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ARTICLE INFO ABSTRACT

During etching of a multicomponent glass in concentrated hydrofluoric acid (HF) solutions, a crust can gradually
appear on the glass surface, depending on the chemical etching parameters. This crust deposition is the result of
the precipitation of hexafluorosilicate anions released by the glass dissolution reaction, with cations coming
either from the etching solution or from the glass (like Na*, K* or Ca®*). To understand the impact of this crust
on the overall kinetics of both the etching and frosting process, we have studied the dissolution of four types of
commercial glass substrates in etching solutions containing various concentrations of HF. The kinetics of the
frosting process was investigated by two independent methods: on the one hand the chemical analysis by ICP-
OES of the amount of Si dissolved from the glass as a function of time, and on the other hand the measurement of
the glass weight loss with time. These two methods showed that the glass etching rate decreases with time as a
result of crust formation which gradually becomes more protective. Both methods also indicated that increasing
the amount of HF in the etching solution increases the etching rate in a non-linear way, and that the etching rate
increases with the alumina content of the glass. A separate chemical analysis of the amount of Si present in the
crust also revealed that the amount of HF in the etching solution has an impact on the amount of crust deposited
on the glass surface. Finally, we have been able to rationalize all these kinetic data based on a semi-empirical
quantitative etching and frosting model, allowing to extract a characteristic dissolution and precipitation con-
stant (Kgiss and Kqep), respectively.
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1. Introduction

Using hydrofluoric acid (HF) to etch silica or glass is largely used in
different domains. For instance, HF etching can be used for removing
the native oxide on Si wafers for micro- or nano-electronic applications,
or for chemically polishing a glass surface to remove small surface
defects. [1, 2] HF etching can also be used in glass surface micro-
machining [3, 4] or in etching glass fibers to produce near-field optical
probes [5]. One other notable use of hydrofluoric acid is the production
of flat mat or frosted glass surfaces in the glass industry. Even though
the latter industrial process is not recent, only a few papers deal with
the etching process leading to a frosted glass. [6-8] Indeed, the ma-
jority of the articles about silicon or silica wet etching only treat the HF-
dissolution step, mostly describing the influence of chemical para-
meters of the etching bath on the etching rate. [9-13] However, during
a glass frosting process, glass dissolution does not occur alone. In that
case, it is the formation of a solid crust on the glass surface,
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precipitating from the combination of glass dissolution products and
cations present in the etching solution, that is generally the rate-de-
termining step to get a frosted glass, rather than a blurry transparent
glass. Such glass frosting can be described by the following sequence of
dissolution and precipitation reactions [8, 14].

SiOxs) + 6HF — H,SiFs + 2 HyO @
H,SiF; — SiFZ™ + 2Hp,) 2
2M* + SiFF™ = M;SiFy 5 3)

Texturing salts like chloride, sulfate or bifluoride (NH4HF,, i.e.
ammonium bifluoride (ABF), or KHF,, i.e. potassium bifluoride (KBF)),
are usually added to the etching solution to form a texturing crust that
creates microstructures on the glass surface during the frosting process.
The role of these salts is, on the one hand to generate HF and HF,~
species in situ that will dissolve the glass, and on the other hand to
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Fig. 1. (top) Schematic illustration of the different steps involved in crust for-
mation and (lateral) growth, leading after washing of the crust to a textured
glass surface; (bottom) mechanistic picture of the dissolution and passivation
mechanism used in the kinetic modeling, leading to the basic constitutive Eq.
(6). Both illustrations are taken from ref. [7].

bring an important amount of cations in solution that will combine with
the hexafluorosilicate anions generated during the glass dissolution
step. The texturing of the glass surface originates from the fact that the
crust formation is a gradual, progressive process, as proposed originally
by Barboux et al. and illustrated schematically in Fig. 1 [7]. At the
beginning of crust growth (Fig. 1(a)), only some places on the glass
surface are protected by nuclei of precipitating salts, leaving un-
protected glass exposed to dissolution by the etching solution. As the
crust is growing laterally (Fig. 1(b)), less unprotected glass surface is
available to be dissolved, until the full glass surface is covered by a
crust thick enough to fully inhibit further glass dissolution (Fig. 1(c)).
As a result, glass areas covered by initial nuclei of crust will morpho-
logically remain as higher points on the surface, while areas covered
only in a later stage by the crust will correspond to lower points, thus
generating a microroughness on the glass surface (Fig. 1(d)). It is im-
portant to realize that in the above described etching and frosting se-
quence, crust formation is assumed to occur as the 2-dimensional, lat-
eral growth of a passivation layer with a constant thickness. This has
been illustrated by the bottom picture in Fig. 1 as well.

