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ABSTRACT: The structural, optical, and photoluminescence
properties of porous silicon (PSi)/titanium dioxide (TiO2)
nanostructures were investigated. PSi structures consisting of
macro- and mesoporous layers were fabricated by metal-
assisted chemical etching, and then TiO2 was introduced inside
the PSi matrix using the atomic layer deposition technique. We
performed scanning electron microscopy, transmission elec-
tron microscopy (TEM), X-ray diffraction, energy dispersive
X-ray spectroscopy, Raman spectroscopy, ellipsometry, and
photoluminescence (PL) spectroscopy to characterize the
prepared and annealed PSi/TiO2 nanostructures. TEM and
Raman analyses revealed that TiO2 had a crystalline anatase
structure. PL measurements of the PSi/TiO2 composite system showed two broad peaks at approximately 2.4−3 eV (blue PL)
and 1.7−1.9 eV (red PL). The mechanisms of the emissions were discussed, and it was found that two main competing
recombination mechanisms take place, including radiative recombination through the surface states (surface recombination) and
through oxygen vacancies and self-trapped excitons (volume recombination).

1. INTRODUCTION

Porous silicon (PSi) and PSi nanostructures based on PSi/TiO2

have drawn increased attention for use in various applications,
such as photovoltaics,1,2 photoelectrochemical water split-
ting,3−5 gas sensors,6 Li-ion batteries,7−9 and so forth.
Nanostructures based on Si−TiO2 show improved photo-
catalytic efficiency due to their enhanced separation of excited
electrons and holes. PSi nanostructures also exhibit great
potential in optical biosensor applications due to the possible
tuning of a refractive index that can used for the detection of
biological substances or chemical vapors.10,11 It is well-known
that depending on the pore size PSi could be very efficiently
detect molecules and other bio-agents comparable in size to the
pore diameter. Therefore, the simultaneous use of two or more
PSi layers (macro-, meso-, and/or micro-PSi) allows us to
produce sensitive biosensors capable of detecting various types
of molecules. Furthermore, PSi nanostructures are favorable
because of the low cost of silicon and their compatibility with
the modern integrated circuit (IC) industry. Undoubtedly, the
improvement in electro-optical properties is dependent on the
microstructure of the nanostructure. In this regard, studies on
the morphology and physical properties of nanostructures has
gained increasing attention in recent years.

In the present study, we report the structural and optical
properties of the PSi/TiO2 composite system. Metal-assisted
chemical etching (MACE) is the most preferable method to
fabricate PSi structures possessing different porosities and
morphologies.12 Here, PSi possesses two types of porosity,
inculding a first level macroporous structure and second level
mesoporous structure. TiO2 was introduced inside the PSi
matrix to fabricate the PSi/TiO2 nanostructure. For this
purpose, we used the atomic layer deposition (ALD) technique.
ALD is a deposition process for highly uniform and conformal
thin films. Because of the self-limiting reaction in the ALD
process, films that are very conformal with thicknesses that are
precisely controlled could be grown over large areas, even
inside the PSi.13,14 The morphology and phase structure were
detected by scanning and transmission electron microscopy
(SEM, TEM), X-ray diffraction (XRD), energy dispersive X-ray
spectroscopy (EDX), and Raman spectroscopy. Optical proper-
ties have been analyzed by means of ellipsometry. In this paper,
we also concentrated on the broad photoluminescence (PL)
bands in the visible spectral region. Analysis of the PL spectra

Received: December 22, 2014
Revised: March 16, 2015

Article

pubs.acs.org/JPCC

© XXXX American Chemical Society A DOI: 10.1021/acs.jpcc.5b01670
J. Phys. Chem. C XXXX, XXX, XXX−XXX

pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.5b01670


indicates PL quenching due to electron−hole separation at the
PSi/TiO2 heterojunction. Mechanisms of the PL emissions,
along with structural and optical changes induced by annealing,
will be discussed.

