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Abstract

Surface functionalization has numerous applications worldwide. Silicon oxide has been a
research material of choice. However, tin dioxide (SnO2) films are employed in many
applications especially in gas sensors, and little studied in regards of functionalization. Thus, they
were chosen to be functionalized via 3-aminopropyltriethoxysilane (APTES). Different synthesis
parameters were tested such as APTES grafting by vapor or liquid phases deposition. In liquid,
many parameters were investigated: water presence, reaction times and APTES concentration.
The presence and reactivity of grafted amine terminated film on SnO2 were carried out by Alexa
Fluor® molecules. In addition, APTES grafting was characterized using Attenuated Total
Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR) and X-ray photoelectron
spectrometry (XPS) techniques. These characterizations showed how synthesis parameters affect
the amount and thickness of APTES films. Optimal liquid silanization parameters were
determined in order to obtain a saturated SnO> surface with APTES molecules. Importantly, the
addition of 5 vol% H>0 to the APTES solution provided denser surface coverage, by hydrolyzing
the ethoxy groups to silanol. An almost 50% improvement over anhydrous liquid and vapor

methods was obtained.
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1. Introduction

Surface functionalization is being used in wide range of applications, like surface and self-
assembling monolayers (SAMSs) in bio-sensors [1, 2], gas sensors [3-5], corrosion resistance of
metal [6] and electronics [7]. Generally, surfaces are organically modified to enhance detection
performance, surface rigidity, selectivity and sensitivity of sensors, etc. [6, 8-10]. Silanization or
covering of a metal oxide surface self-assembly with organofunctional alkoxysilane molecules,
using organosilanes (RSiXs where R is an alkyl or any other functional group and X is a leaving
group) is the most commonly used method to prepare active organic monolayers on oxide films
[11]. 3-aminopropyltriethoxysilane (APTES) is one of the most commonly used organosilane
products to prepare an active amine terminated film on metal oxides [8]. The main advantage of
an aminosilane monolayer on the surface of metal oxide is the rapid formation of covalent bonds
between the oxide surface and the anchoring groups, thus stabilizing the monolayer and
facilitating further modifications [12]. Furthermore, APTES has bulky alkoxy groups that
improve the stability of the resulting monolayer as shown by Feng Zhang et al. [13].

The APTES films can be generally deposited on silicon and tin dioxide substrates. These films
are used to attach a variety of materials such as DNA, proteins and polymers [2, 6, 14].
Moreover, the APTES molecule can also be used as intermediate step for advanced
modification/functionalization in gas sensors [4, 5, 15]. To the best of our knowledge, the
properties of these films such as thickness, orientation and density of the monolayer have
essentially been investigated on silicon oxide [16-19]. However, only a few studies on the
preparation of the APTES layer deposited on tin dioxide surface have been explored [1], even
though these reactive films are also being used as gas and bio-sensors. Indeed, tin dioxide (SnO>)
is being used in many fields like gas sensors, biosensors, and electronics [2, 20, 21]. SnO: is
often chosen for gas sensors due to its unique physical and chemical properties such as a large
energy gap (3.6 eV), dielectric constant, better accuracy or repeatability at the present stage of
development, environmental-friendliness and easy to synthesize. As in SiO», functionalizing
SnO; by organic molecules is of special interest to improve sensitivity, selectivity, and electrical

properties in gas sensor applications and others.

In this work, we propose to study the modification of SnO- thick films by APTES since it is not

well described in the literature. The aim was to prepare active and stable amine terminated



organic film on SnO> thick film prepared by a screen printing technique. Functionalization of
SnO; film by APTES in vapor and liquid phase was investigated. Furthermore, varying
silanization parameters in the liquid route like the influence of condensation reaction time,
APTES concentration, and the effects of water during the reaction were examined. Finally,

concentration and thermal stability of APTES on SnO2 were also evaluated.

