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This paper highlights some interesting results regarding the Single walled carbon nanotubes (SWCNTs)
functionalized by carboxylic acid, which were dispersed with ultrasonic vibration and implanted using 3
aminopropyltriethoxysilane (APTES) solution on a porous pyramidal silicon (PPS) surface. The physical
characterizations of the samples were studied by both Scanning Electron Microscopy (SEM) and Atomic
Force Microscopy (AFM). Also, Fourier transform infrared spectroscopy (FTIR) has been carried out. First,
SEM morphological observations reveals that nano pores dig into the sides of the micro pyramids and
SWCNTs located throughout the area Si pyramidal structure. Second, AFM confirm the information ob
tained by various other techniques such those of electron microscopy. Third, Fourier transform infrared
spectroscopy (FTIR) analysis confirms the chemical bonding between the silicon and SWCNTs. Finally, a
graphical abstract is proposed to describe the implantation steps of SWCNTs on the porous silicon (pSi)
having pyramidal structure.
1. Introduction

Durant the last decade, the carbon nanotubes (CNTs) have
emerged as new materials with a variety of potential applications
[1] [2], and [3]. This is due to their remarkable mechanical, thermal,
optical and electrical properties.

However, many of these interesting and unique properties can
only be realized once the CNTs are integrated into more complex
assemblies: CNTs/Nano composites applications [4] [5], and [6],
particularly in the field emission, solar cells, electronics domains
and enhanced functional materials [7] and [8]. The use of SWCNTs
in the majority of these fields requires control over their placement
and coverage on a surface, because such surfaces on CNTs play an
important role to enhance their performance [9]. Also, it is reported
that pSi seems an ideal biomaterial due to its biodegradability, large
internal surface area and biocompatibility, which leads to many
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applications such as: in biosensor design, tissue engineering and
drug delivery [10].

One particular approach for implementing these properties is
the formation of two scale structured surfaces, micron scale
structured surfaces that also possesses nanometer scale structure
and the attachment of SWCNTs in this specific surface.

The first tries to attach SWCNTs in specific surface was in 2000
with the dicyclohexylcarbodiimide (DCC), mediated assembly of
CNTs onto a surfacewhen Liu et al. [11] attached shortened SWCNTs
to gold. In such work, the amine group forms a cysteamine mole
cule which is used to create an amide linkage to the carboxylic acid
on SWCNTs. The remaining thiol group on cysteamine was then
used to attach to the gold substrate. The same authors used the
AFM to visualize the SWCNTs Au surfaces where they observed
needle like protrusions which were described as SWCNTs perpen
dicularly to the substrate [11]. This initial report was followed up in
2001 by another study in which they described the alignment of
carboxylic acid functionalized SWCNTs on silver. Also, they re
ported that the negatively charged carboxylic acid groups were
electrostatically attracted to the positively charged silver surface
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[12]. Since that time, many attempts have been published, with
CNTs assembled on gold using various amine terminated thiol
monolayers with the predominant application of electrochemical
sensing [13], [14].

Nevertheless, carbon nanotubes were not chemically attached
to silicon until 2006 when Yu et al. [15] attached shortened
SWCNTs to silicon by first hydrogenating a silicon (100) surface and
then reacting with ethyl undecylenate to reach an ethyl undeca
noate self assembled monolayer. The ester terminal of the mono
layer was reduced to an alcohol whereupon the shortened
carboxylated SWCNTs were covalently attached using DCC
coupling. It was found from AFM observations that vertically
aligned SWCNTs were attached to the surface. Cyclic voltammetry
of the surfaces revealed that the SWCNTs to silicon electronic
connection was not strong, indicating that the self assembled
Monolayer (SAM) hindered electron transduction.

In 2007, Yu et al. [16] refined chiefly the approach by hydrox
ylating silicon (100) surfaces and then chemically attaching short
ened SWCNTs using DCC coupling. The SWCNTs arrays formedwere
shown to be oriented vertically and cyclic voltammetry of the
surfaces showed that the surface was suitable for electronic ap
plications. In the same period, Flavel et al. [17] attached SWCNTs to
an amine terminated silane layer (APTES) on silicon. This method
produced well aligned SWCNT arrays using appropriate reaction
between an amine and carboxylic acid to produce a stable amide
linkage. Vertically aligned CNTs arrays produced by wet chemical
assembly have been tested as chemical sensors [16], biological
sensors [14], and photovoltaic devices [18] and [19] where they
have shown promise as a simple method of producing functional
surface bound CNTs arrays.