2. EXPERIMENTAL SECTION

Preparation of PSi. The PSi samples were fabricated from
(100) oriented and highly doped p-type Si (B-doped, q < 0.005
Ω cm) utilizing MACE.12 Silicon samples (1 × 1 cm), after
standard RCA cleaning, were cleaned with acetone, isopropa-
nol, and deionized water via ultrasonic cleaning. The silver
particles, which act as catalysts to assist in the etching of silicon,
were deposited on Si samples by immersion in 0.2 M HF and
10−3 M AgNO3 metallization aqueous solutions. The time of
immersion was 60 s. Then, the samples were etched in aqueous
solutions containing HF (40%), H2O2 (30%), and ultrapure
H2O at a ratio of 80:80:20 H2O2/H2O/HF for 60 min. After
etching, the samples were dipped in HNO3 solution to remove
the silver particles for 30 min and were then dipped in HF (5%)
solution to remove oxide. They were then cleaned with
deionized water and blown dry with nitrogen. The etching and
immersion procedures were performed at room temperature.
ALD Coating. The PSi samples were placed in an ALD

reactor (Picosun). The TiO2 thin films were deposited onto the
PSi substrates using TiCl4 and water as ALD precursors.
Nitrogen (N2) flow was used as a carrier and purging gas. TiCl4
precursor and water were evaporated at 20 °C. In this study, the
standard cycle consisted of a 0.1 s TiCl4 exposure, a 3 s N2
purge, a 0.1 s exposure to water, and a 4 s N2 purge. The total
flow rate of N2 was 150 standard cubic centimeters per minute
(sccm). TiO2 thin films were grown at 300 °C. The growth rate

was typically 0.5 Å per cycle for TiO2 on the planar silicon
surface. The growth per cycle was controlled by measuring the
films thickness on Si-wafer reference substrates placed in the
reactor. After TiO2 deposition, some samples were annealed at
400 °C for an hour in an ambient atmosphere.

Material Characterization and Optical Measurements.
Structural properties of PSi and ALD TiO2 thin films were
investigated by X-ray diffraction (XRD) (Empyrean diffrac-
tometer), scanning electron microscopy (SEM) (JEOL, JSM-
7001F) with an energy dispersive X-ray (EDX) analyzer,
transmission electron microscopy (TEM) (JEOL ARM 200F
high-resolution transmission electron microscope (200 kV)
with EDX analyzer), and Raman scattering (Renishaw micro-
Raman spectrometer equipped with a confocal microscope
(Leica) and laser (λexcitation = 514 nm). The cross sections and
lamellas for TEM investigations were prepared by Focused Ion
Beam (JEOL, JIB-4000).
Optical properties of the samples have been studied by

photoluminescence spectroscopy and ellipsometry measure-
ments. Ellipsometry spectroscopy was used to obtain optical
constants of PSi and TiO2 thin films deposited on Si substrates.
Semilab GES5E spectroscopic ellipsometer (extended visible:
1.23−5 eV). The ellipsometric measurements were carried out
at a fixed incident angle of 75°, close to the Brewster’s angle for
a silicon substrate, and a variable wavelength between 300 nm
and 1 μm. Then, the experimental tan (ψ) and cos (δ) data
were fitted using WinElli II software using a single layer TiO2

adjusted model to obtain the film thicknesses with a goodness
of fit over 0.999 in the full wavelength range. Photo-
luminescence (PL) of the samples was measured at room
temperatures using a homemade setup. The excitation of PL

Figure 1. Cross-sectional view of SEM images of a (a) macroporous silicon surface fabricated by MACE, (b) mesoporous layer of PSi, and (c)
mesoporous silicon surface (high magnification). (d) Cross-sectional view of prepared PSi/TiO2 nanostructure after 150 ALD cycles. (e) Planar view
SEM image of an individual macropore in the PSi/TiO2 nanostructure after 150 ALD cycles. (f) Surface of the macropore in the PSi/TiO2
nanostructure (high magnification).
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was performed with a nitrogen laser (337.7 nm), and the
emission spectra were recorded in the range of 400−850 nm.

