J Mater Sci i

Functional Nanocomposite Materials

®

Check for
updates

Photoelectrochemical properties of doped TiO,
nanowires grown by seed-assisted thermal oxidation

Massimo Zimbone', Sergio Battiato™?*®, Lucia Calcagno?, Gianni Pezzotti Escobar’,

Giovanna Pellegrino’, Salvo Mirabella'?, Federico Giuffrida?, and Giuliana Impellizzeri'

"CNR-IMM, Via S. Sofia 64, 95123 Catania, Italy
2 Department of Physics and Astronomy, University of Catania, Via S. Sofia 64, 95123 Catania, Italy

Received: 24 January 2024 ABSTRACT

Accepted: 10 May 2024 Titanium dioxide Nanowires (NWs) are particularly interesting because of their
very high surface/volume ratio and their photocatalytic activity allows them to be
© The Author(s), 2024 used in a myriad of applications. This manuscript presents a study of nanowires

grown on a conductive substrate making use of a seed-assisted thermal oxidation
process. To obtain doped NWs, before the oxidation, metallic titanium was doped
with Fe (or Cr) by ion implantation technology. Analyses showed good quality
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Introduction

Titanium dioxide (TiO,) emerges as a compelling
material, captivating attention for its remarkable
properties. It has exceptional attributes, including
favourable optical and electronic properties, long
durability, persistent chemical stability, robust cor-
rosion resistance, and economic affordability. This
versatile material boasts a range of practical uses in
photocatalysis, photovoltaics, chemical sensing, and
optical devices [1, 2]. Its utility extends also to cre-
ate super hydrophilic and self-cleaning surfaces [3,
4]. One of the key properties that unlock this wide
range of applications is its ability to degrade organic
compounds absorbed onto its surface when exposed
to ultraviolet (UV) radiation [5-10]. The functional-
ity of many of its applications hinges on the efficient
transport of photo-generated electrons and holes
to the external environment, enabling the degra-
dation of absorbed pollutants on the TiO, surface
into harmless substances. In addition, it is widely
acknowledged that further enhancements are needed
to boost the efficiency of TiO, photocatalysis, espe-
cially extending the range of the useful radiation to
visible light. The scientific community has explored
various approaches to enhance the effectiveness of
this process [11-16].

Nanowires (NWs) present a particularly promising
avenue for improvement [17-19]. In particular, the
extremely high surface-to-volume ratio of TiO, NWs
enhances the interaction of the photo-carriers with the
external environment, leading to an enhanced photo-
catalytic activity. In the literature, several methods for
the synthesis of TiO, NWs are reported: hydrothermal
[20], chemical vapour deposition (CVD) [21], atomic
layer deposition (ALD) [22], and thermal oxidation
[23]. Our group has significant experience in the syn-
thesis of titania nanowires by thermal oxidation [15,
24, 25]. TiO, NWs are grown on a titanium layer (or
foil) using gold nanoparticles as seeds for the growth.
Such a peculiar growth technique creates NWs with a
gold nanoparticle tip. Moreover, an intimate Ohmic
(non-rectifying) electrical junction between TiO, NWs
and the conductive titanium substrate is achieved
allowing the electrochemical measurements to be reli-
able [15, 24, 25].

This is particularly interesting since Au, and in gen-
eral noble metals, are commonly used to enhance the
photoactivity of the TiO, and because Au nanoparti-
cles are easily functionalized. These facts give some
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degree of freedom in the realization of devices for
water purification and sensing [26-28].

While most of the literature predominantly empha-
sizes the photocatalytic behaviour of TiO, NWs, the
focus of this paper is to delve into understanding
the photo-electrochemical peculiarities of TiO, NWs
grown by seed-assisted Au nanoparticles. This choice
is motivated by the profound interconnection between
photocatalytic behaviour and their electrochemical
properties. After an optical, morphological and struc-
tural analysis of the NWs, we used the electrochemical
impedance spectroscopy (EIS) measurements at vari-
ous applied voltages together with the current—volt-
age (LSV, linear sweep voltammetry) characteristics
to understand the physical-chemical properties of
the NWs interface. We gave a rationale for the effect
of the doping and for the formation of trap states for
minority carriers (photo-holes) at the interface dur-
ing illumination. We also studied, together with the
pristine TiO, NWs, the Cr and Fe-doped TiO, NWs.
We chose these ions because it is well known that ion
doping brings a decrease in the band gap of the mate-
rial and an absorption in the visible range that could
enhance the photo-catalytical properties also in the
visible range [29]. This study seeks to contribute valu-
able insights into the photo-electrochemical aspects
that influence the performance of titanium dioxide in
various applications.

