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Formation and motion of the silver nanoparticles inside an ion-exchanged soda-lime glass in the

presence of a focused high intensity continuous wave Arþ laser beam (intensity: 9.2� 104 W/cm2)

have been studied in here. One-dimensional diffusion equation has been used to model the

diffusion of the silver ions into the glass matrix, and a two-dimensional reverse diffusion model has

been introduced to explain the motion of the silver clusters and their migration toward the glass

surface in the presence of the laser beam. The results of the mentioned models were in agreement

with our measurements on thickness of the ion-exchange layer by means of optical microscopy and

recorded morphology of the glass surface around the laser beam axis by using a Mirau interferometer.

SEM micrographs were used to extract the size distribution of the migrated silver particles over the

glass surface. VC 2012 American Institute of Physics. [doi:10.1063/1.3684552]

I. INTRODUCTION

Size has significant effect on the physical properties of

nanoparticles.1–3 This is due to non-zero number-ratio of sur-

face to bulk atoms and strong variation of this ratio versus

the particle diameter.3 Decreasing the particle size increases

contribution of the surface atoms in the physical properties

of the particle.4

Very fast nonlinear optical response of metal nanopar-

ticles makes them a proper choice in construction and design

of optoelectronic devices, optical sensors, and switches.5

Glass matrices doped with metal nanoparticles have signifi-

cant nonlinear optical properties.6–11 In addition, between

metals, silver has the highest optical skin depth, in the range

of 10-100 lm, in the visible spectrum, which increases to

1 mm if one moves into the near-infrared telecommunication

band (i.e., k �1.5 lm).12 This property makes silver clusters

a proper choice for surface plasmon–based components,13–15

where their sizes easily can be less than the electromagnetic

wave skin depth.

Many methods have been used to produce silver

nanoparticles,16–20 many of them describing construction of

silver nanoparticles in solutions, like chemical reduction

techniques.21 Some of them are concerned with formation of

silver nanoparticles in matrices, like soda-lime glasses.6–8

For example, thermal annealing of Agþ/Naþ ion-exchanged

(IE) glasses in H2 atmosphere cause the silver ions to reduce,

aggregate, and form silver clusters inside the glass matrix

where the ion-exchange process has taken place.22 Also, it is

possible that, by redistribution of the alkali ions inside the IE

glass matrix, charge compensation phenomena occurs and

Agþ ions reduce to Ag atoms.23 But to produce the silver

nanoparticles, we irradiated an ion-exchanged glass surface

by a high power Arþ laser beam.6,7 The laser beam interacts

with the glass and reduces the silver ions inside the glass

matrix. It has been suggested that the non-bridging oxygens

(NBO) inside the glass matrix can provide the required elec-

trons through the following reaction:23,24

Agþ þ NBO! Ag0 þ NBOþ: (1)

Absorption of the laser beam power may cause the tempera-

ture of the IE glass to pass over the glass transition temper-

ature. Silver atoms diffuse inside the glass matrix,

aggregate, and can form nano-sized silver clusters, where

the matrix is almost soft in such a high temperature. During

interaction of the laser beam and the IE glass, nano-silver

particles migrate to the glass surface, where the surface ten-

sion prevents them to diffuse back into the glass matrix,

and they only diffuse over the glass surface, like 2-

dimensional random walkers.

In the rest of this manuscript, we will discuss the forma-

tion procedure of the silver particles and will explain how

they diffuse inside the glass matrix during the interaction pro-

cess. In Sec. II, the experiments and some of the obtained

results have been presented. In Sec. III, the ion-exchange pro-

cess is modeled as a simple one-dimensional diffusion pro-

cess. In Sec. IV, by considering a Gaussian profile for the

focused Arþ laser beam, the spatial profile of temperature and

viscosity inside the interaction area have been studied. In

Sec. V, a reverse diffusion process model has been used to

explain the migration of the silver clusters toward the glass

surface, where silver nanoparticles are aggregated, and at last,

Sec. VI is devoted to discussion of the results of this work.
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II. EXPERIMENTS

During the experiments, the well-known Agþ/Naþ ion-

exchange technique has been used to prepare the required

samples.25–27 Soda-lime glass slides of dimensions 39

mm� 25 mm� 0.85 mm have been merged into a molten

mixture of NaNO3/AgNO3 (96/4 W%) at 420 �C for 4 h. Ta-

ble I shows the results of wet chemical analysis of the glass

slide. The IE samples were irradiated by a focused Arþ laser

beam (wavelength: 514 nm; power: 2.3 W; focus point diam-

eter: 40 lm) for 60 s.

