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XPS and Raman studies of electron irradiated sodium silicate glass
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The microstructure modifications of sodium silicate glass induced by 1.2-MeV electron irradiation are studied by
x-ray photoelectron spectroscopy and Raman spectroscopy. Depth profile analyses are also performed on the irradiated
glass at 10° Gy. A sodium-depleted layer with a thickness of a few tens of nanometers and the corresponding increase
of network polymerization on the top surface are observed after electron bombardment, while the polymerization in the
subsurface region has a negligible variation with the irradiation dose. Moreover, the formation of molecular oxygen after
electron irradiation is evidenced, which is mainly aggregated in the first two-micron-thick irradiated glass surface. These
modifications are correlated to the network relaxation process as a consequence of the diffusion and desorption of sodium

species during electron irradiation.
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1. Introduction

Silicate glass is widely used in technologies, such as the
light emitting diode, the microelectromechanical system, and
the space shuttle.['~3! Understanding the structural evolution
under irradiation is crucial for its basic and advanced techno-
logical applications, especially for evaluating its performance
after long-term interactions with the irradiation environment.

Typical silicate glass is composed of the SiO4 tetrahe-
drons sharing all four corner oxygen atoms to form a continu-
ous three-dimensional (3D) network.[!! The oxygen at the cor-
ner is bridging two silicon atoms and is called bridging oxy-
gen (BO), which can be described as =Si—-O-Si=. When an
alkali oxide, for example Na, O, is added into the silicate glass,
the introduced Na™ partly destroys the network to form a non-
bridging oxygen (NBO) atom, which can be described as =Si—
O~ Na™. Each NBO is associated with a nearby Na™ to main-
tain the local charge neutrality. The structure can be viewed
as a network of silicon—oxygen tetrahedron with occasional
breaks in connectivity due to the NBO. The connectivity ac-
counts for the framework disorder, which describes the distri-
bution of SiO4 units alone, and the degree of polymerization,
that refers to mixing between SiO4 and Na cations, controlling
the distribution of NBO.[*! To describe the polymerization of
the network structure in silicate, the silicate tetrahedrons are
classified as Q" species, where the Q" species refers to the
SiOy tetrahedral units with n BO atoms. For example, a Q?
species has two bridging and two non-bridging oxygen atoms.
The four major SiOy4 tetrahedral units respectively with one,
two, three, and four BOs are given in Fig. 1. As shown in
Fig. 1, the Na™ ion is rather weakly bounded to the NBO. The
migration of Na™ is responsible for the structural evolution
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during electron irradiation. [>~12]
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Fig. 1. SiO4 tetrahedral units respectively with one, two, three and four
non-bridging oxygens.

Depending on the electron energy and irradiation dose,

the microstructure changes including defect creation,7]

[10,11] and

polymerization,®! O, molecule/bubble formation,
phase separation!!"1?l have been reported. The most promi-
nent effect concerns the migration of alkali ions, which has
been well observed by Auger electron spectroscopy (AES) and
electron probe microanalysis (EPMA).['3-15] The local sur-
face concentration and depth distribution of alkali species can
be changed during electron irradiation. Alkali ions are re-
leased from their initial sites and are driven by the electric
field towards the bulk, which is referred to as a negatively
charged layer formed by trapping incoming electrons at about
the electron penetration depth. Moreover, there also exists an
electron-stimulated desorption of alkali metal species during
electron irradiation, 13! which has been explained on the basis
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of Gibbsian segregation.!'*l The segregation provides a driv-
ing force for the diffusion and desorption of alkali species and
thus forms a depletion zone beneath the surface.

Accompanied with migration of alkali ions, the oxygen
molecule can be formed as a consequence of rebinding the
glass network, thus causing significant modifications to the
composition and properties of the glass sample. However,
to our knowledge, very few studies have been carried out on
the analysis of the composition and microstructure of irradi-
ated multicomponent glass in depth. Although Ollier et al.l”!
have studied the O, formation in irradiated glass by Raman
depth profile, which showed O, formation and aggregation at
surface after electron irradiation, nevertheless, the irradiation
effects are strongly dependent on the structure, bonding, and
composition of the glass sample. The micromechanisms of O,
aggregation and the corresponding modifications to polymer-
ization caused by the migration of alkali ions are still not yet
well understood.

In this paper, we extensively consider these phenomena,
concerning modifications to polymerization and the forma-
tion of molecular oxygen varying the depth of irradiated glass,
which are associated with diffusion and desorption of sodium
species. Based on our experimental results, the process of
electron interaction with glass and the subsequent network re-
laxation process are discussed.

