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optical and mechanical properties
of Si nanopillars by ALD TiO2 coating†

M. Pavlenko,ab E. L. Coy,a M. Jancelewicz,a K. Załęski,a V. Smyntyna,b S. Jurgaa

and I. Iatsunskyi*a

The mechanical and optical properties of Si and TiO2–Si nanopillars (NPl) were investigated. Mesoporous

silicon NPl arrays were fabricated by metal-assisted chemical etching and nanosphere lithography, and

then pillars were covered by TiO2 using the atomic layer deposition technique. We performed scanning

electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), energy

dispersive X-ray spectroscopy (EDX), Raman spectroscopy, reflectance, photoluminescence (PL)

spectroscopy and nanoindentation to characterize the as-prepared and annealed TiO2–Si NPl. The main

structural and mechanical parameters of TiO2–Si NPl (grain size, strain, critical load, elastic recovery and

Young's module) were calculated. Reflectance and PL spectroscopy were used to study the impact of

morphology on optical properties of TiO2–Si NPl before and after annealing. It was established that the

nanostructures of TiO2 penetrated inside the porous matrix of Si pillar improve the mechanical

properties of TiO2–Si NPl. The results of nanoindentation study have shown that Young's modulus of

annealed TiO2–Si NPl is about three times higher than for the pure Si NPl.
Introduction

Si nanopillars (NPl) are of great interest due to their potential
applications in photovoltaics,1–3 electronics,4,5 sensors and
biosensors,6–8 and nanocapacitor arrays.9 It has been demon-
strated that Si NPl have several advantages over other silicon
nanostructures such as enhanced light absorption,3,10 efficient
carrier transport,11 superhydrophobicity,12 strong carrier
connement,13 and possibility to tune electronic and optical
properties.14 However, because of poor chemical stability and
a high valence band maximum energy of Si comparing to
hydrogen potential, it is difficult to simply use Si NPl in (photo)
electrochemical applications. Therefore, nanocomposite struc-
tures based on Si NPl and metal oxides (e.g. Al2O3, TiO2, ZnO)
have been proposed to eliminate these shortcomings.

It has been shown that nanocomposite materials based on
porous Si (PSi), Si nanowires (SiNW) and Si NPl could demon-
strate unique properties, not observed in other nanosilicon
structures. Recent publications show that nanocomposites
based on nanostructured Si and TiO2 possess enhanced pho-
tocatalytic activity due to their fast photogenerated charge
carrier separation, low reectance and high surface area.15,16

Another broad area of applications of such nanocomposites is
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(bio)sensors.17,18 Authors have shown that combination of metal
oxide nanostructures and PSi matrix, with well-dened struc-
tural properties gives a good possibility to enhance the sensor
signal and sensitivity of the sensor/biosensor through tailoring
structural properties of nanocomposites which is one of the
main and actual problems in the eld of sensors and
biosensors.

Thus, the fabrication of Si NPl nanocomposites, as well as
the study of their physical/chemical and structural properties
will explore a development of new functional materials with
high surface area and advanced properties for applications in
bio-photonics, nanoelectronics or (photo)catalysis. It is also
worth to mention, the optical and mechanical properties of Si
NPl nanocomposites are closely related to their morphology.
Therefore, a thorough study on the effect of morphology on the
optical andmechanical properties of TiO2–Si NPl is missing and
further studies are still required.

A simple method to produce highly ordered Si NPl based on
metal-assisted chemical etching (MACE) and nanosphere
lithography, enabling control of the diameter, length and
density of NPl arrays has been developed.19,20 This approach
allows controlling of the type, level, crystallographic orientation
of dopant, and the orientation of Si NPl relative to the Si
substrate. There is a number of methods to create nano-
composites of Si NPl. But as it was shown in recent researches,
the most preferable method is Atomic Layer Deposition (ALD)
technique.21,22 It does not depend on substrate geometry and
can be applied both for planar samples, 3D patterned substrates
and porous media.23,24 This method allows controlling the
This journal is © The Royal Society of Chemistry 2016
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thickness of nanolayers or size of nanocrystallites inside the PSi
and the chemical composition by controlling the ALD
parameters.

