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a  b  s  t  r  a  c  t

PSi/TiO2 nanocomposites  fabricated  by  atomic  layer  deposition  (ALD)  and  metal-assisted  chemical  etch-
ing (MACE)  were  investigated.  The  morphology  and  phase  structure  of PSi/TiO2 nanocomposites  were
studied  by  means  of  scanning  electron  microscopy  (SEM),  transmission  electron  microscopy  (TEM)  with
an energy  dispersive  X-ray  spectroscopy  (EDX)  and  Raman  spectroscopy.  The  mean  size  of TiO2 nanocrys-
tals  was  determined  by  TEM and  Raman  spectroscopy.  X-ray  photoelectron  spectroscopy  (XPS)  was  used
eywords:
tomic layer deposition
PS
orous silicon
ioxide titanium
anocomposites

to  analyze  the chemical  elemental  composition  by  observing  the  behavior  of  the  Ti 2p,  O  1s  and  Si  2p
lines.  TEM,  Raman  spectroscopy  and  XPS  binding  energy  analysis  confirmed  the  formation  of  TiO2 anatase
phase  inside  the PSi matrix.  The  XPS  valence  band  analysis  was performed  in  order  to investigate  the
modification  of  PSi/TiO2 nanocomposites  electronic  structure.  Surface  defects  states  of Ti3+ at  PSi/TiO2

nanocomposites  were  identified  by analyzing  of  XPS  valence  band  spectra.
© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nanocomposites based on silicon nanostructures and metal
xides (MOx) have drawn increased attention in different appli-
ations, such as in sensors and biosensors [1–5], catalysis [6–8],
hotovoltaics [9,10], electronics [11,12] and optics [13–15]. Among
ifferent metal oxides, TiO2 is one of the most important materi-
ls. This material is used in many applications: photocatalysts [7,8],
olar cell electrodes [16,17], and modern electronic optical devices
18]. Recent interest has been paid by researchers to the nano-scale
iO2, which has highly active surface area and demonstrates new
roperties, induced by quantum-size effects [19,20]. On the other
and, porous silicon (PSi) structures have unique physical proper-
ies such as the biocompatibility, the large surface area, flexibility in
uning the structural parameters and finally its compatibility with

he modern IC (integrated circuit) industry. Nanocomposites based
n PSi and TiO2 benefit from the unique properties of both com-
onents for development and improvement of various optical and

∗ Corresponding author. Tel.: +48 731308173.
E-mail address: yatsunskiy@gmail.com (I. Iatsunskyi).

ttp://dx.doi.org/10.1016/j.apsusc.2015.04.172
169-4332/© 2015 Elsevier B.V. All rights reserved.
electronic devices. PSi/TiO2 nanocomposites also show improved
photocatalytic efficiency due to the enhanced separation of excited
electrons and holes. In this regard, the structure and electronic
properties study of PSi/TiO2 nanocomposites have gained increas-
ing attention in the last years.

Here we  report the first, to our knowledge, study of the
structural and electronic properties of PSi/TiO2 nanocomposites
obtained by atomic layer deposition (ALD) and metal-assisted
chemical etching (MACE). Titanium dioxide nanocrystals were
introduced inside the PSi matrix to fabricate PSi/TiO2 nanocom-
posites. For this purpose we  used ALD. ALD is a deposition process
for highly uniform and conformal thin films. Due to chemical
reactions in the ALD process, very conformal and thickness con-
trolled films can be grown over large areas even inside the PSi
[12,21]. The surface morphology and phase structure of PSi/TiO2
nanocomposites were detected by scanning electron microscopy
(SEM), transmission electron microscopy (TEM) with an EDX ana-
lyzer, Raman spectroscopy and X-ray photoelectron spectroscopy

(XPS). The results obtained are very promising for the improved
use of PSi/TiO2 nanocomposites in photocatalysts, photovoltaic and
sensor application where it is important to tune their physical prop-
erties by the morphology of PSi/TiO2.

dx.doi.org/10.1016/j.apsusc.2015.04.172
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.04.172&domain=pdf
mailto:yatsunskiy@gmail.com
dx.doi.org/10.1016/j.apsusc.2015.04.172
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ig. 1. (a) Plane and (b) cross-sectional view of as-prepared PSi, (c) plane and (d) cro
mage and (f) cross-sectional EDX elemental mapping of the PSi/TiO2 nanocomposi