Structure investigations of the clusters formed over the

glass surface were performed using a scanning electron

microscope (SEM; LEO, Model: 1430VP) at 15 kV acceler-

ating voltages (Fig. 1).

Optical absorption spectra of the sample before and after

interaction with the laser beam have been recorded by using

an UV-visible-near-infrared (UV-Vis-NIR) spectrophotome-

ter (SPM; Varian, Model: Cary 5E) in the wavelength range

of 385 to 800 nm (Fig. 2). The spectra are recorded from the

circular area Ci (radius = 10 lm) in Fig. 1. To record the op-

tical absorption spectra of such a small area, we have modi-

fied the sample holder of the SPM. A 10�microscope

objective has been installed in front and another one behind

the sample, where the latter focuses the impinging light over

the sample and the former collimates the transmitted light

through the sample toward the detection unit of the SPM. It

should be mentioned, doing the ion-exchange process for 4 h

at 420 �C may cause some of the Agþ ions to reduce to Ag

atoms by a different mechanism, like the existence of some

trace amount of FeO that can provide the required electron

to reduce the Agþ, and then Fe2O3 will form.28 Also we

guess that, at this temperature, the silver atoms are mobile

enough to aggregate and form clusters. This is why, in Fig.

2, even just after the ion-exchange process, a peak has

appeared around 420 nm on the absorption spectra of the

sample. The peak corresponds to the surface plasmon reso-

nance of the silver nanoparticles.28 After interaction with the

laser beam, the surface plasmon resonance became stronger.

Absorption spectra of C1 and C2 areas (of Fig. 1, centered at

20 and 40 lm from the center of the interaction region,

respectively) depict the formation of silver clusters. Surface

plasmon resonances for the particles in the C1 (C2) area

mostly occurred around 423 (435) nm. The larger area under

the surface plasmon resonance peak for C1 in respect to the

C2 region is an indication for a larger amount of silver par-

ticles, and its blueshift in respect to C2 can be assigned to the

smaller size of the particles in this region.9,23,28

Figures 3(a)–3(d) are the optical micrographs of the

interaction region, where the microscope (Olympus, Model:

IX71) is focused just on the surface of the glass slide

[Figs. 3(a) and 3(c)] and 4 lm under it [Figs. 3(b) and 3(d)].

Figures 3(a) and 3(c) show that a considerable population of

silver clusters is formed over the glass surface, but some

smaller population of them are in the center of the interaction

region in Fig. 3(b) and 3(d) (i.e., 4 lm under the glass sur-

face). Someone may doubt that the glass surface is concave

and all of the silver clusters are over the glass surface.

TABLE I. Result of wet chemical analysis of the soda-lime glass slides

used on our experiments.

Compound Weight percent

SiO2 80

CaO 9.41

Na2O 4

MgO 3.3

Al2O3 2.2

K2O 0.41

S 0.2

Fe2O3 0.11

P2O5 0.11

Total 99.74

FIG. 1. SEM micrograph of the interaction area; nano-silver particles aggre-

gated over the glass surface. The optical absorption spectra are recorded

from the circular area Ci; results are shown in Fig. 2.

FIG. 2. (Color online) Optical absorption spectra of the IE glass sample

before and after interaction with Arþ laser beam. The spectra have been

recorded, referenced to the soda-lime glass slide.
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Therefore, the Mirau interferometry technique29–34 has been

used to investigate the morphology of the interaction region.

A 10�Mirau objective (Nikon, Model: CF IC Epi Plan DI)

in combination with a piezoelectric actuator (Physik Instru-

mente, Model: P-750.20) and the optical microscope have

been used to make a Mirau interferometer. The interferome-

ter had 10 nm (100 nm) resolution along (perpendicular to)

the optical axis of the objective. Figure 4 shows the result of

this measurement. As this figure shows, the glass surface

after the interaction would not be flat anymore, but a bump

of about 400 nm was formed at the center of the interaction

region.35,36 One can see that, for distances larger than 10 lm

from the center of the interaction area, the surface fluctua-

tions are 610 nm and the glass surface is almost flat.

Also, we developed a code for statistical analysis of the

size distribution of the silver clusters over the glass surface

that can be observed in SEM micrographs. The probability

density function (PDF) for diameters of the silver particles

inscribed inside the rectangle S in Fig. 5(a) is shown in Fig.