Materials and methods

The procedure for the synthesis of the nanowires is
schematically shown in Fig. 1 and consists of sev-
eral steps. For the undoped material, only 3 steps
(described in Fig. 1 as steps 1, 3 and 4) are necessary,
while for doped material a further step (i.e. step 2) was
added as we will discuss later.

Undoped NWs

Firstly, a thick (~ 4 pm) film of titanium was deposited
by sputtering on a silicon substrate (Step 1). Samples
were cut into pieces of about 1 cm x5 cm and then a
thin gold layer (~5 nm thick) was deposited on the
surface of the Ti layer (step 3) by using an RF (60 Hz)
Emitech K550X as a metallization sputtering system.
The Au target had a 99.999% purity. The deposition
was carried out in Ar flow at a current of 10 mA and
a chamber pressure of 2 Pa (0.02 mbar). The thickness
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Figure 1 A four-step procedure for the synthesis of doped NWs.
Step (1) Deposition of a thick (~4 pm) film of titanium on a sili-
con substrate. Step (2) lon implantation of the Fe* or Cr* ions at
about 100 nm above the titanium surface. Step (3) Deposition a

value of Au (5 nm) was confirmed by Rutherford back-
scattering spectrometry (RBS) measurements using a
2.0 MeV He" beam. Thus, the samples were inserted
into a muffle and TiO, NW synthesis was performed in
air at 750 °C, for 1.5 h (step 4). Gold nanoparticles form
due to a de-wetting process and at 750 °C catalyse the
growth of the nanowire; the procedure of the NWs
synthesis was optimized as reported in our previous
works [15, 24, 30]. Samples synthesized, as described,
are hereafter called “TiO, NWs” or simply “NWs".

Doped NWs

Similarly to what was described in the previous para-
graph, doped materials were synthesized by adding a
further step (i.e. step 2) in the procedure described in
Fig. 1. Step 2 consisted of the ion implantation of the
titanium film. The titanium films were implanted with
Fe® or Cr" ions at an energy of 150 keV for Fe" (pro-
jected range ~ 83 nm) and 240 keV for Cr" (projected
range ~ 137 nm). Fluence ranged between 3.4 x 10"
and 1.8 x 10'® ion/cm?. Gold layer deposition (step 3)
and annealing in air (step 4) were performed similarly
to the un-implanted samples. Doped samples will be
called by indicating the element (Fe or Cr) and the
fluence, such as “Fe 1.8E16”.

Electrolytes

The electrolytes used in the photo-electrochemical
measurements are PBS (phosphate buffer solution)

- .

2) Ion implantation

nuny

Fe

thin gold layer (~5 nm) on the surface of the titanium. Step (4)
Thermal annealing in air at 750 °C, for 1.5 h. Undoped samples
were prepared according to steps 1, 3 and 4, thus avoiding step 2
(i.e. ion implantation).

100 mM, pH =7.4. The resistivity of the solution is
measured to be 71 Q*cm (conductivity 1.4 x 1072 S/
cm).

Scanning electron microscopy (SEM) analyses
were performed by a Gemini field emission SUPRA
25 Carl Zeiss microscope operating at 3-5 kV. The
total reflectivity measurements were obtained by
using a Lambda 40 Perking-Elmer spectrophotom-
eter. The band gap of the synthesized NWs was
calculated using the Kubelka—Munk and Tauc-plot
procedure [31]. Raman spectroscopy was carried out
by using a micro-Raman Horiba Jobin Yvon HR800
system equipped with a 325 nm HeCd laser, emitted
light was dispersed by 1800 grooves/mm kinematic
grating with a 0.2 cm resolution. The power of the
laser was kept between 1 and 10 mW and an objective
of 40 x with 0.75 NA has been used. X-ray diffraction
(XRD) analyses are performed with a Rigaku Smart-
lab diffractometer equipped with a rotating anode of
Cu Ka radiation operating at 45 kV and 200 mA, in
grazing incidence mode at 0.5°, and 6-20 from 20°
to 60°. The X-ray photoelectron spectroscopy (XPS)
analyses were performed with a PHI 5000 versa
probe instrument equipped with a monochromatic
Al Ka X-ray source. The analyses were performed
at a photoelectron take-off angle of 45° (relative to
the sample surface). The XPS binding energy (B.E.)
scale was calibrated on the Au 4f7/2 peak at 84.0 eV.
The electrochemical cell is customized and was real-
ized with a 3D printer Raise3D Pro2 Plus (see Fig. 1a
S.I1.). It allocates a screen-printed electrode with a
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quasi-reference electrode of Ag/AgCl and a gold dot
as the counter electrode. The working electrode was
realized by covering the sample with an inert poly-
olefinic film having a hole of 0.5 cm in diameter and
an area of 0.2 cm?. The electrolyte volume in the cell
is about 20 ml. A schematic diagram of photoelectric
setup is reported in Fig. 1b S.I. The UV light used
for photoelectrochemical experiments has a wave-
length of 365 nm and an intensity of 10 mW/cm?.
Linear sweep voltammetry (LSV) and electrochemi-
cal impedance spectroscopy (EIS) were acquired
with a Versastat-4 potentiostat in a three-electrode
setup [32, 33]. LSV was acquired by scanning from
negative (- 1.5 Vyyg) to positive potentials (2 Vi)
at a scan rate of 5 mV/s; cyclic voltammetry (CV)
was performed with a scan rate of 100 mV/sec. V¢
were performed waiting for 3 h for equilibration. EIS
data were gathered using a 10 mV amplitude per-
turbation and a frequency between 0.1 and 10° Hz
scanning 6 orders of magnitude and the data were
processed with the Zviewer software. The potential
is converted to the reversible hydrogen electrode
(RHE) according to the equation: Egyg = E eference *
0.059*pH +0.106 V.

