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A B S T R A C T

Copper (Cu) and Indium (In) doped titanium dioxide (TiO2) obtained by a solvothermal method was confined in
Porous Silicon (PS) prepared by Metal-Assisted Chemical Etching -MACE-, a low-cost and versatile method to
investigate the morphological, structural, optical, and electrical properties of the TiO2:X/PS/Si structure
(X= In, Cu, 0). According to Scanning Electron Microscopy, different morphologies were found, such as small
particles (without dopant) or well-defined geometries such as cubes (indium-doped) and micro-flowers (copper-
doped) that covered the PS surface depending on the kind of dopant elements. Cross-section images showed that
the TiO2 nanoparticles decorated and filled the macroporous silicon and that they can even form conformal
deposits.

Raman spectroscopy and x-ray diffraction patterns revealed the crystalline phase structure of the In and Cu-
doped TiO2 materials, which correspond to anatase and rutile, respectively. Furthermore, the lattice parameters
corroborated the incorporation of the dopant elements. The photoluminescence (PL) spectra show broad-bands
around 2.8 eV, which can be related to oxygen vacancies. Additionally, a blue shift was observed in the PL
spectra when the dopant changed from Cu to In. Diffuse reflectance and the Kubelka-Munk plots were used to
determine the optical bandgap of the TiO2 structures with and without dopant. Bandgap reduction was observed
due to the dopant changes. Current-voltage curves showed a rectifying behavior for negative voltages; however,
a negative differential resistance effect was observed for positive voltages in all the samples. Finally, current-
voltage curves showed a rectifying behavior for negative voltages; however, it was observed a negative differ-
ential resistance effect for positive voltages in all the samples. Besides, these current voltages curves were carried
out under dark and illumination conditions, which revealed a photocurrent effect.

1. Introduction

Titanium dioxide (TiO2) has received enormous attention in the last
few years due to its high chemical stability and non-toxic properties [1],
excellent optical transmittance, and high photocatalytic efficiency [2].

Moreover, TiO2 has been considered a promising material because
of its electrical properties [3], and it can be used in a great variety of
applications such as in photodetectors [1], photocatalysis systems [4],
gas sensors [5], solar cells [6], lithium battery electrodes [7], and
biomedical [8]. Photocatalysis dates back to 1911 when the German
chemist Dr. Alexander Eibner integrated the concept in his research of
the illumination of zinc oxide (ZnO) on the bleaching of the dark blue
pigment, Prussian blue [9] and has been labeled as an effective

Advanced Oxidation Process.
Advanced oxidation processes (AOPs) were first proposed in the

1980s [10,11], and involve the in situ generations of powerful oxida-
tion agents such as hydroxyl radicals (OH) to be applied in wastewater
treatment [12]. Depending on the means for the creation of hydrolysis
radicals, there are many types of AOPs, such as chemical, photo-
chemical, sonochemical, and electrochemical [12]. One of the most
common methods that utilize iron salts as the catalyst is the Fenton
reaction that produces highly oxidant species [13,14]. In the literature,
magnetite structures substituted with transition metals such as niobium
and molybdenum have been proposed [13–15] for some AOPs. How-
ever, semiconductors such as TiO2 and zinc oxide are the most suc-
cessful and popular photocatalysts that have demonstrated high
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photosensitivity and chemical stability [16].
However, they suffer from some limitations regarding their optical

and electronic properties such as high resistance [2,17], wide band-
gaps, which limit their use in photochemical applications under visible
light irradiation. Even worse, the easy recombination of photo-gener-
ated holes and electrons reduces also their efficiency [16]. These
properties cause problems for applications in optoelectronics and cat-
alysis. Nevertheless, one-dimensional and multi-dimensional hier-
archical structures have demonstrated an improvement in the separa-
tion of electron/hole pairs, charge carrier transfer, and enlargement of
the active surface area compared to that of TiO2 nanoparticles. This
improvement has solved some problems that appear in different ap-
plications, mainly in photocatalytic activity [17].

The literature has also reported that TiO2 doped with transition
metals can be a promising strategy to improve the dielectric, ferro-
magnetic, photocatalytic properties, and an increase in its sensitivity in
the visible region [2,18–22].

Also, TiO2, which usually behaves as an n-type semiconductor, can
achieve a p-type conductivity due to the substitution of the Ti atom by
In Ref. [23]. On the other hand, the use of Cu as a dopant is also crucial
because it has high electronic conductivity and can effectively reduce
the wide bandgap of TiO2 through the creation of defects and d-band
states. This metallic element can also act as active trap centers for
electrons and holes to reduce the rate of electron-hole recombination
[24]. Moreover, Cu-doped TiO2 has exhibited better efficiencies com-
pared to Au and Ag metal used as dopants [25].

Researchers have studied the inclusion of TiO2 into semiconductor
substrates to improve the photocatalytic activity without altering its
optical, electrical, and crystal structure properties [26]. For this pur-
pose porous silicon has been studied as a substrate for these TiO2

structures, which according to some reports can be promising structures
for new technologies in photocatalysis [27], due to the ability of these
porous solids to interact with atoms, ions, and molecules in applications
that involve ion exchange, adsorption, and catalysis [28].

Even though Uhlir discovered porous silicon (PS) in 1956 [29], it
was until 1990 when this material gained attention due to its photo-
luminescence (PL) in the visible range [30]. Up to now, the study of PS
is crucial for applications in optoelectronics, microelectronics, sensors,
and medical applications [31,32]. There are many methods to obtain PS
layers, but the most important is the electrochemical anodization [30],
with which PS layers can be obtained easily in a controlled way.
However, Metal-Assisted Chemical Etching (MACE) has gained atten-
tion in recent years due to its simplicity and low cost in comparison to
the electrochemical anodization that needs the use of an expensive
current source. Therefore, the above mentioned we conclude that the
combination of metal oxides and PS could result in improvements in the
electrical and optical properties for both materials. This improvement
in sensitivity has been reported by Baran et al. [33].

