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Ion irradiation damage on tin side surface of float glass
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Abstract

Changes in the surface morphology and in-depth density variation in two surfaces of a float glass viz. the tin side and
non-tin side surface, are investigated after 100 keV Ar ion irradiation. In the tin side surface, the irradiation caused a
drastic change in density and surface roughness, whereas the other side (non-tin side surface) remained almost unaf-
fected. Roughness of the tin side increases from 8 Å to 41 Å. Surface density also modified significantly with a redis-
tribution of surface impurities. Monte Carlo simulations suggest that the displacement of tin and Fe impurities are
responsible for the surface damage, which are experimentally examined by employing the total reflection X-ray fluores-
cence technique. Morphological and density changes are analyzed by grazing incidence X-ray reflectivity and atomic
force microscopy techniques. Subsequent changes in surface morphology of float glass by ion irradiation are explained.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Stability of float glass surfaces against the cor-
rosion has made them widely acceptable to variety
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of commercial applications. It is used as a base
substrate for depositing various kinds of thin film
and multilayer structures. X-ray and neutron mir-
rors are also deposited on these substrates because
of ultra low surface roughness [1]. Float glass is
made by casting the soda lime material on the mol-
ten tin. This manufacturing process leads to diffu-
sion of Sn in the surface lying in contact of molten
ed.
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tin bath, subsequently the two surfaces are differ-
ent in chemical compositions.

Extensive studies have been carried out to under-
stand the behavior of glass surfaces on their expo-
sure to erosion media and high temperature
environment [2,3]. Earlier, the large range of surface
sensitive techniques including X-ray absorption
spectroscopy, total reflection X-ray fluorescence
(TXRF) spectrometry and X-ray reflectivity have
been used to investigate the Sn diffusion and surface
morphology [4,5]. Float glass surface that lie in con-
tact with the molten tin during the fabrication pro-
cess are found enrichedwith Sn andFe impurities. It
is reported the density of the tin side is higher
(2.56 g/cc) in comparison to that of non-tin side
(2.45 g/cc). Due to the presence of diffused Sn, a
20–50 Å thin layer on the tin side has been reported
[4,6]. The Sn impurities lead to a significant change
in float glass properties. In our earlier work, we have
analyzed the soft X-ray optical properties of tin side
surface that we found distinctly different from those
of non-tin side surface [7].

Ion beam irradiation has emerged as a powerful
tool tomodifymaterial properties [8]. This has been
commonly used to alter the surface and interface
characteristics in various thin film and multilayer
samples [9,10]. Large range of semiconductor, mag-
netic and X-ray multilayers deposited on various
substrates including float glass have been subjected
to a variety of ion beam irradiation experiments
[11–13]. However no work appears to have been
done on the effect of ion irradiation on bare float
glass substrates and its role in modifying the inter-
faces, intermixing etc. in deposited structures.

In the present study, we have investigated the
surface morphology of float glass under the influ-
ence of low-energy Ar ions. Both tin and non-tin
side surfaces of a float glass are treated by
100 keV Ar+ ions. Subsequent changes in surface
morphology and in-depth density are analyzed
by using the atomic force microscopy (AFM)
and grazing incidence X-ray reflectivity (GIXR)
techniques. GIXR gives electron density profile
(EDP) of the materials as a function of depth,
which in turn is the measure of the mass density
[14]. The EDP technique is emerged as a powerful
tool to analyze the surface/interface structures and
is being employed to understand the chemical and
structural properties of the nanostructures near
the surfaces/interfaces [15,16]. Gaythri et al. [17]
have employed the technique to analyze the
growth kinetics of SiO2 film structures. Using this
method, Banerjee et al. [18] have revealed the ther-
mal swelling of SiO2 film upon high temperature
annealing. In the present study, we used the tech-
nique and revealed that ion irradiation damage oc-
curs only on tin side surface, whereas other surface
remained almost unaffected. Monte Carlo simula-
tions are carried out to understand the atomic dis-
placements resultant from Ar ion irradiations,
which are experimentally confirmed by TXRF
technique.
2. Experimental