5(b). The PDF indicates an average value of 90 nm and var-

iance of 31 nm for diameters of the particles.

To find the depth of the IE layer over the glass sample,

the glass slide has been cut in stripes of ws �15 mm in width

and polished through the cut sides. Then, the IE layer has

been monitored by the optical microscope, where it was

equipped with its phase contrast accessories (Fig. 6). As it

can be seen, the half value layer (HVL) of the IE layer is

approximately 55 lm (Figs. 6 and 7).

III. DIFFUSION OF SILVER IONS INSIDE THE GLASS
MATRIX

To explain the diffusion of Agþ ions inside the glass

matrix, a simple one-dimensional diffusion model is consid-

ered, where the glass matrix fills the half-space z = 0 to þ1.

In this case, the concentration of silver ions inside the glass

matrix c(z, t) can be explained by a complementary error

function, erfc (1 minus error function)27 (Fig. 7),

cðz; tÞ ¼ c0erfc
zffiffiffiffiffiffiffiffiffiffi

4Dtd
p
� �

; (2)

where D, td, and c0 are the diffusion coefficient of silver ions

inside the glass matrix at the ion-exchange temperature,

duration time of the ion-exchange process, and concentration

of the silver ions over the glass surface, respectively.

According to the Arrhenius law, the diffusion coefficient for

absolute temperatures, T, that are lower than the glass transi-

tion temperature can be written as

FIG. 3. Optical micrographs. (a) and (b)

The microscope is focused on the surface

and 4 lm under the surface of the glass

slide. (c) and (d) Part of the image in

white boxes in (a) and (b), respectively.

FIG. 4. (Color online) Morphology of the interaction region of the laser-

irradiated IE glass measured by Mirau interferometry technique.

FIG. 5. (Color online) (a) SEM micrograph of silver nanoparticles over

the IE glass surface after the interaction. (b) Probability density function for

diameter of the particles inscribed inside the rectangle S.
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DðTÞ ¼ D0e�ea=RT ; (3)

where ea is the activation energy of the diffusion process and

R is the ideal gas constant.37 Referring to the result reported

by Stewart37 for typical soda-lime glasses at the temperature

range 315–373 �C, D0 = 1.59� 10–7 m2/s and ea = 9.1� 104

J/mole. So, one can estimate the diffusion coefficient at

420 �C as D = 2.20� 10–14 m2/s. In a one-dimensional

Brownian diffusion problem, the diffusion length Dz can be

estimated by38

hðDzÞ2i ¼ 2Dtd; (4)

where h…i represents the ensemble average. According to

Eq. (4), the effective thickness of the IE layer, Dz, is approxi-

mately 25 lm (Fig. 7). But when one is looking through the

sample perpendicular to the z-axis, the concentration of the

silver ions in the IE layer or the optical density of the sample

will be integrated along the mentioned axis. This is why Fig.

6 shows the HVL of about 55 lm.

Knowing the overall diffusion direction of the silver

ions through the glass matrix, one can consider an absorption

coefficient a for the IE glass that, in the first order of approx-

imation, is a linear function of c(z),39

aðcÞ ¼ ecðzÞ; (5)

where e is the molar absorptivity.

Now, using the Beer-Lambert law for an impinging light

of intensity I 0, one can estimate the transmitted intensity,

I(z), along an axis perpendicular to the z-axis and through an

IE glass stripe of width ws as

IðzÞ ¼ I 0e�ecðzÞws : (6)

Fitting Eq. (6) to the variations of gray scale density of Fig.

6, e will be obtained as �15 cm–1. Figure 7 shows the results

of this calculation for ws = 15 mm.

The intensity of a focused Gaussian beam around the

focus point and for propagation distances, z, much less than

the confocal parameter of the Gaussian beam can be written

as40,41

Iðr; zÞ ¼ I0e�2 r=w0ð Þ2 e�az; (7)

where I0 is the axial intensity of the focused Gaussian laser

beam at z = 0 (i.e., glass surface) and a, the mean value of

the IE layer absorption coefficient. Considering the laser

beam minimum waist, w0 �20 lm, and its power, P, then

I0 ¼ 2P=ðpw2
0Þ. Also, since the 25-lm-thick IE layer is

much thinner than the 300 lm confocal parameter of the

Gaussian beam, then Eq. (7) well describes the behavior of

the focused Arþ laser beam when it is crossing the IE layer.