Results
Structural and optical characterization

The morphology and the crystalline structure of the
NWs were studied by SEM, Raman and XRD analyses.
In Fig. 2, a SEM micrograph of the nanomaterial is
shown. The sample surface is covered by TiO, nanow-
ires with a density of 5 x 108 NWs/cm? (as calculated
by the Image] software). Some main peculiarities can

Figure 2 SEM plan view of the surface of the NWs.
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be observed in this image: 1) the NWs are faceted,
pointing to a crystalline structure, 2) the NWs show
an almost random orientation, and 3) the NWs have
Au nanoparticles on the top. The length of the NWs
is about 1-2 pm and the diameter of the nanowire
(and of the Au NPs) ranges from 50 to 150 nm [14,
22, 23]. Doped and undoped samples (not shown
here) present the same morphology. In Fig. 2 S.I.
the Raman spectra for doped and undoped samples
are shown. Even in this case, the Raman spectra of
doped and undoped materials are indistinguishable.
Raman showed the presence of two main peaks A;,
and Eg, related to the presence of the Rutile phase,
while no Anatase phase is detectable [34]. The Rutile
phase was reasonably formed at 750 °C annealing tem-
perature. It is worth noting that the UV light source
used for the Raman measurements has a penetration
depth of about ~ 35 nm at A =325 nm (considering an
absorption coefficient of TiO, of 2.9 x 10° cm™ of the
laser wavelength [31]), thus only the NWs contrib-
uted to the signal. Even the XRD patterns, shown in
Fig. 3 S.I., showed the presence of the Rutile phase.
In this figure, the black squared and the red circular
dots indicate the position of the Rutile and Au peaks,
respectively. In particular, the Bragg reflection peaks
at 27.5°, 36.1°, 39.2°,41.2°, 54.3° and 56.7° correspond-
ing to (110), (101), (200), (111), (211) and (220) planes
are apparent [PDF Card No.: 00-083-2242]. A careful
investigation of the peak position of the doped and
undoped samples indicated that they are un-shifted.
The Au peaks due to the Au-NPs on top of the TiO,
NWs are also apparent at 38.2°, 44.4° and 64.6° for
(111), (200) and (220) planes, respectively [JCPDS
Card No. 04-0784]. Despite the similarity of the SEM,
Raman and XRD analyses, the reflectivity spectra in
the UV-vis region and the XPS spectra present dif-
ferences between the doped and undoped NWs. In
Fig. 3a, we showed the absorption (A% =100-R%)
spectra for samples irradiated with different ions (Fe*
and Cr") and fluencies. Figure 3a reports the undoped
material with a black line, while the doped materi-
als are represented by symbols. The figure indicates
a higher absorbance in the visible due to the doping.
An accurate analysis of the spectra of Fig. 3a was per-
formed by using a method described elsewhere (by
using a Kubelka-Munk and Tauc-plot procedure)
[35, 36]. It indicates a decrease in the adsorption edge
from 402 + 4 to 437 + 4 nm (meaning, in photon energy,
from 3.08 to 2.83 eV). The results of this analysis are
reported in Fig. 3b. It is worth noting that iron ions are
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Figure 3 a Absorbance (A% =100-R%) spectra for NWs irradiated with different fluencies and ions (Fe and Cr). b Eg obtained by

using a Kubelka—Munk and Tauc-plot procedure.