This work reports the properties of TiO2 nanostructures doped with
Cu and In on PS. Ni/TiO2/PS/Si/Al, Ni/TiO2:In/PS/Si/Al and Ni/
TiO2:Cu/PS/Si/Al heterostructures were used to observe the depen-
dence of the morphological, structural, optical and electrical properties
on the type of dopant introduced. The synthesis of TiO2 was carried out
in one-step using a solvothermal method at a low temperature (180 °C).
The incorporation of dopants resulted in extraordinary effects on the
TiO2 morphologies, and for that, these results are detailed studied. PS
layers were prepared by MACE, which turned out to be an effective
method to obtain pores in a controlled way. Also, the electrical prop-
erties were evaluated under darkness and illumination conditions
finding significant differences. In the I–V characterization, a negative
differential resistance (NDR) was observed, and this could be an in-
teresting finding for electronics or optoelectronics applications.

2. Experimental methods

The chemicals used in this work were of reagent grade. Hydrofluoric

acid 48% (HF) was provided by MERCK, hydrogen peroxide (H2O2),
hydrochloric acid (HCl), and methanol (CH3OH) were provided by J.T.
Baker. Silver nitrate (AgNO3), titanium butoxide, and copper chloride
(CuCl2) were provided by Sigma-Aldrich and finally, the indium
chloride hydrate (InCl3H2O) was provided by Alfa Aesar.

The MACE method was used to prepare the PS from Si wafers
(< 100>p-type, ρ=15–25Ω cm and 675 ± 20 μm of thickness).
Before the chemical etching, the Si wafers were cleaned with deionized
water/hydrofluoric acid (HF) (3:1) for 30 s and rinsed with deionized
water to remove the native oxide film. Then, the wafers were cleaned in
acetone for 5min in an ultrasonic bath and rinsed again with deionized
water, and finally, these wafers were dried with nitrogen. MACE was
carried out using as a catalyst, Ag nanoparticles which were deposited
on the Si substrates using an AgNO3 aqueous solution of 0.002M. The
plating solution contained 50ml of the aqueous solution of AgNO3,
1.75ml of H2O2, and 1ml of HF (48%). Pieces of Si were immersed in
the plating solution for 30 s at room temperature and in an ultrasonic
bath. After depositing the Ag nanoparticles, the Si substrates were
rinsed with deionized water in order to remove the excess of Ag.
Immediately after this process, the Si substrates were immersed in the
etching solution for 30min. This etching solution contained 50ml of
deionized water, 7ml of H2O2, and 4ml of HF (48%). After the che-
mical etching, the PS layers were obtained then, and the wafers were
rinsed with deionized water and dried with nitrogen.

On the other hand, TiO2 was synthesized using a similar process
reported in Ref. [34] with our modifications. In this case, titanium
butoxide was used as the precursor, hydrochloric acid (HCl) as the
medium acid, and methanol (CH3OH) was employed as the solvent. In
the synthesis, three experimental set-ups were performed. In the first
one, 0.083ml of titanium butoxide were mixed with 1ml of HCl, and
the mixture was dispersed into 10ml of methanol. The whole mixture
was introduced in a 15ml Teflon-lined autoclave under magnetic stir-
ring for 5min, then small piece silicon with a PS layer was introduced
in the same autoclave. Finally, the system was introduced into the
furnace at 180 °C for 4 h. The second experimental set-up was carried
out using 0.083ml of titanium butoxide, and 1ml of HCl dispersed into
10ml of methanol together with 6 mMol of copper II chloride (CuCl2)
and repeating the same steps as the first experiment. The third set-up
was similar to the previous experiments; the only difference was the
dopant, which in this case was 6 mMol of indium III chloride dispersed
in methanol. After following the above mentioned synthetic procedures
to obtain Cu and In doped TiO2, the samples were let to cool at room
temperature. Then the samples obtained were rinsed with deionized
water and dried with nitrogen. Finally, they were thermally treated at
400 °C for 3 h in order to obtain any of the characteristic phases of TiO2
according to the literature [35,36]. Table 1 lists the samples prepared
under different conditions. In order to obtain the electrical character-
istics, nickel circular contacts (1 mm diameter and 500 nm of thickness)
were deposited on top of the structures whereas Al contacts were de-
posited at the bottom side of the heterostructures (500 nm of thickness)
by high vacuum evaporation. Finally, the structures were thermally
treated at 400 °C for 30min in order to improve the adherence between
the sample and the metal contacts. The 400 °C temperature after de-
positing metals was chosen because it is a typical temperature used to
improve the adherence between the metal and the surface; a higher
temperature could degrade the structures [37].

The samples were characterized using Field-Emission Scanning

Table 1
Samples prepared under different conditions.

SAMPLE PRECURSOR SOLUTION PROPORTION (V:V:V)

PTI15 Titanium butoxide: HCl: Methanol 1:6:60
PTICU Titanium butoxide: HCl: Methanol:CuCl2 1:6:60+6mMol
PTIIN Titanium butoxide: HCl: Methanol:InCl2 1:6:60+6mMol
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Electron Microscopy (FE-SEM) using FEI-SCIOS DualBeam equipment
operated at 10 kV in order to observe the morphology of the Ag na-
noparticles and to analyze in cross-section and top-view the structure of
the PS layers before and after depositing the TiO2 material. The ele-
mental composition of the TiO2 structures was determined using an
energy-dispersive X-ray (EDX) analysis, which is integrated into the FE-
SEM apparatus. Raman spectra of the samples were recorded using a
Horiba Raman LabRam HR spectroscopy, with a 632 nm laser, using a
50x magnification. XRD diffractograms were obtained using a
Panalytical-Empyrean diffractometer with Cu Kα radiation
(λ=0.15418 nm). The TiO2 powder diffractograms were recorded in
the 2θ range from 10° to 70° at a scan rate of 0.017° step size. Room-
temperature diffuse reflectance spectra of the heterostructures were
measured using a Cary 5000 UV–vis–NIR system (Agilent Technologies
Inc., Santa Clara, CA, USA). The reflectance spectra were recorded in a
range from 200 to 1500 nm with a resolution of 1 nm. The photo-
luminescence (PL) response was measured at room temperature using a
Horiba Jobin Yvon spectrometer model FluoroMax 3 (Edison, NJ, USA)
with a pulsed xenon excitation source and a multiplier tube detector
controlled by a computer. The samples were excited using radiation of
330 nm, and the luminescence response was recorded in a range from
370 to 1000 nm with a resolution of 1 nm.

