure. We can see that the structure of
the surface layer is quite different from the structure of the bulk, but the thickness of the surface layer is
still an open question.

It is known that Raman spectra calculated from DFT tend to overshoot experimental data with respect
to wavenumbers [20]. The overestimation has been shown to be relatively uniform and the systematic
error can be remedied by applying a constant scaling factor to the wavenumber axis [21,22]. Most scaling
factor fits for DFT methods are computed for single functional and basis set combinations [21,22,23,24].
Since we used a combination of B3LYP with LANLOS8 and LANL2DZ the scaling factor is unknown at
this time; however, most scaling factors for the B3LYP functional are approximately 0.97 [21,22,23,24],
which accounts for the overshoot in our DFT calculations versus the experimental data. The theoretical
Raman spectra of the glass (Fig. 3a, Fig. 3b) are used for peak identification and are not scaled by
theoretical activity or scaling factors. Optimized geometries used to calculate Raman spectra are also
given (Fig. 4) [2]. Figures of optimized geometry were processed in Avogadro [25].

DFT Raman spectra calculations of this glass correspond to the bulk structure of the glass and show
good agreement with previous experimental Raman studies. This match is significant because it can
provide information on bands that have not been previously assigned (or have not found satisfactory
assignment in the literature search) such as the bands in the 350 cm™-450 cm™ region. The simulated
Raman spectra show that there is a strong possibility that this region is associated with the F-PO;
scissoring mode. The calculated Raman spectra from various initial geometries consistently indicate this
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mode in a series of strong lines. There is also evidence for P-O stretching modes in the 750-900 cm’
region. The large range of this mode at different chemical environments can be associated with the broad
band centered at 877 cm™ in the Raman spectra of the bulk glass.
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Fig. 3. (a) Raman spectrum of the freshly cut surface in the bulk of 50SnF,-20SnO-30P,0s glass and calculated Raman spectra
without wavenumber scaling, where height of theoretical Raman spectra corresponds to the source of a vibrational mode and not
Raman intensity.; (b) Raman spectrum measured on the surface of 50SnF,-20SnO-30P,0Os glass and theoretical Raman spectra
without wavenumber scaling, where height of theoretical Raman spectra corresponds to the source of a vibrational mode and not
Raman intensity.

Fig. 4. Three optimized geometries for 50SnF,-20Sn0O-30P,0s glass with initial conditions based off XPS data [2]. Orange atoms
represent P, Dark Grey—Sn, red—O, light blue—F, and white—H. Hydrogen atoms, where present, were added to terminate the
structures, and are not believed to be a present in the actual glass samples.

4. Conclusion

High resolution X-ray photoelectron spectroscopy, Raman microscopy, and density functional theory
were used to characterize the structure of 50SnF,-20SnO-30P,Os glass. The results from both
experimental methods show quite good agreement with theoretical calculations. The bulk structure of the
glass is characterized by the high ratio between non-bridging to bridging oxygen, occupation of fluorine
in two different chemical states (F-P and F-Sn), two types of structural units which contain Sn (the
preferred Sn-O,F and minor Sn-F,0), and the single chemical environment for P atoms (P-O;F structural
units). Such a structure has potential as a durable glass host for doping with rare earths and organic dyes
for up and down conversion of solar radiation.
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