Industrially, a wide range of commercial glass compositions exists.
The compositional choice will depend on mandatory specifications of
the final application of the glass, such as color, energetic properties,
optical properties, mechanical resistance or aesthetics. Besides the
major component silica, other oxide components are usually in-
corporated into the silica glass network as well, including Na,O, CaO,
K50, Fe,03, Al,03, MgO or TiO,. These additional oxides interact with
silica during the glass formation process and influence the silica net-
work to give the glass its specific features. These oxides can be sepa-
rated in two groups: network-modifying oxides and network-forming
oxides. Due to presence of these oxides in the glass network, multi-
component glasses have been reported to have a dissolution rate that is
more than one order of magnitude larger than that of vitreous SiO,
[12].

Network-modifying oxides like Na,O, K,O or CaO are incorporated
in the silica matrix by breaking a siloxane bond and forming non-
bridging oxygens by the following reaction:
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Na,0 + =Si — O — Si = -2 = SiO~«Nat @

The presence of these broken bonds then strongly increases the
etching rate of the glass. As the chemical bond between the silica matrix
and cations from the network-modifying oxides is ionic, cations are
quite mobile inside the silica matrix. Spierings et al. [12] have sug-
gested that, in aqueous solutions like HF etchants, these cations (mono
or bivalent) are leached out of the glass and can be replaced by H;0*
ions, thus forming silanol groups =Si-OH. As a result of this leaching
and ion exchange, a hydrated silica film (approximately 1 pm thick) is
formed and precedes the dissolution of the glass in the HF etchant.
Fluorine species also diffuse into this hydrated layer and attack Si-O-Si
bonds present in this layer.

Network-forming oxides can either be incorporated into the silicate
network structure, or form their own separate network that can be
mixed with the silicate network. For example, when a network-forming
oxide A,Oy is added to SiO,, -Si-O-A- and -A-O-A- bonds are formed.
Depending on the strength of the A-O chemical bond and its own
breakage mechanism, the presence of network-forming oxides can ei-
ther increase or decrease the etching rate of the glass. Working with
aluminosilicate glass, Saito et al. showed that not only alkali or alkali
earth metal oxide but also alumina can be leached out in HF solutions,
leading to an increase in etching rate with Al,O3 content [20, 21].

As multicomponent glasses can contain both network-modifying
and network-forming oxides, the influence of the glass composition on
the etching rate can be quite complex. Spierings suggested that, for
multicomponent glass, the etch rate is predominately determined by
two factors: the connectivity (or the degree of linkage) of the silicate-
based network, and the concentration of SiO, in the glass [14-16]. The
following dissolution mechanism of a multicomponent glass has
therefore been proposed [14, 17-19]:

e adsorption of the active fluorine species on the glass surface;

e leaching of the alkali and alkaline earth cations to form a porous
layer (in the case of network-modifying oxides);

e fast rupture of the X-O-Si bonds (in the case of network-forming
oxides with X being B, Al or Zn), and leaching of these species;

e breaking of the Si-O-Si bonds at the glass-solution interface and also
further away from the interface, through diffusion of HF molecules
and HF, ™ ions into the leached surface layer;

o desorption of fluorosilicates.

Finally, cations coming from other oxides present in the glass are
being leached out during dissolution in HF, and can combine with
hexafluorosilicate anions also formed by the SiO, network dissolution.
They form a crust on the glass surface even if no texturing salts are
added to the etching solution.

The objective of the current paper is to study the influence of spe-
cific industrially relevant glass compositions on the glass etching rate
for various HF concentrations. Contrary to all previous publications, the
crust appearing during the texturing process was analyzed chemically
as well, and the influence of its appearance on the glass dissolution rate
has been investigated independently. The two used methods were the
chemical analysis by ICP-OES of the amount of Si dissolved from the
glass as a function of time, and the measurement of the glass weight loss
with time. Then, a dissolution/precipitation model from the literature
has been used to fit our experimental data and its use and limits are
discussed. Also, a new parameter is proposed to characterize the crust
formation process.