2. Experiment

A commercial sodium silicate glass with compositions
70£5 wt% SiOz, 17+3 wt% NayO, 5.5£1.5 wt% Al,O3,
45+1.5 wt% B,03, 4+1 wt% CeO,, and minor ZnO +
SrO was used in this study. The sample, with a size of
5 mmx5 mmx0.5 mm, was fine polished and ultrasonically
cleaned prior to electron irradiation. The irradiation was per-
formed using electrons generated by a high voltage trans-
former type electron accelerator operating at 1.2 MeV and
15 mA, in the national laboratory of the heavy ion accelera-
tor research facility, Lanzhou (HIRFL). The homogeneous ir-
radiation of the glass sample was obtained in these conditions
of sample thickness and beam conditions.!'®! Different doses
from 5x10° Gy to 10° Gy were used and the samples were
cooled by water during the irradiation experiment.

The x-ray photoelectron spectroscopy (XPS) spectra were
measured on an x-ray photoelectrometer (K-Alpha-surface
Analysis, Thermon Scientific) equipped with x-ray monochro-
matisation, which provides information about the bonding en-
vironment and elemental composition of top surface layers
(up to 10 nm). Integrated areas of XPS transitions were de-
termined following Shirley’s inelastic background subtraction
method.!!”! The experimental uncertainties accompanied with
an XPS quantitative analysis were estimated to be 5%. The
O 1s XPS signals were fitted with mixed Gaussian—Lorentzian

curves (G-L ratio=30%).!"8! A charge shift in the binding en-
ergy of typically 1 eV~2 eV was observed for the samples due
to surface charging. The shift was corrected by measuring the
C 1s peak, which was assumed to be 284.8 eV. Depth-profiling
was also employed using 3-keV Ar* sputtering to quantify the
chemical composition as a function of the depth. When the
effects of Ar ion sputtering on the samples are considered, ']
XPS spectra were also measured on the pristine sample for the
same sputtering time.

The Raman spectra were obtained on a Labram HR 800
micro-spectrometer using the 532-nm line of an argon ion laser
at 100 mW. The experiments were carried out with a con-
focal %100 objective. Under our experimental conditions,
the optical penetration depth of the Raman excitation light
was about 1 um.?°! The spectrometer resolution was approx-
imately 1 cm™!. The Raman depth profile experiments were
carried out by acquiring Raman spectra from the surface to the
inside of the glass in steps of 1 pm for z-displacement along a

fixed horizontal position.

3. Results and discussion
3.1. XPS spectrum analysis

Figure 2 shows the core-level spectra in the O 1s region
for the pristine and electron irradiated glasses. As shown in
the figures, the O 1s spectra are shifted toward higher binding
energy. This shift is approximately 1 eV after electron irra-
diation at 10° Gy, which correlates with the reduction of the
sodium content in the glass surface after irradiation.>!l The
O 1s peak fit indicates two different bonding states of oxy-
gen in the pristine glass, which can be assigned to the BO
and NBO bond, respectively.[!82!] The sodium silicate glass
studied in this paper should have various bridging and non-
bridging bondings, such as Si-O-Si, B-O-B, Al-O-Al, Si—
O-B, Si—-O-Al, Si-O-Na, B-O-Na, and Al-O—-Na. Howeyver,
as the FWHMs of the BO (1.69 eV) and NBO (1.99 eV) com-
ponents are so small, it is impossible to evaluate the validity of
the further separation by three or more components. In addi-
tion, the sodium silicate glass studied in this paper only has a
minor content of B,O3 and Al,O3 compared with the SiO;
content, the contributions to the bridging and non-bridging
bonding seem to be insignificant. The peak ratio of NBO to
BO component reaches about 0.3540.05 for the pristine glass
surface and decreases with the increase of irradiation dose,
which indicates an increase of the network polymerization. As
shown in Fig. 2(c), the NBO component cannot be resolved
after electron irradiation at 10° Gy, corresponding to the fact
that a fully polymerized network is formed in the top surface

layers.
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Fig. 2. Comparison of O 1s spectra between the pristine and irradiated
glasses. The dot lines denote the experimental data, the solid lines and
dashed lines refer to the results of curve fitting.

The NBO is very closely related to sodium atoms. The
fully polymerized network is thus corresponding to the deple-
tion of the sodium content, which is evidenced by the sodium
concentration profile obtained in the XPS depth profile on the
electron irradiated glass at 10° Gy. As shown in Fig. 3, al-
most no change on the pristine glass is observed except the
small value on the top surface (r = 0 min), which can be at-
tributed to contamination (mainly carbon and nitrogen con-
tamination) on the surface. Nevertheless, the sodium content
is almost completely depleted in the top surface layers of irra-
diated glass, which is consistent with the formation of a fully
polymerized network. The value gradually increases with the
depth of irradiated glass increasing and reaches the pristine
value after etching for about 40 min. When the etching rate is

(22 the sodium depleted layer is around 40-

about 1 nm/min,
nm thick. The formation of a sodium depleted layer may be
referred to as both the electric field enhanced diffusion and the
electron stimulated desorption (ESD) of sodium as a conse-
quence of electron irradiation.!!