3. Results and discussion

Ag nanoparticles are distributed on the silicon (Si) substrates
showing spherical shapes and short-range particle size distribution as
can be seen in Fig. 1. The Ag nanoparticles diameter varies from 8 to
34 nm (see the inset image in Fig. 1) the average distance between
particles and the etching time generated the formation of macropores,
i.e., the micropores collapse among them giving place to bigger pores.
This macropores formation will be appreciated in Fig. 2a, where it can
be observed both macropores and micropores (these micropores cor-
responds to the Ag particle size). Something peculiar observed in Fig. 1
is the first pore formation (mesopores) as a result of the process that
occurs in the plating solution, i.e., H2O2 is reduced in the presence of
Ag particles, liberating holes, which are needed for the etching process
(to produce SiO2, which is dissolved by HF) [38,39]. The most accepted
mechanism for the deposition of metallic Ag is the oxidation and dis-
solution of the Si substrate first, and the most suitable mechanism for
this is a direct dissolution of Si in a tetravalent state, when the HF reacts

with either Si or SiO2, producing H2SiF6 and liberating electrons.
These electrons reduce the Ag + ions from AgNO3 generating Ag0 on
the surface of Si substrate [38,39].

Fig. 2 shows a top and several cross-section views of the PS layers
synthesized by MACE. A sponge-like structure very similar to the PS
obtained using the conventional electrochemical anodization process is
observed in Fig. 2a. It is possible to observe a circular geometry in the
pore distribution; however, the pore size is bigger than the nanoparticle
size, above 100 nm. According to the IUPAC classification, these pores
are in the macropore category [40]. The significant difference between
the pore and nanoparticle size was mentioned previously, i.e., the
average distance among nanoparticles is small, which results in a col-
lapse among the nearest pores generating in this way the macropores.
Even if the etching time was longer, these macropores would form
bigger pores (as can be appreciated in some regions in Fig. 2a).
Therefore, the sizes of pores and those of the particles are quite dif-
ferent. According to Huang et al. [38], the MACE process can be de-
scribed considering five steps: 1) the oxidant is reduced at the surface of
the metal particle. 2) The holes liberated by the reduction of the oxi-
dant diffuse through the metal and are injected into Si. 3) The injected
holes oxidize and dissolve the Si atoms at the interface Si/Ag by HF. 4)
The concentration of holes is the highest at the interface between Si and
metal. Therefore, the Si that is in contact with the Ag metallic is etched
much faster by HF than a bare Si surface without metal coverage. 5) The
holes diffuse from the Si under the noble metal to off-metal areas or the
wall of the pore if the rate of hole consumption at the Si/metal interface
is lower than the rate of hole injection. Fig. 2b shows a cross-section of
the PS layer where Si channels can be appreciated (the inset image in
Fig. 2b shows a zoom-in of this structure). It can be observed in two
regions in the PS layer, the first region has a thickness of around 8 μm,

Fig. 1. SEM micrograph of Ag nanoparticles deposited on silicon substrates.

Fig. 2. SEM micrographs of PS layers in a) top-view b) cross-section.
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and the second region has a thickness of around 20 μm. This phenom-
enon is rarely seen, and we could attribute it to the nature of the che-
mical etching since the highest concentration of Ag nanoparticles reach
a limit at a specific region where the fifth step previously mentioned is
inverted. The total thickness of the porous silicon layers is around
28 μmat 30min, which indicates that the etching rate is around
0.93 μm per minute.

Fig. 3 shows the PS/TiO2 heterostructure with In and Cu dopants
and without any dopant in a top and some cross-section views.
Fig. 3a–b shows the TiO2 structures on the PS surface and the coating of
the Si channels, respectively. There is a uniform coating on the PS
surface with TiO2 nanoparticles around 15 nm of diameter as can be
seen in Fig. 3a. Fig. 3b shows the cross-section view confirming a
conformal deposit of the TiO2 nanoparticles inside of the pore walls,
which sometimes is only achieved by a complex synthesis process such
as PECVD [41].

In Figures, 3c and 3d show the PS/TiO2: Cu heterostructures in a
top and cross-section views. Fig. 3c displays a radical change in the
morphology in comparison with the non-doped sample. In this case,
two morphologies can be observed, the first one corresponds to irre-
gular nanoparticles with a similar size to the pores, and therefore, these
particles can enter the pores. In the second experiment, the morphology
has a peculiar form similar to a cauliflower of micrometric size (as it is
shown in the inset image of Fig. 3c). Multiple agglomerations of short
nanorods form this structure from the core to the surface. The change of
the morphology is due to the segregation of Cu (even at low con-
centrations) which could be similar to that reported for copper thin

films [42]. Fig. 3d shows the cross-section of the heterostructure, and
some TiO2 particles inside of the Si channels can be seen. The particle
size is similar to the pore size. Therefore, it is difficult to achieve full
decoration of the Si channels (as can been seen in Fig. 3b).

