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1 | INTRODUCTION

Abstract

The structural chemistry of the near-surface region of soda-lime-silica (SLS)
glass is described in terms of silicate network connectivity using X-ray photoelec-
tron spectroscopy (XPS). A thorough investigation of Ols and Si2p spectral lines
by sequential XPS measurements, accompanied by Art sputtering, revealed the
variation of concentration of bridging oxygen, non-bridging oxygen (NBO), and
hydrous species (SiOH/H,0) as a function of depth from the glass surface. The
Oqotal/Si atomic ratio was calculated to vary in the range of 2.90-3.74 through-
out the depth of sputtering for a total duration of 110 min, while considering
each of the aforementioned oxygen speciations in the curve-fitted spectra of Ols
orbital. The glass surface up to a depth of 1-3 nm had the highest O, /Si ratio of
3.74, which was representative for a mechanically weak structure with Q° and Q!
species, marked by the respective linkages of four and three NBOs per silica tetra-
hedral unit. This dictates the vital contribution of the hydrous species associated
with silanol groups to the near-surface structure of SLS glass.
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widely used for the convenient characterization of bridging
oxygens (BOs) and non-bridging oxygens (NBOs) on the

The inevitable interaction of silicate glass surface with
the ambient atmosphere has been a subject of consider-
able research in the past."> The detrimental effects of the
consequent corrosion mechanisms are well known with
respect to surface degradation phenomena associated with
the availability of a micro-channelized pathway for diffu-
sion processes through the injured, porous layer of outer
glass skin.*

The surface structure of soda-lime-silica (SLS) glass
is known to be characterized by different techniques®';
among which, X-ray photoelectron spectroscopy (XPS) is

topmost surface.” ! However, to the best of our knowledge,
there is no elaborate report on the variation of individual
oxygen speciations as a function of depth from the glass
surface; the scientific knowledge of which is of utmost
necessity to understand the essence of surface structural
chemistry, which governs the mechanical properties of the
glass surface.

In this study, we endeavored to gain a thorough insight
of the structural network from the surface to the bulk (up to
about 100 nm) of SLS glass by XPS. XPS, when combined
with ionic sputtering, is a powerful means of exploration
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of the depth of the glass network.'>!* Although previous
studies reported certain drawbacks associated with argon
ion (Art) sputtering on SLS glass surface with relevance
to change in the concentration of mobile ions (Na* and
Ca?*), while recommending a possible replacement by
means of Cg sputtering instead.'*"'® However, with precise
technical control of the phenomenon, it is possible to mini-
mize the effect of surface damage caused by Ar* sputtering
and, hence, is still a widely used technique in structural
glass science.

This paper is predominantly centered on exploring the
variation of the structural chemistry of the near-surface
region of SLS glass—reflected by the variation of concen-
tration of BOs, NBOs, and hydrous species (SiOH/H,0),
which is fundamentally thought to determine the struc-
tural orientation of the silicate network governing the
mechanical integrity of the surface structure. The inves-
tigations were specifically constrained to Ols and Si2p
spectral lines, bearing in mind the possible influential
alteration of Nals caused by a migration of mobile ions due
to Ar ion implantation.

2 | INSTRUMENTAL AND ANALYTICAL
ASPECTS OF X-RAY PHOTOELECTRON
SPECTROSCOPIC AND ATOMIC FORCE
MICROSCOPIC MEASUREMENTS

A PHI 5000 VersaProbe IIT spectrometer with an Al K
alpha source (1486.6 eV) was used to conduct XPS studies.
Monochromatized X-rays were obtained by quartz crystal.
Sequential XPS measurements were performed at specific
time intervals in conjunction with Ar* sputtering at 5 kV.
The target current on the specimen holder was 3 uA,
whereas the focus beam current was 302 nA at the Fara-
day cup. Surface charge neutralization was achieved by the
virtue of a dual-beam charge neutralization system that
utilizes both a cold cathode detector hood source and a
very low energy ion source (<10 eV) to provide turnkey
charge neutralization. The pass energy was 26 eV, whereas
the spectral resolution was about .2 eV.

