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Abstract

Porous silicon (p-Si) has emerged as a versatile material with immense potential in biomedical, optical,
and sensor applications due to its high surface area and tunable surface chemistry. However, to fully exploit
its capabilities, surface modification is essential to enhance its chemical stability and functional performance.
This study focuses on the surface functionalisation of p-Si using 3-Aminopropyltriethoxysilane (APTS), a
silane coupling agent known for introducing amine functionalities onto silicon-based surfaces. The process
involves the hydrolysis and condensation of APTS molecules, forming covalent Si—O—Si bonds with the p-Si
surface, resulting in a stable organosilane layer. The presence of terminal amine groups facilitates further
conjugation with biomolecules or nanostructures, broadening the applicability of p-Si in areas such as
biosensing, drug delivery, and nanoelectronics. The study also explores the characterization techniques
employed—such as FTIR, contact angle measurements, and SEM/AFM imaging—to confirm successful
functionalisation and understand the morphology and surface chemistry alterations. The findings demonstrate
that APTS treatment is an effective strategy for enhancing the functional versatility of porous silicon surfaces.
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Introduction

The present study explain a simple silanization reaction to modify/functionalise nanostructured porous
silicon surface preapred at different current densities to obtain different pore sizes. This functionalized surface
can be exploit for further use in biosensors, target drug delivery and nanomedicine.

The desirability of constructing silicon-based optoelectronic devices and chemical and biological
sensors has prompted considerable developments in the surface chemistry of luminescent porous silicon (PS)
[1-7]. The significantly increased surface interaction area of PS can enhance the detection signal, in either
fluorescence or electrical measurements. The characteristic photoluminescence (PL) of PS makes it a special
functional material for colorimetric sensing. The mesoporous nanostructures of PS can reflect light and thus
coupled biomolecules can be sensed by optical reflectivity to reveal the thickness change. Therefore, PS-based
biosensors can be of significant use in medical, chemical, and bio-technology etc. In all biological
applications, an interfacing biomolecular interaction is required for developing sensing devices. A stable and
reproducible attachment of biomolecular probes on a surface, for the sensitive and specific capture of soluble
receptors, is a prerequisite for following operations. An efficient immobilisation method must lead to a high
surface coverage of biomolecules attached through a stable and easily formed linkage, while leaving a wide
accessibility for the target molecule to enable biomolecular interactions. Although quite a few physical and
chemical approaches have been employed to immobilise biomolecules, covalent grafting is mostly preferred
because of the stability and reproducibility of the fabricated devices [8].
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Among several organic molecules that can self-assemble on silicon surfaces and modify their intrinsic
properties, silane molecules have been widely used [9] as an initial step to covalently attach adhesion
promoters and cross linkers [9-12]. The silane 3-aminopropyltriethoxysilane (APTS) is one of the most
common precursors [ 13] which, by following the appropriate process, can leave amine groups (NH») available
for reaction with either a cross-linking agent or directly with a molecule and thus provides a reliable interface
between biomolecules and a wide range of materials (Fig.4.1) [14-16].

(a) (d)

L>< (c) ":"c,.-':  oae
£ 2 FY e O A
\j 2 S \;:. ©
£ (b) &y 3

L
s

= / = T
£ _ ﬁ;ih*_ﬁ Anﬂﬁ{}.&c

X1

Figure 4.1. A selected number of functional groups that can be covalently attached to APTS modified silicon
surfaces (a) DNA, (b) antibodies, (c) proteins, and (d) carbohydrates.

Silanes are attached through the formation of a Si-O-Si bond between the surface and the silanol groups. In
addition to this covalent attachment, a broad range of available chemical functionalities at the other functional
end of the silane molecules allows flexible adaptation of the surface for various applications. Particularly,
APTS has been widely used because of its amino terminal group [17-20], which makes APTS especially
attractive for biotechnology purposes such as DNA microarrays [21], protein arrays [22], and sol-gels. [23]
APTS can form a covalently attached self-assembled film (SAM) on a wide variety of substrates [24-27]
including hydroxyl-terminated silicon oxide substrates [25-27]. The reaction of the bond formation between
the silicon oxide surface and the APTS molecules proceed with the hydrolysis of the alkoxy groups (first step)
followed by the covalent adsorption of the resulting hydroxysilane (second step) [28]. The presence of water
at the surface of the silicon surface is therefore necessary to catalyze the reaction as it is responsible for the
first step of the reaction, but control of the moisture (physisorbed water layer) is key for the quality of the
interface [12, 29].