The last term in Eq. (7) that is taken from the Beer-Lambert

law represents the average amounts of dissipated energy in

the medium. a could be related to e by using Eqs. (2) and (5),

and in our case, for an IE layer of thickness Dz = 25 lm, it

was measured as 20 cm–1.

The element of power, p, carried by a Gaussian laser

beam through surface element rdudr is Irdudr. According to

the Beer-Lambert law, a differential element of power, dp,

dissipated in a differential element of volume of glass, dV, is

equal to apdz. The dissipation rate of the beam energy per

unit volume is represented by Q = dp/dV. Therefore, the por-

tion of the beam power dissipated per unit volume, Q(r, z),

in the cylindrical coordinates is

Qðr; zÞ ¼ aI0e�az�2ðr=w0Þ2 : 0 < z � Dz;
0 : z > Dz:

�
(8)

In writing Eq. (8), it is considered that the laser beam absorp-

tion for those parts of the glass matrix that are below the IE

layer is negligible.

IV. HEAT EQUATION

To find the space and time-dependent temperature pro-

file, T(r, t), inside the glass matrix while the laser beam is

interacting with the medium, the heat equation,

qcp
@Tðr; z; tÞ

@t
¼ r: kðTÞrTð Þ þ Qðr; zÞ; (9)

should be solved,42,43 where T, q, cp, and k are the tempera-

ture, glass density, specific heat capacity, and temperature-

dependent thermal conductivity, respectively. Considering

FIG. 6. X-section of the IE layer; optical micrograph. The HVL of the IE

layer after 4 h is approximately 55 lm.

FIG. 7. (Color online) Dashed curve shows the normalized concentration of

silver ion in the IE glass. The effective thickness of the IE-layer after 4 h is

approximately 25 lm [Eq. (4)]. Solid thick and thin curves show calculated

[Eq. (6)] and experimental results for normalized intensity of the light

passed along the IE-layer of the glass slide, respectively. Experimental data

extracted from Fig. 6. The inset shows the schematic setup has been used to

obtain Fig. 6.
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the room temperature values of these parameters for a typical

soda-lime glass,39,44 q ’ 2:52 gr=cm3, cp ’ 0:84J=ðgr:KÞ,
k ’ 1:25W=ðm:KÞ, and T = 27 �C, the thermal diffusivity j =

k/(cpq) can be calculated as 6� 105 lm2/s. This large value

for j allows us to consider a stationary (i.e., t� w2
0=j) solu-

tion for Eq. (9) in the interaction area of radius w0 = 20 lm.

Since k is highly temperature dependent [see the Appendix

for calculation of k(T)], to solve Eq. (9) at the interaction

temperature we used an iterative technique, starting from the

room temperature conditions. It should be mentioned that the

solution obtained from the iteration procedure should con-

verge to a stationary solution. Considering the arrangement

of the experiments, the following boundary conditions (BC)

should be applied to solve the heat equation [Eq. (9)]:

� BC #1: We define a specific radius, R, for which one

can write

8z; t : T r 	 R; z; tð Þ ¼ T1 ¼ 27 �C: (10)

In order to have an exact solution for Eq. (9), R should get

close to infinity, but the simulation cost and precision of the

solution should be balanced, so we select R = 5 mm, which

is quite larger than the radius of the interaction area (w0 = 20

lm).

� BC #2: Lower and upper interfaces of the glass slide

cool down by air convection and radiation,39,45,46 but the

rate of heat transfer through each surface is negligible, so

@T

@z

����
z¼0; b

¼ 0; (11)

where b is the thickness of the glass slide.

Now, using the mentioned iteration technique, BC #1

and BC #2, the heat transfer equation is solved for a glass

disk of radius R �5 mm and thickness b �0.85 mm by finite

elements method (FEM) implementation in COMSOL Multi-

physics.47 Parts of the numeric result obtained for the tem-

perature profile inside the glass matrix in terms of r and z are

shown in Fig. 8(a). It is considered that the laser beam is

propagating along the þz direction and focused at z = 0 to an

area of 40 lm in diameter. Combining these results and the

temperature-dependent viscosity formula for a typical soda-

lime glass,44

log10 g=ðPa:sÞð Þ ¼ �2:585þ 4215=ðT½�C
 � 263Þ; (12)

one can find the viscosity profile of the glass around the

interaction area while the laser is interacting with it [Fig.