more effective than chromium in reducing the opti-
cal band-gap of TiO, indeed the sample irradiated
with Cr, “Cr 9E15”, is less shifted than the sample “Fe
3.4E15" despite the higher dose of the former. In order
to gain a deeper insight into the surface composition
of the iron-doped TiO, NWs (sample “Fe 1.8E16”),
XPS analysis was performed. The survey spectrum
shows intense peaks due to the presence of titanium
and oxygen (see Fig. 4 S.I.). Carbon contamination is
also detected. The presence of gold in the sample, due
to the Au NPs on the NWs tips, is revealed by XPS
at high-resolution (HR) and its atomic concentration

results to be of the order of 0.12%. The signal of Au 4f
7252 1S seen in the inset of Fig. 4 S.I. The diagnostic
HR-XPS regions related to the Ti 2p, O 1s and Fe 2p
of the iron-doped NWs are shown in Fig. 4. The tita-
nium signal consists of a spin-orbit doublet with the
Ti 2p;, component centred at 458.6 eV, consistent with
the occurrence of titanium in the (IV) state [37]. The
O 1s region shows a band with a main component at
529.8 eV associated with the metal oxide species and
a lower band centred at 531.8 eV which can be attrib-
uted mainly to the presence of hydroxyl groups on the
surfaces (-OH) [37, 38]. The ratio between the areas of
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Figure 4 High-resolution XPS spectra as obtained from the iron-doped TiO, NWs in the a Ti 2p, b O 1s and ¢ Fe 2p regions.
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these two contributions is about 3:2. With regard to
the dopant, the high-resolution XPS acquisition in the
Fe 2p region, clearly indicates the presence of iron on
the surface of the NWs. The signal related to the Fe 2p
has the 2p;, component centred at 711.6 eV, which is
ascribable to the presence of Fe (III) in oxy/hydroxide
species [39]. The atomic concentration of iron detected
at the surface by XPS is 2.8%, to be compared with the
13.8% of titanium (see atomic concentrations in the
table reported in Fig. 4 S.I.).

Electrochemical characterization

Figure 5 reports the LSV curves of the undoped and
“Fe 1.8E16” doped (called “undoped” and “doped”
for brevity) samples in the dark and under UV illu-
mination in the range between 0 and 1.2 V. In
this interval, the splitting of water is avoided. In the
dark, the current is quite constant and very low: of
the order of 10° and 10° A for undoped and doped
samples, respectively. On the other hand, under UV
light the photocurrent is observed. The points (square,
circles and triangles) represent the open circuit volt-
ages (Vo) in the dark and under illumination. These
values are extracted from the crono-potentiometric
measurements shown in Fig. 5 S.I. The small vertical
lines associated with the red and blue curves in Fig. 5
represent the position of the “onset potential” i.e. the

T o T d T ¥ T ® T

T T ,
Voc LSV
1.5x10% F ® Dark Undoped //_‘
=4 Light Undoped
Dark Doped
X Light Doped

1.0x10™

Current [A]

5.0x10°

Voltage [V, ]

Figure 5 LSV of the electrolytic-NWs junction for undoped and
“Fe 1.8E16” sample in the dark and under UV illumination. The
points (square, circle and triangles) represent the open circuit
voltages (Vo) in the dark and under illumination, while verti-
cal lines (red and blue) are the “onset potential” for undoped and
doped NWs, respectively.
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potential at which the photocurrent becomes measur-
ablei.e. 0.2 and 0.3 Vyyyg for undoped and doped sam-
ples, respectively. V. in dark and V. are reported
in Table 1. In Fig. 6a and b we reported, as an exam-
ple, the measured impedance of the system: the real
(Z") and imaginary (Z") parts of the impedance of the
electrolytic-NWs junction for the undoped (Fig. 6a)
and doped (Fig. 6b) as a function of frequency. It has
been measured at a potential of 1 Vyyyp to make the
light effect evident. The frequencies span 5 orders
of magnitude, and two different behaviours can be
observed for frequencies higher or lower than a “cut-
off” frequency. This is 10 Hz and 100 Hz for undoped
and doped samples, respectively, and it is represented
in Fig. 6a and b as dashed vertical lines. These values
are an intensity-related quantity and will be discussed
later. For high frequency (v > cut-off), the imaginary
part of the impedance is negligible compared to the
real part for both undoped and doped samples, thus
the materials, in this frequency range, can be mod-
elled as pure resistors. On the contrary, for frequencies
lower than the cut-off frequency, the real and imagi-
nary parts of the impedance have the same order of
magnitude and must be analysed together. A parallel
of a resistance and a capacitance can model the system.
So, for all the frequencies, the system can be modelled
as a resistor (related to the high-frequency response of
the system) in series with a parallel of resistance (R)
and capacitance (C) as shown in Fig. 6a. This circuit is