2. Experimental

2.1. Preparation of SnOz2 film and silanization procedures

2.1.1. Preparation of SnOz2 film

Thick SnO- films were deposited on alumina substrate by screen-printing technology. A semi-
automatic Aurel C890 machine was used. Procedure to prepare the SnO> ink and film fabrication
parameters was described elsewhere [22]. First, the SnO, powder (Prolabo Company) was mixed
with a solvent and an organic binder. Second, a 40 microns oxide film (approximately) was
deposited on an alpha-alumina substrate (8x8x0.4 mm?). Finally, the SnO2 material was annealed
for 10 h at 700 °C in air. The SnO; particles and agglomerates sizes were found to be between 10

nm and 500 nm.

2.1.2. Vapor phase silanization

The silanization of SnO> film by 3-aminopropyltriethoxysilane (Acros-Organics) in vapor phase
has been described elsewhere [16]. First, the SnO- films were immersed for 5 min in acetone,
ethanol and distilled water (DW) successively, and then dried with argon to remove
contaminants. Second, films were treated by air/oxygen plasma (air/O2 pressure =0.4 torr) for 4
min to create hydroxyl groups on the sample surface. Third, the SnO2 sample and APTES (liquid)
were placed side by side in closed Teflon holder. Then, the liquid was baked out at 80 °C for 1 h.
The installation of SnO2 samples and 150 uL of APTES was conducted in a dry atmosphere to
avoid the humidity in cell. After 1 h silanization, the samples were rinsed with absolute ethanol.
Finally, the films were annealed at 110 °C for 1 h to eliminate water trapped in the films as well
as the physisorbed APTES molecules. A scheme of APTES vapor phase deposition on SnO; is
presented in the Fig. 1.
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Fig. 1. Schematic representation of the silanization process.

2.1.3. Liquid phase silanization

The liquid phase grafting of APTES considered the influence of three main parameters:
anhydrous and hydrous APTES solution, APTES concentration, and reaction time. All the
solutions were prepared in absolute ethanol (anhydrous ethanol). The silanization was performed
by immersing the SnO films in the APTES solution, with or without water, with three different
APTES concentrations (1, 50 or 500 mM) at room temperature and for various durations: 5 min,
30 min, 4 h, and 5 h. To investigate whether water would hydrolyze the ethoxy groups, the 50
mM APTES solution was diluted with 5 vol% H2O (hydrous APTES solution; i.e. solvent: 95%
by volume of absolute ethanol and 5% of H20) for 5 min, 30 min, 4 h and 5 h immersion times.
For varying hydrous APTES concentrations (1, 50 or 500 mM), SnO was immersed for 5 h.
After silanization, the films were rinsed with absolute ethanol, dried with N> and annealed at 110
°C for 1 h. The reaction carried out in absolute ethanol, 50 mM APTES solution for 5h will be

called anhydrous liquid silanization.

2.2. Characterization techniques

SnO2-APTES film can be used as intermediate step for further surface modifications. The
reactivity of APTES film with respect to coupling reactions was determined by using Alexa
Fluor® 488 carboxylic acid, succinimidyl ester molecule (A, xitqtion = 488 nm). Alexa Fluor
product was purchased from Life Technologies. This product reacts specifically with the primary
amines that lead eventually to immobilization of florescent molecules on SnO; film. To study the
feasibility of employing fluorescent molecules on APTES films, two SnO, samples, one with
APTES (SnO2-APTES) and the other without APTES, were immersed for one hour in a mixture



of 4 uL of Alexa Fluor and 3 mL of solution of sodium carbonate and sodium bicarbonate, pH 9,
at room temperature. Afterwards, the samples were rinsed with absolute ethanol. Alexa Fluor
molecules were detected by epifluorescence measurements using an BX41M optical microscope
(Olympus, Tokyo, Japan), fitted with a 100 W mercury lamp, a cyanide Cy3 dichroic cube filter
(excitation 550 nm, emission 580 nm) and a cooled Spot RT monochrome camera (Diagnostic,
Sterling Heights, M1, USA). The intensity of film fluorescence was measured by Tecan Infinite
M1000 in order to determine qualitatively the APTES on the surface of SnO> film. The
fluorescence intensity measurements were carried out at 494 nm as excitation wavelength and

517 nm emission wavelength with an integration time of 20 us and a settle time of 10 ms.