As-received commercial green SLS glass in the form of
square glass bottles was prepared by gently drilling (wet-
cutting) cylindrical specimen from flat broad sides with a
diameter of 25 mm and a thickness of 3 mm, while ensur-
ing the absence of any mechanical injury to the surface
skin of interest, which was the center of the specimen
where the XPS measurements were performed. The con-
tainer glass without any hot- and/or cold-end coating was
used in this study. The outer surface of the container glass
was subjected to XPS investigations. The obtained cylin-
drical specimen was immersed in a static acetone bath
for 15 min to remove most organic impurities from the

surface. The surface was gently blow-dried by nitrogen
gas (producer: “Riessner Gase,” purity: 99.999%, humidity
<5%, oxygen <3%, hydrocarbons <.2%) at room temper-
ature before introducing it to the ultrahigh vacaum XPS
chamber at a pressure on the order of 10~° mbar. The
glass surface was not polished before XPS investigations
to retain the structural integrity of the as-melted state.
The elemental composition of the as-received SLS glass
obtained by ICP-OES analysis consisted of (in wt%) the
following: 31.40% Si, 8.70% Na, 7.36% Ca, 1.14% Mg, .95%
Al, .63% K, .26% Fe, and .03% Ti (rest mainly assigned
to oxygen), which would correspond to the following
oxide composition (in wt%): 71.4% SiO,, 12.4% Na, 0, 10.9%
CaO, 2.0% MgO, 1.9% Al,03, .8% K,0, .4% Fe,03, and
1% TiO,.

All spectral fittings were performed by MultiPak soft-
ware using Gaussian-Lorentzian composite function after
Shirley background correction.'” The best curve-fits in
terms of lowest chi-squared values (y*) representative of
goodness of fit are reported here. Overall, 10%-Lorentzian
component was included in Ols curve-fits to take into
account the uncertainty principle associated with the core
hole lifetime.'® The curve-fittings were performed in an
unconstrained manner'® while ensuring that the full-
width at half maxima (FWHM) of overlapping peaks lie
within a narrow range of less than .3 eV.

According to theory, Ols and Nals spectral lines consist
of a singlet, whereas the Si2p spectrum is typically con-
stituted of a spin orbit doublet. The Si2p,/, peak intensity
was precisely assigned half the intensity of Si2p;, in accor-
dance with theoretical requirement.!” Identical FWHM
values were assigned to both peaks. The difference in bind-
ing energies (BEs) between Si2p;/, and Si2p;/,, peaks is
.617 eV. Instead of the general tradition of Cls,”° the Ca2p
spectral line was used as the standard reference, whereas
all other peaks were auto-shifted to its reference. The tech-
nical reason behind this is the relative immobility of Ca®*
ions within the glass structure compared to Na' ions at
room temperature, which apparently eliminates the neces-
sity of its analysis, as well as the negligible presence of
carbon in the studied SLS glass specimen.

The atomic force microscopy of the top surface was per-
formed by “Bruker Dimension icon” with a z-resolution
of about .1 nm. A silicon nitride cantilever tip (Bruker
OTESPA-R3), with a nominal tip radius of 7nm and a maxi-
mum tip radius of 10 nm, was used to scan in tapping mode
with a set-point amplitude of 854 mV. A defined area of 1
x 1 um? with 512 pixels was scanned on the top surface on
three different spots. A flood mask of .2 nm was applied in
the software “NanoScope Analysis” after third-order flat-
tening, to map the surface silicate network disseminated by
inherent intertetrahedral voids. The flood-masking facil-
itated by the software isolated the silicate islands on the
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FIGURE 1
of soda-lime-silica (SLS) specimen

Representative survey spectrum of the top surface

top surface to make it possible for mapping the voids with
depths on the order of 500 pm.

The XPS investigations of the near-surface region of a
different category of SLS glass (microscopic slides) were
performed additionally, to confirm the reliability of the
experimental findings on container glass surface illus-
trated in the paper. It is reported in the Supporting
Information section.

3 | RESULTS AND DISCUSSION

The XPS survey spectrum of the top surface of SLS glass
considered in this work is shown in Figure 1. The survey
scan was performed up to a BE of 1100 eV, with a spectral
resolution of about .2 eV.

The atomic concentrations of Ols, Si2p, Nals, and Ca2p
are shown as a function of Ar" sputtering time in Figure 2.
The mean composition of the near-surface region of the
SLS glass considered in this study was calculated from
the distribution corresponding to Figure 2 and reported in
Table 1, along with the respective elemental standard devi-
ations. Other oxides like K,0, MgO, Al,03, or Fe,05; were
not included as their concentrations in the glass were less
than 2 wt%.