8(b)].

V. REVERSE DIFFUSION PROCESS (RDP) MODEL

Figures 1 and 3(a)–3(d) show silver nano- and micro-

clusters that are formed over the IE glass surface during

interaction with the Arþ laser beam. To explain this phenom-

ena, a reverse diffusion model for motion of the silver atoms

inside the softened glass matrix is introduced in here. It

should be mentioned that the high intensity laser beam can

increase the temperature of the interaction area up to

�700 �C [Fig. 8(a)]. Referring to Eq. (3), the diffusion coef-

ficient of the silver atoms has a profile that its maximum

value is �2 lm2/s on the beam axis and over the glass sur-

face. This value decreases to D(500 �C �0.1 lm2/s (D(T1)

�0.03 pm2/s) around the interaction area and in the depth of

the glass matrix, where the glass temperature is getting close

to the ambient temperature. Figure 8(a) shows that, at 15 lm

from the center of the interaction area, the temperature

decreases down to the glass transition temperature Tg

�570 �C. To study the motion of the silver atoms inside such

media having a typical viscosity profile as Fig. 8(b), the dif-

fusion equation in the cylindrical coordinates should be

rewritten as27,48

@C

@t
¼ r: DðTÞrCðr; z; tÞ½ 
; (13)

FIG. 8. (a) and (b) Stationary state temperature and viscosity profile of the

glass matrix in cylindrical coordinates induced by the laser beam during the

interaction. The laser beam coincides with the z-axis. Tg and Td are glass

transition– and dilatometric softening–temperature, respectively (Ref. 44).
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where C(r, z, t) represents the time-dependent concentration

of the Ag atoms. D(T) can be found from Eq. (3), and the

temperature profile of the interaction area is considered con-

stant during the interaction [Fig. 8(a)]. Equation (13) should

be solved subject to the following boundary conditions:

Cðr; 0; tÞ ¼ 0; (14a)

@Cðr; z; tÞ
@z

����
z!b

¼ 0; (14b)

@Cðr; z; tÞ
@r

����
r!R

¼ 0: (14c)

In writing Eq. (14a), it is supposed that all the silver atoms,

which are diffused out of the glass matrix and formed silver

clusters over the glass surface, will not diffuse back into the

glass matrix again. The initial value of C in Eq. (13) can be

obtained from Eq. (2),

Cðr; z; 0Þ ¼ cðz; 4 hÞ; (15)

c(z, 4 h) indicates the Agþ ion concentration inside the IE

glass before the interaction with the laser beam. To solve

Eq. (13), we used implementation of FEM in COMSOL.47

Figure 9 shows spatial distribution of the normalized

concentration of the silver either in ionic or atomic form

inside the glass matrix around the laser beam axis, where the

sample interacted for 60 s with the Arþ laser beam.

VI. DISCUSSION

In this manuscript, the Agþ/Naþ ion-exchange between

a molten salt and the matrix of a soda-lime glass has been

modeled as a simple one-dimensional diffusion process. The

results obtained from the model are in considerable agree-

ment with the experimental results, as shown in Figs. 6 and

7. Then, aggregation and formation of silver nanoparticles

on the IE soda-lime glass surface have been studied under

the interaction of a high intensity Arþ laser beam. To explain

this phenomena, the temperature profile that has been

induced inside the glass matrix by absorption of the laser

beam power was calculated according to the heat equation

(Sec. IV). Silver atoms that have been reduced by irradiation

of the laser beam23,24 diffuse inside the glass matrix, aggre-

gate, and form nano-sized silver clusters.

Regarding the high tendency of silver atoms for aggrega-

tion and their low diffusion constant inside the glass matrix,

most of the nanoparticles should remain inside the glass matrix,

but results of optical microscopy show that many of them have

migrated toward the surface of the glass [Figs. 3(a) and

3(c)].23,49 Accurate study of Fig. 8(a) provided some sugges-

tions for introducing a mechanism to explain this behavior. At

the focal point of the laser beam, the temperature of the glass

matrix can reach up to 700 �C [Fig. 8(a)]. Vollmer et al.
reported10 that the silver nanoparticles can be cracked up