The influence of silanization parameters (vapor or liquid synthesis, and in liquid process: water
content, APTES concentration, reaction time) were evaluated via Attenuated Total Reflectance-
Fourier Transform Infra-Red spectroscopy (ATR-FTIR). Samples were placed face-down on the
diamond crystal, and a force was manually applied by pressure tip. FTIR spectra were recorded in
wavelengths ranging from 400 to 4000 cm™ with a resolution of 2 cm™. The entire ATR-FTIR

spectra were collected using a Golden Gate Diamond ATR accessory (Bruker Vertex 70).

In order to check the presence, concentration, and the thermal stability of APTES films on SnO3,
chemical surface analysis were carried out using X-ray Photoelectron Spectroscopy XPS. The
analysis were performed with a Thermo VG Thetaprobe instrument with a focused
monochromatic Al Ka source (hv=1486.6 eV, 400 um spot size). Photoelectrons were analyzed
using a concentric hemispherical analyzer operating in the constant AE mode. The energy scale
was calibrated with sputter-cleaned pure reference samples of Au, Ag and Cu in order that the Au
4f7/2, Ag 3d5/2 and Cu 2p3/2 were positioned at a binding energies of respectively 84, 386.2 and
932.7 eV. Spectra were recorded in the binding energy range of 0-1200 eV with step size of 1 eV
and pass energy of 300 eV for survey scans, step size of 0.1 eV and pass energy of 50 eV for
narrow C 1s, O1s, N 1s, Si 2p, Sn 4d and Sn 3d scans. The two pass energies give energy
resolution (width of the Ag 3d5/2 peak) measured on sputter clean silver samples of respectively
1 eV and 0.5 eV. During XPS experiments, charge compensation was achieved by irradiation of
the sample with a system combining a diffuse beam of low energy electrons and low energy ions.

Optimum charge compensation was performed in order to have the narrower-shape of the tail at



the low binding energy of Sn 3d peak. Analysis of the different components of C 1s, O 1s, N 1s
and Si 2p photoelectron peaks were carried out using synthetic line shapes consisting of a

convolution product of a Gaussian function with 30% of a lorentzian function. To study APTES
thermal stability, SnO>-APTES films were in-situ annealing at 200 °C, 300 °C, 400 °C and 500

°C, for 4 h in a preparation chamber connected to the spectrometer at a pressure of 5.10°° mbar .

3. Results and Discussions

3.1. Influence of silanization process and synthesis parameters.

Figure 2 shows the epifluorescence microscope images of SnO; (Fig. 2a) and SnO.-APTES after
silanization in vapor (Fig. 2b) and liquid phase (synthesis parameters: 50 mM of hydrous APTES
solution, immersed for 5 h, Fig. 2¢c) modified by Alexa Fluor. For SnO> (Fig. 2a), no fluorescence
is observed. On the contrary, the obtained fluorescence of SnO.-APTES films (Fig. 2b and 2c)
means that the Alexa Fluor molecules were attached to the surface by the grafted amine terminal
film of APTES. The fluorescence intensity of APTES modified SnO; in vapor phase was 3185 in
arbitrary units while it was 4541 by liquid silanization. The fluorescence intensities show that
more reactive amine groups are present on the surface for the SnO>-APTES carried out in liquid

phase.

a)

Fig. 2. Epifluorescence images after immersion in Alexa Fluor solution: a) SnO2, b) SnO;-
APTES-vapor phase and c) SnO2-APTES-liquid phase (5 vol% H.0, 50 mM of APTES, 5 h).

In order to compare the synthesis parameters, Attenuated Total Reflectance-Fourier Transform
Infra-Red spectroscopy (ATR-FTIR) was used. The most important signals corresponding to
APTES were found between 800 and 1800 cm™ as shown in Fig. 3. The peak at 938 cm™ is



attributed to Sn-O-Si stretch [4]. The strong mode at 1029 cm™ is attributed to siloxane group (Si-
O-Si) from polymerized APTES, this mode being proportional to the thickness of the APTES
layer [23]. The peak at 1070 cm™ arises from the un-hydrolyzed ethoxy groups of APTES (-
OCH,CHs) [24]. The strong absorption peak at 1125 cm™ is attributed to Si-O bond of either
polymerized or physisorbed APTES [17]. The vibrational mode around 1390 cm™ is assigned to
Si-C bond (-Si-CH.-) [17]. NH. vibrational signal is found at 1570 cm™ and confirms the
presence of amine end functional group of APTES after silanization. The two peaks present at
1496 and 1643 cm! correspond respectively to the symmetric and asymmetric —~NHs* group

indicating the protonation of amine group in air [25, 26].