Fig. 3e–f shows the PS/TiO2: In heterostructure in top and cross-
section views. Fig. 3e shows a similar morphology as in the first case
(non-doped). However, there are many changes in morphology. First,
the size of these particles increases almost two times; it can be seen in
Fig. 3a. Second, by comparing Fig. 3a–e, it can observe that there is a
more significant agglomeration in the TiO2: In sample than in pure
TiO2, the PS surface seems to disappear because of the coating. Third,
the geometry of these particles changes from spherical (non-doped
TiO2) to cubic forms (In-doped TiO2 and the inset image in Fig. 3e
shows this morphology). The TiO2 structures morphology doped with
In are affected as in the Cu-doped TiO2 case. Fig. 3f shows the cross-
section of the heterostructure, and it observes how the In-doped TiO2
nanoparticles fill the Si channels. This effect is different in comparison
with the non-doped TiO2 sample (which can be considered as a con-
formal deposit).

The images confirm that the doped radically affects the TiO2 mor-
phology, even if low concentrations are used. Therefore, it could be
considered an effective way to modify the morphological properties of
the TiO2 instead of changing solvents [34]. Moreover, doped TiO2
structures not only change in their morphology but also in their optical,
structural, and electrical properties, and this can be taken to our ad-
vantage.

The SEM microscope is also equipped with Energy Dispersive X-ray
spectroscopy (EDX) for elemental analysis. EDX analysis confirmed the
presence of Cu and In metals in the TiO2 structures supported in the PS
layers. The results are summarized in Table 2.

Fig. 4 shows the Raman spectra of the TiO2/PS heterostructures
with the different dopants used. Raman is a useful analytical technique
to identify the phase in the TiO2 structures tracking the peak position as
well as understanding the local change in the structure after the in-
corporation of dopant ions [24]. A series of peaks were found in the
samples these peaks are related to the anatase and rutile phases. The
sample PTI15 shows peaks at 146 cm−1 (Eg) [43–45], 226.6 cm−1 (Eg)
[45], 436.6 cm−1 (Eg) [44], and 641.7 cm−1 (B1g) [43] that char-
acterize anatase and rutile phase. The Eg mode is due to the symmetric
stretching vibration of O–Ti–O, and the B1g mode is generated by the
symmetric bending vibration of O–Ti–O [24,43].

The sample PTICu in Fig. 4 almost shows the same peak position
with a slight shifting as a result of doping. However, it is not possible to
observe any secondary peaks related to Cu or its oxide phases, as is
reported by Choudhury et al. [24]. These peaks are positioned at
147cm-1 (Eg) [43–45], 228.5 cm-1 (Eg) [45], 434.2 cm-1 (Eg) [44],
and 621.2 cm-1 (Eg) [44], which are characteristic of anatase and rutile
phases. The incorporation of Cu ions in the heterostructure causes the
shifting exhibited in the spectra, which in turn, is due to the difference
in the ionic size of both metallic ions, 0.73 Å for Cu2+ and 0.64 Å for
the Ti4+. This difference causes a mismatch in the lattice structure. In
addition, there is a valence difference between Cu(II) and Ti(IV); this
affects the stoichiometry of the Cu-doped TiO2 to maintain the charge
neutrality: the generation of oxygen vacancies [24]. In order to un-
derstand this effect, Cu2+ ions may substitute the Ti4+ ions, which
generates a new bond in the lattice, this new bond could be Cu–O–Ti or

Fig. 3. SEM micrographs in top-view and cross-section of TiO2 on PS layers a)
top-view PTI15, b) cross-section PTI15, c) top-view PTICu, d) cross-section
PTICu, e) top-view PTIIn, f) cross-section PTIIn.

Table 2
Cell parameters, crystallite sizes, and EDX analysis of un-doped and doped TiO2 structures.

SAMPLE CELL
A=B

PARAMETER (Å)
C

CELL VOLUME (Å3) CRYSTALLITE SIZE (NM) ELEMENTS (ATOMIC %) DOPANT

Ti (at%) O (at%) Doped
PTI15 3.765 9.456 134.04 8.1 39.21 60.78 0%
PTICU 3.757 9.476 133.75 14.51 40.49 57.51 2% Cu
PTIIN 3.761 9.48 134.09 8.62 44.59 54.41 1% In
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Cu–O–Cu as it is claimed by Choudhury et al. [24]. The formation of
these bonds will affect the Raman-active modes resulting in the shifting
observed in the spectra. Choudhury et al. [24] mentioned that the Eg
peak is associated with the Cu–O–Cu stretching mode vibration, and
after doping, the vibration strength decreases due to the creation of
oxygen vacancies nearby. Then, the lattice contracts due to the oxygen
vacancies; therefore, the peak is shifted to a higher wavenumber [24].
However, the quantum size effect has been analyzed, which indicated
to be an important parameter in the broadening and peak shifting
[24,46].

The sample PTIIn shows shifting peaks around 148 cm-1 (Eg)
[43–45], 228.5 cm-1 (Eg) [45], 435.4 cm-1 (Eg) [44], and 620.6 cm-1
(Eg) [44]. These peaks are similar to those reported in the literature,
and they are characteristic of the anatase and rutile phases. As in the
previous case, it is not possible to observe the presence of the In3+ or
its oxide phases, and the only apparent difference is a slight shift of the
wavenumbers due to a distortion of the lattice structure. In the sub-
stitutional case, when In ions take the place of the Ti ions, new bonds
O–In–O are formed, which can be active in the Raman spectrum as a
bending mode [47]. The lack of contribution from In–O bonds Raman
peaks confirms that many In3+ ions are introduced in the lattice;
therefore, a mismatch in the structure is generated, and it is shown as a
shift in the Raman peaks. However, Lan et al. [48] concluded that in-
dium ions might exist as some surface species such as O–In-Clx (x = 1
or 2) because the ionic radius of In3+ is larger than that of Ti4+ and
there are significant changes in the lattice parameters and cell volume.

On the other hand, all samples have characteristic peaks around
302 cm−1 and 521 cm−1. According to the literature, these peaks are
assigned to crystalline silicon due to the formation of pores. Also, the
peak at 302 cm−1 is accounted for due to the formation of silicon na-
nocrystals embedded in a PS matrix [44].