In this work, we report the effect of morphology on the
optical and mechanical properties of the TiO2–porous Si NPl
composite system. To fabricate porous Si NPl, in this present
study we used MACE and nanosphere lithography technique.
Then Si NPl were covered by the TiO2 using ALD. The
morphology and phase composition of fabricated TiO2–porous
Si NPl were studied by the scanning and transmission electron
microscopy (SEM, TEM), XRD, energy dispersive X-ray spec-
troscopy (EDX) and Raman spectroscopy. Optical properties
have been analysed by means of reectance and photo-
luminescence (PL) spectroscopy. Structural, optical, and
mechanical parameters of TiO2–porous Si NPl were estimated,
and the correlation between them will be discussed. The
mechanisms of the PL emissions will be proposed. The struc-
tural and optical changes induced by annealing will be dis-
cussed as well.
Experimental
Fabrication of Si nanopillars covered by ALD TiO2

Ordered arrays of Si (r < 0.005 U cm resistivity, polished on the
(100) face, B-doped) NPl with hexagonal symmetry were fabri-
cated by combination of nanosphere lithography technique and
MACE. Silicon samples (1 � 1 cm2) were rst cleaned by
ethanol, acetone, and then by heating in a RCA solution (an
aqueous mixture of 30% hydrogen peroxide (H2O2), 30%
ammonium hydroxide (NH4OH), and DI water with the volume
ratio of 1 : 1 : 5) at 80 �C for an hour, followed by a thorough
rinse with DI water and drying in a stream of nitrogen (N2).
Polystyrene nanosphere 10% solution (mean diameter 600 nm)
was mixed with an equal amount of ethanol and then applied to
the deposition of a monolayer mask on a clean silicon surface
by oating technique.3 Aer deposition the size of nanosphere
was decreased to approximately 300 nm using reactive ion
etching (RIE) (MicroSys 200) in oxygen plasma. Following
parameters were used: RF power – 70 W, and pressure – 0.6
mbar. A 120 nm Au lm was deposited, as a catalyst, by
magnetron sputtering machine (Quorum Q160T) in Ar atmo-
sphere (50 mA, pressure 10�2 mbar). Then, the samples were
etched in aqueous solution containing HF (40%), H2O2 (30%),
and ultrapure H2O at a ratio of 80 : 80 : 20 H2O2/H2O/HF for 15
min. The Au lm was removed using a solution of Aqua Regia
(HCl (35%) and HNO3 (65%) at ratio 1 : 2) and then samples
were dipped in HF (5%) solution for 3 min to remove native
oxide. Aer all procedures samples of Si NPl were cleaned with
deionized water and blown dry with N2.

The ALD TiO2 was deposited onto the samples of Si NPl using
TiCl4 and water as ALD precursors. The ALD cycle consisted of
0.3 s exposure to TiCl4, 4 s N2 purge, 0.3 s exposure to water and
4 s N2 purge. The temperature of ALD was 200 �C. The number
of deposition–purge cycles was 500 corresponding to approxi-
mately 20 nm of the TiO2 lm on the planar silicon surface. The
growth rate was typically 0.4 Å per cycle for TiO2 on the planar
This journal is © The Royal Society of Chemistry 2016
silicon surface. Aer TiO2 deposition some samples were
annealed at 450 �C for an hour in an ambient atmosphere.
Characterization

Structural and chemical compositions of NPl were analysed by
transmission (JEOL ARM 200F) and scanning (JEOL, JSM-7001F)
electron microscopy (TEM/SEM). The lamellas for TEM were
prepared by focused ion beam (FIB-JEOL JIB-4000) by the
method described in ref. 25. GIXRD measurements were per-
formed on X'pert3 MRD (XL) from PANalytical, working with
a Cu Ka radiation source (wavelength of 1.54 Å) and operating at
45 kV and 40 mA. Raman scattering measurements were per-
formed using a Renishaw micro-Raman spectrometer equipped
with a confocal microscope (Leica). The Raman scattering
spectra were excited by a 514 nm laser. The beam was focused
on the samples with a 50� microscope objective with a numer-
ical aperture of 0.4. Optical properties of TiO2–Si NPl have been
studied with reectance (UV-vis spectrophotometer lambda 950
UV/vis/NIR range 300–1100 nm, 1 nm step) and photo-
luminescence spectroscopy (PL). PL of the samples was
measured at room temperatures using a home-made setup. The
excitation of PL was performed with a nitrogen laser (337.7 nm).
Finally, mechanical properties of the samples were investigated
by nanoindentation (Hysitron TI 950 TriboIndenter) using
a Berkovich diamond indenter at maximum load of 40 mN.
Results and discussion