In 2010, Cameron et al. [7] reported both the chemical attach
ment of functionalized SWCNTs to amino silane modified pSi and
the formation of silane patterns on pSi. In this context, their results
show that pSi pore sizes and porosity increase across the substrate,
SWCNTs coverage decreases concurrently, and their observations
confirm that with decreasing APTES density on the surface, the
coverage of the attached SWCNTs also decreases. In 2012, the same
authors used pSi functionalized with APTES to immobilized
carboxylated SWCNTs [8]. They found that the CNTs surface
coverage noticeably altered the field emission properties of the
surface. Also, their work covered the fact that there was an optimal
coverage at which point there is enough CNTs to produce a large
amount of current proving that CNTs surface coverage has also been
found to have a profound effect on solar cell performance, cell
adhesion and thin film transistors. By 2013, the same researchers
found that both the chemical attachment and patterning of
SWCNTs on pSi exhibit the ability of SWCNTs to capture human
neuroblastoma cells [20].

The novelty in this work is indeed to modify the silicon topog
raphy by a PPS structure [21] and [22] to increase the surface
contacted with the carbon nanotube; and then attached chemically
SWCNTs, on PPS surface and into the nano pores of PPS structure.

Indeed, the problem that persists is the implantation of carbon
nanotubes on PPS surface and into the nano pores of PPS structure,
which imposes to investigate the pore and pyramid size adapted to
the size of SWCNTs.

Micron scale structured surfaces can being done by using
anisotropic etching generally undertaken by using sodium hy
droxide (NaOH), a pyramidal form of silicon was obtained during
this chemical attack. Furthermore, a chemical etching time opti
mization is necessary to obtain a good distribution of all pyramids
along the surface of Si [23] [24], and [25].

Nanometer scale structure surfaces can being done by using
electrochemical etching in HF solutions diluted with ethanol [26]
[27], and [28] to forming the nano porous coating on wafers of Si
pyramids pre textured.
In the present work, an efficient method is provided to control

the pore size using a circular electrode that covers the entire
sample surface to ensure the homogeneity of these pores and their
sizes.

For the implantation of carbon nanotubes on the PPS, we chose
the silanization of SWCNTs functionalized by carboxylic acid
eCOOH with a coupling agent APTES to enhance the interfacial
adhesion between nanotubes and the matrix of the PPS surface and
to help to the dispersion and homogeneous implanting of the
SWCNTs on the same surface [29] and [30]. This silanization
method of SWCNTs allows us to control both the time and the
suitable quantities used as well as concentration [7].

2. Experimental details

2.1. Materials

Single wall carbon nanotubes (SWCNTs) (Fig. 1), containing
carboxylic acid functionality were purchased from Sigma Aldrich.
The diameter range of the SWCNTs was 4e5 nm, the length was
0.5e1.5 mm and the purity is above 90%.

APTES (Fig. 1): with purity of 99% (Aldrich) was used for
attached functionalized SWCNTs with a carboxylic acid on a PPS
structure (Fig. 1). The following reagents were used without further
purification.

2.2. Substrates preparation

P type (1 0 0) oriented silicon wafers were employed for the
experiment. The resistivity of the samples was between 0.01 and
0.02U cm. The size of samples was 20� 20 ±1mm. First, thewafers
were firstly washed by acetone, ethanol, deionized water and iso
propanol. After that, these wafers were immersed in NaOH (1 M)
solution at 85 �C during 6 min to remove Si damage [31] and [32].

Pyramidal silicon structures were formed after chemical
etching; the silicon wafers were rinsed with plentiful deionized
water and dried by blowing Nitrogen gas. Second, porous pyramids
structured silicon layers were prepared by electrochemical anod
ization of heavily electrolyte solution of HF (25%) and EtOH,
respectively. The anodization cell is a Teflon beaker where the c Si
wafer acts as the anode and the cathode is formed by a platinum
wire [3] [26], and [33]. Finally, a computer controlled current source
was used to fabricate porous pyramids structured silicon from
selected current density and time data, as shown in Table 1.

After the electrochemical attacks, all the samples were rinsed
with ethanol and dried in the ambient air for the formation of an
oxide layer SiOx [34] [35] [36], and [37].

Dispersion and implantation steps of SWCNTs were done on
three steps. First step consists on the dispersion of SWCNTs in a
25 ml volumetric flask, carbon nanotubes (1 mg) were mixed with
Dim�ethylformamide (DMF, 10 ml). It was then sealed with a Teflon
cap and dispersed via ultra sonication for 30 min until the mixture
was visually homogeneous (Fig. 2).