Table 1 Summary of electrochemical data for undoped and Fe-
doped TiO, NWs

Undoped Fe doped
Voc 0.70 0.85 VRuE
R 400 1500 Q
Differential resistance 50 400 KQ
V EB Dark 0.21 0.32 VruE
Barrier height ¢ 0.50+0.05 0.53+£0.05 V

0.49+0.05 0.55+0.05

R in dark 40 300 KQ
Np*, Eff. donor density 102 104 Cm™
Vion photovoltage 0.22 0.35 \"
Vonset 0.20 0.30 VR&EE
Cut-off frequency 10 100 Hz
R in light 7 7 kQ
Vsnist 0.11 0.30 v
Density of trap states at ~5E14 ~5E14 Cm™

surface
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Figure 6 The real (Z') and imaginary (Z") parts of the imped-
ance of the electrolytic-NWs junction for the a undoped and
b doped sample as a function of frequency. It is measured at a
potential of 1 Vgyg in dark and under UV-light illumination. The

the well-known Randles circuit. Fitting the real and
imaginary parts of the impedance allows the measure
of the resistance R and capacitance C associated with
the electrolytic-NWs junction.

We measured R and C at various potential values
(from 0 to 1.2 V); in Fig. 7a and b, we reported the
values of the resistance R as a function of the potential
in the dark and under illumination for the undoped
and doped samples. In Fig. 7c and d, we performed
the Mott-Schottky plot (i.e. the inverse of the square
of the capacitance as a function of the potential) for
undoped and doped samples in the dark and under
illumination.

Discussion

Despite the negligible differences in the SEM, XRD
and Raman results, the effect of the doping was rec-
ognized in the UV-Vis spectra. The reduction in the
adsorption edge in the visible part of the spectra and
the shift of the adsorption edge towards the visible
wavelength were related to the presence of the dopant.
Observing Fig. 3a, it is apparent that the Cr-induced
modification of the spectra is less extensive than the
effect of Fe doping. In particular, the reduction in the
adsorption edge is lower for “Cr 9E15” than “Fe 3E15”
despite the amount of Cr being higher than that of
Fe. In any case, the largest effect of the doping can be
observed for “Fe 1.8E16”. From these analyses, it is
clear that the sample mostly modified by doping was

10*

T T T 2 T 4
(b) L m— 7' dark
ke —e— 7' light ‘
- ., 7" dark |
= —o— 2" light
I--.
2 ...'M.o,p.'--
N S0 uy,
~‘5 A.‘=-"ll...
T I E
SR O 1
o s |
oty
>
102 N 1 1 1 2 X 1
107 10° 10' 10° 10° 10*

Frequency [Hz]

“cut-off” frequency is drawn as a vertical dotted line. The Ran-
dles circuit is shown, reporting the equivalent resistance R and
capacitance C associated with the electrolytic-NWs junction. The
high-frequency resistance is also shown to be 400 €.

the “Fe 1.8E16” sample. For this reason, in the present
paper, we choose to show the electrochemical char-
acterization of the undoped and “Fe 1.8E16” samples
that we call for brevity, undoped and doped samples.

Electrochemical behaviour
Open circuit voltage

Figure 5 reports the V5, the LSV and the onset poten-
tial for the doped and undoped NWs under illumina-
tion and in the dark. Before critically analysing the
LSV curves, it is worth recalling the physical inter-
pretative paradigm for the description of the system
in the dark and under illumination. Let’s first focus
the attention on the undoped sample. We adopt the
classical view, described in Fig. 8a, in which once
the semiconductor is placed in contact with the lig-
uid, charges are accumulated at the interface and a
depletion layer is formed into the semiconductor. At
equilibrium, the measured value of the V¢ in the
dark (shown in Fig. 5, black square) is represented, in
Fig. 8a, as the “position” of the Fermi level. V- val-
ues (compared to the reference electrode) in the dark,
for doped (and undoped NWs), are shown in Table 1.
Once we applied a potential to the interface, as shown
in Fig. 8b, a potential drop applies to the depletion of
the layer. The depletion layer thickness can be thus
modulated and a change in the band bending occurs.
Following the classical theory, the depth of the space
charge region W can be estimated by the following
relation:
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2 V.-V,
W = Eoer( sc* FB) (1)
Ny,