Different parameters were explored for APTES grafting: vapor and liquid silanization with or
without H2O (Fig. 3a), APTES concentrations (Fig. 3b) and reaction times (Fig. 3c). As shown in
Fig. 3 a), APTES liquid synthesis with 5 vol% H-O (red curve) shows more intense vibrational
modes which imply that more APTES molecules were grafted on the surface in this synthesis.
Furthermore, the observed peak at 1070 cm™ in the case of vapor silanization (green curve) and
liquid synthesis without H20 (blue curve) is linked to un-hydrolyzed ethoxy groups of APTES as
mentioned earlier. This peak has disappeared for the SnO2-APTES film done with H20. The
water molecules initiate the silanization process by hydrolysis of ethoxy groups to create
corresponding hydroxysilane (RSi(OH)3) [12]. Hydrolysis of ethoxy groups of APTES pushes
forward the condensation reaction with SnO> film and with APTES to each other [26, 27]. From
these results, one can notice that the presence of water in the synthesis solution increases the

APTES grafting on SnO2 with also more APTES molecules bonding.
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Fig. 3. ATR-FTIR spectra of SnO. and SnO>-APTES with different silanization parameters: a)
vapor phase and liquid phase in ethanol with and without H20, 50 mM APTES, 5 h, b) hydrous
liquid phase in ethanol (5 h); APTES concentrations of 1, 50 and 500 mM, c) hydrous liquid
phase in ethanol (50 mM APTES); immersion times of 5 min, 30 min, 4 hand 5 h.

In Fig. 3 b), 3 APTES concentrations were tested in ethanol solution with 5 vol% H20 for 5 h.
Peaks intensities of Si-O bonds at 1029 and 1125 cm™ are low with 1 mM APTES solution (green
curve) while they increase with 50 mM (red curve) and then almost no change is noticed when
the concentration is increased up to 500 mM (purple curve). That means that a very little amount
of APTES was grafted on the surface with a concentration of 1 mM while a concentration of 50

mM was sufficient for appropriate APTES functionalization.



Figure 3 c) shows different reaction times of SnO: film in APTES solution (ethanol with 5 vol%
H20, 50 mM of APTES). The peak of Si-O-Si (1029 cm™) rises with the increase of reaction
time. As this peak is proportional to the amount of APTES attached on the surface [23], one can
note that the increase of reaction time from 5 min to 4 h attaches a larger amount to the surface.
No surge in the amount of grafted APTES on the surface was observed after 4 h, since the signal
intensity is the same between films immersed 4 and 5 h. Evidently, this steady state means that 4
h is sufficient to saturate the SnO2 film with APTES.

3.2. Surface concentration of APTES on SnO>

3.2.1. Film as synthetized

The XPS survey scan spectrum of SnO2-APTES film obtained by liquid phase synthesis,
presented in Fig. 4 shows the presence of Sn and O related to the SnO> substrate and as well as N,
C and Si related to APTES molecules at the surface which confirms the silanization of SnOs.

Similar surveys spectrum were found for the others APTES film synthesis methods.
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Fig. 4. XPS survey spectrum of SnO2-APTES synthesized in hydrous liquid phase.

Peak fitting of C 1s, O 1s, N 1s and Si 2p narrow scans allowed to determine different chemical
bonds which were in agreement with the presence of APTES molecules as shown in Fig. 5. Three
components at 284.2 eV, 284.9 eV and 289.5 eV were found for C 1s peak (Fig. 5a) which were



assigned respectively to C-Si, C-C/CH and C-N chemical bonds. The nitrogen N 1s core level
(Fig. 5b) exhibits two contributions, one located at 399.4 eV which is related to amine group
bounded to carbon C-NH>. The second located at 401.3 eV, could be attributed to C-NH3" [28].
The shape of the O 1s peak (Fig. 5¢) was adjusted using two components at 530.3 eV, and 531.8
eV according to oxygen in Sn—0, and Si—O respectively [2]. Finally, the Si 2p peak located at
101.9 eV (Fig. 5d) was assigned to Si atom bounded to oxygen and carbon in the APTES
molecule. Comparing with the two others experimental procedures for silanization of SnO, the
only difference was observed on the shape at the low binding energy of the O 1s peak for the

hydrous liquid silanization procedure which was attributed to the presence of residual H:O.
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3.2.2. Nanostructure of the APTES film on SnO2