Second step concerns the use of the coupling agent APTESwhich
was prepared with different concentrations of 1% and 5% in the
mixtures with ethanol [38]; this solution was made using a 100 ml
Teflon beaker. Each sample of PPS structure emerged from8 h in the
various concentrations of APTES as shown in Table 1, then rinsing
with ethanol to remove the APTES that has not been attached to the
surface of PPS structure. This treatment leads to the formation of
APTES network, which progressively cover the inside of the pores
and the entire porous surface.

In third step, the solution of dispersed SWCNTs was deposited
by spray method on different PPS structure substrates with



Fig. 1. Schematic procedure: (step1) Formation of pyramids on silicon surface; (step2) Porousification of pyramids on silicon surface; (step3) Deposition of APTES in the surface of
silicon porous structured pyramidal; (step4) Deposition of carbon nanotubes on silicon porous structured pyramidal surface with APTES. Substrates preparation.

Table 1
Preparation parameters of the porous pyramidal silicon structures and concentration of APTES and SWCNTs.

Samples Chemical etching (min) Electrochemical etching Concentration of APTES (%) Concentration of SWCNTs (M)

Current (mA) Time (S)

PS 6
PPS 6 60 35
APPS1 6 60 35 1
APPS5 6 60 35 5
CNAPPS1 6 60 35 1 1
CNAPPS5 6 60 35 5 1

Fig. 2. Dispersion of SWCNTs in a volumetric flask.
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different concentrations of APTES. The obtained samples were
heated for 1 h at 120 �C for drying and tailings disposal. The
fabrication process of all the samples step is schematically shown in
Graphical abstract (Fig. 3).
2.3. Characterization techniques

Fourier Transform infrared spectra were recorded in trans
mittance mode at room temperature from 350 to 4000 cm�1 with a
Fourier Transform infrared spectrometer (Perkin Elmer Spectrum
1000). The morphology of the samples was characterized with
HITACHI S 4800 scanning electron microscopy (SEM) and Bioscope
II, Bruker, Atomic Force Microscope (AFM). AFM is a high resolution
scanning probe surface analysis technique, based on the measure
ment of interaction forces between a fine tip and the sample sur
face, these forces depending on the tip sample distance [39] and
[40]. AFM images were recorded with a BioscopeII AFM setup



Fig. 3. SEM Images of: (a) Pyramidal silicon structure (PS), (b) Porous pyramidal silicon structure (PPS), (c) Porous pyramidal silicon structure with APTES (APPS), (d) Porous
pyramidal silicon structure with a low-scale view and a large-scale view (PPS), (e) Porous pyramidal silicon structure with APTES and SWCNTs with a low-scale view and a large-
scale view (CNAPPS).
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(Veeco Brucker, Santa CA) equipped with a G scanner (maximum
XYZ scan range of 150 mm � 150 mm � 12 mm). Samples were
scanned in tapping mode using PPP NCL silicon probes (NANO
SENSORS™) with a spring constant of about 35 N m�1 and a cor
responding measured resonance frequency of about 165 kHz. All
scans were done with scan rates between 0.3 Hz and 1 Hz (ac
cording to the scan size and the scanning mode). AFM data were
processed using the Nanoscope (version 7.30, Veeco).
3. Results and discussion

3.1. SEM morphological study

Fig. 3 shows the SEM results obtained on realized structure. Due
to anisotropic etching of mono crystalline silicon with NaOH so
lution, the whole wafer surface was homogeneously covered (85%
coverage) by pyramidal structure of silicon (PS) (Fig. 3a).

Furthermore, the sizes of the pyramids are not uniform
(2 mme7 mm), the silicon surface with an average pyramid size of
4.5 mm and the facets of the pyramids are all smooth.

This microstructuring of silicon provides an increase in the
surface area with keeping the same size of samples, which make it
an ideal biomaterial in terms of acceleration of their biodegrad
ability [20].

Then the silicon wafers where electrochemically etched to form
multilayered PPS on the pyramids. It is generally assumed that pore
initiation occurs at surface active sites defects or irregularities. The
properties of PPS layer (porosity, thickness, pore diameter and
microstructure) mainly depend on the operating parameters of
layer formation, including the HF concentration ratio, the presence
of surface active compound additives, the duration and the tem
perature as well as the wafer type and its resistivity [7]. The in
vestigations have been focused on visualization techniques,
because the optical, electrical and physical properties of PPS layer
depend strongly on its microstructure.