. Experimental details

.1. Preparation of PSi/TiO2 nanocomposites

In this study, PSi/TiO2 nanocomposites were obtained by ALD
nd MACE [22]. Prior to the ALD process, PSi samples were fabri-

ated from (1 0 0) oriented and highly doped p-type Si (B-doped,

 < 0.005 � cm). The silver particles, which act as catalysts to assist
he etching of silicon, were deposited on Si samples by immersion
n 0.2 M HF and 10−3 M AgNO3 metallization aqueous solutions. The
tional view of the PSi/TiO2 nanocomposite (150 ALD cycles), (e) TEM cross-sectional
0 ALD cycles).

time of immersion was 60 s. Then, the samples were etched in aque-
ous solutions containing HF (40%), H2O2 (30%), and ultrapure H2O
at ratio concentration H2O2/H2O/HF = 80/80/20 for 60 min. After
MACE and removing the silver particles using a HNO3 solution for
60 min, TiO2 was  deposited at 300 ◦C using ALD reactor (Picosun)
with precursors of titanium(IV) chloride (TiCl4) and water (H2O).

The TiCl4 and H2O were evaporated at 20 ◦C. In this study, the
standard cycle consisted of 0.1 s exposure to TiCl4, 3 s N2 purge,
0.1 s exposure to water and 4 s N2 purge. The total flow rate of the
N2 was  150 sccm. The growth rate was  typically 0.5 Å/cycle for TiO2
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longitudinal and transversal optical phonon (LTO) in the diamond
structures of PSi [24,25]. Raman spectra of the as-prepared PSi/TiO2
showed no significant peaks of TiO2 in the background of the
strong spectrum of the PSi, indicating the small amount and/or the
ig. 2. Cross-sectional HRTEM images of the PSi/TiO2 nanocomposite after 200 ALD
he  nanocrystallites denoted by ‘A’ can be identified as anatase TiO2 (1 0 1) type pla

n the planar silicon surface. Different number of ALD cycles (100,
50 and 200) was applied to prepare PSi/TiO2 nanocomposites.

.2. Material characterization

The obtained PSi/TiO2 nanocomposites were characterized by
arious techniques. The morphology of the nanocomposite surface
as investigated by scanning electron microscopy (JEOL, JSM-

001F) with an EDX analyzer. Transmission electron microscopy
TEM) images were obtained with a JEOL ARM 200F high-resolution
HR) TEM (200 kV) with an EDX analyzer. The cross-sections and
amellas for TEM investigations were prepared by Focused Ion
eam (JEOL, JIB-4000). Raman scattering measurements were per-

ormed using a Renishaw micro-Raman spectrometer equipped
ith a confocal microscope (Leica). The structure and the chemical

tate of PSi/TiO2 nanocomposites were analyzed by means of the X-
ay photoelectron spectroscopy (XPS) technique mounted within
he Omicron Nanotechnology multiprobe UHV system, using a

onochromatized Al-K� X-ray as the excitation source and choos-
ng C 1s (284.6 eV) as the reference line. XPS was conducted under
ltrahigh vacuum (10−10 mbar). CasaXPS software was used to ana-

yze the XPS data.

. Results and discussion

.1. Electron microscopy

Fig. 1 shows the SEM and TEM images of PSi and PSi/TiO2
anocomposites obtained by ALD and MACE. The PSi layer con-
ists of large number of small pores. The average pore size is about
5–30 nm (Fig. 1a). The cross-sectional SEM view of the PSi shows
he presence of pores propagating into the bulk from the surface in

 perpendicular manner (Fig. 1b). The thickness of the PSi layer is
pproximately 260 nm.  After ALD process, the PSi layer consists of
pherical grains uniformly distributed over the surface (Fig. 1c).
epending on the number of ALD cycles, an average grain size

anged from 20 to 40 nm.  Cross-sectional SEM and TEM images
how that the ALD TiO2 infiltrates and coats the pores conformally
Fig. 1d and e). The EDX mapping image showing the distribution
f Si, Ti and O atoms is presented in Fig. 1f. It confirms that the Ti

nd O atoms penetrate quite uniformly into the PSi matrix. During
he ALD process molecules of precursors penetrate into the pore
orming the layer or other structures of TiO2 inside the PSi matrix.

ang et al. reported that the diffusion of the precursor molecules
es. (a) View of the PSi/TiO2–Si interface. (b) View of the highlighted white square;

into the porous media, having approximate pore size about 9 nm or
less, is generally difficult and limited [23]. In our case, the average
pore size is bigger than 9 nm to allow the precursor molecules to
penetrate freely into the pore.