3. RESULTS AND DISCUSSION
Structural Characterization. Figure 1a shows the SEM

image of macroporous silicon (macro-PSi) obtained by MACE.
The cross-sectional SEM view of the PSi shows the presence of
nearly pyramid-shaped pores (macropores) propagating into
the bulk from the surface in a perpendicular manner. The
average pore size (diagonal) is approximately 3−5 μm, and the
thickness of the macro-PSi layer is ∼1.5 μm. The surface of an
individual macropore consists of a mesoporous silicon (meso-
PSi) layer with a thickness ranging from 200 to 300 nm (Figure
1b). The thickness of the bottom layer of the pore is bigger
than the sidewall (Figure 1d). Formation of this complex
porous structure can be explained by the model proposed by
Chartier et al. where etching occurs at the pore walls (pore
widening) and tips (pore deepening) due to injected holes,
which may diffuse away from the pore tip along the pore
walls.15 Figure 1c shows that the layer of meso-PSi consists of a
large number of small pores. The average pore size is
approximately 15−30 nm (Figure 1c).
Cross-sectional SEM images indicate that TiO2 infiltrates and

conformally coats the mesopores (Figure 1d). EDX measure-
ments were carried out to evaluate the chemical composition of
PSi/TiO2 and the distribution of titanium and oxygen atoms
inside the porous structure. EDX confirms that PSi contains Ti,
O, and Si not only on the top of the film but also within the
porous matrix (not shown here). Figure 1e shows a planar SEM
image of an individual macropore of PSi/TiO2 after 150 ALD
cycles. The image shows that the inner surface of the
macropore is quite rough. After the ALD process, the surface
of the PSi layer consists of spherical grains uniformly
distributed over the surface (Figure 1f). Depending on the
number of ALD cycles, a typical grain ranged from 20 to 40 nm
in size.
Figure 2a shows a TEM image of the PSi after 200 ALD

cycles. The thickness of the layer is ∼240 nm. We noticed that
the upper layer (40−60 nm from the top) of the meso-PSi has a
higher density, probably due differences in the porosity. EDX
analysis of this sample is shown in Figure 2b. The EDX profile
image confirms that the Ti and O atoms quite uniformly
penetrate into the meso-PSi matrix. Opposite to the deposition
of films on flat surfaces, the precursor molecules have to diffuse
into a porous structure. During the ALD process, molecules of
precursors penetrate into the pore, forming the layer or other
structures of TiO2 inside the PSi matrix.
High-resolution TEM (HRTEM) image of the PSi/TiO2

nanostructure is shown in Figure 2c. Using ImageJ software, the
grain size and interplanar distances were calculated (Figure 2c,
d). HRTEM image shows the formation of crystallites in the
PSi matrix (Figure 2c). Lattice fringes are clearly visible, which
prove crystallinity of the particles obtained. We determined the
interplanar distances of 0.34 and 0.20 nm for anatase and 0.27,
0.16, and 0.13 nm for silicon, which correspond to lattice
distances of (101) and (004) planes of anatase and (200),
(311), and (200) planes of silicon, respectively. The interplanar
distance for the (101) lattice plane was lower than that for
anatase TiO2 as reported in the Joint Committee on Powder
Diffraction Standards (JCPDS) database (0.352 nm). The
decrease in the interplanar distance could be due to lattice
strain effects. The average grain size of anatase varied from 6 ±
2 nm to 9 ± 2 nm for 150 and 200 ALD cycles, respectively. It

was difficult to identify any individual grains corresponding to
anatase for the samples prepared with 100 ALD cycles. Some
heterojunctions of anatase TiO2 and Si were also observed by
HRTEM.
To confirm the composition of PSi/TiO2, Raman spectros-

copy (Figure 3) and XRD (not reported here) have been used.
Raman spectra of the prepared PSi/TiO2 showed no significant
peaks of TiO2 in the background of the strong spectrum of PSi,
indicating that the prepared TiO2 was amorphous (Figure 3a).
Upon increasing the number of ALD cycles, the peaks
corresponding to PSi become weaker due to high absorbance
of the amorphous TiO2 layer covering the PSi. A Raman peak
at 146 cm−1, corresponding to the anatase phase of TiO2, can
clearly be observed after annealing at 400 °C for 1 h in air,
suggesting that the prepared amorphous phase crystallizes to
anatase TiO2 (Figure 3b). This is typical of the anatase TiO2
phase, but the peak is broader and blue-shifted with respect to
bulk anatase (peak position is 144 cm−1 and full width at half-
maximum (fwhm) is 7 cm−1). The broadening and blue-shift of
the Raman peaks are attributed to phonon confinement effects
that usually exist in nanomaterials.16−19 Upon increasing the
number of ALD cycles, the intensity of the anatase Raman peak
increases. A simple confinement model may be used to
calculate the shape of the anatase mode at various nanocrystal
sizes (L).18,19 In this model, the Raman spectrum is given by
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where |C(0,q)|2 = exp(−q2L2/(16π2)), Γ0 is the natural line
width, ω(q) is the dispersion relation for optical phonons, and
ω and q are the frequency and wavevector, respectively. The
anatase Raman peaks are centered at 147 cm−1 (100 and 150
ALD cycles) and 146 cm−1 (200 cycles) with fwhm of 25, 24,