The Ols and Si2p orbitals were thoroughly studied as
a function of Art sputtering time at specific intervals,
to investigate the subsurface silicate network connectiv-
ity. The local atomic bonding states of oxygen atoms on
the glass surface were studied by curve-fitting of high-
resolution XPS Ols spectral lines to separately determine
the areal contribution of each overlapping peak.

Ar* sputtering time (min)

FIGURE 2 Atomic concentrations of Ols, Si2p, Nals, and
Ca2p of the near-surface region as a function of Ar* sputtering time

TABLE 1 Composition of the near-surface region of the
studied soda-lime-silica (SLS) glass
Mean con- Standard
centration deviation
Element (at%) (at%)
Ols 61.60 2.51
Si2p 23.01 .84
Nals 7.56 1.25
Ca2p 5.48 .68

3.1 | O1s curve-fittings

The Ols peak broadly lies within the BE range of 528-
534 eV, centered around 531 eV (see Figure 3). The spectral
fit is constituted of three relevant signals from the silicate
structure of the glass network®%2!:

1. NBO: Si-O-Na bonding corresponding to the shoulder
around 530 eV.

2. BO: Si-O-Si bonding corresponding to the central peak
around 531 eV.

3. SiOH/H,0 species: Shoulder peak corresponding to
higher BE around 532 eV.

The assignment of the overlapping Ols peaks to the
aforementioned signals corresponding to different BEs can
easily be explained by the electrostatic interactions.”! This
is dictated by the Linus Pauling scale of electronegativ-
ity, which bears the following order of decreasing trend:
H>Si>Na. Hydrogen, possessing the highest electronega-
tivity among the three elements, has a higher tendency to
attract the electron cloud of the oxygen atom. On average,
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FIGURE 3 Gaussian-Lorentzian curve-fits of Ols spectral lines—illustrating the variation of bridging oxygen (BO), non-bridging

oxygen (NBO), and SiOH/H,O species as a function of Ar* sputtering time: (i) 0 min (surface measurement without sputtering), (ii) 5 min,
(iii) 10 min, (iv) 50 min, (v) 80 min, and (vi) 110 min. Inset-legends indicate the corresponding normalized integrated peak areas expressed in

percentage.

it is highly likely that there are fewer electrons at the oxy-
gen atom in Si-OH than Si-O-Si and Si-ONa. Thus, the
electron—electron repulsion at the oxygen atom in Si-OH
decreases, which leads to increased BE. This justifies the
assignment of the 532-eV peak to SiOH/H,O species. Sim-
ilarly, sodium, bearing the lowest electronegativity among
the three elements, is accountable for a higher repulsion
of the electron cloud at the oxygen atom in Si-ONa, con-
sequently facilitating the ejection of Ols photoelectrons
with a lower BE, in agreement with the proposition of
Simonsen et al.?! This, in turn, justifies the assignment

of the intermediate peak at 531 eV to the Si-O-Si BO,
owing to the intermediate position of silicon in the order of
electronegativity of the three elements apart from oxygen,
which undoubtedly possesses the highest electronegativity
among the four elements in contention.

The integration of the peak areas gives an estimation of
the concentration of the corresponding species. The con-
centration of each of the aforementioned species in the
glass network was calculated with sequential XPS mea-
surements accompanied by Art sputtering (0-110 min of
sequential sputtering at specific time intervals). A period of
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FIGURE 4
concentration (%) of bridging oxygen (BO), non-bridging oxygen
(NBO), and SiOH/H, O species with Ar* sputtering
time—calculated from the normalized integrated peak areas under
the curve-fitted O1s spectra of Figure 2, reported in Table 1.
Connecting lines act as guideline to the eyes.

Quantitative illustration of variation of

110-min sputtering is estimated to be equivalent to a depth
of ~110 nm of etching from the surface, considering an
etching rate of around 1 nm/min according to a previous
report on SLS glass (50 nm/h at 4 kV).” The sputtering
rate stated earlier is a fair assumption for an estimation
of the overall probing depth of the thin subsurface layer
considered in this study. The rate may not be constant
throughout the sputtering duration due to the heterogene-
ity of the surface structure. It only gives an impression
of the depth of interest for which the structural analy-
sis has been elucidated in this paper. The respective Ols
curve-fittings corresponding to sputtering times of 0 (sur-
face measurement without sputtering), 5, 10, 50, 80, and
110 min are shown in Figure 3(i)-(vi). The variation of the
NBOs, BOs, and SiOH/H,O species with sputtering time,
calculated from the corresponding normalized integrated
peak areas of the curves presented in Figure 3, is illustrated
in Figure 4.