In the present study, we report the surface functionalisation of nanostructured PS prepared at different current
densities (Is) 20 and 50 mAcm-2, respectively. Here, the organic functionalisation of the PS surfaces was
performed by APTS treatment. Furthermore, characterization of these organic monolayers by Fourier
Transform Infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and Photoluminescence
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(PL) spectra has been used to evaluate the reactivity and the chemical stability of the modified surfaces in
normal ambience and humid conditions.

Sample Preparation:

For surface functionalisation using APTS porous silicon samples at current density (Is) 20 and 50 mA cm™
were made by treated with RCA cleaning procedure which consist of two steps SC1 and SC2. Anhydrous
APTS (98%) and anhydrous toluene (99.8%, <0.001% water) were used for silanization. For APTS treatment,
porous silicon samples were immersed in a 0.5% (v/v) solution of APTS in anhydrous toluene and incubated
for 3 hours at 85° C. After the reaction, the functionalized porous silicon samples were removed from the
APTS solution and rinsed with fresh anhydrous toluene. For stability studies both samples were exposed to
humid conditions for 30 days. After functionalisation samples were characterized by using PL, FTIR and
XPS.

Results & Discussion
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Scheme 1 explicates the silanization process on PS surface in an inert atmosphere at room temperature. The
silanization reaction is initiated by a catalytic hydrolysis of the silicon—hydrogen groups and then abstraction
of the surface -OH with alkoxysilane. Freshly prepared PS is dominated with Si—H species uniformly as
shown in scheme 1 (A). The second step involves a chemical oxidation of the Si—H surface to form the Si—
OH intermediate (B). Hydroxyl-terminated PS is treated with APTS shows presence of amine groups (NH>)
covering the surface (C) which can further be utilized for reaction with either a cross-linking agent or
immobilization of biomolecules.

PL studies

Fig. 4.2. shows PL spectra of as anodised PS (Fig.4.2 (a)) and APTS treated PS (Fig. 4.2. (b)) prepared at 14
~20 mA cm™. The APTS-treated PS film shows a PL quenching with considerable decrease in PL intensity.
This irreversible quenching can be attributed to a chemical modification of the PS sample that generates non-
radiative surface traps resulting in decrease in PL intensity upon APTS attachment [30]. It could also be due
to energy or charge transfer from the PS to the APTS [31]. APTS being a charge acceptor indicates that the
quenching of PL occurs via a charge transfer mechanism.
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Figure 4.2 PL spectra of PS at I¢~ 20 mA ¢cm™ (a) as-anodized and (b) APTS treated

Fig. 4.3 shows PL spectra of as anodised PS (Fig. 4.3 (a)) and APTS treated PS (Fig.4.3 (b)) prepared at Iq
~50 mA cm™. The APTS treated PS film at Is ~20 mA cm™ shows PL quenching with decrease in PL intensity
but less than APTS treated PS film prepared at Is ~50 mA cm™. Enhanced quenching in case of high porosity
film (Is ~50 mA ¢cm™) may be due to increased surface area for APTS adsorption. Upon APTS adsorption
only PL intensity decreases but there is no shift in PL peak position which means that the porous morphology