2. Material and methods

Four kinds of commercial glass substrates have been compared.
Table 1 shows the composition of these glasses, as well as their gravi-
metric density. This glass series was specifically chosen in order to have
various amounts of alumina (Al,O3), the latter already having been
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Table 1
Glass compositions considered in the present study.
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Glass Density (g/cm?) Composition (wt%)
Sio, AlL,O3 CaO K,0 Na,O Fe,03 SO3 TiO, MgO
A 2.490 * 0.005 71.64 1.352 7.88 0.236 13.91 0.104 0.326 0.055 4.45
B 2.478 + 0.005 66.40 5.772 1.06 1.042 15.74 0.0193 0.268 0.024 9.60
C 2.481 = 0.007 60.11 13.241 0.18 5.970 12.60 0.0198 0.051 0.017 6.69
D 2.471 + 0.010 61.28 16.907 0.12 0.884 15.34 0.0084 0.066 0.067 5.03
reported in the past to have an influence on the glass etching rate [21]. Table 2

Prior to etching, all glasses are cleaned twice with a 2 vol% solution of
RBS 50 detergent (Chemical Products R. Borghgraef S.A.), rinsed two
times with ultrapure water (18.2 MQ.cm) and dried at room tempera-
ture for 30 min.

All etching experiments are done using a horizontal etching cell,
and performed on the glass surface which has not been exposed to the
tin bath during the float process. In this etching cell, the glass is placed
between two stainless steel plates having a central circular opening
9cm in diameter. The glass and stainless steel plates are sealed by a
rigid circular Teflon ring having an internal diameter of 8.4 cm. This
kind of cell allows to keep a constant surface area exposed to the
etching solution for all experiments. HF solutions are prepared from a
commercial 40 wt% HF solution (NORMAPUR analytical grade, VWR
Chemicals), and mixed with ultrapure water to give different HF con-
centrations ranging from 0.5 to 5M. Also, the volume of the etching
solution is kept constant at 25ml to exclude any influence of the so-
lution volume on the kinetics of the dissolution and the crust formation
process.

The kinetics of the frosting process was investigated by two in-
dependent methods: on the one hand the chemical analysis of the
amount of Si dissolved from the glass by Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES), and on the other hand the
measurement of the glass weight loss for different etching times. In the
first method, two Si fractions were separately collected and analyzed:
the etching fraction is the amount of Si dissolved in the etching solution
and collected as such after the etching, while the rinsing fraction re-
presents the amount of Si in the crust that appeared on the glass surface,
as obtained after being rinsed with ultrapure water. In the second
method, the glass is weighed before and after etching and rinsing, re-
spectively. In both methods, a separate glass sample is used for one
etching duration and one HF concentration only.

The crust was also collected as a solid dry powder. This was done by
removing the remaining etching solution in the cell after etching, and
rinsing the wet crust three times with 20 ml of acetone (AnalaR NOR-
MAPUR analytical grade, VWR Chemicals) while it was still attached to
the glass surface. The glass sample with the crust on it was then dried
on a heating plate for 20 min at 40 °C, and weighed before and after
removing the crust.

3. Results

Before going into detail in our quantitative kinetic data, Table 2
represents a summary of qualitative visual observations of the crust
appearing on the glass for all the etching experiments. It can be seen
that the crust appears faster and for less concentrated HF solutions in
the following order: Glass D, Glass C, Glass B and Glass A. This already
indicates that the composition of the glass clearly has a significant in-
fluence on the etching and frosting process, and this trend seems to
correlate with an increasing amount of alumina in the glass.