It is to be noted that the data point corresponding to
0 min in Figure 4 corresponds to a measurement right
on top of the glass surface without any sputtering. The
information at this point in time is considered to be
confined within a depth of 5 nm. The majority of the
photoelectron signals were highly likely from the top 1-
to 3-nm region. Theoretically, the information probing
depth depends on the inelastic mean free path of the
electrons, and the intensity of the signal decays exponen-
tially with depth in the absence of elastic scattering of the
photoelectrons.?’

SCIENCE

The concentration of BO is higher than NBO through-
out the entire depth of the sputtering range. Especially,
the high ratio of BO to NBO on the surface up to a depth
corresponding to 10 min of sputtering is to be empha-
sized. Furthermore, Figure 4 shows that the concentration
of the SiOH/H,O0 species is close to 5% right on the sur-
face with a slightly decreasing trend with increasing depth.
The silanol groups may be present in different forms,
such as isolated silanols, vicinal silanols, geminal silanols,
and hydrogen-bonded silanols,?*~*> which compensate the
depletion of sodium ions up to a shallow depth on the
order of few nanometers from the surface. A sodium-
depleted outer skin of SLS surface (first data point of Nals
in Figure 2) was reported by several studies, which is
a common observation owing to its susceptibility to the
volatilization of the outer glass skin.*?° The outer glass
skin is in incessant interaction with the ambient atmo-
sphere that leads to the adsorption of chemisorbed and
physiosorbed water molecules to the silanol groups.

3.2 | Si2p curve-fittings
According to theory (Section 2), the Si2p curve should
consist of two peaks, namely, a spin doublet—Si2p;/,
and Si2p,/,, separated by .617 eV with equal FWHM,
the ratio of magnitude of intensity of the peaks being
Si2ps/,:Si2p,/, = 2. Figure 5 shows the Si2p spectral peak-
fits (with corresponding BEs mentioned in legends), with
respect to Art sputtering time. In general, a chemical
shift toward a higher BE of the Si2p signal is thought
to qualitatively represent a dominant BO (Si-O-Si)-like
behavior.!”?° However, the variation of the position of
the BE of Si2p;/, with sputtering time as experimentally
obtained (see Table 2) was negligible, as it almost laid
within the range of our best spectral resolution of .2 eV.

The corresponding areas under the curves, FWHM val-
ues, BE positions, and chi-squared values (goodness of fit)
of the Ols and Si2p spectral fits with respect to sputtering
time are tabulated in Table 2. The atomic ratio of O/Si was
calculated by taking into consideration the corrected rel-
ative sensitivity factor (RSF) from the MultiPak database.
The RSF is specific to the instrument used, as well as the
element, and level the photoelectron emanated from—as
it encompasses the parameters of photoelectron cross sec-
tion, inelastic mean free path of the photoelectrons and
instrument factors such as transmission function.'® The
individual contributions of the three identified oxygen spe-
ciations and the total oxygen-to-silicon atomic ratios are
reported in Table 3 and Figure 6.

Table 3 displays the total atomic ratio of oxygen to silicon
(Oota/Si) throughout the depth associated with 110 min of
Ar* sputtering at specific time intervals, while separately
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Curve-fitted Si2p spectral lines: Illustration of the chemical shift of binding energy (eV) with Ar* sputtering time: (i) 0 min

(without sputtering), (ii) 5 min, (iii) 10 min, (iv) 50 min, (v) 80 min, and (vi) 110 min

illustrating the contributions of individual components,
namely, BOs (Og;_o_s;), NBOs associated with sodium net-
work modifier cations (Og;_o_n4), and SiOH/H,0 species
(Osion,n,0/S1)- The atomic ratio of total oxygen content
to silicon, Oyya1/Si (on the extreme right column), varied
within the range of 2.94-3.74 throughout the depth of