remains unaltered by silanization reaction.
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Figure 4.3 PL spectra of PS at Is~ 50 mA cm™ (a) as-anodized and (b) APTS treated
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Hydrogen-terminated PS surfaces, obtained by electrochemical etching in fluoride containing media,
oxidize slowly in air, leading to slow degradation of photoluminescence (PL) and concomitant degradation of
the electronic properties. Many studies have been focused on the formation of silicon oxide species under
thermal, electrochemical, or chemical oxidation conditions to stabilize the H-terminated surface [6, 7]. The
decay of PL intensity is a good indication of the stability of PS films particularly of surface bond
configurations [2]. In Fig. 4.4, decay of the PL intensity at the peak wavelength under humid conditions for
PS films formed as-anodized and APTS-treated PS at I¢~ 20 (Fig.4.4 (a) (b)) and 50 mA cm? (Fig. 4.4 (c)(d)),
are compared. The PL peak position was recorded for different times corresponding to a fixed wavelength. As
shown in Fig. 4.4, significant decay of the PL intensity is observed for fresh PS film as compared to the APTS
treated films. Under humid conditions, the rate of PL decay for fresh PS film at I¢ ~20 mAcm™ is ~ 0.74 while
in sample made at Is ~50 mAcm™ its value is ~0.71. The rate of PL decay for APTS—treated PS prepared at
20 and 50 mA cm are ~ 0.53 and 0.50, respectively. The above results indicated that the formation of stable
surface and correlates with the superior mechanical stability of APTS-treated PS films prepared at 14 ~50
mAcm™ as compared to PS films formed at Is ~ 20 mA ¢cm™ and fresh (as-anodised) PS film.
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Figure 4.4. PL decay under humid condition (a) fresh PS and (b) APTS-treated PS at Is ~ 20 mA cm™ and (c)
fresh PS and (d) APTS-treated PS corresponding to Is ~50 mA cm™

FTIR Studies

Fig. 4.5 (a-d) shows FTIR spectra of Fresh PS and APTS-treated PS corresponding to I¢~ 20 mA cm. From
Fig. 4.5 (a), for I~ 20 mA cm?, fresh PS surface shows the Si-Hy stretching mode at ~2111 cm™!, Si-Hy
bending modes at ~907 and 630 cm™'[32]. A weak signature of O atoms either bonded to Si at ~1235 cm' is
visible. The FTIR spectrum of freshly (as anodised) prepared PS sample after exposure to humid conditions
for 30 days is shown in Fig. 4.5 (b). The prominent increase in peak intensity ~1250 cm™ may be due the
presence of Si—O-Si mode under humid conditions but the intensity of hydride-terminated surface ~2100 cm”
!'is only reduces marginally as compared with that of the freshly prepared sample. This indicates that the
hydrolysis of the Si-Hx groups on the surface of PS is very difficult in a pure water [33]. IR spectrum of PS
oxide surface (after SC2) exposed to APTS shows a band peaking near 1145 cm™ (Figure 4.5 c). This band
e oo oo
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correspond to a combination of Si-O-Si vibrational modes including those of bonds formed between the silane
and oxide surface, cross-linking between silane molecules at the surface, polymerization of silane, and
unreacted Si-O-C (ethoxy) groups[12]. Bands in the region of 2800-2990 cm™! (centered at 2942 cm’!) and the
most prominent feature for all spectra is located

~1500-1700 cm™! (centered near 1580 cm™!) are assigned to CH. stretching and NH; bending, respectively [12,
34]. The above IR results prove that APTS had been grafted onto the PS surface. Fig. 4.5 (d) shows the IR
spectrum of APTS treated PS under humid condition which shows a appreciably increase in oxide related
species Si-O-Si (1100-1200 cm™) and decrease in the peak intensity of region ~1500-1700 cm™'. The above
IR spectra indicate that APTS treated PS is more stable than freshly prepared PS under humid condition.
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Figure 4.5 shows FTIR spectra of (a) Fresh PS, (b) Fresh PS under humid ambience, (c) APTS-treated PS and
(d) APTS-treated PS under humid ambience corresponding to Is~ 20 mA cm™

Fig. 4.6 (a-d) shows the IR spectra of fresh PS and APTS-treated PS corresponding to Iq~ 50 mA cm™. The
IR spectrum of a freshly hydride-terminated PS is shown in Fig. 4.6 (a). It exhibits a typical tripartite band
for Si—Hx stretching modes 2060- 2146 cm™ (2060 cm™! for Si-H, 2104 cm! for Si-Hz , and 2146 cm™ for
Si-H3). The Si-Hx bending modes exhibit absorptions at 909 and 633 cm™!, respectively [8]. Under humid
conditions it is found that no obvious change in the absorptions related to Si—Hx vibrations of as prepared PS
indicating that the hydrolysis of the Si—Hx on the surface of PS is negligible in the pure water atmosphere
(Fig. 4.6 (b)). The appearance of a peak with higher intensity around 1142 cm™ is indicative of Si—O-Si
stretching mode under humid ambience due to oxidation. Other peak at ~ 2900 cm™ represents C-H stretching
modes which is due to presence of hydrocarbon could be incorporated through slight atmospheric
contamination of freshly prepared PS [7,35]. The hydrolysis of the H-terminated PS surfaces to form hydroxyl-
terminated surfaces is accomplished for grafting biomolecules using a well-developed silanization process
and subsequent chemical functionalization Figure 4.6 (c-d) shows the spectra characteristic of PS surface