Nanostructure of the APTES film was determined from inelastic electron background analysis of
the Sn 3p transition taking advantage of the weak sensitivity of this method to the roughness.
“Analyze” program from QUASES software package developed by Tougaard [29] was used by
means of the active substrate model where the modelled signal originates from the SnO substrate
and is attenuated by an overlayer constituted of APTES molecules. The shape of the measured
spectrum J(E) strongly depends on the morphology of the overlayer. A primary excitation
spectrum F(E) is obtained after correction of the measured spectrum J(E) by an inelastic
background calculated for a given coverage and thickness of the overlayer. These set of
parameters can be adjusted using two criterions. The first one is that after background subtraction
F(E) must be of zero intensity in an energy region beyond 30 eV below the primary peak energy.
As a second criterion, F(E) can be compared to the one determined from the analysis of spectrum
on reference sample with well-known in depth concentration profile. Reference Sn 3p spectrum
was recorded on a pure SnO sample. After linear background subtraction and analyzer
transmission function correction, the background of the model spectrum was adjusted to zero by
analyzing the reference to the depth of 1000 A that corresponds to the infinite thick homogeneous
layer. The background was calculated using ‘Universal cross section’ formula [30] for the
inelastic electron cross section and changing the “x-scale” parameter in the QUASES program
from default value to 0.97. A value of 12.36 A for the inelastic mean free path of Sn 3p electrons
in SnO2 was considered according to the TPP2M method [31]. The same procedure and
parameters were used for analyzing SnO; covered with APTES molecules using “active

substrate” model.

Results obtained after analysis of Sn 3p spectrum measured on SnO; samples with different
methods of silanization are presented in the Fig. 6. From these results, two main conclusions can
be drawn. Firstly, for the three methods of silanization (vapor, hydrous liquid, anhydrous liquid),
the nanostructure of the grafted film consist of a monolayer of APTES molecules which does not
cover entirely the surface. Secondly, the silanization procedures used can be classified as “high
coverage” for the hydrous liquid method (SnO. surface coverage of 0.8) and “low coverage” for

the two other methods where a similar SnO> surface coverage around 0.5 was found.
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Finally, it is worth noting that considering a theoretical length of the APTES molecule of 8 A, the
calculated overlayer thickness of 6 A indicate a ~42° grafting angle of the APTES molecules with

respect to the normal of the SnO; surface.
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Fig. 6. a) Modelisation of the electron inelastic background of Sn 3p using QUASES software
[29], b) c) and d) schematic representations of the coverage and thickness of the APTES

overlayer for the three methods used for the silanization of SnOa.

3.2.3. Determination the concentration of APTES on SnO:

As shown before using electron inelastic background analysis, the silanization of SnO, with
vapor, hydrous liquid and anhydrous liquid methods produce a monolayer film of APTES
molecules which does not cover entirely the SnO,. Owing to the difference in coverage rate
according to the experimental silanization protocol, it seems interesting to determine the
concentration of APTES molecules grafted on SnO> for each method. Considering one silicon

atom for each APTES molecule, these concentrations were estimated calculating the silicon

12



concentration per unit area using the ratio of the intensities of Si 2p and Sn 4d photoelectron
peaks. The choice of these peaks, especially Sn 4d which is much less intense than Sn 3d, was
motivated by the fact that several assumptions can be made due to the position at high kinetic

energies of these transitions as we will see below. For the purpose of this calculation, we define

three thicknesses: d \,, , dg; and dpres. These parameters are presented in the Fig. 7 and

correspond to different portions of the APTES film.