where V_ is the voltage drop across the semiconduc-
tor, Vip is the flat-band potential, Np* is the effective
dopant density, ¢, and ¢, are the dielectric constants of
the vacuum and the TiO, (eg ~ 100 for Rutile [40]). As
depicted from the above theoretical model, the current
flowing in the dark can be due to both the presence of
defects in the depletion layer and the capacitive effect
related to the depletion layer. Nevertheless, the leak-
age current, flowing through the junction in dark, is
very low: of the order of 107 A or less. Moreover, from
Fig. 5, it is possible to measure a differential resist-
ance R = ‘ji—‘l/ for both samples that are of the order of
50 kQ for undoped and 400 KQ for the doped sam-
ple, as reported in Table 1. Once the semiconductor is
illuminated, electron-hole couples are created. Holes
are driven, by the band bending, to the surface and
are transferred to the liquid allowing the oxidation of
water molecules (or organic contaminants) while elec-
trons are driven inside the material. Electrons, thus,
are allowed to accumulate into the bulk making the
Voc more negative. The effect of illuminations is rep-
resented, in Fig. 8c, by the formation of a quasi-Fermi
level for electrons and holes. Fermi levels (and quasi-
Fermi levels) are represented by the dotted red curve
that splits in two. The Fermi level of electrons (which
are the majority carriers in TiO,), coincides with the
Voc and is thus measurable. The difference between
the V¢ in the dark and under illumination is called
photovoltage V,,;,, and it can be considered as a meas-
ure of the ability of the electrons to accumulate in the
bulk. In our experiment, the V¢ is estimated to be
0.22 V for the undoped NWs and 0.35 V for Fe-doped
NWs, as reported in Table 1. These results pointed out
that doped NWs are able to accumulate more electrons
than their undoped counterpart.

Photocurrent

Holes, on the other side, are responsible for the pho-
tocurrent because they are transferred to the water
medium (possibly through intra-gap trap states as
shown in Fig. 8c).

Moreover, the photocurrent, measured as a function
of the potential applied to the junction, is also reported
in Fig. 5. From this figure, it is apparent the presence

of a potential at which the photocurrent becomes
non-negligible: the onset potential. The extrapolated
“onset potential” is represented by a small vertical line
approximately at 0.2 Vg for the undoped NWs and
0.3 Vgyg for Fe-doped material. These values can be
correlated with the Schottky barrier height between
the NWs and the liquid medium. Indeed, once the
potential approaches the “onset potential”, the band
are less and less bent until there is no more driving
force for the transport of holes to the surface and the
photocurrent is no longer influenced by the light illu-
mination: at this potential, the photo-current becomes
negligible. The situation is described in Fig. 8d in
which the onset potential coincides with the flat band
potential (as we will see in the next). From Fig. 8d, it is
also clear that the difference between the onset poten-
tial and the V5 in the dark is the barrier height of the
junction ¢. The barrier height values for the un-doped
and doped NWs values were reported in Table 1 and
they are 0.50 and 0.55 V, respectively. These values
are quite similar meaning that doping negligibly influ-
ences the charge at the interface.

Electrochemical impedance spectroscopy

To gain more insight into the properties of the system,
we performed EIS measurements. From these analy-
ses, as described in the results section, we measured
the real and imaginary parts of the impedance of the
junction. Starting from the experimental considera-
tions, we developed a simple physical model able to
describe the system. From a schematic point of view,
the samples can be divided into several zones: the bulk
liquid, the Helmholtz layer, the interface (between
nanowires and the gold nanoparticles), the depletion
layer, and the bulk semiconductor. In the liquid, ions
are allowed to transport current while in the semicon-
ductor, majority and minority carriers work.

The majority carriers of the semiconductor, (in our
case, the electrons) move with a time constant of the
order of the dielectric relaxation time, i.e. 1072 s so
they always follow the variation of measurement sig-
nal: in the timescale of 1-107* s (corresponding to a
frequency of 1-10* Hz of the EIS measurement), they
are always in equilibrium (or in a steady-state if the
light is shed). Only the ions and minority carriers can
contribute to EIS as a function of frequency.

Regarding the effect of the sinusoidal signal on the
ion’s mote in the liquid, we can, roughly, evaluate
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their contribution to the EIS spectra by evaluating
their relaxation time (7 = RC). The capacitance of the
Helmholtz layer can be considered as:
£0&r

C=— @)
where d is the peculiar distance between ions and
surface and A is the area (0.2 cm? measured macro-
scopically). Considering the dielectric constants of
the water eg ~ 6 [41] and ionic strength of 0.1 M NaCl,
d can be approximated by the Debye-Huckel length
of the order of 2.6 nm and, C results approximately
0.42 uF (C/A =2 uF/cm?). The overall series resistance
of the system is of the order of some hundreds of ()
(as we will see later). So, the time constant RC related
to the Helmholtz layer is 0.2 ms meaning a frequency
of about 5 x 10° Hz. We can consider this frequency,
denoted in the next as f5. The Helmholtz layer acts as
a short circuit for frequencies higher than this value,
while it acts as a capacitance for lower frequencies.