In order to examine the morphology of pristine Si NPl, and NPl
aer TiO2 ALD, SEM and TEM characterizations were carried
out. Fig. 1(a) shows the typical large-scale SEM image of the
formed Si NPl. Non-uniform distribution of NPl arrays is a result
of the way the polystyrene spheres are oat-transferred onto the
Si substrate. Nevertheless, relatively large areas, up to 10 mm,
are covered with the uniform hexagonal pillar arrays.

The cross-sectional TEM image of Si NPl is presented in the
Fig. 1(b). The distance between two adjacent pillars is approxi-
mately 0.7 mm, the diameter and the height are 0.4 and 1.5 mm,
respectively. Geometrical parameters of fabricated NPl could be
controlled by varying the MACE and nanosphere lithography
procedures. The outer surface of NPl is rough and porous. The
roughness of the Si NPl is due to the roughness in the outer
edge of polystyrene spheres (Fig. S1†). The porosity can be
observed more clearly in the high-magnication SEM and TEM
images of the NPl (Fig. 1(c–e)). Pillars have a mesoporous
structure with an average pore size less than 10 nm. Below Si
NPl a mesoporous layer of 1.5 mm thick can be also observed.
Bechelany et al. proposed one of the possible mechanism
responsible for sidewall etching.26 They have shown that gold
assisted chemical etching (vertical etching) is in competition
with chemical isotropic etching (sidewall etching) of the bulk Si
enhanced by its high dopant concentration. Aer 500 cycles of
ALD a conformal TiO2 layer on the Si NPl was obtained
(Fig. 1(f)). It is difficult to identify any individual grains of the
TiO2 (Fig. S2†). TEM results show that the porous inside the Si
NPl are lled by TiO2 (Fig. S3†).
RSC Adv., 2016, 6, 97070–97076 | 97071



Fig. 1 Si and TiO2–Si NPl arrays, (a) plane view SEM image of pristine Si
NPl, (b) cross-sectional TEM image of Si NPl, (c) the top surface of the
pillar, (d) cross-sectional HRTEM image of Si NPl, (e) high resolution
SEM image of the pillar, (f) SEM image of TiO2–Si NPl.
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In addition, we have studied the elemental distribution over
the NPl using EDX mapping. As can be seen in Fig. 2, both
titanium (magenta) and oxygen (green) elements are distributed
quite uniformly inside the Si NPl for as-deposited samples. One
can also observe oxygen and titanium penetrating the PSi layer
beneath the pillar. In the case of porous structures, during the
Fig. 2 EDX element mapping images of the TiO2-NPl before (left
images) and after annealing (right images).

97072 | RSC Adv., 2016, 6, 97070–97076
ALD process, molecules of precursors penetrate into the pore,
and forming nanostructures of TiO2 inside the porous matrix of
Si NPl as well as the bottom PSi layer. The elemental distribu-
tion of titanium atoms remains almost the same aer the
annealing. However, we observed the increasing of oxygen
concentration in the Si NPl and PSi layer indicating on
enhanced oxidation of the Si during the annealing (Fig. S4†).