Figure 2. (a) Cross-sectional TEM image of PSi-TiO2 after 200 ALD
cycles. (b) EDX profile analysis. (c) HRTEM image of the area
highlighted with a white square in (a). (d) Inverse fast Fourier
transform of the area highlighted with a white square in the HRTEM
image (a). “A” can be identified as anatase.
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Figure 3. (a) Raman spectra of prepared PSi/TiO2 nanostructures and PSi. The arrows indicate the Raman modes of the PSi. (b) Raman spectra of
PSi/TiO2 nanostructures annealed at 400 °C. The arrows indicate the Raman modes of PSi and anatase.

Figure 4. (a) Refractive index (n) and extinction coefficient (k) of TiO2−Si with differing numbers of ALD cycles. (b) Band gap estimation of
TiO2−Si with differing numbers of ALD cycles. (c) Refractive index (n) and extinction coefficient (k) of PSi. EX, EY, and EZ are components of the
electric field vector.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b01670
J. Phys. Chem. C XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acs.jpcc.5b01670


and 23 cm−1 deposited by 100, 150, and 200 cycles,
respectively. These correspond to crystal sizes of approximately
5, 6, and 7.8 nm, respectively. Comparing these results with
TEM findings, we can conclude that a very small amount of
anatase nanocrystals have formed in the prepared PSi/TiO2

composites. Annealing of these samples leads to amorphous-to-
crystalline phase transitions. However, we could observe the
anatase peak at 146 cm−1 for the prepared TiO2 layer grown on
the planar silicon surface (Figure S4, Supporting Information).
This indicates that the mean crystallite size and the crystallinity
of the ALD TiO2 are influenced dramatically by the
morphology of the substrate. In the case of the porous
structure, additional thermal treatment is needed to form
anatase crystals inside the PSi matrix.
Optical and PL Properties. TiO2 layers were deposited on

a silicon substrate in similar conditions in the same environ-
ment for optical measurements. The extinction coefficient (k)
and refractive index (n) of ALD-deposited TiO2 on the planar
silicon surface and PSi nanolayers were calculated to be in the
range of 260−1000 nm using the ellipsometry technique. It
should be noted that it was impossible to calculate n and k for
the PSi/TiO2 nanostructures due to high light scattering. The
spectral dependence of the extinction coefficient of the TiO2

nanolayers is shown in Figure 4a. It can be seen that the
extinction coefficient value increased with the number of ALD
cycles. The absorption edge of the samples laid in the range of
260−400 nm, which is typical of TiO2 nanostructures.

Band gap values of TiO2 nanostructures from ellipsometry
data were estimated.20−22 Extinction coefficient k and
absorption coefficient α are related according to the following
equation20

α π
λ

= k4
(2)

where λ is wavelength.
Because TiO2 is an n-type semiconductor with indirect

optical transitions, the relationship between band gap Eg and
absorption coefficient α can be described by the following
equation23

α × ∼ −hv hv E( ) ( )g
1/2

(3)

where hv is photon energy.
The spectra dependence of the absorption data is plotted in

specific coordinates in Figure 4b. It can be seen that the
absorption edge demonstrated a blue-shift with a decreased
number of ALD cycles. Using eq 3, the band gap values were
determined graphically.21,22,24 The obtained values were 3.45,
3.3, and 3.25 for TiO2 nanolayers deposited by 100, 150, and
200 cycles, respectively. The band gap value of bulk TiO2
(anatase) is ∼3.2 eV. The ALD-deposited TiO2 nanolayers
showed higher values of Eg, which could refer to the quantum
confinement effect, that were affected by low grain size
values.20−23 These results have been confirmed by Raman
spectroscopy (Figure S3, Supporting Information).