Let’s now consider the effect of the frequency
and light on the minority carrier of the TiO, in the
junction. For very high frequencies (f> f .o and
f>fu), the imaginary part of the impedance became
negligible compared to the real part (refer to Fig. 6)
regardless of the capacitance value. It is a common
effect in the impedance spectra: for high frequencies,
the junction capacitive contribution acts as a short-
circuit and so the system behaves like a resistor.
The high-frequency resistance R, can be measured
easily by extrapolating the value of the real part of
the impedance at 10* Hz. In our case, it is 400 and
1500 Q) for undoped and doped NWs and the values
are reported in Table 1.

For low frequencies (f < f o4 and /< fy), the imagi-
nary part of the impedance is comparable to the real
part. Since the considerations reported in the Result
section, we use the Randles circuit, reported in Fig. 6,
to describe the impedance of the junction. Experi-
mental data were fitted by the equivalent circuit for
several potentials. The resistance R and capacitance C
(plotted as a “Mott-Schottky” plot) were reported in
Fig. 7: the resistance in the dark is 15 K( at potentials
lower than the onset potential but once the junction is
polarized in “depletion” (i.e. the potential overcomes
positively the onset potential), it becomes constant of
about 40 KQ for undoped NWs and 300 KQ for doped
NWs, as reported in Table 1. The Mott-Schottky plot
of Fig. 7 showed that the capacitance follows a linear
trend that resembles the well-known equation [42]:
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The calculated values of Vpz and Np* were
reported in Table 1. Although this equation fits the
experimental data, some considerations are needed.
This equation came out by merging Eq. 1 and Eq. 2
and implies the validity of both equations. None of
the conditions for the validity of these formulae is
matched a priori: formulae 1 and 3 refer to a uni-
form, flat and not-nanostructured surface where the
voltage drops only on the depletion layer, while the
system under investigation, has a complex nano-
structured surface with gold nanoparticles on the
top of the nanowires and a non-negligible value of
Helmholtz capacitance. Thus, the absolute value Nd*
should be corrected for the actual geometry we are
working with. We can also consider that the presence
of a non-negligible value of Helmholtz capacitance
can influence the slope of the curve and alter the
value of Np* [42] thus, to give a reliable donor con-
centration value, this formula should be modified.
Despite it all, we noted that the obtained Vi is very
similar to the V. observed in Fig. 5 and the calcu-
lation of the barrier height led to reasonable values:
0.5+0.05 and 0.55 + 0.05 eV for undoped and doped
NWs, respectively (as reported in Table 1). Also, the
value of Np* deserves attention indeed we measured
10* and 10*! cm™? for undoped and doped NWs.
These concentrations, especially for the undoped
material, are quite large. Nevertheless, we observed
that the change in the values of the Np* between
doped and undoped NWs is compatible with the
change in the resistance (R) values observed in EIS
and the differential resistance observed in LSV. We
found that these values for doped and undoped NWs
differ by an order of magnitude from the values of
Np*. This fact corroborates the idea that these quan-
tities are correlated, as usual, with the doping con-
centration and the resistivity. Although the physi-
cal meaning of the absolute value of Np* should be
revisited according to the real geometry, we believe
that the relative value can give information on the
doping of the NWs. To describe the EIS behaviour
of the NWs during illumination, we need to recall
some basic concepts regarding the behaviour of a
junction at very low frequencies (f< f_.og)- At suffi-
ciently low frequencies, both the effect of ions mote
in the liquid becomes important and the minority
carriers of the NWs are able to follow the variation



of the signal. In particular, the minority carrier’s trap
state concentration can be considered able to reach
the equilibrium for these low frequencies even inside
the depletion layer. However, the minority carrier
concentration in the depletion layer is negligible
and in order to reach the steady state configuration,
they must be generated into (or removed from) the
depletion layer. This means that the minority carriers
can contribute to the capacitance in a timescale that
depends on their generation rate [43]. Thus, electrical
characteristics, R and C, measured following such a
slow bias change, can depend on both the rates of the
bias change (signal frequency) and the rate by which
the charge within the semiconductor can be gener-
ated or removed (generation rate). In summary, the
value of R and C can depend on the recombination
and/or generation rate of the minority carrier. This
effect is particularly evident when the semiconductor
is illuminated. Indeed, when illuminated, the gen-
eration rate of minority carriers (holes) is faster, and
the steady state condition for minority carriers can
be reached even for higher signal frequencies. This
fact changes the shape of both the real and the imagi-
nary part of impedance also changing the relaxation
time (and the equivalent R and C). This effect can be
observed until a cut-off frequency is reached (i.e. for
f<fautoff) Over which the minority density is “freeze
in”. Beyond the cut-off frequency, the illumination
has a negligible effect on the EIS. The value of the
cut-off depends on the illumination intensity and in
our case, it is 10 and 100 Hz for undoped and doped
material, respectively, as reported in Table 1.