When high-energy electrons penetrate the glass sample,
the [Si-NBO] " and Na™ ion pairs can be created in the whole
volume through double ionization processes.[!?! The attractive
electrostatic force between the NBO and Na is turned into a
repulsive one, thus causing a positive charge in the glass sam-
ple. As electrical equilibrium cannot be quickly restored on
the atomic scale in the glass by electrons coming from the sur-
roundings, the sodium ion is no longer rigidly bonded to the
oxygen and can be driven either to diffuse to an interstitial

site if it is in the bulk or be desorbed into the vacuum if it is
on the surface. The diffusion is closely related to the distri-
bution of the electric field induced by electron irradiation. It
should be noted that the charge distribution generated by pen-
etration of a high-energy electron can be considered as being

(23] except a stronger repulsive interaction on the top

[23,24]

uniform,
layers induced by the emission of secondary electrons.
Therefore, the diffusion of sodium ions can be considered as
being homogeneous, instead of only diffusion following one
direction driven by an electric field formed by the trapped elec-

[14.15] The electron stimulated desorp-

trons inside the sample.
tion (ESD) of sodium can also occur in the case of repulsive
interactions between the sodium species and the surface. Sev-
eral physical mechanisms have been suggested to explain ESD
phenomena from different types of surfaces.[>>) ESD can be
viewed as a multiple-step process involving electronic excita-
tion of surface species followed by the escape of an excited
fragment out of the surface. The desorbed species include
ions and excited neutrals, but in most cases the cross sections
for neutral desorption are larger.[>>%1 Once the desorption has
occurred within the outermost layer, an activity concentration
gradient exists to drive the out-diffusion of sodium liberated

by the double ionization process in the subsurface.
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Fig. 3. Variations of normalized Na concentration with depth in the
pristine and irradiated glasses. The dashed lines are guides for the eyes.

3.2. Raman spectrum analysis

The formation of oxygen molecule (O,) after electron ir-
radiation is observed in our Raman results. As shown in Fig. 4,

~! in the Raman

a narrow peak appears at around 1550 cm
spectrum of electron irradiated glass at 10° Gy, which cor-
responds to the stretching vibration mode of the O—O bond
in the oxygen molecule. This result is consistent with pre-

(891 which suggests that the diffusion of

vious Raman results,
sodium ions during electron irradiation is responsible for this

structural evolution on sodium silicate glass.
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Fig. 4. Raman spectra in the 1500 cm™!~1600 cm™! region of irradi-
ated glass at 10° Gy.

The remaining loose structure caused by the diffusion of
the sodium wound tends to pull itself together and recombine
into relaxed SiO4 units. During the relaxation processes, the
dangling bond on NBO may attract a neighboring NBO and
form a peroxide bond (Si-O—0-Si).['?) However, the perox-
ide bond may quickly go towards the relaxed Si—O-Si config-
uration, thereby facilitating migration of sodium ions through
percolation channels between large connected clusters of SiO;

structurally relaxed units.?’! This process can be depicted
as[12:27]

2(=Si—NBQ") »=Si—-0-0-Si=—
=Si—0—-Si=+1/20,. (1)

This process will also cause locally oversaturated oxygen
and then form molecular oxygen O;, as confirmed by a peak
arising that corresponds to the stretching vibration mode of
the O—O bond in molecular oxygen O, after electron irradia-
tion. O, is detected down to 2 um from the top surface; the
concentration is lower in depth than in surface. It indicates
that O, is diffused into the surface through the same perco-
lation channels between large SiO, relaxed units as sodium
diffusion, without influencing the sodium depleted layer. This
result is similar to the result from a previous Raman depth pro-
file study, ! where the molecular oxygen thickness in the layer
is less than 15 um. However, the oxygen enriched layer is
much thinner in our result. As the formation of the O, layer
is correlated to the migration of alkali ions, the distinction can
be attributed to the Ce content (4+1 wt% CeO;) in our glass
sample, which could reduce the migration rate of alkali ions
through reducing the defect precursor.”!