TiO2 nanocrystallites were identified in the PSi matrix by apply-
ing high resolution cross-sectional TEM (Fig. 2). Fig. 2a shows the
PSi/TiO2–Si interface. The interface, parts of the pore walls and
TiO2 crystallites can be distinguished. The nanocrystallites denoted
by ‘A’ in Fig. 2b can be associated with anatase (1 0 1) type crys-
talline planes with d = 3.5 Å. The diameters of the nanocrystallites
are 5–8 nm.

3.2. Raman spectroscopy

In order to confirm the composition of PSi/TiO2, Raman spec-
troscopy has been used (Fig. 3). We  have found that Raman
spectroscopy is more sensitive to the surface region of TiO2 than
XRD. The peak at 520 cm−1, which is characteristic of crystalline
silicon, arises from the scattering of incident light by the first order
Fig. 3. Raman spectrum of the PSi/TiO2 after 200 ALD cycles (laser power – 1 mW).
(inset) Raman spectra of PSi/TiO2 nanocomposites (laser power – 10 mW).
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Fig. 4. XPS survey spectra of the PSi (black curve) and PSi-TiO2 nanocomposites
(100 ALD cycles – green curve, 150 ALD cycles – blue curve and 200 ALD cycles – red
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urve). The main core levels are labeled. The data are normalized to each O1s peak
aximum and separated vertically. (For interpretation of the references to color in

his  figure legend, the reader is referred to the web version of this article.)

morphous phase of TiO2. However, increasing the power of
he laser beam allowed us to observe the Raman peak at about
47 cm−1, corresponding to the anatase phase of TiO2 (inset of
ig. 3). It is typical of the anatase TiO2 phase, but the peak is
roader and shifted with respect to the bulk anatase (peak position

s 144 cm−1 and a full width at half maximum – FWHM,  is 7 cm−1)
26,27]. With increasing the number of ALD cycles, the Raman peak
hifts toward low wavenumbers and the FWHM becomes smaller.
his shift could be explained by two different mechanisms: a stress
ffect of the PSi matrix on the TiO2 crystallites and quantum con-
nement effects in anatase nanocrystals [27–29]. More likely, both
echanisms affect the shift and the broadening of the Raman peak.
Comparing these results with TEM findings we  can conclude

hat very small amount of anatase nanocrystals have formed for as-
repared PSi/TiO2 structures. In order to increase the concentration
f anatase nanocrystals inside the PSi matrix, an additional thermal
reatment should be performed.

.3. XPS analysis

.3.1. Survey spectra
In order to determine the chemical composition of the PSi and

Si/TiO2 nanocomposites, we used XPS analysis. Fig. 4 shows the
PS survey spectra of the PSi and PSi/TiO2 nanocomposites. Sam-
les depict mainly Ti, O and Si components but also carbon (C) and
uorine (F) contaminations. The presence of carbon in the sample
ould be explained by contamination during MACE and ALD pro-
esses. The presence of fluorine was detected only on the surface of
s-prepared PSi and PSi/TiO2 nanocomposite (100 ALD cycles) with

 weak signal at 689.6 eV corresponding to F 1s electron. This peak
as attributed to C F or Si F bonds which could be formed during
ACE [30].
Using CasaXPS software, the elemental ratio of oxygen to tita-

ium (O/Ti) was determined. In order to calculate the elemental
atio, we used only the peak areas corresponding to the Ti O con-
ributions within the O1s and Ti 2p core levels. The obtained values
ere 2.15, 2.23 and 2.22 for Si/TiO2 nanocomposites, deposited

y 100, 150 and 200 cycles, respectively. The higher values of the

/Ti ratio could be explained by increasing the concentration of the
xygen vacancies in TiO2.

The main peak of the O (KL23L23) Auger series occurs at
inetic energy of 506.4 eV for PSi and at about 511 eV for PSi/TiO2
Fig. 5. The XPS spectra of Si 2p (a) and Ti 2p (b) with different number of ALD cycles.
Inset  of (a) shows the deconvolution of Si 2p.

nanocomposites. By using the values of O 1s binding energy and
O (KL23 L23) kinetic energy, we calculated the Auger parameter as
defined by Wagner [31]. As was  shown in our previous work, the
phase, the stoichiometry and the crystallinity of surfaces could be
determined using Auger parameter [12]. Our measurements lead
to a value of 1039.8 eV for PSi and 1042.1 eV for PSi/TiO2 nanocom-
posites corresponding to SiO2 and TiO2, respectively [32,33].