while interacting with a laser beam (k = 514 nm, intensity

�10-100 W/cm2). We expect that, when the silver particles are

in high temperature (above the glass transition temperature),

this should be done more easily. Considering this and Eq. (7),

one can estimate, for distances larger than �45 lm from the

focused point of the laser beam over the glass surface, the in-

tensity of light is low enough (I< 10 W/cm2) to permit the

nanoparticles to aggregate and create diffusion- limited aggre-

gation,6 but around the beam axis, we expect that the silver

clusters get close to atoms in size. Between these limits, par-

ticles are sorted by their size, where smaller (larger) ones are

inside (outside). In other words, we believe that, where the in-

tensity of the laser beam over the surface of the sample is

lower, the radiation pressure decreases and the silver atoms can

aggregate to make larger particles (one can see this by compar-

ing the surface plasmon resonance peaks in Fig. 2). It should be

mentioned that the concentric rings around the interaction area

that are free from the particles appeared in coincidence with

the diffraction pattern of the microscope objective that focused

the laser beam over the sample. The clusters were pushed out

of the intense regions of the diffraction pattern and aggregated

inside the low intensity parts over the glass surface.6

During the interaction of the laser and the IE glass, such

small particles are mobile around the beam axis in a typical

viscosity profile that is shown in Fig. 8(b). Getting closer to

the glass surface, the mobility of silver particles increase. As a

result, the particles will have an overall drift toward the glass

surface. That is what we called the reverse diffusion process

(RDP) in Sec. V. Considering the 700 �C temperature for the

glass surface, one can use Eq. (4) to find that the time scale of

the RDP is about a minute, which is in good agreement with

our experimental observations. When the silver particles reach

to the glass surface, the surface tension prevents them to dif-

fuse back into the glass matrix. Such nanoparticles not only

should diffuse out of the hot interaction region by the men-

tioned mechanism, but the radiation pressure of the scattered

electromagnetic field of the focused laser beam should also

push them out of this region. This is why the center of the

interaction area is almost free from the silver particles (Fig. 1).

Referring to Fig. 1, one can estimate the amount of sil-

ver particles over the glass surface by considering that they

are spheres of average radius of 45 nm [Fig. 5(b)] that are

distributed inside a ring of inner (outer) radius of 20 (50)

lm. Counting the number of particles in Fig. 5(a), one may

take the number density of �50 particles/lm2 over the
FIG. 9. Normalized spatial concentration of Agþ, C(r, z, 60 s)=c0, in cylin-

drical coordinates, where sample interacted for 60 s with Arþ laser beam.

033111-6 Niry et al. J. Appl. Phys. 111, 033111 (2012)



mentioned ring. This will result in a mass of �1.0 ng for all

silver particles inside the ring. It should be noted that a ho-

mogeneous distribution for the particles has been considered

here. This is different with Fig. 1 and will cause an overesti-

mation of 10% for the calculated mass. In the other way, re-

ferring to Fig. 9, a cylinder of 10 (20) lm in radius (height)

in the center of the interaction region should be a source for

the silver particles that are migrated over the mentioned ring.

Considering a one-to-one exchange for the whole Naþ ions

with Agþ ions in this region during the ion-exchange pro-

cess, �0.8 ng of Ag is contained in this cylinder, which is in

the same order of magnitude as the mass of the Ag particles

over the glass surface.

Figure 8 shows that the radius of a region that is heated

up to dilatometric softening- temperature, Td, is �10 lm.

When the temperature of a glass sample goes beyond Td, its

deformation is mostly like a liquid and its dilation will not

be sensed any more. This is also in agreement with the obser-

vation of morphology of the glass surface around the interac-

tion area that is shown in Fig. 4.
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APPENDIX: THE HEAT CONDUCTIVITY OF SODA-LIME
GLASS

To solve the heat equation [Eq. (9)], the heat conductiv-

ity of glass in a broad range of temperature is needed. Know-

ing the phonon conductivity of each of the oxides in the

glass composition, the phonon thermal conductivity of glass

can be predicted by the following empirical formula:39

kc ¼
X

i

AiCi; (A1)

where Ai is the phonon thermal conductivity coefficient of

component i and Ci is the weight percent of component i.
Choudhary and Potter reported Ai values for different oxides

that can be found in soda-lime glasses.39 Using these values

for our glass samples, kc is found as 1.25 W/(m�K). It is

known that the thermal conductivity of glass matrix grows

exponentially with temperature and can be described as36

kðTÞ ¼ kcecðT�300 KÞ; (A2)

where the exponent c is �6.7� 10–4 K–1.
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