In the present investigations, the samples used
were two sides of a 2.7 mm thick float glass. Dur-
ing the glass solidification process the side that re-
mained in contact with a Sn bath is called the tin

side, and other, which remained in contact of inert
environment, is called the non-tin side. The tin-side
of float glass was identified by observing the visible
fluorescence under the UV illumination. Both tin
and non-tin sides of a float glass were irradiated
with 100 keV Ar+ ions to a fluence of 3 ·
1016 ions/cm2 at room temperature using 150 keV
ion accelerator at IGCAR, Kalpakkam, India.
The beam current was limited to 0.6 lA/cm2,
hence the possibility of sample heating is ruled
out. The samples were uniformly irradiated in
8 mm diameter, at a vacuum of 1 · 10�7 mbar.
Monte Carlo simulation using SRIM 2000 code
[19] shows the range of penetration of Ar+ ions
in the float glass sample is �1000 Å with a strag-
gling range of �300 Å. GIXR measurements of
virgin and irradiated samples were performed
using k = 1.54 Å, Cu-Ka radiation (Philips 2KW
sealed off source). An incident beam slit of 50 lm
was used in combination of a knife-edge on top
of the sample surface to get a beam divergence
of 0.02�. NaI detector with Graphite crystal mono-
chromator was used in diffraction arm to record
the reflected beam intensity. Change in reflectivity
over the six order of dynamic range was recorded.
The electron density profiles from the GIXR data
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Fig. 1. Experimental and fitted reflectivity curve of the tin side
and non-tin side of a float glass as a function of wave vector qz
(Å�1) for virgin samples. In inset the critical angle region is
shown, where the curve corresponding to tin side shows higher
value of critical angle due to higher surface density.
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were extracted using the well-known recursive for-
malism [20–22]. In this formalism the total thick-
ness of the film was divided into n small slices.
The electron density and roughness of each slice
was varied in order to get the best fit. The non-lin-
ear least square routine based on Levenberg–
Marquardt algorithm was used to refine the fit
parameters.

Topographic measurements and surface rough-
ness analysis were carried out using a multimode
scanning probe microscope of NT-MDT�s Solver
Pro setup. AFM probe in non-contact mode and
in ambient environment was used. Silicon cantile-
ver at resonant frequency �180 kHz and spring
constant 5.5 N/m were employed.

Total reflection X-ray fluorescence measure-
ments were performed on an in-house developed
TXRF spectrometer [23]. The fluorescence data
were taken using a Peltier cooled solid state detec-
tor [Eurisys Mesures EPXR 10-300], having an
energy resolution of 250 eV at 5.9 keV. A well-
collimated primary beam, from a line focus Cu
X-ray tube, was used as an excitation source.
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Fig. 2. EDP for the tin side and non-tin side of virgin samples
are shown. Regions marked by labels �A�, �B� and �C� are
corresponding to surface, transition and substrate density
regions as explained in the text.
3. Results and discussions

3.1. Virgin samples

Fig. 1 show the GIXR spectra of the tin and
non-tin sides of a float glass. For clarity, the GIXR
curve of tin side is shifted vertically up. The inset
shows the close view of critical angle region, which
clearly indicates higher density of the tin side in
comparison to that of the non-tin side.1 The mass
density comes out to be 2.62 g/cc and 2.25 g/cc for
the tin side and non-tin side respectively. The elec-
tron density profiles of both sides, for the virgin
sample, are plotted in Fig. 2. Due to the presence
of a low-density layer, the density rises slowly near
the surface that is marked as region �A�. Thickness
of low density or contamination layer is found to
be in the 7–8 Å range. The electron density reaches
to the substrate density, marked by region �C�, via
1 Critical angle for total external reflection hc is directly
proportional to square root of electron density of the material
qe.
the transition region �B�. Signature of transition
layer is distinctly visible in EDP profile of the tin
side case. This transition layer thickness is 21 Å
and electron density 0.55 e/Å3, as calculated from
EDP. The density of this layer is 73% of substrate
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Fig. 3. Measured and fitted reflectivity curve of the tin side of
float glass, before and after ion beam irradiation. The scattered
points are corresponding to measured data, whereas continuous
line represents the best fit. In inset the EDP obtained from the
fit is shown for both the cases. The effect of irradiation is
described in the text.
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density (substrate density of the tin side is 0.75
e/Å3). In case of the non-tin side, a small hump
in EDP profile at 12 Å depth is corresponding to
the signature of transition layer for this side. Tran-
sition layer on the non-tin side has the density 66%
of the bulk value.