Figure 5. PL spectra of PSi and PSi/TiO2 nanostructures with differing numbers of ALD cycles (a) as prepared, (b) as annealed, and (c) with curve
fitting of the PL spectrum (PSi/TiO2 nanostructure, 200 ALD cycles). (d) Normalized PL spectra of TiO2−Si with differing numbers of ALD cycles.
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The dependence of the refractive index on the wavelength is
also shown in Figure 4a. The refractive index value is drastically
increased for TiO2 nanolayers deposited by 200 ALD cycles.
The refractive index of the thin film could differ from their
structural properties.20,24 Previously, we had demonstrated a
complex analysis of optical constants of ZnO/Al2O3 nano-
laminates with different thicknesses of a single layer.20 It was
shown that the refractive index of the ZnO layers increased
with the thickness. The increase in the refractive index was
explained by the increase in the packing density of thicker
layers, which was confirmed by analysis of the structural
properties.20,24

The investigated TiO2 films showed a decreased band gap
value with increased thickness, which means that the crystalline
structure of the samples was transformed from nanostructured
to bulk-like. Therefore, according to refs 20 and 24, the packing
density of the films should increase, explaining the behavior of
n(λ) dependence. Low values of the refractive index for thinner
samples can be explained by the cluster-like structure or lower
crystalline quality. However, as the films were deposited on the
planar silicon surface at 300 °C, the operating temperature was
enough for amorphous-to-crystalline phase transitions in the
TiO2 samples, which were confirmed by TEM and Raman
spectroscopy (Figures S3 and S4, respectively, Supporting
Information). Thus, the optical properties of the deposited
TiO2 samples are tailored by their structural parameters.

The spectral dependence of the extinction coefficient and the
refractive index of the PSi are shown in Figure 4c, where the
optical anisotropy of the PSi layer can be clearly seen. It is well-
known that the PSi layer is composed of air and silicon.
Therefore, its refractive index should range from 1.0 (refractive
index of air) to 3.4 (refractive index of pure silicon) depending
on its porosity.25 Taking into account the values of the
refractive index, we conclude that the porosity of the PSi layer
has a range25,26 of 75−85%.
As is well-known, the absorption spectrum of PSi is the sum

of the different microscopic absorption processes. Absorption
measurements are often complicated by difficulties in
interpretation that arise from the inhomogeneity of PSi.
However, what is clear from the absorption studies is that the
spectra are shifted toward higher energy compared to that of
bulk Si, which could refer to the quantum confinement effect.
Using eq 2, the band gap of PSi was estimated, and the
experimental Eg of the film is approximately 2.3−2.8 eV.
Photoluminescence measurements were performed to under-

stand the presence of defects and recombination ability of
charge carriers. TiO2 introduced into the PSi matrix may
change the surface structure and interface between TiO2 and
PSi. It is generally believed that visible emissions from TiO2
films are mainly due to self-trapped excitons (STEs), oxygen
vacancies (VO), and surface states.
The PL of PSi, TiO2−Si, and PSi/TiO2 nanostructures were

measured in the region of light wavelengths from 400 to 900

Figure 6. Schematic illustration of the relaxation processes of the photogenerated carriers in PSi/TiO2. Electrons (black circle), holes (white circle),
and oxygen vacancies (VO) band. Processes: (A) electrons quenched to the bottom of the CB, (B) electrons captured by deep traps, (C) electrons
captured by surface traps, (D) holes captured by shallow traps, (G) holes captured by surface traps, (E) blue luminescence emission, (F) red
luminescence emission, and (H) hole injection from TiO2 to PSi.
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nm (Figure 5). The maximum of the PL peak for PSi was
detected at 1.8 eV (690 ± 5 nm). After ALD deposition of
TiO2 on PSi, PL was investigated, and the PL spectra showed
two broad peaks at approximately 2.4−3 eV (blue PL) and
1.7−1.9 eV (red PL) (Figure 5a, b). However, after the
deposition of TiO2, the PL intensity is degraded dramatically.
This might indicate that the PSi/TiO2 nanostructure had a
lower recombination rate. We suggest that the PSi/TiO2
heterojunctions separate the photogenerated charge carriers
due to a difference in the energy levels of their conduction
bands (CB) and valence bands (VB) (shown later in Figure 6).
After multipeak Gaussian fitting of the annealed PSi−TiO2