Fig. 5 shows the XRD patterns of non-doped and doped TiO2

structures. The non-doped sample PTI15 shows peaks at 25.46°, 38.06°,

48.1°, 54.14°, 55.23°, and 62.96°, which correspond to the (101), (004),
(200), (105), (211), and (204) planes confirming the tetragonal anatase
phase as reported in the literature [49,50]. However, sometimes it is
difficult to differentiate between the anatase peak (101) and the (120),
(111) brookite peaks because the 2θ difference between anatase and
brookite is only 0.078° [51], and also because the brookite phase dis-
appears at high temperature during annealing [24]. In this study, the
thermal annealing was applied in the samples resulting in the elim-
ination of this phase.

The sample PTICu (Cu doped) has almost the same peaks as in the
previous case with a slight shifting in 2θ. These peaks are positioned
around 25.48°, 37.97°, 48.21°, 54.14°, 55.21°, and 62.93°, which are
assigned to the anatase phase. Moreover, other peaks localized at
27.57° (110), 36.22°, and 41.39° can be considered as rutile phase peaks
[51]. However, Choudhury et al. [24] consider these peaks as char-
acteristic of the brookite phase, but this does not seem to be logical in
our case. Since a thermal annealing was given in these samples;
therefore, the brookite phase must disappear.

The PTIIn sample (In doped) shows a shift in the position peaks in a
similar fashion to that of the previous sample. The peaks localized
around 25.51°, 37.99°, 48.32°, 54.1°, 55.29°, and 62.94° correspond to
the anatase phase. All samples have similar peak positions, and the
diffraction patterns absence related to compounds derived from Indium
or Copper can indicate three possibilities. The first one is that In and Cu
ions have been incorporated into the TiO2 lattice, i.e., there is not a
synthesis of In or Cu composites in the TiO2 structure as is confirmed by
Raman spectra. The second one suggests that these species were highly
dispersed over the TiO2 surface, and the third one, probably due to the
low concertation of dopant [40]. In the literature [48,49] there is a
discussion if the In3+ or Cu2+ or other ions substitute the Ti4+ ion
because of the larger radius of these dopant ions (0.81 Å [49], and
0.73 Å [24], respectively) compared to the Ti4+ radius (0.68 Å [49]).

Fig. 4. Raman spectra of TiO2/PS structures un-doped and with Cu and In
dopants. Fig. 5. XRD patterns of In, Cu doped TiO2 structures and un-doped TiO2

structures.
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Cell parameters, including cell volumes of the TiO2 structures, are
summarized in Table 2. These values are comparable to those reported
in the literature [49]. The lattice parameters and cell volume for In-
doped TiO2 structures show almost the same values in comparison with
pure TiO2 structures. Only a slight variation for the “c” parameter is
observed; however, it does not confirm if doping has been accom-
plished. Therefore, we assume that doping by substitutional means can
be excluded, and the In metal particles may be present as a surface
species or nanocrystals undetectable by XRD. For the Cu-doped TiO2
structures, the cell parameters and the cell volume show a considerable
increase. The insertion of the Cu ions that we propose in this case can be
due to the similarity between the ionic radiuses. Thus, it can be con-
cluded that Cu ions are introduced in TiO2 in a substitutional mode.
Something similar has been reported with Sn ions [48] since the ionic
radiuses between Sn and Cu are similar (0.71 Å and 0.73 Å respec-
tively). Hence, we conclude that doping by substitutional mode can
surely be achieved with these Cu ions.

Besides, some peaks shift slightly to lower angles, which implies an
increase in the interplanar spacing [2]. Moreover, it is possible to ob-
serve a decrease in the peak intensity with the use of different dopants.
This effect has been explained as a degradation of the crystallinity [2].
Additionally, there is a narrowing of the peaks in the samples doped
with Cu and Indium, which may be the result of an increase in the TiO2
crystalline size [49]. This increase in the crystal size of the TiO2 par-
ticles has been confirmed by SEM characterization. The crystal size is
estimated by using the Sherrer equation based on XRD (101) peaks
[24,46]. The crystallite sizes are 8.1 nm, 14.5 nm, and 8.62 nm for
PTI15, PTICu, and PTIIn, respectively. The results presented in Table 2
show the different dopants and the effects on the crystal size. These
effects were corroborated by SEM images which proved that TiO2: Cu
possesses the biggest particles; in contrast, non-doped TiO2 has the
smallest particles.

Fig. 6 shows the PL spectra, both the PS layer and doped TiO2

structures under 330 nm excitation at room temperature. In this case, it
is crucial to analyze the behavior of photons generated by electron-hole
pair recombination caused by different effects. In general, the PL can be
associated with optical recombinations, related to defect levels transi-
tions [23]. In the PS layer, a PL band with a maximum intensity around
1.9 eV (652 nm) and a full width at half maximum (FWHM) around
0.5 eV can be seen.

Different models such as quantum confinement [52,53], hydrogen-
termination at nanocrystals [54], oxidized nanocrystals [53,55], loca-
lized states [53,55], and structural defects on the surface [56,57] have
been proposed in order to explain the origin of PL in porous structures.

In this case, we propose that the PL of the PS layer can be related to
quantum confinement and structural defects, since the PS layer can be
considered as interconnected Si nanocrystals with different sizes along
with a tubular structure [57].

A study performed by Cong et al. [58] reported that the PL peak at
700 nm is due to quantum confinement from silicon nanowires covered
by silicon nanocrystals. This Quantum phenomenon can only be ob-
served when the crystalline Si size is comparable with the Bohr radius
of excitons in the Si crystals (around 5 nm) [58]. Moreover, in the PL
spectrum of the PS layer, a weak shoulder of around 800 nm can be
observed, which can be attributed to electron-hole recombinations
confined in Si crystals of few nanometers wide [58]. The structural
defects are shown in SEM figures (see Fig. 2a), where the PS surface
shows roughness and imperfection.