Fig. 3b, d displays the optical micro and nano imagery of PPS
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samples with low and high magnification. It can be seen that the
surface of Si wafer with PPS shows black color (Fig. 3b) comparing
to Fig. 3a, which indicates much lower reflectance of the silicon
surface. When the magnifications are low, only pyramids could be
observed (Fig. 3b). As the magnification increases, one can see that
the porosification was already fabricated on every facet of pyra
mids, which are distributed uniformly around the whole substrate,
(Fig. 3d). The diameters of the PPS pores are identical and their sizes
are around 20 mm as shown in the zoom of Fig. 3d (for the sake of
clarity). So, it can be noted that the PPS multilayer is nano
structured, and the pyramids remain unchanged after the electro
chemical etching. Thus, they are clearly observed in the plan view
(Fig. 3b). The obtained porosity was about 80% which is in good
agreement with the result found elsewhere [20].
3.2. AFM morphological study

We used AFM to confirm and also to supplement the informa
tion obtained by various other techniques such those of electron
microscopy.

As shown in Fig. 4, the physico chemical treatment of silicon
with APTES has been effective. Indeed, the silanized sample has a
relatively rougher surface than that of the untreated substrate [7]
and [41], the grain size is slightly larger and also note the pres
ence of many aggregates. The average roughness is about 14 nm for
the PPS structure (Fig. 4b) and 3 nm for the silanized surface
(Fig. 4d).

Similarly, in the case of the study of the Chemical fixation of
SWCNTs to an amine terminated silane (APTES), AFM results
confirm those obtained by SEM. So, AFM imaging was completed
for three samples at different concentrations of APTES, 0%, 1% and
Fig. 4. AFM Height image of: (a,b) Porous silicon structure (
5% to determine their influence on the bonding strength and the
surface coverage. As shown in Fig. 5, the deposition of nanotubes
for untreated surface is not very dense (Fig. 5 a, b, c). The contrast of
the corresponding height image (Fig. 5 a, c) is not well resolved
because the deposit nanotubes are not very dense [7] and [41], and
more, the grain size of the silicon surface are of the same order of
magnitude as those of the nanotubes. The “derived signal image”
(Fig. 5b) highlights the sub structures such as nanotubes or grains
of the reference substrate and gives also a “3D view” of the
topography.

As shown in Fig. 5 e, f, g one can make the same observation for
the surface silanized with a low APTES concentration (1%). In this
case, the nanotubes are well deposited but with no preferred
orientation.

However, for intermediate concentration of APTES (between 1
and 5%), the surface can be completely covered can be well covered
but the nanotubes are not well attached. But, once we begin to scan
the surface, the tip gets polluted, possibly by clinging to the tip
SWCNTs which is causing duplication of nanotubes observed in the
corresponding AFM images and that complicates the character
ization (results not shown here). On the other hand, the contrast is
striking for the concentration of APTES of 5%, the SWCNTs density is
high and the surface is completely covered by well deposited
entangled nanotubes as observed in Fig. 5 g, h, i So, it is obvious that
treatment with silane optimizes the recovery by the nanotubes and
ensures their good adhesion. This finding regarding the implanta
tion of CNTs is consistent with the one reported by Cameron et al.
[7].

We conclude that the increase in surface coverage is tributary to
an increase in reactive surface sites and the formation of the more
favorable amide bond, while the entangled is most likely due to the
PPS); (c,d) Porous silicon structure with APTES (APPS).



Fig. 5. AFM image of SWCNTs deposited on: (a,b,c) Structured porous silicon non functionalized with APTES; (d, e, f) Structured porous silicon functionalized with APTES - Low
concentration (1%); (g, h, i) Structured porous silicon functionalized with APTES - High concentration (5%); (a, c, d, f, g, i) Height images; (b, e, h) derived signal.
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less hydrophilic APTES functionalized surface [7] [10], [20] [41]
[42], and [43].
3.3. FTIR structural study

Fig. 7 shows FTIR spectra of the realized structures. To increase
the coverage of SWCNTs on the silicon surface, a PPS surface is
Fig. 6. Schematic representation of (a) oxidized Si (b) oxidized Si after amine immobiliza
synthesized in which an oxide layer SiO2 was formed during the
drying time in ambient air (Fig. 6a), because the instability of SieH
bonds, a layer of APTES was deposited to produce an amine
terminated monolayer (Figs. 3, 4b and 6) that reacts with the car
boxylic acid attached at SWCNTs (Figs. 3 and 6) that forms (or
leading to) an amide layer (Figs. 3, 4c and 6). In the case of Fig. 7a,
the PPS surface displays characteristic SieH vibrational modes at
tion and (c) oxidized Si after amine immobilization and carboxylic acid attachment.