3.1. Etching and frosting kinetics from chemical analysis of Si fractions by
ICP-OES

A typical result of the total amount of etched Si as a function of time

Visual observation of all glasses and their crust formation, after etching for
different times in various HF concentrations. Green = no crust observed on the
glass surface; yellow = some crystals observed on the glass surface; red = a
crust is observed on the glass surface.
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Fig. 2. Total amount of etched Si (Glass D) as a function of etching time for
different HF concentrations. Lines are quantitative fits using the dissolution/
precipitation model of Barboux et al. [7] according to Eq. (5).

is shown in Fig. 2. First of all, it is clear that increasing the amount of
HF in the etching solution increases the etching rate because more glass
will be dissolved at higher HF concentrations for each etching time.
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Fig. 3. Amount of etched Si (Glass D) in each of the etching and rinsing frac-
tions as a function of etching time for a 2M and a 5M HF etching solution,
expressed either in absolute (a) or in relative (b) terms. Dotted lines are guides
to the eye only.

Also, these data indicate that the etching rate of the glass is not constant
with time. Indeed, it decreases because of the gradual appearance of a
crust on the glass surface during etching. This crust has indeed a pro-
tective effect which gradually slows down the etching kinetics, resulting
in curves that tend towards a plateau.

As the total amount of etched Si is the sum of the Si collected in both
the etching and rinsing fractions, Fig. 3 represents a typical result of the
amount of Si present in each of these two fractions separately as a
function of time. For both fractions, expressed either in absolute (a) or
in relative terms (b), it can be seen that the etching rate of Si is not
constant with the time, and that the major part of Si can be found in the
etching fraction. Also, increasing the amount of HF in the etching so-
lution seems to increase the amount of Si present in the crust both in
absolute amount and in relative terms, indicating that the crust will
grow thicker with higher HF concentrations in the etching solution.
However, for both HF concentrations, the relative amount of Si in the
crust fraction decreases with time, indicating that its passivating effect
is most pronounced in the early stages of the frosting process.

3.2. Etching kinetics from glass weight loss measurements
A characteristic result of glass weight loss as a function of etching

time is presented in Fig. 4. These data show essentially the same trends
as those observed for the total amount of etched Si: an increase of the
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Fig. 4. Weight loss of Glass D as a function of etching time for different HF
concentrations. Lines are quantitative fits using the dissolution/precipitation
model of Barboux et al. [7] according to Eq. (5).

etching rate when increasing the HF concentration in the etching so-
lution, and a decrease in etching rate with time because of the gradual
appearance of a protective crust on the glass surface during etching.

4. Discussion
4.1. Dissolution/precipitation model

The glass weight loss data of Fig. 4 (and indirectly also the data of
Fig. 2) can be fitted using the dissolution/precipitation model devel-
oped by Barboux et al. [7]. This model describes the time evolution of
the glass weight loss by the following equation:

mg () = Mgy o [1 — exp(_Kdiss'Kdep’t)] 5)

It allows to extract two fundamental kinetic parameters from each
curve: My, corresponding to the maximum amount of glass that can
be dissolved, and the product of a so-called dissolution constant Ky;ss
and a deposition or crusting constant Kgep. As to the latter, Barboux
et al. showed experimentally in ref. [7] that there seems to exist a linear
relationship between the mass of the precipitated crust and the glass
weight loss dm. This was formalized as:

Sed0 = Kgepedm 6)

S being the exposed glass surface, and 6 its fraction being covered
by the crust. Eq. (6) is also a direct result of the schematic picture of
Fig. 1, imagining crust formation as the 2-dimensional, lateral growth
of a passivation layer with a constant thickness.

As to Kgiss, this parameter naturally arises from the fact that the
fraction of glass dissolved during an increment of time dt depends on
the amount of glass surface not being covered by the passivating crust
layer [7]:

dm = K+ (1 — ) Sedt %)

By inserting Eq. (6) into Eq. (7), one then arrives at Barboux's
macroscopic kinetic Expression (5).

4.2. Validation of the model to our experimental data

In order to validate the applicability of Barboux's dissolution/pre-
cipitation model to our own glass weight loss data, Fig. 5 represents, as
in Barboux's paper [7], the mass of the crust per unit glass surface area
as a function of the glass weight loss, expressed as an equivalent
thickness (i.e. the thickness of glass dissolved). The latter is obtained by
dividing the weight loss by the density of the glass and its surface area
exposed to the etching solution. This was compared in Fig. 5(a) for all
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Fig. 5. Mass of the crust appearing on the glass surface during etching as a
function of the equivalent thickness of glass dissolved, (a) for etching of all glass
compositions in a 5 M HF solution, and (b) for the etching of glass D in different
HF concentrations.

glass compositions etched in a 5 M HF solution, and in Fig. 5(b) for glass
D etched in different HF concentrations.