Fig. 3 shows the GIXRD of Si NPl covered with TiO2 layer aer
500 ALD cycles. For Si NPl we can see the most intensive Si peak
located at 55.78� and corresponding to (311) orientation.27

Titanium ALD deposition leads to the substantial X-ray scat-
tering and considerable intensity decreasing. We do not observe
XRD peaks corresponding to crystalline titanium phase. Thus,
we can conclude that aer ALD, titanium dioxide is mainly in an
amorphous or highly polycrystalline phase what was also
conrmed by TEM and Raman spectroscopy (shown later). Aer
annealing, one can notice XRD peaks centred at 25.27�, 37.8�,
48.02� and 62,45� corresponding to (101), (004), (200) and (200)
of TiO2 anatase phase (JCPDS 21-1272), respectively. It might be
explained by the amorphous-to-crystalline phase transition
occurring in the TiO2 during annealing.23

It is well known that XRD peak analysis is a powerful and
simple method to estimate the nanocrystallites size and the
lattice strain.28,29 The average size of TiO2 nanocrystallites can
be determined using the Scherer equation:30

D ¼ 0:94l

FWHM cosðqÞ ; (1)

where D is the average size of nanocrystallites, l – the X-ray
wavelength, FWHM – full width at half maximum of the XRD
peaks centered at q degree.

The strain-induced broadening in TiO2 and Si nano-
crystallites was calculated using the formula:31

3 ¼ FWHM

4tgðqÞ : (2)

Because of the total peak broadening is represented by the
sum of the contributions of strain and crystallite size, the
Fig. 3 GIXRD of Si NPl before and after ALD deposition with JCPDS
(21-1272) data of anatase.

This journal is © The Royal Society of Chemistry 2016



Fig. 4 Raman spectra of Si NPl before and after ALD deposition with
the Raman spectrum of c-Si shown for comparison.
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Williamson–Hall approach should be applied to determine the
main broadening factor.32,33 However, in order to apply the
Williamson–Hall approach correctly, more XRD peaks should
be considered in calculations.32,33 In our case it was not appli-
cable. Therefore, we have estimated the strain and crystallite
size separately, using formula (1) and (2).

Calculated values of the average size of TiO2 and Si nano-
crystallites, and strains are presented in the Table 1. It is clearly
seen, the average size of Si nanocrystallites remains almost the
same aer deposition and annealing. On the other hand, we can
notice that the value of the strain in Si increases for as-
deposited samples and takes the initial value (3 ¼ 0.0149)
aer annealing. This may be explained by considering that ALD
TiO2 penetrating inside the pores of Si NPl generates additional
deformations, and thus increasing the strain value of silicon.
With the annealing, the amorphous TiO2 coalesces to form
a continuous lm of the anatase nanograins reducing the value
of the strain. The increase in average crystallite size of anatase
indicates an increase in the crystallinity of TiO2.

In order to determine the phase of obtained materials we
also used m-Raman spectroscopy as very sensitive local method.
Raman spectra for Si and TiO2–Si NPl are presented in Fig. 4. An
intensive asymmetric, red-shied peak at about 510 cm�1

corresponds to phonon mode of nanosilicon.34 The position
and the shape of this peak indicate the presence of nano-
crystalline and/or amorphous phase of the Si.35 No peak from
the c-Si substrate was seen in any of the Raman spectra. A broad
peak between 900 and 1100 cm�1 is related to few transverse
optical phonons of PSi.36

In addition to nanostructured silicon studying, Raman
spectroscopy was also used to detect and identify TiO2. The rst
intensive peak of TiO2 is located at about 150 cm�1 and
attributed to Eg mode. This is typical of the anatase TiO2 phase,
however the peak is broader and blue-shied with respect to
bulk anatase (peak position is 144 cm�1 and FWHM is 7
cm�1).30 Other Raman peaks at 200, 397 and 634 cm�1 are also
attributed to the anatase phase for Eg and B1g modes, respec-
tively.37,38 Aer annealing the intensity of all anatase peaks
increases, indicating increased crystallinity of TiO2. The
broadening and blue-shi of the anatase Raman peak are
attributed to phonon connement effects that usually exist in
nanomaterials.30 In order to calculate the average size of anatase
Table 1 Structural and mechanical parameters of TiO2–Si NPl

Samples Si NPl TiO

Material Si Si

XRD Peak pos. [degree] 55.78 56.0
FWHM [degree] 1.57 2.29
D [nm] 5.89 � 0.3 4.09
3 0.0149 0.01

Raman Peak pos. [cm�1] 511.1 512
FWHM [cm�1] 16.48 19.7
D [nm] 8.1 � 0.3 7.7
3 0.0107 0.01