The modification on the polymerization of the network
structure after electron irradiation is characterized by extract-
ing out the Raman spectra between 850 cm™'~1320 cm™!
and then fitting with three Gaussian peaks: 980 cm~! (Q?),
1080 cm™! (Q%), 1150 cm™! (Q*), respectively.!?®! The con-
tribution from the Q! unit is negligible for the glass networks,

which is usually centered near 910 cm~'. Figure 5 shows an
example of the Q" species band deconvolution for the pris-
tine sample. The relative area of each Q" species makes it
possible to calculate the fraction of NBO. Based on the Ra-
man study of alkali silicate glass, the bulk NBO/Si ratio, and
NBO/(BO +NBO) ratio were previously calculated.>*3% In
order to compare with the XPS results shown in Fig. 2, the
ratio of NBO to BO is derived based on the previous calcula-
tions; it can be calculated by the following formula:

NBO  20%+0°

BO  202+3Q%+40%
the NBO/BO ratio is about 0.38+£0.05, which is consistent
with the value obtained from the XPS stoichiometric result
(0.35£0.05). The variations of the different Q" species with
the irradiation dose are shown in Fig. 6(a). The Q> species in-

@

crease with Q% and Q* species decreasing, which indicates that
the Q" species balance equation (20> = Q% + Q4) is shifted
to the left as the increase of irradiation dose. The variations
of different Q" species with the depth of irradiated glass at
10° Gy are presented in Fig. 6(b), which suggests that no sig-
nificant difference exists in Q" species between the surface
Raman and subsurface Raman spectra. However, as shown
in Fig. 7, the calculated NBO/BO ratio has a negligible varia-
tion, indicating that the polymerization of a glass network has
no significant change after electron irradiation.

Intensity/arb. units

1 1 1 1 1 1 1 1
900 1000 1100 1200 1300
Raman shift /cm—!

Fig. 5. Gaussian fits of Raman spectrum in the 850 cm™!~1320 cm™!
region of unirradiated glass.

However, the results of the negligible variation on the
polymerization in Raman are inconsistent with our XPS re-
sults, as shown in Fig. 2, where the NBO/BO ratio decreases
with the increase of irradiation dose. Nonetheless, it should be
noted that there is a significant difference in the detected depth
between XPS and Raman results, as illustrated in the experi-
mental description. The Raman signal is detected in a range
of several microns by surface Raman and Raman depth pro-
file experiments, thus it can be considered representative of the
subsurface region. Thus, the inconformity between the Raman
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and XPS results suggests that the increase of network polymer-
ization after electron irradiation occurs only in the top surface
layers, without significant modification to the polymerization
in the subsurface region.
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Fig. 6. Variations of Q" species with dose (a) and depth (b) of irradiated
glass at 10° Gy. Symbols ¢, A, and O represent QZ, Q3, and Q4 species,
respectively. The dashed lines are guides for the eyes.
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Fig. 7. Variation of the NBO/BO ratio with the dose. The dashed line is
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As some new species may be shown up (e.g. defects,
molecular oxygen and so on) after electron irradiation, the
glass network can be significantly modified, especially in the
near-surface region. Due to the desorption of sodium species,
the NBO bonds within the top surface region can be severely
reduced after the network relaxation process, which is con-
firmed by XPS results, as shown in Fig. 2. In the subsur-
face region, modifications to the glass network are evidenced

by variations of different Q" species with the irradiation dose
(Fig. 6). This result also suggests that diffusion of sodium
ions does occur in the whole glass volume as a consequence of
electron irradiation. Due to the diffusion of charge neutralized
Na™ around NBO, the dangling NBO bonds can be formed.
The silicate network tries to maintain its structural continu-
ity by the subsequent network relaxation processes. As we
discussed above, during network relaxation, the rebinding of
two neighboring dangling NBO atoms can reform the Si—O-Si
bond (process 1). In addition, the released Na ion may also be
attracted to a neighboring dangling NBO atom and recreates
new NBO bonds.*!! Thus, the negligible variation in the poly-
merization of a glass network in the subsurface region can be
considered as being almost totally recovered after network re-
laxation processes. The recovery process can be accomplished
through the reformation of BO and NBO bonds during the re-
laxation of a glass network.

4. Conclusions

The effects of electron irradiation on sodium silicate
glass are studied by x-ray photoelectron spectroscopy and Ra-
man spectroscopy. As the significant difference in the de-
tected depth between XPS and Raman spectra, modifications
to both the surface and subsurface regions can be verified.
Due to the desorption of sodium species, a distinctive sur-
face with a sodium depleted layer and highly polymerized net-
work appear. In the subsurface region, although transforma-
tion between different Q" species and the formation of oxygen
molecules are evidenced, the polymerization is almost fully
recovered after the network relaxation process. The oxygen
molecules are not influenced by the surface layer but they dif-
fuse into the surface and mainly aggregate in the first two-
micron-thick irradiated glass surface.
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