Sanders and Chang [59] proposed a silicon quantum wires model,
where four sub-bands in the conduction band and four sub-bands in the
valence band close to each other generates multiple peaks and a band
broadening that can be observed through a deconvolution process of
the spectrum. By using this model [59], the silicon wires can be treated
as one-dimensional structures similarly to quantum-wells, where the
energy levels can be represented as ∝E L1/1

2 L is the size of the well.
Hence, this study proposes that there is a minimum of energy

around 8meV [60] among these sub-bands, which produces an overlay,
creating the continuum band effect, as can be appreciated in the PS
spectrum of Fig. 6. Also, this effect could originate due to the variation
of silicon crystal size; thus, the PL would be a statistical average of the
silicon crystal size [60] as it is usually treated for isolated silicon
quantum dots [61]. However, it is not possible to discard other effects
such as the presence of oxidized nanocrystals, hydrogen-terminated
crystals, or defects at the surface, since these three additional effects
can be attributed due to the preparation method. Despite this analysis,
the PL origin in the PS layer is still unclear.

The PL response before and after depositing TiO2 on the PS layers is
shown in Fig. 6. A radical change is displayed in the TiO2 nanos-
tructures confined inside the macroporous silicon layer compared to the
pure PS layer. Due to the PL of the PS layer was reduced by the coating
of TiO2. This reduction of the PL in the PS layer is a result of a passi-
vation effect due to the coating or decoration of TiO2 on the PS surface,
i.e., the TiO2 structures absorb the excitation energy, annulling the PS
luminescence. Moreover, there is a blue shifting in all samples with
different intensities, as can be observed in Fig. 6. The un-doped TiO2
sample shows a maximum peak of energy around 2.95 eV, while the
doped TiO2 structures with Cu and In show the maximum energy peak
around 2.88 and 2.99 eV, respectively.

In the literature, the PL spectrum of the TiO2 anatase phase has
been divided into three regions for lower energies than 2.65 eV, and the
peak is attributed to TiO2 surface states. Medium energies from 2.7 to
2.84 eV correspond to the recombination of photoinduced electrons and
holes via the oxygen vacancies with two trapped electrons. Higher
energies over 3.01 eV, near to the emission band edge are attributed to
indirect transitions [62]. In this case, the PL of our samples seems to be
due to the recombination of photoinduced electrons and holes via
oxygen vacancies or indirect transitions [62]. According to the litera-
ture, the oxygen vacancies are intrinsic defects, and they are created to
maintain the charge imbalance [62].

Moreover, these defects seem to be the most important source of the
luminescent emission for TiO2, labeled as Vo, Vo+, and Vo++ [63].
The non-doped and doped TiO2 samples possess a similar maximum
energy intensity, around 2.9 eV, which could be related to a transition
from the oxygen 2p level in the valence band to the oxygen defect level
[1] and the variation of the energies must be produced for the dopants
inserted in the TiO2 bands. The doped samples have a blue or red-
shifting. Due to the possible formation of new bonds, such as Ti–O–In, a
new In 5p level is introduced above the oxygen 2p level as an acceptor
type level [23].

Something similar could occur with the insertion of Cu dopants

Fig. 6. Photoluminescence spectra of PS layer and Cu and In-doped TiO2

structures.
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because of the formation of Ti–O–Cu in response to the charge im-
balance which arises when Ti4+ is replaced by a lower valence ion
(Cu2+); that is compensated by forming an oxygen vacancy. The most
stable site for this compensating of oxygen vacancy is the O site,
neighboring the Cu dopant in the equatorial position, which has a
computed formation energy of −0.35 eV [64]. Additionally, in all
samples, an observable broad PL band could also be associated with
optical transitions related to anatase and rutile phases [47].

A second weaker visible band around 800 nm could be related to the
interaction of the PS layer or be produced due to the rutile phase as
Mashary et al. [47] claim (the inset image in Fig. 6 shows a zoom-in of
the peak). They mention that the rutile phase usually shows PL bands
1.5 and 1.75 eV, which could be related to possible radiative re-
combination between midgap trapped electrons and free holes at the
valence band. It is not clear what the origin of this band is, despite XRD
and Raman characterizations show a contribution of the rutile phase in
both samples. Another unexpected fact that is worth to mention is the
intensity of the PL spectra, and the PL intensity increases depending on
the dopant in comparison with the non-doped TiO2 sample. This effect
might indicate that the formation of new bonds and the insertion of new
energy levels (caused by metal dopants). These bonds generate an en-
hancement in the radiative recombination due to an increase in the free
carrier concentration [23] and a suppression of photogenerated elec-
tron-hole recombination [49].

The energy band gap was determined by using the Kubelka-Munk
method and the diffuse reflectance spectra. By using the Kulbelka-Munk
method, we determine the bandgap. In the expression from the
Kulbelka-Munk method F(R) = (1-R)2/2R, where R is the diffuse re-
flectance [24]. In this case, F(R) becomes an absorbance function, and
the following expression was used in order to determine the bandgap

∗F R hv vs hv( ( ) )
1
2

To determine the gap, we have extrapolated two lines on the dif-
ferent slopes on the graphs, and the intersection of these lines was the
bandgap.

The diffuse reflectance spectra of the samples are shown in Fig. 7a,
while the Kubelka-Munk absorption plot is presented in Fig. 7b. The
bandgap energies are given in Figures from 7c to 7f. The crystalline
silicon possesses the highest reflectance due to the polished surface. The
rest of the samples have a considerable reduction in reflectance in all
the visible region. Due to the absorption phenomena occurred on the
surface of the sample. All samples show the same decreasing tendency
as the energy increases. Fig. 7b shows the absorbance function F(R)
versus wavelength, and it is apparent to the sight that there are dif-
ferent absorbance bands. The first absorbance band from 250 to
300 nm, can be due to excited electrons, from the valence band to the
conduction band, the second band ranges from 350 to 400 nm, and fi-
nally the third band ranges from 400 to 750 nm (2B1g to 2 Eg transition
[24]), something similar reported by Choudhury et al. [24]. Figures
from 7c to 7f show the optical bandgap of the samples. The PS bandgap
energy is around 1.65 eV. Otherwise, in TiO2 structures can be appre-
ciated a reduction of the bandgap. The PTI15 sample (Fig. 7f) shows a
bandgap around 3.01 eV, which has a different value compared to the
already well-known band gap of 3.2 eV for the anatase phase (direct
transition from the valence band of the oxygen 2p level to the con-
duction band of the Ti 3d level [1]).