.o ..o - __________________________________________________________________________________|
©IJARPS JOURNAL, 2023 WWW.IJARPS.ORG 40



eISSN 2583-6986

IDEALISTIC JOURNAL OF ADVANCED RESEARCH IN PROGRESSIVE SPECTRUMS (IJARPS)
A MONTHLY, OPEN ACCESS, PEER REVIEWED (REFEREED) INTERNATIONAL JOURNAL
Vol. 02, Issue 07, July 2023

functionalized with APTS molecules when the reaction is complete at room temperature and its stability study
under humid conditions. Upon treatment of PS film with APTS the spectral region ~900-1250 cm™! involves
the Si-O-Si stretching modes, including those formed by attachment of APTS to the oxide surface. However,
in addition to the Si-O-Si stretching mode that originate from direct bonding of the APTS molecule to the
Si0; surface, this spectral region also contains the SiO-C stretching mode and the SiO-CH>CH3 rocking mode.
The IR spectrum of APTS-treated PS film as shown in Fig. 4.6 (¢) shows presence of new peaks which are
characterised by the aliphatic C-H stretching modes at ~2844 and 2936 cm™' corresponding to CH> symmetric
and asymmetric stretching modes respectively [12, 34, 36]. In Fig. 4.6 (c¢) IR absorption bands are observed
at ~1640 cm™!, assigned to the bending band of NH, and that at ~1580 cm™ to the bending band of protanated
amines (-NH>") [8, 37]. A weak peak at 1494 cm! is attributed to the C-H, deformation mode [38]. The
corresponding N-H stretching vibration at 3300 cm™ is more difficult to observe because of its weak dipole
moment, and is often too weak to detect for film coverage [12]. Under humid conditions, the FTIR spectra of
fresh PS film is modestly affected with the increased peak intensity of Si-O-Si related mode at ~ 1219 cm’!
[12,13] and negligible decrease in NH; related species (Fig. 4.6 (d)). Thus, oxidation by means of humid
conditions has not as much of effect on the properties of APTS-treated PS films which shows the chemical
stability and inertness of PS films after APTS-treatment. These results are also supported by PL decay studies
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Figure 4.6 FTIR spectra of (a) Fresh PS, (b) Fresh PS under humid ambience, (c) APTS-treated PS and (d)
APTS-treated PS under humid ambience corresponding to Is~ 50 mA cm™
XPS Studies

XPS experiments are performed to elucidate the composition of molecule attached, the valence states of
various element present and to determine the level of molecule attached. Fig. 4.7 (a-d) shows the full XPS
survey spectra of fresh PS and APTS-treated PS films at I4~ 20 and 50 mAcm™. Fig. 4.7 (a) and (b) shows
the XPS spectra of fresh PS films at I¢~ 20 and 50 mA ¢cm™ , respectively both spectra displays the following
... _________________________________________|
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peaks at 284.6, 531.7, and a doublet at 99.0 and 102.9 eV corresponding to C (1s), O (1s) and Si (2p),
respectively. [8, 38] After APTS treatment, N(1s) XPS signal at 401.3 eV appears in both cases may be
attributed to incorporation of amines-NHb> species on the surface of APTS-treated PS films Fig. 4(c) (d). The
intensity of N (1s) signal is higher in PS sample prepared at Is~ 50 mAcm™ (Fig 4.7 (c)) as compared to the
PS sample prepared at Is~ 20 mA cm™ (Fig 4.7 (d)) [8].
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Fig. 4.7 XPS survey spectra of (a) fresh PS at Is~ 20 mAcm™, (b) APTS-treated PS at I¢~ 20 mAcm™?, (c)
fresh PS at Is~ 50 mAcm™, and (d) APTS-treated PS films at I4~ 50 mAcm™

Fig. 4.8 shows the Si (2p) core-level XPS spectra for fresh PS, APTS-treated PS and their corresponding
spectra under humid ambience. From Fig. 4.8.1 (a) and Fig. 4.8.2 (a) for fresh PS prepared at Iy ~20 and 50
mAcm™?, respectively, the Si (2p) core level spectra shows the doublet at 99.0 and ~103 eV which indicates
that Si exists in two different environments pure Si and oxidized Si, respectively [12].