NH, NH, NH, NH, """ 7777777 K777
? § dC;‘;\THS d
. A ) P ——— APTES
/S'\o/? 0/§'\0/S|'\ ___________ dSi
I ? 9 I A 4

(o] (o] o

[ SnO, ]
Fig. 7. Schematic illustration of the different portions of the APTES film considered for the
calculation of the APTES surface concentration using the ratio of Si 2p and Sn 4d intensities.

Using the description in Fig. 7, the intensities of Si 2p and Sn 4d can be described as shown in

equations 1 and 2.

) —d.
= Si S C3NHg
Eqg. (1) ISin - KTSinO-SinNSi;tSin cosd l_eXpLWJ stin
Ea. (2) lsnag = KTs4405n4d NSnﬂSSr?A% Cos O x ks/?:thES
with

K' depending on instrumental factors and analysis conditions (K is the same for all elements

during the analysis of a given specimen),

T, the transmission function of the spectrometer at a kinetic energy corresponding to the

photoelectron peak A,

13



o, the photoionization cross section of the core level A,

N, the atomic concentration per unit volume of the element x,

6 the escape angle of photoelectrons with respect to the normal of the surface of the analyzed

specimen,

ky =exp [WLMGJ the attenuation factor of an electron of A in the matrix M and
A COS

/1,2" the inelastic mean free path for an electron A in the matrix M.

Concerning the inelastic mean free path two methods were applied. The values of Siizp and Ao

were estimated using the TPP2M method [31] which give respectively 30.8 A and 24.1 A. As
regards the value of A5, , one may assumes that dg; << Ag,, which allows to modified the

equation 1 and express the intensity of Si2p as a function of the silicon atomic concentration per

unit area in equation 3.

NHq
Eq. (3) ISin = TSinGSinnsi XkSCi32p

With ng = Ngd

The silicon surface concentration can be consequently expressed in function of the ratio of the

intensities of Si 2p and Sn 4d following the equation 4.

sno, APTES
lsi P o TsnadFsnaa NenAaag C0SO  Kgug

K CaNHe

Eq. (4) n; = T
si2pOsi2p Si2p

ISn4d

For Ay, and 2551 , @ method using quantitative structure-property relationships in organic

materials [32] was used. Inelastic mean free paths were determined using the following

expression:

3.117(°4)+0.4207N

rings E/k vV 0.79
. (E/keV)

Eq. (5) A(nm) =

non—H
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With

N,igs the number of aromatic six-member rings in the molecule,

N the number of atoms in the molecule excluding hydrogen,

non—H

E the Kkinetic energy of the electron travelling through the molecule and

sWY

non-H atoms

1
2= Z {—j the zeroth-order valence connectivity index of the molecule and

5" the valence connectivity index which depends on the hybridization state and number of
hydrogen atoms bonded to the atom considered. Values of 5" were taken from literature using

Bicerano work [33].

The values of inelastic mean free path and associated attenuation factors, assuming a collecting

angle @ of 50°, are presented in the Table 1.

Table 1. Values of inelastic mean free path A and associated attenuation factor k calculated using
the Cumpson method [32] for an electron with kinetic energy E travelling through a given matrix

with thickness d.

Matrix Peak, E Kinetic aMarix(A) AN (nm) e i
(eV)

APTES Sn 4d, 1461 8 6.01 0.81

CsNHs Si 2p, 1384 ~6 4.83 0.82

According to Table 1, the equation 4 can be simplified due to a ratio of the attenuation factors
ko and kg3y ™ close to unity. Moreover, the kinetic energies of Si 2p and Sn 4d are closed
together and in range where the variation of the transmission function is weak. Following these
assumptions, the silicon surface concentration ns; corresponding to the surface concentration of

APTES molecules naptes can be described by:
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It is worth noting that the main uncertainty on the estimation of APTES surface concentration
comes from the electron collecting angle & due to the roughness of the SnO- substrates.
However, results of atomic force microscopy measurement, not presented here, have shown
comparable roughness for the three substrates used which allows comparing the three processes

of silanization in terms of surface concentrations of grafted APTES molecules.

Calculations were carried out with Scofield cross section of 0.817 for o, ,, 2.7 for o,, and

using an atomic concentration per unit volume of Sn in SnO2 of 2.77 x 10?? atoms/cm?®. Table 2
reports the calculated covalently grafted APTES concentrations after the different synthesis ways
of SnO2-APTES (anhydrous and hydrous liquid and vapor silanization). All the SnO2-APTES
films were annealed after silanization at 110 °C, so no physisorbed APTES molecules present in

the films.