The linear relationship claimed by Barboux is clearly also present
for our own different glass compositions and their corresponding crusts.
However, contrary to Barboux’ findings, the slope of the linear fits in
Fig. 5, which is seen from Eq. (6) to be directly proportional to Kgep,
seems to depend both on the composition of the crust (which in turn
can be expected to depend on the glass composition), and also on the
HF concentration. This latter trend can be linked to observations re-
ported by Frayret et al., where the solubility limit of hexafluorosilicate
salts was reported to be modified by the HF concentration of the so-
lution [22]. It could also be explained by the fact that, with higher HF
concentration, more glass is dissolved, so that locally more cations re-
leased from the glass can combine with more SiF¢s ™~ anions produced by
the dissolution of the glass. Near the glass surface, the solubility limit of
produced salts is quickly reached and more crust can precipitate. When
the HF concentration is lower, the dissolution process is slower and less
cations and SiF¢~ anions are released in the near neighborhood of the
glass surface. As a result, these ions can diffuse further away from the
glass surface before the solubility limit is reached. This results in a
lesser amount of crust for the same amount of glass dissolved, and
therefore also a smaller slope. It can also be noted that the degree of
texturing of the glass after etching does not seem to have an impact on
the observed linear relationship. Indeed, in the work of Barboux et al.
heavily textured glass surfaces were obtained, while in our case only a
few microstructures were observed on the glass surface after etching.
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4.3. Determination of the dissolution and deposition constants K jiss and Kgep

Since fitting of our experimental data with the precipitation/dis-
solution model of Barboux et al. only allows to extract the product of
the dissolution and deposition constants KgisKgep, an additional ana-
lysis is still needed to obtain each constant independently. The value of
the deposition constant Kg4, can be found from Eq. (6), which can be
rewritten as:

Sedf
Kdep =0

(8

In this expression, the covering ratio 6 can be obtained by inserting
Eq. (7) into Eq. (6):

dm

Sedf = Kis 'Kdep'(l — 0)eSedt 9
Then, Eq. (9) can be written as:
do
= Kuiss*Kae edt
I 10

which, after integration, gives the following expression of the cov-
ering ratio as a function of time:

6 =1- exp(_Kdiss ‘Kdep't) an

Comparing Eq. (11) and Eq. (5) then indicates that the time evo-
lution of the covering ratio 6 can be found by simply dividing the
measured glass weight loss m(t) by the value of my,, obtained pre-
viously from a fit to the experimental data with the macroscopic dis-
solution/precipitation model.

Thus, by expressing the evolution of the surface area covered by the
crust S0 as a function of the amount of dissolved glass m, as presented
in Fig. 6, the deposition constant K4, constant can be calculated, ac-
cording to Eq. (8), as the slope of the linear fits.

Finally, the value of the dissolution constant Kg;s can then simply be
obtained by dividing the product K. Kgep, Obtained from the Barboux
model, by the deposition constant Kg, calculated independently as
explained above.

Fig. 7 presents the dependency of the dissolution constant Kg;s; and
the deposition constant K4, on HF concentration for different glass
compositions. The non-linear increase observed in the evolution of the
dissolution constant K;s; will be discussed later with the analysis of the
initial etching rates (see Section 4.4). For the deposition constant K4, a
non-linear decrease is observed as a function of HF concentration for all
glass compositions. Moreover, all curves seem to follow one single
master curve, indicating that Ky, is not affected by the glass compo-
sition. At first sight, the latter observation might seem to be in con-
tradiction with the observation presented previously in Fig. 5. Indeed,
on the one hand, the increase in slope with HF concentration in
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Fig. 6. Surface area covered by the crust (S.0) as a function of weight loss m.
Data are for etching of glass D in different HF concentrations.