Fig. 4.8.1 (b) and Fig. 4.8.2 (b) shows a reduction in Si (2p) spectra in the region of 99 eV peak for both lower
(Is ~20 mAcm™ and higher porosity (Is ~ 50 mAcm?) PS films after treating with APTS. The Si (2p) spectra
shows increase in 103 eV peak for PS film corresponding to I¢~ 50 mA cm? (Fig. 4.8.2 (b)) as compared to
APTS-treated PS prepared at Is~ 20 mA cm™ (Fig. 4.81 (b)). Increase 103 eV peak area may be due to
utilization of Si-O —Si bonds are utilized during silanization reaction which indeed is a measure of the amount
of APTS adsorbed at the surface (which is also mentioned in FTIR studies section).

Under humid ambience, the Si(2p) XPS peak intensity corresponding to pure Si (~ 99.1 eV) decreases
drastically for fresh PS films and this effect is felt more for low porosity PS film (Iq ~20 mA cm) as evident
from Fig. 4.8.1(b). This result is in sharp contrast to that of APTS-treated PS which shows no appreciable
change in Si-core level XPS peak intensity corresponding to pure Si (~99.1 eV) under humid ambience for
both lower (Is ~ 20 mA cm™) and higher porosity (Is ~50 mAcm™) PS films. Under humid ambience, the
reduction in the XPS peak intensity for pure silicon is higher for fresh PS films as compared to APTS-treated
e oo oo
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PS films indicating higher degree of oxidation for fresh PS films as compared to APTS-treated PS films which
is evident from the above results. Upon oxidation, the rate of decrease of XPS signal for Si(2p) core level is
significant for fresh PS as compared to APTS-treated PS which shows that APTS-treated PS films are
relatively stable under oxidation conditions as also elucidated by PL decay and FTIR results respectively [39].
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Fig. 4.8.1 Si (2p) core-level XPS spectra for (a) fresh PS, (b) fresh PS under humid ambience, (c) APTS-
treated PS and (d) APTS-treated PS under humid ambience at Ig ~20 mAcm™

50 |

100 (a) 40

(b)

80 | 30

Y Axis Title
Y Axis Title

20 -

T T T T T T T T T T T T T T T
94 96 98 100 102 104 106 108 96 98 100 102 104 106 108
X Axis Title 704 X Axis Title

1 (@
(c)

. 50
40
7 30
| 20
10
| ol

T T T T T T T T T 1
98 100 102 104 106 98 100 102 104 106 108
X Axis Title X Axis Title

=
&

Y Axis Title
Y Axis Title

N
8

o

Fig. 4.8.2 Si (2p) core-level XPS spectra for (a) fresh PS, (b) fresh PS under humid ambience, (c) APTS-
treated PS and (d) APTS-treated PS under humid ambience at I ~50 mAcm™