The origin of transition layer on the tin side is
understandable due to the presence of a diffused
Sn and Fe impurities [4]. Whereas, a small hump
in density profile of the non-tin side sample may
be arising from the solidification process. During
solidification, the non-tin side of a glass quenched
more rapidly than the tin side, because the tin side
remains in contact of hot liquid tin. Huppauff and
Lengeler [4] have also shown the presence of a
transition layer on both the sides of a float glass
and termed it as surface layer. Their thickness
and density values for this transition layer on
either side of the float glass are same i.e. thick-
nesses 54 Å and density 89% of bulk. This is phys-
ically unrealistic as two respective surfaces of a
float glass passes through different solidification
environment. In fact, our results clearly indicate
the difference between transition layers formed
on two respective surfaces. The presence of a con-
tamination or low density layer just near the sur-
face, have been reported by various authors in
different materials studied by GIXR technique,
and it is shown that this layer does not have any
physical importance [17,24].

3.2. Ion irradiated samples

In Fig. 3 the effect of ion irradiation on tin side
is shown. The inset of the figure shows the EDP
profiles of virgin and irradiated samples. From
the EDP profile it is evident that there is a major
change in tin side after 100 keV Ar+ ion irradia-
tion. The electron density gradually increases near
the surface (open circles), whereas in case of virgin
sample (open triangle) the electron density varies
rapidly. Such changes correspond to either poros-
ity or higher surface roughness that we have con-
firmed by AFM technique and discussed in
succeeding section. In the inset of Fig. 3, the sur-
face region is marked as �R1� and bulk region
where electron density reaches to substrate density
is marked as �R2�. The �transition layer� of the vir-
gin sample vanishes after irradiation (see EDPs in
region R1), which indicates a major change in
atomic distribution near the surface of the tin side.
In region R2, the electron density of the irradiated
sample (open circles) gradually reaches the sub-
strate density but does not attain a constant value
as we found in virgin sample (open triangle). It
gradually increases from 0.65 e/Å3 to 0.70 e/Å3 in
region R2 of the irradiated sample, whereas it
shows a constant behavior in virgin sample.

In Fig. 4, we show the GIXR spectra of virgin
and ion irradiated samples of non-tin side float
glass. The inset shows the change in EDP profile
compared to the virgin sample. The EDP profile
shows a small change in surface and bulk density
after the irradiation. The profile near the surface
is almost similar suggesting both surface rough-
ness and composition are not changed signifi-
cantly. The substrate density is marginally
changed by 2.9%, which can be due to the embed-
ded Ar.

AFM measurements of tin and non-tin sides,
after ion irradiations, are shown in Fig. 5. After
irradiation, rms roughness estimated from AFM
images is 41 Å and 13 Å for tin side and non-tin
side, respectively. Before irradiation the corre-
sponding rms roughness values are 8.1 Å and