sputtering range in decreasing order from the surface to
the bulk, which was an interesting outcome. It is graphi-
cally portrayed in Figure 6. A high O/Si ratio is generally
indicative of a depolymerized silicate network.”’ The
presence of NBOs associated with network modifiers and
hydrous species (SiOH/H,0) in the subsurface network
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TABLE 2 Percentage of area, binding energy (BE), full-width at half maxima (FWHM), and chi-squared () values of Ols and Si2p
spectral fits with Ar* sputtering time
Ols Si2p
NBO
BO (Si- (Si-O-
0-Si) Na) SiOH/H,0 X Si2p;, X
Sputtering Area BE FWHM Area BE FWHM BE FWHM BE FWHM
time (min) (%) (eV) (eV) (%) (eV) (eV) Area (%) (eV) (eV) (eV) (eV)
0 80.8 531.75 1.58 14.3 530.03 1.36 4.9 532.74 1.30 2.02 102.03 1.60 6.63
5 62.2 531.80 1.45 33.2 530.13 1.56 4.6 532.71 1.50 3.60 10211 1.80 4.95
10 61.2 531.90 145 333 530.25 1.56 5.4 532.71 1.50 3.60 102.20 1.80 3.50
50 69.3 531.73 1.58 27.6 530.01 1.36 31 532.74 1.30 3.70 102.02 1.80 2.88
80 62.3 531.74  1.45 34.6 530.08 1.56 3.1 532.71 1.50 441 10193 2 1.49
110 65.3 531.80 1.54 32.4 530.12 1.56 24 532.71 1.50 249 101.99 1.90 2.24

Abbreviations: BO, bridging oxygen; NBO, non-bridging oxygen.

TABLE 3
relative sensitivity factor (RSF)

Sputtering time (min) Og;_0-si/Si
0 2.3

5 1.67

10 1.61

50 1.54

80 1.57

110 1.57

of SLS glass increases the atomic ratio of Oyy,/Si from
the otherwise known value of 2.0 for fused silica (SiO,)
consisting of all Q* entities (four BOs without any NBO
per silica tetrahedron). The experimental data point
corresponding to 0 min of sputtering associated with the
top surface consisted of the highest Oy,;/Si ratio of 3.74,
which was theoretically logical, owing to the high abun-
dance of silanol groups and associated hydrogen-bonded
water molecules on the surface.?’-2° However, the concen-
tration of BO was experimentally found to be the highest
at this point in depth. This unexpected outcome was con-
firmed to be true for the second category of SLS glass that
was investigated separately, represented in Figure S3. This
is proposed to be caused by repolymerization on the top
surface due to the migration of sodium ions (during and
after glass production and during argon ion sputtering), in
accordance with the observation of Brow.’ Thus, a high
atomic ratio of Oy,/Si does not necessarily represent a
weak network connectivity, signified by the high contribu-
tion of Og;_g_s;/Si at this point. The experimental evidence
of the relatively high ratio of Og;o/1,0/Si observed up to
10 min of sputtering validates the essence of association of
NBOs with different forms of silanol groups on the surface

Variation of oxygen to silicon atomic ratios (O/Si) calculated over Ar* sputtering time, while taking into account the corrected

Osi_o-Na/Si Osior/m,0/S1 Ototar/Si
.78 .66 3.74

1.35 21 3.23

1.2 18 2.99

1.18 32 3.05

1 33 2.9

1.28 .09 2.94

rather than sodium ions that were leached out of this thin
layer (of about 10 nm or higher) due to its high mobility.
The Oya1/Si ratio showed a steady decreasing trend in the
range of 0-10 min of sputtering (3.74-2.99, to be precise).
Thereafter, with an increasing depth of sputtering, the
ratio seemed to saturate in the range of 2.9-3, which
theoretically corresponds to the Q? structure®' (two BOs
and two NBOs linked to a silica tetrahedron). A similar
trend was observed for the SLS glass slides analyzed addi-
tionally, with a saturation of Oy, /Si around 3.2, as shown
in Figure S3. This trend of saturation of the ratio close to 3
was also observed in our previous study.*? A stoichiometric
ratio of 3.5 is theoretically representative of Q! structure
associated with pyrosilicates (Si,0,)°~, marked by the
presence of three NBOs linked to a silica tetrahedron.
The experimental evidence proposes that the region con-
strained within a depth of about 1-3 nm (corresponding
to the first data point without sputtering) is likely to be
composed of Q° (self-sustaining species) and Q! units—
indicative of mechanically weakening structural entities.
However, this does not completely rule out the likelihood
of the presence of stronger Q" units (n: 2-4), considering
the contribution of Og;_g_s;i/Si, although the probability
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40 0 20 40 60 80 100 120 This paper adopted the approach of Ols peak-fitting to

U ' separately determine the contributions of BOs, NBOs, and

s ol 5 SiOH/H,O0, as a function of depth from the glass surface

f_g 354Q! i by Ar* sputtering. This was done to avoid the drawbacks

0'9 ] | associated with Ar* sputtering in causing the migration of

S mobile modifier cations to affect their respective concen-

T 301Q? \O/e\e___.e 1 trations. It would consequently affect the concentrations of

E ] ] the different oxygen speciations in the aforementioned sys-

§ 2513 | tem of equations with misleading results, when calculated
as a function of depth from the glass surface.