PL spectrum, we obtained seven PL bands (Figure 5c). The PL
band at 2.95 eV corresponds to the STEs localized on the TiO6
octahedral.27−31 The bands at 2.74 and 2.48 eV are attributed
to oxygen vacancies with two electrons27,32−34 and one
electron, respectively.27,32 The PL band at 2.61 eV probably
originates from surface Ti−OH bonds30,35 or from neutral
oxygen vacancy.32,36The band at 2.2 eV can be assigned to the
trap level related to oxygen vacancies on the surface.30,37 The
peaks at 1.93 and 1.63 eV more likely originate from the surface
states.38−40 Zhang et al. have shown that the surface states
responsible for the red PL are likely to be formed by some
unsaturated surface atoms of TiO2 nanocrystallites

39 related to
Ti4+, Ti3+, and Ti2+.
Comparing prepared and annealed samples, we can conclude

that two primary competing recombination mechanisms take
place: radiative recombination through the surface states
(surface recombination) corresponding to the red PL and
radiative recombination through the oxygen vacancies (VO) and
STE (volume recombination) corresponding to the blue PL.
Thus, both the volume and surface area affect the intensity of
the PL spectrum. However, when the amount of materials was
decreased, the ratio of the surface area to volume was also
increased, and the surface factor becomes a more important
characteristic to the material’s optical and PL properties (Figure
5d). Thus, the former mechanism should be crucial for TiO2
with a high concentration of surface defects, which is typical for
amorphous or low crystalline quality materials. After annealing,
the crystallinity becomes very high, and the specific surface area
decreases. Thus, when the number of defect states is decreased,
the latter mechanism prevails over the former, and radiative
recombination occurs through oxygen vacancies.
Figure 6 shows the simple scheme of possible relaxation

processes in PSi/TiO2. Laser excitation at 337 nm excites the
electrons to the upper CB and then excited electrons are
quenched to the bottom CB (process A, Figure 6). Because of
the presence of oxygen vacancies, the electrons do not directly
recombine with holes in the VB. Instead, they are captured by
the oxygen vacancies and then recombine with the holes in the
VB (process B, Figure 6), accompanying radiative emission
corresponding to the blue PL (process E, Figure 6). As was
shown by Wang et al., some carriers (electrons and/or holes)
are first captured by shallow defect states and then quenched to
the luminescent sites through trap-to-trap hopping to finally
produce visible luminescence.40 On the other hand, photo-
generated electrons and holes could be trapped by the surface
states (processes C and G, Figure 6) and then recombine with
emission corresponding to the red PL (process F, Figure 6).
It is well-known that reducing photogenerated charge carrier

recombination in heterojunctions improves photocatalytic
activity.1−5 Because of the difference in the energy level of
CB and VB at the PSi-TiO2 interface, separation of the

photogenerated electrons and holes occurs very fast, reducing
recombination of the photogenerated charge carriers. After
irradiation, holes accumulated in the VB of TiO2 migrate into
the PSi VB (process H, Figure 6), thus decreasing radiative
recombination and PL intensity. This process should be very
intense in the depletion region of TiO2 and should significantly
decrease surface recombination.

■ CONCLUSIONS
In summary, TiO2/PSi nanostructures were fabricated using
metal-assisted chemical etching and atomic layer deposition.
The crystalline structures, chemical compositions, and
morphologies of the prepared and annealed TiO2/PSi
nanostructures were established. The approximate size of
TiO2 nanocrystals inside the PSi matrix was estimated using
TEM and Raman spectroscopy. By controlling the number of
deposition cycles, the size of anatase nanocrystallites inside the
PSi matrix could be controlled. Optical and photoluminescence
properties of TiO2/PSi nanostructures are tailored by their
structural parameters. The mechanisms of the PL emissions
were discussed. Analysis of the PL spectra indicates PL
quenching is due to electron−hole separation at the TiO2/
PSi heterojunction. Combining the large effective surface area
of TiO2/PSi nanostructures with fast charge carrier separation
allows for improvement in the performance of photocatalysis,
biosensors, and other optoelectronic devices.
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