Fig. 5. AFM images obtained for (a) non-tin side and (b) tin
side surfaces after the 100 keV Ar ion irradiations. The tin side
surface of float glass is roughened significantly than the non-tin
side surface after ion irradiation.
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Fig. 4. Measured and fitted reflectivity curve of the non-tin side
of float glass, before and after ion beam irradiation. The
scattered points are corresponding to measured data, whereas
continuous line represents the best fit. In inset the EDP
obtained from the fit is shown for both the cases. The effect of
irradiation is described in the text.
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4.8 Å. AFM results confirm the drastic change in
surface of the tin side as revealed by EDP. In
EDP, we have observed that the electron density
gradually increases in surface region R1 (Fig. 3
inset), which could be due to either porosity or
roughness, but with AFM images it is confirmed
that the roughness is increased. AFM results show
a �2.5 times change in surface roughness of the
non-tin side which is much smaller than the change
in roughness of the tin side. Except a marginal
change in roughness, the non-tin side is more sta-
ble than the tin side of a float glass against
100 keV Ar ion irradiations.

In order to understand the effect of ion irradia-
tion on the tin and non-tin side, we have carried
out Monte Carlo simulation study using the SRIM
2000 code. For the non-tin side, we used the com-
position of soda lime glass provided in the code
with a density of 2.45 g/cm3 (Si 25 at.%; O
60 at.%; Na 11 at.%; Ca 3 at.% Mg and Al
1 at.% each). For the tin side, we have considered
the density of 2.56 g/cm3 by adding the impurities
of Sn – 9.2 at.%, and Fe – 6.7 at.% with a uniform
distribution.2 The results of Monte Carlo simula-
tion using 5000 incident Ar+ ions of 100 keV are
2 In [5], the tin diffusion over several microns is reported.
plotted in Fig. 6. As SiO2 is a major constituent
of soda lime glass, in Fig. 6(a) we show the recoil
distribution of Si in the tin and non-tin sides.
For silicon, the displacement energy of 15 eV is
considered and results show that the silicon recoil
distribution is different in two respective surfaces.
The silicon recoil distribution changes gradually
on the tin side whereas it varies rapidly on the
non-tin side.

For the tin side, in Fig. 6(b) recoil distributions
of Sn and Fe impurities are plotted assuming the
displacement energy of 25 eV. The results suggest
that Si, Sn and Fe are segregating in the bulk, cre-
ating the voids near the surface, which are respon-
sible for increasing surface roughness. As Sn and



Fig. 6. Distribution of displaced (a) Si (b) Fe and Sn atoms under the influence of 100 keV Ar irradiation in soda lime glass as
calculated using SRIM 2000 code.
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Fe are bigger and heavier in comparison to Si, so
their displacement from the surface will result in
more increase in surface roughness. Their displace-
ment will further affect the surface density more
prominently in comparison to displacement of
silicon atoms. Hence the tin side is modified sig-
nificantly by ion irradiation in comparison to the
non-tin side. The values of sputtering yield, as cal-
culated by SRIM 2000 code for both the surfaces
is in the range of 2.1–2.2 atoms/ion, which suggest
that the sputtering is not modifying the surface.
Another possibility of blister formation, which
can also increase the roughness, is ruled out as
the dose is below the critical dose required for blis-
ter formation [25].

To verify the theoretical calculations and possi-
ble mechanism of irradiation damage in tin side of
float glass, further experiments using the TXRF
method were carried out by observing the fluores-
cence intensity of float glass constituents near the
surface. The fluorescence spectra are recorded
using the Cu-Ka monochromatic radiation as an
excitation source at an incidence angle of 0.229�
(close to critical angle) where the penetration
depth is �600 Å so that only subsurface atoms
give X-ray fluorescence. In Fig. 7, results of TXRF
measurements of the non-tin side of virgin and
irradiated samples are plotted. Due to change in
excitation efficiency of X-ray lines of various ele-
ments, a strong peak corresponding to Ca-Ka
(3.69 keV) and the small peaks of Si-Ka
(1.74 keV) and Fe-Ka (6.40 keV) are detected.
After irradiation, the intensity of Si peak is re-
duced (�40%), which corresponds to change in
Si distribution as predicted by the Monte Carlo
simulations. The Ar embeds in float glass matrix
after the irradiation, which compensates the
change in Si concentration, and the resultant den-
sity profile of the non-tin side does not change
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significantly. A minor increase in intensity of Fe
peak could not be understood.