-Q 4 The depth of the glass surface from which the photo-

2.0 e s S electrons are ejected as a consequence of bombardment

204 :::gs"o's' ! /Ssii ] of X-rays during the XPS measurements depends on their

= 55 —A—o:::/:jo/si ) kinetic energy, which in turn is dependent on the BE of

g " the electrons. The difference in BE between Si2p and Ols

E 2.0 \ - is just over 400 eV, which is quite high. Hence, it may

© .y . so happen that the photoelectrons emitted from Ols and

g 151 1 " . | Si2p orbitals used for analysis in this paper may have

§ 10 / ¢ '\,/ i been ejected from slightly different depths below the glass

% ] surface corresponding to a particular cycle of sputtering

0.5+ \ & . (the difference probably being in the range of a couple of

i . A",.——._— L T\A ] nanometers or even less) due to their differences in BEs.

0 20 40 60 80 100 120
Ar* sputtering time (min)

FIGURE 6 Variation of the atomic ratio of individual oxygen
speciations to silicon, as a function of Ar* sputtering time (below);
variation of atomic ratio of total oxygen (sum of individual
contributions) to silicon, as a function of Ar* sputtering time
(above). Connecting lines act as guideline to the eyes.

of encountering Q3 and Q* species at this depth is lower
compared to the bulk. The Q" species marked alongside
the experimentally obtained atomic ratio of Oy, /Si in
Figure 6 gives an overall insight of the subsurface silicate
network connectivity from theoretical perspective. In
this case, the drawback associated with sole reliance on
XPS analysis was quite evident in terms of its inability to
quantifiably determine separate Q" species in the overall
glass network apart from the near-surface region—in
accordance with the observation of Nesbitt et al.'’

The contribution of the individual network modifier
cations to the total concentration of NBOs may be stoi-
chiometrically calculated, along with the concentrations of
BOs and SiOH/H, O, by the following system of equations,
considering charge neutrality and mass balance®:

NBO = 2[Ca] + 2[Mg] + [Na] — [Al]

This was one of the major reasons behind the exclusion
of Nals from our calculations, owing to its BE being close
to 1075 eV (the massive gradient of BEs between Nals and
Ols, as well as Nals and Si2p shall not be neglected to avoid
erroneous interpretation), although sodium is thought to
play a vital role in terms of its association with NBOs
except on the outer surface owing to its high suscepti-
bility to volatilization—ensuing our preceding discussion.
The prolonged exposure of the glass surface to X-rays
(>10 h) accompanied by low-energy electrons to compen-
sate surface charge buildup is reportedly known to have a
pronounced effect to decrease the atomic ratio of Oyqy,/Si,
as a consequence of oxygen depletion caused by outgassing
of free oxygen to the surrounding vacuum released by
the breakage of NBO bonds.** The concentration of NBO
increases with decrease in BO concentration with time.
However, the duration of XPS experiments accompanied
by Ar" sputtering reported in this study is significantly
shorter to repudiate the possibility of detrimental surface
damage effects associated with the breakage of silicate
network. The analysis of the network modifiers has been
avoided due to the migration of mobile ions that is
known to be caused by Ar* sputtering.** Consequently, the

[OH + H,0] = [(—2) X [Ooqa] + (1 X [Na] +2 X [Ca] +2 X [Mg] + 3 x [Al] +4 x [Si])]

BO = [Oyotal] — [NBO] — [OH + H,0]
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(A) A 1 x 1-um? atomic force microscopy (AFM) representation of the top surface with z-resolution ~100 pm—pink: surface

silicate network; brown: distribution of intertetrahedral voids within the silicate network marked by the presence of nano-channelized
pathway and (B) depth-histogram of the inherent voids between top two monolayers

structural analysis reported in this paper has been solely
confined to Ols and Si2p spectral lines, to determine the
silicate network connectivity of the near-surface region of
SLS glass.