The PTICu sample (Fig. 7d) has a bandgap around 2.95 eV that can
be attributed to the insertion of the Cu2+ dopants and oxygen defects,
which form sub-bands states in the TiO2 bandgap. Thus, in the Cu-
doped TiO2, the electrons can be excited in order to make a direct
transition or to occupy Cu2+ s-d states, and the oxygen vacancies
capture electrons [24]. The oxygen vacancy states such as F+ (single
electron) and F++ (devoid electron) are responsible for the capture of
electrons. Therefore, the sub-band states of Cu2+ and oxygen defects
are responsible for the reduction of the bandgap of TiO2 [24].

The PTIIn sample (Fig. 7e) has a bandgap around 2.92 eV that can
be related to the introduction of the In 5p level or to an oxygen level
defect, as previously mentioned. The reduction of the bandgap for
doped samples indicates the insertion of different levels inside of the
TiO2 bandgap. Moreover, the bandgap reduction can be controlled by
the surface of the nanostructures, lattice strain, and vacancies [24].

On the other hand, it is possible to determine the width of the defect
bands in the TiO2 bandgap employing the Urbach energy (Eu). This
energy is related to the Urbach tail, which refers to the creation of a
band tail due to defect states, which extends far down the bandgap from
the lower part of the conduction band, and similarly, the defect states
near the valence band localized in edge deep inside the gap [24]. The
reciprocal of the slopes of the linear portion, below the optical bandgap,
gives the value of Eu [24]. Fig. 8d shows the Urbach energy of the
samples. The Urbach energies are 69.5meV and 83.2meV, for PTICu,
and PTIIn, respectively. The results of the Urbach energy values reduce
the TiO2 bandgap, due to the introduction of defect levels, similarly
reported by Choudhury et al. [24].

Fig. 8 shows the electrical characterization of the heterostructures
under illumination and darkness conditions. Heterostructures were
evaluated from negative to positive voltages. Fig. 8a corresponds to Ni/
PS/Si/Al heterostructures at positive voltage applied, and the PS layers
are ruling the current due to its high resistivity since the pores work as
charge carrier traps [62].

When the heterostructure is polarized, a depletion region is formed
between the Ni contact and the PS layer due to the electrons passing
through from the Ni contact to the PS layer, then these electrons travel
a certain distance until they recombine with holes, which creates a
negative charge on top the PS layer, meanwhile, the Ni contact is po-
sitively charged [62].

On the other hand, when a negative sweep voltage is applied, there
is a behavior similar to the Zener diode or avalanche diode after ap-
plying 40V (this voltage can be considered as a break-down voltage).
The saturation current can be obtained from the JT∝ Jo exp (A), where
JT is the total current density, and A is a term related to the applied
voltage, built-in voltage, and thermal voltage. Thus the saturation
current (Jo) has been determined by the extrapolation of the linear
region of Ln(JT), which gives a saturation current around 0.31 μA and
2.9 μA for darkness and illumination conditions, respectively. This
significant difference is related to the increase of the slope due to the
photoinduced current.

Regarding the different conditions of excitation, it is clear to see a
difference between the curve under darkness and illumination. For
positive voltages, white light pulses are being applied, a photoresponse
can be observed, and an increase in the slope can be observed. Also, for
negative voltages, an increase in the breakdown voltage can be ob-
served when light is applied. The explanation for the different current
observed is given below: the forward current is generated due to the
flow of minority carriers, and the applied voltage injects minority
carriers, meanwhile, the reverse current is generated due to the flow of
majority carriers [63]. The reverse and forward currents increase ex-
ponentially with more voltage applied, which indicates that a diffusion
current is dominating in the heterojunction [64,65].

Fig. 8b shows the electrical behavior of the Ni/TiO2/PS/Si/Al het-
erostructure. In this curve, different defects, both positive and negative
voltages, are shown. For negative voltages, it can be observed that after
−15 V, the curves start to show current defects. These defects could be
related to the internal structure of the heterojunction (traps in the
material or oxygen vacancies) or even environmental conditions such as
temperature, pressure, mechanical noise; however, it is not clear why
this phenomenon occurs. The most interesting effect appears for posi-
tive voltages, where a reduction of the current is observed as the vol-
tage increases, this effect occurs at around 1.5 V and is considered as a
negative differential resistance (NDR) [66,67] (the inset image in
Fig. 8b shows a better image to appreciate this effect). The NDR effect
has been widely studied in order to try to explain its origin; models such
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as tunneling, Coulomb blockade, and charge storage have been sug-
gested as the leading causes for this effect [66].

Fig. 8c and d shows the I–V curves of the Ni/TiO2: Cu/PS/Si/Al and
Ni/TiO2: In/PS/Si/Al heterostructures under darkness and illumination
conditions. These figures show a considerable difference in comparison
with the non-doped structure. First, the negative voltage region in-
creases exponentially in both samples until it reaches the current
compliance (10mA) at low voltages (∼6 V). It is unknown why this fast
increment only appears in these samples (8c and 8d); it is probably due
to the introduction of dopants. For positive voltages the NDR effect can
be observed for both samples; however, for PTICu after the first current
drop, it is possible to see a wave-like effect with a certain periodicity,
which could be a contribution of the NDR effect.