This journal is © The Royal Society of Chemistry 2016
and silicon nanocrystallites we used a simple connement
model described in our previous publications.30,36 In this model
the rst-order Raman spectrum I(u) for spherical nanocrystals
is given by:

IðuÞ ¼
ð
BZ

4pq2 exp

�
� q2L2

16p2

�
d3q

ðu� uðqÞÞ2 �
�
G0

2

�2
; (3)

where G0 is the Raman linewidth at room temperature, and u(q)
is the phonon dispersion curve (for anatase – u ¼ u0 + D[1 �
cos(qa)],30 and for silicon – u ¼ A � Bq2,35 u0 – maximum peak
position, D¼ 20 cm�1, a¼ 0.3768 nm, A and B – constants). The
average size of anatase and silicon nanocrystallites was esti-
mated and results are presented in the Table 1 (Fig. S5†). It is
seen that the average crystallite size calculated form XRD and
Raman spectroscopy differ by several nanometers. Taking into
account that the penetration depth (PD) of the laser spot in the
Raman spectroscopy differs from the X-ray beam PD, we can
conclude that there is some distribution of the average crys-
tallite size along the pillars and surface.

However, Khorasaninejad et al. showed that if connement
effects take place in nanosilicon, the red-shiing would be
2–Si NPl TiO2–Si NPl (annealed)

Anatase Si Anatase

5 — 55.79 25.27
— 1.89 0.65

� 0.6 — 4.95 � 0.45 13.0 � 0.4
89 — 0.0150 0.0127
.2 149.8 514 150.8
7 21.7 18.2 18.8
� 0.3 7.3 � 0.2 7.8 � 0.3 11.6 � 0.2
29 — 0.0118 —

RSC Adv., 2016, 6, 97070–97076 | 97073
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approximately 1–2 cm�1.39 In other cases, the compressive
stress and defects affect mainly on the red-shiing. We calcu-
lated the value of the strain effect using following equation:40

du

u
¼ �3g3; (4)

where du is the peak width, and g ¼ 1 is the Gruneisen
constant. Comparing strains calculated from XRD and Raman
spectra, one can notice a slight difference in these values.
However, the tendency, to increase the strain in nanosilicon
aer ALD and to reduce it aer annealing, remains the same.

Fig. 5(a) shows the absolute reectance of fabricated Si and
TiO2–Si NPl at 8� incidence over the range of 200–1100 nm. The
optical reectivity for Si NPl decreases signicantly comparing
to polish Si surface, which is consistent with the results re-
ported previously.41,42 One can observe that the reectivity of Si
NPl decreases to approximately 2% throughout the entire range
of wavelengths from 200 nm to 1100 nm, without any anti-
reection coatings. It might be explained by the existence of
the porous structures of NPl, which induce the enhanced scat-
tering and light absorption. The total reectivity for the TiO2–Si
NPl increases a few percent. While the reectivity for annealed
TiO2–Si NPl decreases and remains in the same order as the
reectivity of pristine Si NPl. This effect could be explained by
Fig. 5 (a) Absolute optical reflectance and (b) PL spectra from the Si
and TiO2–Si NP arrays.
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the change of refractive index due to pores lling and further
crystallization of TiO2.30

The PL of Si and TiO2–Si NPl were measured in the region of
light wavelengths from 400 to 850 nm (Fig. 5(b)). The maximum
of the PL peak for pristine Si NPl was detected at 665 � 5 nm
(1.87 eV), which revealed the good quality of the nanostructured
Si. This red emission from PSi NPl is mainly due to the quantum
connement in Si nanocrystallites.43 Aer ALD deposition of
TiO2, the PL spectra showed one broad peak at approximately
450 � 5 nm (2.75 eV). The PL band at 2.75 eV is attributed to
oxygen vacancies with two electrons in the anatase.44,45

However, aer the deposition of TiO2, the PL intensity is
degraded because of a lower recombination rate. We can
explain this by the enhanced separation of the photogenerated
charge carriers due to a difference in the energy levels of their
conduction and valence bands.36 Previously, we have shown that
two types of defects (volume and surface) affect on the PL of the
TiO2 inside the PSi.30 PL relating to volume defects (oxygen
vacancies) should be crucial for TiO2 with a low concentration
of surface defects, which is typical for high crystalline quality
materials. Thus, aer annealing, the crystallinity becomes very
high, and we can observe the increasing of PL through oxygen
vacancies in the TiO2.