N. Piret et al.

(@) ~
Q0 —e — GlassD
) Glass C
0021 —4A — OClassB s
' —m — GlassA gt
@
E 0,015
2
[o2]
E
g 0,01
N4
. L= M
0,005 — T
® - —
0 b T T T \ ]
0 1 2 3 4 5 6
HF Concentration (M)
(b) 2
—® — GlassD
—4A — GlassB
1,5 —m — GlassA
5 17 \
!D \I
0,5 f S
\\ '\i; —
\i — e T e ,*_.
0 T T T T T ]
0 1 2 3 4 5 6

HF Concentration (M)

Fig. 7. Dissolution constant K (a) and deposition constant Kg, (b) as a
function of HF concentration for all glass compositions. Dotted lines are guides
to the eye only.

Fig. 5(b) indicates that more crust is produced per unit glass surface at
higher HF concentration, while in Fig. 7(b) the decrease of K4, with the
HF concentration implies that less surface area is covered by the crust
per gram of glass dissolved at higher HF concentrations. This apparent
contradiction results from the fact that the definition of Kg, is based
only on the surface area of crust, and therefore does not take into ac-
count its thickness or mass density.

As a matter of fact, the slope of the linear fits in Fig. 5 can be linked
directly to the deposition constant K4, Indeed, the mathematical ex-
pression of the observed linear fit in Fig. 5 is

me

=K od
S crust *Ug

12)
where m_ is the mass of the crust, S the total exposed area, K, the

slope of the linear fit and d, the equivalent glass thickness loss. The

latter can be further expressed as:

myg

d, =
g 0°S

13

where m, is the mass of the glass and p, the glass density. Inserting
Eq. (13) into Eq. (12) then gives:

m, m
== Kerust —E
S Pe*S a4

The mass of the crust m. in Eq. (14) can also be expressed as the
product of the crust density p., the surface of the crust S. and its
thickness d.:

Pc'Sc‘dc - K . mg
- crust
S Pg*S 15)

213

Journal of Non-Crystalline Solids 499 (2018) 208-216

167 ® Glass D
1.4 $ Slass C
A Glass B
1,2 ] Glass A o
E ™
Q &
& 0,8
x® 061
0,4 u
|
0,2
0 T T T T T |
0 1 2 3 4 5 6
HF Concentration (M)
b .
() 4 ® Glass D
3,5 Slass C
A Glass B Al
34 ™ Glass A t
T 251
L
[}
£ 2+
o ;
v 1,54
Q.
1_
* ]
0,5+ !
0 T T T T T 1
0 1 2 3 4 5 6

HF Concentration (M)

Fig. 8. Evolution of K ., (a) and the surface density of the crust p..d. (b) as a
function of HF concentration for all glass compositions.

Since the covering ratio 6 is defined as the surface of crust S, divided
by the total exposed surface S (6 = S, /S), Eq. (15) can also be written
in the following form:

Kcrust —- G-S

My e —— =
¢ pyeprde

(16)

Comparing Eq. (6) and Eq. (16) reveals that the link between K_ s
and Kgp is:

Kens = Kdep * (Pg P 'dc) a17)

Thus, compared to Kgep, Kcruse takes additionally into account the
densities of both the glass and the crust, as well as its thickness. As a
result, by dividing K. and Kge,, we can extract a new parameter to
characterize the crust, namely the product of the crust density and its
thickness (p..d.), which represents the crust surface density. As an ex-
ample, Fig. 8(a) presents values of K., as a function of HF con-
centration for all glass compositions (i.e. the slopes of the linear fits in
Fig. 5), while Fig. 8(b) shows values of the corresponding surface
densities p..d. of the crust.

For reasons already discussed in Section 4.2, the constant K,s is
clearly affected by the glass composition and increases with the HF
concentration of the etching solution. Indeed, for all glass compositions,
a higher HF concentration results in an increase in the amount of crust
formed per unit volume of dissolved glass. At the same time however,
the surface density of the crust also increases with HF concentration,
indicating that a higher HF concentration also gives a denser and/or
thicker crust. The magnitude of this increase seems to strongly depend
on the composition of the glass. Since according to Eq. (17)Kgep is
proportional to the ratio of K..,s and p..d,, its dependency on the glass
composition is much less visible.