Table 2. Calculated concentrations of APTES grafted on SnO; obtained by different synthesis

ways.
napres (molecules/cm?)
SnO2-APTES (vapor phase) 4.7x10%
Sn02-APTES (hydrous liquid) 9x10
Sn0O2-APTES (anhydrous liquid) 4.24x101

The SnO2-APTES carried out by liquid silanization in presence of 5 vol% HO indicates the
highest naprrs. This means that more APTES is present on the SnO; surface. The presence of
H20 hydrolyzes ethoxy groups of the APTES to silanol groups which enhances the condensation
reaction with hydroxyl groups of SnO> and polymerization of APTES [17]. With vapor
deposition and with liquid synthesis without water, the condensation is less favored due to the
absence of water. In addition, vapor route and liquid silanization without water lead to almost the

same concentration range (napres =4.7x10* and naprps =4.24x10%, respectively). Therefore,
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hydrous solution may have promising role in the silanization process superior to vapor or

anhydrous.

3.3. Thermal stability of APTES

To study the thermal stability of APTES, samples were in-situ annealed at 110 °C (synthesis
annealing temperature), 200 °C, 300 °C and 400 °C for 4 h at a pressure of 5.10° mbar. The
evolution of the intensities of N 1s, C 1s, Si 2p, and Sn 3d are presented in Fig. 8. The decrease
of the N 1s peak intensity with temperature can be explained by the partial thermal degradation of
amine group between 110 °C and 400 °C, while at 500 °C no more amine groups are present on
the surface. The evolution of the intensity of C 1s peak suggests also a decrease in the amount of
carbon on the surface upon thermal treatment which is related to the degradation of different
carbon bonds. After 4 h treatment at 500 °C, a presence of carbon at the surface was still
detected. This residual carbon was assigned to Si-CH> bonds as the annealing treatments show no
effects on the intensity of the Si 2p peak. The intensity of Sn 3d peak depends on the attenuating
APTES overlayer. The increase of the intensity of Sn 3d peak with temperature is consequently
in accordance with the progressive degradation of the APTES film as the temperature increases.
However, Sn 3d is still less intense for SnO2-APTES heated at 500 °C than for pure SnO>. This
could be related to the remaining silicon layer on the base SnO2 metal oxide surface. This study
of APTES thermal stability on SnO. showed that APTES grafted molecules started to degrade at

110 °C; organic part was removed when heating while Si atoms stayed attached to SnO..
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Fig. 8. Evolution of N 1s, C 1s, Si 2p and Sn 3d intensities in function of temperature for 4 h

annealing treatment of SnO>-APTES synthetized in vapor phase.

4. Conclusion

APTES was deposited via vapor and liquid phases on SnO> films to compare the synthesis
effects. Liquid phase silanization with water clearly demonstrates more APTES grafting than
vapor and liquid phase silanization without water. Water during the liquid phase silanization

enhances the polymerization of APTES on the surface. Interestingly, 4 h reaction and 50 mM
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were found to be sufficient to saturate the SnO; film by APTES molecules. Furthermore, thermal
treatment of APTES film on SnO.-APTES shows that the APTES start to degrade at temperature
above 110 °C, while no notable change in the amount of silicon between 110 °C and 500 °C is
observed. Amine groups had totally disappeared after heating the film at 500 °C. We have
calculated the concentration of APTES by calculating the amount of Si on the surface. The
number of Si atoms of SnO2-APTES synthesized by liquid without water and vapor silanization
is respectively 4.24x10%* atoms.cm™ and 4.7x10* atoms.cm2, while it is 9x10** atoms.cm™ with
the addition of 5 vol% H20. In addition, the concentration of grafted APTES determined by XPS
analyses are in good agreement with the previous ATR-FTIR results which confirm that the
liquid route in the presence of water leads to more APTES grafting onto SnO: indicating an
almost 50% improvement. Future research is needed to apply these promising initial results to

more concrete applications in gas and bio sensors or related domains.
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