At this point, it is clear that the porous nature of the NPl
allows the inclusion of TiO2 increasing the internal strain of the
pillars and, perhaps, reinforcing its structural properties. The
nanomechanical properties of the pillars are investigated using
nanoindentation. Previous studies have shown that the porosity
of Si has a direct correlation with its elastic constant,46 thus by
proving the elastic response of pure NPl, the Young's modulus
can be extracted by the Oliver–Pharr method and the overall
porosity of the pillars estimated.47

Pillars were tested by scanning a small region of the surface
(4 � 4 mm) and performing low compression tests on specic
pillars. Load vs. displacement curves are presented in Fig. 6 and
extracted data in the Table 2. Young's modulus of pure silicon
pillars corresponds to relative density of 0.2%, or an overall
porosity of 70–80%,48 furthermore the general behavior of the
NPl follows that of a super elastic material, with total recovery
above 90%, extracted from the ratio between maximum load
(Hmax) and contact depth (Hc). Interestingly enough, Si–TiO2 NPl
show a clear plasto-elastic response, observed in the unload
section of the curve, this response is compatible with both, the
elastic response of the pillar and the highly plastic deformation
of amorphous TiO2 inside the NPl. The annealing of the struc-
tures shows the clear improvement on crystallinity of the
anatase phase (Fig. 3), which, as shown in Fig. 6(a), dramatically
increases the Young modulus of the pillars. This improvement
is associated with the nanocrystalline particles conned in the
porous aer their crystallization, NPl would behave as nano-
composite like structure in which the Si connement will bring
the structural stability, while the nanocrystals provide the
fracture resistance and improved Young's modulus observed,49

behaviour previously observed in amorphous,50 and
amorphous-to-crystalline structured nanolaminates.51

Another important parameter evaluated by nanoindentation
is the critical load (Pcrit), which can be understood as the
This journal is © The Royal Society of Chemistry 2016



Table 2 Mechanical parameters of TiO2–Si NPl obtained from
nanoindentation

Samples
Si
NPl

TiO2–Si
NPl

TiO2–Si
NPl (annealed)

Young's modulus [GPa] 6.1 � 0.5 8.7 � 0.5 18.4 � 1.5
Elastic recovery (%) 81 93 95
Critical load [mN] 42–45 62–73 133–147

Fig. 6 Nanoindentation curves (load vs. displacement) for nanopillars
of Si, Si–TiO2 and Si–TiO2 (A-annealed).
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fracture and collapse of the pillars under uniaxial pressure
Fig. 6(b). The critical load values show the monotonic incre-
ment of the pillars resilience with the inclusion of TiO2 inside
the porous and its highest values aer the annealing of the
samples (Table 2). The critical loads found are compatible with
those of monocrystalline nanowires of ZnO reported in the
literature,52 although the measured Young's modulus is much
lower, the critical load is not. This shows the important
enhancement of the mechanical properties of the Si NPl with
the inclusion of TiO2 and posterior annealing.
Conclusions

In summary, TiO2–porous Si NPl were fabricated using MACE
and ALD. The morphology, optical and mechanical properties
of TiO2–porous Si nanopillars were studied, and the main
structural and mechanical parameters were estimated. The
average value of strains and the approximate size of Si and TiO2

nanocrystals were estimated using XRD and Raman spectros-
copy. It was established that optical and mechanical properties
of TiO2–Si NPl are tailored by their morphology. The quenching
This journal is © The Royal Society of Chemistry 2016
of the PL emission and optical reectance decreasing were
discussed relatively to morphology of TiO2–Si NPl. It was shown
that the inclusion of TiO2 in the porous matrix of Si improve the
mechanical properties of TiO2–Si NPl. The results obtained in
this research are very promising for the improved use of Si NPl
covered by TiO2 in photocatalysis and biosensors applica-
tions,7,8 where it is important to have structures with a large
effective surface area and fast charge carrier separation.
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