It is important to realize that in the above kinetic modeling, the
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Fig. 9. Evolution of the mass of the crust as a function of time for glass D in 2 M
and 5M HF etching solutions. Lines are quantitative fits according to Eq. (20).

thickness of the passivating crust d. is being considered to be in-
dependent of time. This was already stated explicitly above as a fun-
damental assumption to validate the basic constitutive Eq. (6). It also
follows directly from Eq. (16), which, since the time dependencies of m,
(Eq. 5) and 6 (Eq. 11)) cancel out, can be rewritten as:

K erust *Mimax

d.=
PgepP:*S

(18)

Nonetheless, the kinetics of crust growth can still be analyzed
through the evolution of the mass of the crust as a function of the time.
This is shown in Fig. 9 for the etching of glass D in 2M and 5M HF
solutions. Note that due to practical limitations, the mass of the crust
could not be determined for etching times below 5min in 2M HF so-
lutions Indeed, for these times, the amount of crust formed on the glass
surface is insufficient to be separated following our experimental pro-
cedure. For the same reason, no crust data could be obtained for the 0.5
and 1 M HF solutions.

It can be observed that the mass of the crust is increasing with time
in a non-linear way, rather similarly as was observed for the time
evolution of the mass loss of etched glass in Fig. 4. As a matter of fact,
an equation similar to Eq. (5) can be derived to describe the time
evolution of the mass of the crust. Indeed, starting from the basic de-
finition of the covering ratio 0(t) = S.(t)/S, with S.(t) being the surface
area covered by the crust and S being the total exposed glass surface, it
can be written that

Sc(t)+d. L. _
Sedcp,

me (1)

M max

o(t) =

19

where d, is the thickness of the crust, p, its density, m.(t) the mass of
crust evolving with time, and m max the maximum amount of crust
mass that will be formed at full surface coverage. From Eq. (19), the
time evolution of the mass of the crust with time is then given by

me ([) = mc,max'e(t) = ch,max'[1 - exp(_Kdixs 'Kdep't)] (20)

where the full expression of 6(t) has been taken from Eq. (11).

As already anticipated before, the original expression from the
model of Barboux for the time evolution of the mass loss of the etched
glass (Eq. (5)) can also be used to describe the mass of the crust ap-
pearing during the frosting process (Eq. (21)). The fundamental reason
for this is that the mass of the crust and the mass loss of the etched glass
are directly linked, as already evidenced in Fig. 5. Moreover, the ob-
served linearity when expressing the crust mass values as a function of
the equivalent glass thickness loss indicates that the crust thickness d.
can indeed be considered to be constant with time. Indeed, as a result of
the observations in Fig. 5, the following proportionality could be
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written (cfr. Eq. (14)):
Kcmst'mg

Py

me =
@n

If the crust thickness d. was not constant with the time, then, ac-
cording to Eq. (17), K¢us would not be constant with the time neither,
and therefore the observed proportionality between the mass of the
crust and the mass loss of etched glass shown in Fig. 5 and described by
Eq. (21) would not have been observed. In this respect, it is also
quantitatively reassuring that very similar values for the fitting para-
meters of the 5M solution are obtained when applying Eq. (20) to the
crust growth data in Fig. 9 (KyissKaep =0.19 = 0.03min" %
ped. = 3.7 = 0.03mg/cm?) as when applying Eq. (5) to the corre-
sponding glass weight loss data of Fig. 4
(Kaiss'Kaep = 0.19 = 0.01 min~%; p.-d. = 3.1 + 0.02mg/cm?).

4.4. Effect of glass composition on the initial etching rate

In order to extract some other quantitative kinetic dissolution data
from the glass weight loss curves, the initial etching rate can be taken as
a relevant representative point of comparison because, at time zero,
there is no crust formed yet. This initial etching rate can be extracted
from the slope at the origin of the glass weight loss vs. time data in
Fig. 4. This slope can most easily be obtained by taking the derivative of
Eq. (5)

dm(t) e
dt = Mpax *Kiss 'Kdep * (e KdedePl) (22)
and evaluating it at t = 0:
dm
(I)[ﬂ) = Mpax *Kiss 'Kdep (23)

Initial etching rates calculated as such are expressed as a function of
HF concentration in Fig. 10. A non-linear increase of the initial etching
rate can be observed when increasing the HF concentration. This non-
linearity can be attributed to the increasing presence of species more
reactive than hydrofluoric acid, like HF,~ or HyF,, when the HF con-
centration of the solution increases [5, 12, 18]. The same trend has also
been reported by Iliescu et al. for the etching of Pyrex (borosilicate)
glass [23, 24].