Fig. 7. FTIR spectra of: (a) Pores silicon structured pyramidal (PPS); (b) Pores silicon structured pyramidal with APTES (APPS), (c) Porous pyramidal silicon with APTES and SWCNTs
structure (CNAPPS).
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623, 662, 908, 2112 and 2253 cm�1 corresponding to stretching and
binding vibration modes, and shows the formation of the peaks
corresponding to vibrations of the silicon oxide (SieOeSi) located
at 1072 cm�1 [44] [45], and [46], A weak oxidation peak (silanol)
assigned to 974 cm�1 is attributed to SieOH groups which facili
tates the fixation of APTEs on the PPS surface [47] and a peak at
874 cm�1 is attributed to O3SieH wagging mode.

Once the APTES surface has been filed (Fig. 7b), we observe the
degradation of SieHx bonds due to their instability and a slight
increase in the oxidation of SieOeSi during the time. Moreover, a
broad peak appearing at 900 cm�1 is attributed to NeH2 scissoring
instead of the low oxide peak SiOeH at 974 cm�1, and the one
located at 1550 cm�1 corresponds to NeH2 bending [48]. In the
same line, three small primary amine peaks assigned at 790, 1250
and 1650 cm�1 are related to the urethane bond within the APTES
[49] [50], and [51] On the other hand, there is also a broad vibra
tional peak around 3010 cm�1 attributed to the terminal CH3 group
of the APTES. Also, it is found that the silicon oxide (SieOeSi)
stretching (bending) vibrational peak at 1150 cm�1 still exists but
with low intensity.

We deduce then, that after the filing of APTES there is the
appearance of the amine groups in the PPS surface that promotes
binding of SWCNTs. The final FTIR spectrum displayed in Fig. 7c
corresponds to SWCNTs deposited in PPS with APTES surface. Upon
SWCNTs attachment (Fig. 7c), the amine peaks at around 1250,
1550 and1650 cm�1 disappear, CeH stretching peaks remain and
two new peaks appear at 1200 cm�1 and 2945 cm�1 which are
attributed to the carboxylic acid groups (O]OH) attached on the
surface of SWCNTs (Fig. 1). The large bands at 790 and 850 cm�1

with low intensity is also indicates that the chemical functional
amine (NH2) groups associated with each APTES are reserved after
deposition of SWCNTs which returns that the amount of amine
does not react with all the acid carboxylic. Two new bands
appeared at 1200 cm�1 and 3400 cm�1 corresponding to the amide
bond thus confirms the reaction of amine with carboxylic acid
group.

The FTIR spectra support the formation of an amine terminated
monolayer and the creation of an amide linkage between the APTES
and functionalized SWCNTs (Fig. 4), that confirms the successful
implantation and dispersion of each SWCNTs into the PPS APTES
surface. The higher coverage of SWCNTs observed, (Fig. 3e), is due
to the favorable and stable amide linkage as well as the fact that the
APTES layer does not include any germinal groups further
increasing the stability of the attachment, and the APTES mediated
attachment was considered the best method to produce SWCNTs
PPS substrate.

4. Conclusions

In this work, we successfully constructed a composite structure
combining pyramids, nano porosification, APTES and carbon
nanotubes has been manufactured by both chemical and electro
chemical etchings. Nano pores are formed by changing the time
and the current of the electrochemical etching of a Si substrate
structured pyramids. The optimal condition for the manufacture of
this structure is obtained with a current of 60 mA and 35 s etching
time. Single walled carbon nanotubes functionalized by carboxylic
acid was silanized and implanted in two stages: First step consists
of the surface preparation by direct immersion of PPS structure in
APTES solution at room temperature and ambient pressure. Second
step leads to the implantation of SWCNTs by spray method on PPS
structure.
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Validation of PPS structure created and the chemical attachment
of SWCNTs into this structure by APTES molecules were confirmed
by AFM, SEM and FTIR.

Further investigation on i (v) characteristics as well as the
thermal properties of such structures is in progress. Finally, this
new combined structure may be of interest for various sensitivity
applications such as gas sensors, waste water, biosensors and so on
also, this study paves the way for possible use of this structure as
chemical sensor functionalized by biological entity.
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