On the other hand, the PTIIn sample shows a wave-like effect with
random behavior as signal noise. This wave-like effect could originate
from the dopants with the introduction of new levels that capture
electrons. As it was previously mentioned, the NDR effect could be
caused by a different mechanism. For example, resonant tunneling

occurs when the quantized states in the quantum well cannot contribute
to the coherent tunneling through the double-barrier structure [68] or
localized states. These localized atomic states in a sharp structure
arising from the tip density of states (DOS) to the metal [69]. Marin
et al. [66] mention that the NDR effect appears when conduction
channels are blockage due to carrier trapping phenomena in the SiO2/
Si interface. These traps capture electrons, which cause a Coulomb re-
pulsion.

Charge storage was reported by Du et al. [70]. Who proposed that
the NDR effect is caused due to molecular dimensions in the interface
insulator-metal. The exponential behavior of the current indicates
electron tunneling. This phenomenon can explain by resistive switching
(in our case the TiO2 structures are highly resistive compared with the
crystalline silicon or porous silicon) model based on charge trapping
and de-trapping introduced by oxygen vacancies in a bandgap state,
with molecular oxygen ions as the active source in charge storage.

Charge storage seems to be the most acceptable model for the origin
for this NDR effect, based on the evidence obtained from the

Fig. 7. Diffuse reflectance of the Cu and In TiO2 structures and Kubelka-Munk method to determine the band gap a) Diffuse reflectance spectra of PS layer and doped
TiO2 structures b) Kubelka-Munk absorption c) determination of gap for PS d) determination of gap for PTICu e) determination of gap for PTIIn f) determination of
gap for PTI15.
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experiments carried out by Du et al. [70], where they used TiO2 as an
insulator between two electrodes, similar to the heterostructures pro-
posed in this study.

However, the behavior of the Ni/TiO2: In/PS/Si/Al heterostructure
could be associated with a Coulomb blockade, which has been asso-
ciated with telegraph noise produced by trapping and de-trapping of
carriers in trap states caused by the SiO2/Si interface and the diameter
variation of silicon nanowires [66] since it is well-known that crystal-
line Si is oxidized rapidly in environmental conditions and the forma-
tion of PS layers generate the silicon nanowires with different dia-
meters. Moreover, as mentioned above in the diffuse reflectance spectra
analysis, the reduction of the bandgap is the result of the introduction
of new energy levels (trap states) in the TiO2 bandgap, and thus, there
is a high possibility of the NDR phenomenon taking advantage from the
Coulomb blockade model.

For the Ni/TiO2: Cu/PS/Si/Al heterostructure there is not enough
evidence to reach the same conclusion for the NDR origin since the
wave-like effect appears in a periodic form; therefore, the telegraph
noise effects from Coulomb blockade can be excluded. Thus, the charge
storage could be related to this effect. The non-doped heterostructure
could have two contributions, the first one could be the charge storage
contributions due to the experiments in Ref. [70] and the second one
would be the resonant tunneling due to the curves shown in this study,
which show a fast exponential increase similar to the characteristic
behavior for a conventional tunnel diode. Despite the models con-
sidered, it is not possible to account for the NDR effect from the lack of
evidence, and this could be the topic for new research work.

On the other hand, the curves under illuminated conditions show a
similar photoresponse when white light pulses are applied, as can be
appreciated in Fig. 8b and c. However, in Fig. 8d, it is difficult to dis-
tinguish this photocurrent effect since there is not a significant differ-
ence between dark and light conditions.

Finally, it is important to note that the current is reduced two
magnitude orders between the samples (with TiO2 film); this may be
due to the high resistivity of the TiO2.

Moreover, all samples have shown a photocurrent signal, but the

NDR effect only appears in the TiO2 film, which demonstrates that TiO2
is vital for this effect. Therefore, these structures can be used for dif-
ferent electronic applications, such as volatile memory devices [56].

4. Conclusions

This work has demonstrated the creation of nanostructures with
important effects by using efficient synthetic methods. SEM character-
ization has revealed the morphology of the Ag nanoparticles before
chemical etching. Also, the morphology of the PS layers showed a si-
milar structure than that of the PS layers obtained by the electro-
chemical anodization process, which generates a reduction in the pro-
duction cost. Depending on the dopant the TiO2 structures showed
unusual effects in the morphology, evident changes from nanoparticles
(non-doped TiO2) to complex micrometric structures similar to a cau-
liflower. Besides, the elemental analysis suggested a homogenous dis-
tribution of the dopant without the formation of Cu or In composites
(Cu–O or In–O). Raman spectra showed the preference of the anatase
phase with some peaks associated with the rutile phase without peaks
associated with the formation of new composites related to the dopants.
Moreover, other peaks found in the PS layers corresponded to silicon
nanocrystals.

XRD diffractograms showed a combination of the anatase phase and
the rutile phase, and by using the Sherrer equation, the crystal size was
obtained with an evident increase with the dopants was calculated. PL
spectra showed the behavior of the non-doped and doped hetero-
structures, and it was clear a passivation effect on the PS layer. Also, a
variation in the intensity and a blue shifting due to the dopants were
found. The origin of the PL was discussed, and it was stated that it could
be originated from quantum confinement or structural defects on the
surface of the PS layers; meanwhile, the luminescence of TiO2 could be
related to the oxygen vacancies, surface states or new level states in-
troduced in the TiO2 gap. Diffuse reflectance spectra were analyzed
using the Kubelka-Munk method, and Urbach energy, a reduction of the
bandgap was shown, and it was due to the dopant. This reduction was
attributed to the new defect levels caused by the dopant elements.

Fig. 8. Electrical behavior of the PS/TiO2 structures a) Ni/PS/Si/Al b) PTI15 c) PTICu d) PTIIn.
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Urbach energy gave an approximation of the level depth. Finally,
electrical characterization of the heterostructures with TiO2 showed
surprising effects, since a negative differential resistance effect was
observed in all samples. However, the origin of this effect is still un-
clear. Moreover, a photoresponse was found in all samples, which
means that these kinds of structures could be used for specific appli-
cations in electronics or optoelectronics.
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