Note that the evolution with HF concentration of these initial
etching rates is exactly the same as the one for the dissolution constant
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Fig. 10. Initial etching rates, calculated from weight loss measurements (Eq.
24), as a function of HF concentration for all glass compositions. Dotted lines
are guides to the eye only.
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Kiss shown previously in Fig. 7(a). As a matter of fact, careful analysis
reveals that the value of Ky, can simply be obtained by dividing the
initial etching rate by the total exposed surface area S of the glass:

dm
(?);0 = Mynax *Kaiss 'Kdep = Kgiss*S (24)

The above observation therefore also implies that

S = Myay *Kaep (25)

By definition, S is the total surface area of glass exposed, so this is
the maximum surface that can be covered by the crust when the frosting
process is complete (i.e. when time tends to infinity). At that same time,
the value of m,,q, corresponds to the maximum amount of glass that can
be dissolved. Since the units of the deposition constant Ky, are cm? of
crust per g of dissolved glass, the product of Kg, and myq, thus gives
the maximum amount of surface that can be covered by the crust. The
latter simply corresponds to the total surface area S of glass exposed,
because if the frosting is complete, all the exposed glass surface is
covered by the crust. This demonstrates the validity of Eqs. (24) and
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(25). As a result, an alternative method in order to separate the de-
position and dissolution constants consists in:

- first obtaining the values of my,.x and the product K. Kgep from
fitting the glass weight loss data to the Barboux model (Eq. 5);

- calculating, based on these 2 fitting parameters, the value of the
initial etching rate according to Eq. (24);

- calculating the value of the dissolution constant Ky, by diving the
initial etching rate by the total exposed surface area S;

- calculating the value of the deposition constant Kg, either by di-
viding the product K gss. Kgep by Kaiss, or based on the value of myay in
Eq. (25);

The initial etching rates can also be expressed as a function of the
alumina (Al,O3) content of the glass. As seen in Fig. 11, the etching rate
increases with the amount of alumina for all HF concentrations. How-
ever, as all tested glass contains other oxide compounds besides silica
and alumina as well (cfr. Table 1), the combined effect of these oxides
cannot be excluded.

Finally, Fig. 12 compares the initial etching rates obtained from
glass weight loss measurements, converted into initial silicon etching
rates using the glass composition of each glass series, to the ones cal-
culated from the total amount of dissolved silicon, as measured by ICP-
OES. For the latter, the silicon content present in both the etching and
rinsing fractions were added. No statistically significant differences are
observed between the 2 independently obtained Si etching rates. This
claim is based on hypothesis testing using a so-called Student t-test
[25], with a one-sided significance level a of 10%. As a result, the ki-
netic trends presented in Fig. 10 and Fig. 11 can be considered as very
reliable. Moreover, this also provides direct confidence in the kinetic
frosting data presented in Fig. 3 for each separate fraction.

5. Conclusion

The frosting process of a glass in concentrated HF-based solutions is
a delicate combination of both its dissolution and the gradual pre-
cipitation of a crust on its surface, resulting in a rather complicated
macroscopic kinetics of the overall process. In this work, a decreasing
etching rate with time was observed on four kinds of commercial glass
substrates, both by chemical analysis of etched Si by ICP-OES and by
glass weight loss measurements. Both independent methods also
showed that increasing the HF concentration in the etching solution
increased the initial etching rate in a non-linear way. Chemical analysis
of Si by ICP-OES in the etching and frosting fractions revealed that
increasing the HF concentration increased the amount of Si present in
the crust. Also, for all HF concentrations, the initial etching rate in-
creased with the amount of alumina in the glass, although the combined
effect of oxides other than silica and alumina present in the glass could
not be excluded.

The kinetics behind our experimental weight loss data was then
quantified by a dissolution/precipitation model available in the litera-
ture. Moreover, we were able to extend its scope and obtain an in-
dependent estimation of both the relevant dissolution and deposition
constants (Kgiss and Kqep), respectively. Finally, we were also able to use
these quantitative data to extract the surface density of the crust, and
show how the latter varies as a function of glass composition and HF
concentration.
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