3.3.2. XPS core-level spectra
The detailed spectra of Si 2p and Ti 2p core levels are shown in

Fig. 5. The analysis of XPS spectra (Fig. 5a) shows that on the sur-
face of the PSi there are silicon atoms in three states: neutral atoms
(Si0) with Si 2p binding energy of 99.5 ± 0.2 eV, charged silicon
atoms (Si4+) with a binding energy of 103.4 ± 0.2 eV characteris-
tic of Si O bonds and silicon atoms in the intermediate state (Sin+)
with a binding energy of about 101 eV [34,35]. The position of the
silicon peaks shifts to lower binding energy after the ALD processes.
The decreasing binding energy of the surface Si peak implies that
the interfacial Si in SiO2 formed during ALD has a lower binding
energy than that of the original SiO2.

Fig. 4b shows the core level of the Ti 2p spectrum of PSi/TiO2
nanocomposites. The core level binding energies of Ti 2p3/2 and
Ti 2p1/2 in the PSi/TiO2 nanocomposite (100 ALD cycles) are
458.9 ± 0.2 eV and 464.6 ± 0.2 eV, respectively. By increasing the

amount of ALD cycles, the peak positions of Ti 2p3/2 and 2p1/2 are
found to be shifted toward a lower binding energy. However, the
difference of 5.7 eV in all samples indicates the presence of the
normal state of Ti4+ in the TiO2 [36]. It might be explained by the
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Fig. 6. (a) High resolution XPS core level spectra of O 1s, deconvoluted O 1

nteractions of Ti with oxygen vacancies [37]. As oxygen is a highly
lectronegative element, it withdraws the electron density from
i. As a result, the binding energy of Ti in PSi/TiO2 nanocomposites
ncreases with increasing of the oxygen vacancies concentration
38].

Few peaks corresponding to the plasmon losses could be noticed
n the Fig. 5b [39]. As can be seen in Fig. 5b, the satellite peak is
bserved at approximately 472.2 ± 0.2 eV, corresponding to surface
lasmon energy Ep = 472.2 eV − ETi 2p = 13.3 eV which is character-

stic of TiO2 [39].
It is believed that several factors will affect the Si 2p and Ti 2p

ore levels shifting: the initial position of the Fermi level within
he band gap, Schottky barrier formation, the surface band bending
nd the chemical effects. A consensus exists among the researches
s to the behavior of the Si 2p and Ti 2p peaks and the core level
hifting is mainly explained by the formation of Si O Ti bonds at
he interface between SiO2 and TiO2 [40–42]. Because Si is more
lectronegative than Ti, the Si4+ binding energy should decrease as
i is added to the Si O bonds during deposition of TiO2. On the
ther hand, the Ti4+ binding energy decreases as the TiO2 becomes
ore bulklike with increasing the number of ALD cycles. As a result,

he measured binding energies of both Si and Ti decrease with
ncreasing the number of ALD cycles due to the change in electron
creening of the core levels. Thus, the shift of the Si 2p and Ti 2p

eaks observed after deposition indicates an interaction between
i and Ti at the interface through a Si O Ti bond [40–42].

Core level O 1s spectra for the PSi and PSi/TiO2 nanocompos-
tes are shown in Fig. 6. The spectrum for the as-prepared PSi
line for (b) PSi, (c) PSi/TiO2 (100 ALD cycles), (d) PSi/TiO2 (200 ALD cycles).

has an asymmetric tail at higher energy. This peak was decon-
voluted into two  components at 532.8 ± 0.2 eV and 534.4 ± 0.2 eV.
The main peak at 532.8 ± 0.2 eV is attributed to the oxygen (O2−)
which is chemically bonded to silicon, i.e., dioxide silicon [32,34].
The higher energy component of O 1s (534.4 ± 0.2 eV) should be
due to adsorbed water [43].

The O 1s peak at 531.5 eV for the PSi/TiO2 nanocomposite
after 100 ALD cycles is relatively broad and asymmetric as it
is associated with different types of bonds (Fig. 6b). Three dis-
tinct components, the peak locating at 530.4 ± 0.2 eV originated
from Ti O Ti bonds, the other peak 532.8 ± 0.2 eV associated with
Si O Si bonds [34,35], were revealed after deconvolution. The
peak at 531.7 ± 0.2 eV could be related to Ti O H hydroxyl groups
appeared due to H2O in ALD [36–38]. However, it could also be
associated with Si O Ti bonds at the interface between SiO2 and
TiO2 [36–38].