Fig. 4.9 (Fig. 4.9.1 & Fig. 4.9.2) shows the O (1s) core-level XPS spectra for fresh PS, APTS-treated PS and
their corresponding spectra under humid ambience corresponding to 14 ~20 & 50 mA cm™, respectively. From
O(1s) core level spectra both fresh PS Fig. 4.9.1 (a-b) and APTS-treated PS Fig. 4.9.2 (a-b) films in normal
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ambience exhibit similar XPS peak intensity at ~531. 7 eV but under humid conditions, O(1s) peak
corresponding to fresh PS (Fig. 4.9.1 (c-d)) shifts to higher binding energy (~532.2 e¢V) while O(1s) core-
level intensity and peak position remains the same for APTS-treated PS film (Fig. 4.9.2 (¢-d)) indicating
higher level of oxidation for the former than for the latter. The effect of oxidation for fresh PS is severe for
lower porosity sample (Fig. 4.9.1 (d)) as compared to higher porosity sample (Fig. 4.9.1 (d)) under humid
conditions. From O (1s) core-level XPS spectra, it is evident that under humid conditions, APTS-treated
treated PS film prepared at Is~50 mA cm™? is quite stable which commensurates well with other XPS core-
level and FTIR studies.
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Fig. 4.9.1 O 1s core-level XPS spectra for fresh PS and fresh PS under humid ambience at 14 ~20 and 50
mAcm™
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Fig. 4.9.2 O 1s core-level XPS spectra for APTS-treated PS and APTS-treated PS under humid ambience at
Ia ~20 and 50 mAcm™
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The C (1s) core-level XPS spectra corresponding to Is ~20 & 50 mA cm? is shown in Fig. 4.10.1 and Fig.
4.10.2, respectively with peak at ~284.6 eV demonstrate that the fresh PS films exhibits lower carbon content
as compared to APTS-treated PS films which can be attributed to an increase in C-like species (C and C-N)
upon silanization. However, under humid conditions, C(1s) core-level intensity decreases marginally for
APTS-treated PS film prepared at 50 mA cm™ Fig. 4.10.2 (d) whereas the both fresh PS films shows a
considerable increment in C(1s) XPS intensity possibly resulting from the atmospheric carbon contamination
(Fig. 4.10.1(b) and Fig. 4.10.2 (b)).
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Fig. 4.10.1 C 1s core-level XPS spectra for (a) fresh PS, (b) fresh PS under humid ambience, (c) APTS-treated
PS and (d) APTS-treated PS under humid ambience at I4 ~20 mAcm™
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Fig. 4.10.2 C 1s core-level XPS spectra for (a) fresh PS, (b) fresh PS under humid ambience, (c) APTS-treated
PS and (d) APTS-treated PS under humid ambience at I4 ~50 mAcm™
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Fig. 4.11 N 1s core-level XPS spectra for APTS-treated PS and APTS-treated PS under humid ambience at 14
~20 and 50 mAcm™

Fig. 4.11 (a-d) shows N (1s) core level XPS spectra corresponding to Is ~20 & 50 mA cm™, respectively
under normal and humid ambiance. N(1s) core level XPS spectra shows a peak position at ~399.0 eV for both
APTS-treated PS films (I4 ~20 & 50 mA cm). The increment in N-signal with similar peak position in APTS-
treated PS films prepared at I¢ ~50 mA cm™ (Fig. 4.11 (b)) as compared to APTS-treated PS films at I ~20
mA cm (Fig. 4.11 (a)) indicates increment in NH» species on the surface of PS with large pore size this may
provide large surface area resulting in better adsorption of APTS molecules. Under humid condition there is
a decrease in N(1s) peak intensity which is more in case of PS film prepared at low current density PS film
Fig. 4.11 (c) than the PS prepared at high current density (Fig. 4.11 (d)) and later is stable and resistant to
oxidation. The absence of higher binding energy component here implies absence of any decomposition
product of the APTS precursor.

Conclusion -

We have presented a simple silanization reaction to modify/functionalise PS surface preapred at two current
densities Is ~20 & 50 mA cm™. This reaction proceeds by hydrolysis of the surface silicon—hydrogen groups
that generated hydroxyl-terminated surfaces from freshly prepared PS. The functionalization of the hydroxyl-
terminated PS surface with silanization reagents proceeds by abstraction of SiO: to form an organic
monolayer. The resulting monolayer is stable under a variety of humid condition and retains the intrinsic
structural properties of the PS layers. Surface functionalisation of nanostructured PS films and their stability
under humid condition are characterised using PL, FTIR and XPS techniques. PS films prepared at 14 ~ 50
mA cm, having high PL intensity and stable surface bond configurations, as compared to PS film prepared
at I¢ ~20 mAcm™ conforms its viability for the effective biofunctionalisation using APTS as precursor which
can ensures covalent linking between the surface and biomolecules. The ease of this method of
biofunctionalisation and low cost technique opens the possibility of using biofunctionalised PS in biosensing
devices, microarray technology, organic semiconductors, and many other biotechnology and physics
applications.
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