Measured TXRF spectra for tin side surface,
for virgin and irradiated sample, are plotted in
Fig. 8. In this case, the fluorescence peaks of Si,
Ca and Fe, in addition to the fluorescence peak
of Sn-La (3.44 keV) are detected. Due to limited
detector resolution of 250 eV, peaks corresponding
to Ca-Ka and Sn-La could not be well separated
and spectrum unfolding is done using the non-lin-
ear least square fitting method. Furthermore, the
intensity of silicon in tin side does not change after
irradiation and that means the concentration of
silicon is not affected. It could be understood as
the presence of a diffused Sn and Fe impurities,
which forms a layer near the surface, interacts
strongly with incident ion beam due to the large
atomic volume and contribute in added atomic
displacement by repeated collisions with other
atoms. Interestingly, TXRF spectrum also con-
firms the change in Sn concentration, as the inten-
sity of Sn-La is reduced significantly (30%) after
the irradiation (Fig. 8(b)) and the peak corre-
sponding to embedded Ar is observed in subsur-
face region. The intensity of Fe-Ka line is
reduced (by 20%) due to its displacement from sur-
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face to the bulk as suggested by Monte Carlo
simulations. Our EDP profile for tin side surface
(Fig. 3) provides the experimental proof to the fact
that the more atoms are systematically displaced
from the surface into the bulk. Because of this dis-
placement, the density is reduced near the surface
and it increases gradually inside the bulk substrate.
For the non-tin side, both Monte Carlo simulation
as well as the experimental EDP profile, AFM
image and TXRF measurements revealed that
the surface is more stable against the ion
bombardment.

It is common that the float glasses are used for
depositing various kinds of thin film/multilayer
mirrors and those are also subjected to ion irradi-
ation experiments [11–13,26]. Ghose et al. [11]
have irradiated Pt/C multilayer deposited on float
glass by 2 MeV Au ions and reported the change in
interface roughnesses. However, they have not
mentioned about which side of float glass used
for depositing the multilayer structures. Similarly,
Paul et al. [13] have also reported the change in
interface width of Fe/Cr multilayer deposited on
float glass under the influence of 200 MeV Ag ions.
Our study clearly reveals the fact that the two sur-
faces of float glass are distinctly different and more
interestingly their susceptibility to ion damage
experiments are also different. The roughness and
density of tin side surface modifies drastically after
the irradiation so in the case where float glass is
used as a base substrate (in multilayer studies),
the role of float glass itself in interface mixing/
broadening cannot be ruled out. Further experi-
ments are required to analyze the effect of float
glass surfaces in different kind of ion irradiation
experiments.
4. Conclusions

Both tin and non-tin side surfaces of a float
glass are irradiated with 100 keV Ar ion with a flu-
ence of 3 · 1016 ions/cm2. These surfaces are
experimentally examined by GIXR, AFM and
TXRF techniques to analyze the surface morphol-
ogy and in-depth density distribution. The electron
density profiles obtained for tin and non-tin
sides explained the basic differences between two
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surfaces. In tin side, there is a clear mark of forma-
tion of an additional layer near the surface due to
the presence of a diffused Sn and Fe impurities.
When this side is subjected to ion irradiation, the
impurity enriched layer vanishes (EDP profile
Fig. 3). Sn and Fe impurities segregate inside the
bulk and resultant displacement cause the damage
near the surface. Since, the composition of non-tin
side surface is uniform, so after irradiation the Ar
ions are embedded in the bulk matrix, which re-
sults in a marginal change in density (EDP profile
Fig. 4). After irradiation, AFM images show a
drastic change in roughness of tin side whereas it
does not change much for non-tin side. TXRF re-
sults provide a distinct proof of changes in Sn con-
centration near the surface, which causes for
change in the surface density.
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