The broad peak for the PSi/TiO2 nanocomposite after 200
ALD cycles can be deconvoluted into two peaks centered at
530.1 ± 0.2 eV and 531.7 ± 0.2 eV. The peak at 531.7 ± 0.2 eV is
attributed to Ti O H bonds, which should be located at about
1.6 eV higher binding energy corresponding to the O 1s of TiO2
[36–38].

3.3.3. Valence band spectra

In order to investigate the modification of PSi/TiO2 nanocom-

posites electronic structure the valence band spectra were
measured and analyzed (Fig. 7). Fig. 7 shows the experimental and
deconvoluted valence band spectra of PSi/TiO2 nanocomposites.
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Fig. 7. (a) Valence band spectra plotted for all the samples; deconvoluted valence
band spectra of PSi/TiO2 nanocomposites for (b) 100 and (c) 200 ALD cycles.
Science 347 (2015) 777–783

The valence band maximum (VBM) relative to the Fermi level was
determined using standard approach as described elsewhere [44].
The VBM of PSi/TiO2 nanocomposites for 150 and 200 ALD cycles
were observed at 2.63 eV and 2.61 eV below the EF, respectively.
While the VBM of the PSi/TiO2 nanocomposite with 100 ALD cycles
shows a small shift to 2.41 eV. Such shifting in the VBM has been
related to the band gap variation or defect band formation in the
forbidden zone of the material. According to our previous studies,
the band gap values were 3.45, 3.3, and 3.25 for TiO2 nanolay-
ers deposited by 100, 150, and 200 cycles, respectively [14]. We
assume that this shift is a cumulative effect of the band gap vari-
ation and the formation of impurity/defect states in the band gap
of TiO2, most probably corresponding to oxygen vacancies and sur-
face hydroxyl groups on TiO2 [14,45]. The valence band peak for the
PSi/TiO2 nanocomposite (200 ALD cycles) was deconvoluted into
two components (Fig. 7c). Deconvoluted peaks are located at about
5 eV and 7.3 eV and corresponding to O 2p non-bonding orbitals (�
– orbital) and O 2p – Ti 3d hybridized states (bonding � – orbital),
respectively [46]. Further deconvolution of the PSi/TiO2 nanocom-
posite (100 ALD cycles) revealed three distinct components located
at about 1.5 eV, 5 eV and 7.3 eV, (Fig. 7b). Peaks located at about 5 eV
and 7.3 eV correspond to the same oxygen components as in previ-
ous sample. The peak centered at about 1.5 eV can be attributed to
Ti 3d defect band. The VBM for this defect band is 0.95 eV (Fig. 7a).
According to many authors, we  can associate these states with Ti3+

defects on the surface [14,47,48]. Ti3+ defects are considered to be
an important reactive agent for many processes occurring on the
TiO2 surface [49]. The photogenerated electrons can be trapped in
Ti3+, thereby decreasing the recombination rate of charge carri-
ers. These point defects also play a crucial role in photocatalytic
processes [50] and affect the hydrophilic property of the surface
[51]. Thus, the unique combination of PSi and TiO2 properties in
the nanocomposite open new possibilities for various applications
of these structures, where it is important to tune their physical
properties by the morphology.

4. Conclusions

In this work, we  have studied the structural and electronic
properties of PSi/TiO2 nanocomposites fabricated by ALD and
MACE by means of electron microscopy, energy dispersive X-ray
spectroscopy, Raman spectroscopy and X-ray photoelectron spec-
troscopy. The chemical composition and morphology of PSi/TiO2
nanocomposites and initial PSi were established. It was determined
that ALD TiO2 infiltrates and coats the pores conformally forming
nanocrystals of anatase inside the PSi matrix. It was shown that the
electronic structure of PSi/TiO2 nanocomposites is modified. Ti3+

defects states of PSi/TiO2 nanocomposites were determined using
XPS valence band analysis. Finally, it was suggested that combin-
ing the large effective surface area of TiO2/PSi nanocomposites with
the fast charge carrier separation allows one to improve the per-
formance of biosensors, photocatalysts and other optoelectronic
devices.
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