According to Zachariasen’s classical rules of glass
formation,* no oxygen atom may be linked to more than
two cations. Thus, each BO must be linked to two sil-
icon atoms in the studied SLS glass. A BO, in general,
is also linked to the intermediate element, Al, to form
Si-O-Al network for glasses with high alumina content,
for example, calcium aluminosilicate glass. The negligible
presence of aluminum in the SLS glass surface considered
in this study (evidenced by the absence of any pronounced
detectable Al2p peak in the XPS survey spectrum shown in
Figure 1) eliminated the necessity of its mention elsewhere
in the paper. It is to be noted that a high Oy, /Si ratio
does not necessarily indicate silicate network depolymer-
ization, considering the possible presence of interstitial
water molecules within the network that could increase
the contribution of Og;op/1,0- However, the authors con-
sider the glass surface to be constituted of a mechanically
weakened network,’! specifically attributed to the high
contribution of SiOH/H,0 species with a high likelihood
of the maximum contribution from silanol groups asso-
ciated with NBOs. This is characteristic of a vulnerable
surface structure. Any injury to the glass skin provides
pathways for interaction with the surrounding media and
gives rise to propagation of surface-initiated cracks or
diffusion processes.* The vulnerability of the surface is
expressed by the distribution of voids on the top sur-
face, which were investigated by atomic force microscopy.
Figure 7A shows the AFM representation of the prepared

top surface layer, mapped by silicate islands (pink, light
color) surrounded by pits and voids (brown, dark color).
The distribution of the depths of voids at the top surface,
which correspond to approximately two silicate layers, is
represented by the histogram in Figure 7B. The frequency
of occurrence of the void-depths (obtained by scanning
three different spots of 1 um? on the top surface) is con-
strained within the range of 450-650 pm—potentially a
representative of the availability of a directional path-
way for propagation of a crack front through the depth
of the glass network.>> Overall, a weak surface network
connectivity owing to the adsorption of hydrous species
(SiOH/H,0), disseminated by intertetrahedral voids, con-
stitutes the structural weakness of the surface network of
SLS glass.

4 | CONCLUSION

This study predominantly explored the structural chem-
istry of SLS glass surface as a function of depth by means of
sequential XPS measurements, accompanied by Art sput-
tering. The concentrations of BOs, NBOs, and hydrous
species (SiOH/H,0) were separately calculated by Ols
spectral fits with sputtering time of up to 110 min. The con-
centration of BO was found to be consistently higher than
NBO throughout the depth of sputtering of about 100 nm.
The concentration of SiOH/H,O species was less than 10%
throughout the scanned depth, with its apex being con-
fined to the top surface up to about 10 nm, owing to the
inevitable interaction of the glass surface with ambient
atmosphere.
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The curve-fittings of Si2p doublet did not yield any suit-
ably specific contribution with respect to any noticeably
significant shift in BE of Si2p;/,. The atomic ratio of oxygen
to silicon (O/Si) was calculated by taking into consid-
eration the corrected RSF. The individual contributions
of BOs (Og;_g_s;/Si), NBOs (Og;_o_na/Si), and SiOH/H,0
species (Osion,/n,0/Si) were calculated to formulate the
atomic ratio of Oy,/Si as a function of depth from the
glass surface, which is characteristic of the variation of
coordination number of silicon associated with Q" species
(where n represents the number of BOs linked to a sil-
ica tetrahedron). A high Oy, /Si atomic ratio does not
necessarily indicate network depolymerization, consider-
ing the contribution of interstitial water molecules within
the network that could also increase the Oy, /Si ratio.
It was found that the surface up to a depth of about 1-
3 nm had the maximum Oy,;/Si ratio of 3.74, with a
decreasing trend close to 3.0 (Q? species) up to an Ar*
sputtering time of 10 min followed by tending to attaining
a saturation up to 110 min of sputtering. This was indeed
an interesting experimental finding with respect to prov-
ing the surface-weakening effect predominantly caused by
the silanol groups associated with Q° and Q! species—
accountable for providing a nano-channelized pathway for
a surface-initiated crack front to propagate through the
inherent intertetrahedral voids of depths in the range of
450-650 pm, acting as a probable indicator for the vul-
nerability of the surface and an initial point for brittle
fracture.
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