Let’s consider now the experimental data for fre-
quencies lower than the f, .. Under illumination,
the equivalent resistance falls to 7 kQ for both doped
and undoped NWs as reported in Table 1. The resist-
ance decreased because of the presence of minority
photocarriers in the depletion layer. It adds a further
independent channel for charge flow. The equivalent
circuit can be considered thus constituted by two
resistances in parallel: R in dark and light-induced
R;, as shown schematically in Fig. 6 S.I. As earlier
described, at low frequencies, the system was able to
rearrange the charges in a steady-state configuration.
It could also allow the trap states, lying at the inter-
face, to be filled by photocarriers, so the capacitance
changes due to the presence of filled trap states at
the interface. We can consider the formation of a sur-
face state capacitance in parallel with the capacitance

measured in the dark. The mathematical expression
for this capacitance should be [40]:

2
Css = Nss% (1- 1) (4)

where Nss is the surface density of the surface states,
and f,, the fractional occupancy of the state that is due
to the kinetical of the process [40]. This expression
has been applied over many years, especially using
an inert electrolyte that blocks the current flow [44,
45]. According to the previous considerations, the
equivalent circuit used for describing the system is
chosen formally identical to the model used in the
dark (Fig. 6), but considering two capacitances (C and
Css) and two resistances (R and R;) in parallel to each
other. The Mott-Schottky plot for the illuminated sam-
ple shows a shift in the Vg of 0.1 V and 0.39 V for
undoped and doped NWs, while the linear depend-
ence is maintained even if small modifications of the
slope are observed (refer to Fig. 7c and d). This shift
can be attributed to charges accumulated at the inter-
face between the semiconductor and the liquid. It is
positive, meaning that the surface states are positive
too and thus due to the accumulation of photo-holes.
The density of charges Qss due to the surface states
filled by the photocarrier can be estimated:

Density of trap = ACAV

)

where AC and AV are the capacitance (per unit sur-
face) and the voltage difference between dark and illu-
minated. The values of the density of trap states filled
during the illumination are reported in Table 1 and are
about 5 x 10" cm™ for both undoped and doped NWs.

Final considerations

Some final considerations can be depicted from the
values reported in Table 1. First of all, the barrier
height for the doped and the undoped NWs are very
similar meaning that doping has a small effect on the
interface between liquid and semiconductor. Secondly,
once illuminated, the density of trap states at the inter-
face has the same values in both undoped and doped
NWs. This result suggests that: (1) the surface trap
concentration due to doping is lower than the amount
of surface trap states realized during the illumination,
and (2) the light introduces a similar accumulation of
holes at trap interface states in doped and undoped
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NWs. It also means that the influence of doping on the
interface between liquid and semiconductor is negli-
gible even under illumination.

On the contrary, bulk quantities, such as R.,, differ-
ential resistance, R in the dark and Np*, have a quite
large change with doping (in particular R in the dark
and Np* changes of 1 order of magnitude). The inter-
pretation is related to a decrease in major carrier con-
centration due to doping. Indeed, the introduction of
a dopant Fe®" into a TiO, can lead to the substitution
of the foreign atom into a Ti sub-lattice. The follow-
ing Egs. (6) and (7), expressed with the Kroger—Vink
notation, describe two possible mechanisms for the
compensation of the extra charge due to the introduc-
tion of Fe*" into the TiO, lattice:

2TiO
Fe,0; — 2Fej] +30% + Vi ()
TiO
Fe — Fey! +h* 7)

Equation 6 leads to the formation of oxygen vacan-
cies, while Eq. 7 to the formation of holes. Compensat-
ing effects related to Eq. 6 seem the most appropriate
order to describe the effect of Fe doping in NWs for
the above-described change in bulk quantities. On the
other hand, the charge-compensating effect can lead
to the formation of deep levels inside the bandgap,
as was proposed for bulk Fe-doped TiO, [46, 47]. Fe**
can thus introduce trap states inside the band gap that
can decrease the position on the Fermi level and can
reduce the concentration of free electrons by trapping
electrons. The observed behaviour is compatible with
Eq. 7 and with the formation of deep levels in the bulk
of the nanowires that pin the Fermi level reducing the
concentration of electrons in the bulk.

Conclusion

In this paper, we report a study of electrical proper-
ties of TiO, nanowires synthesized, by employing a
seed-assisted technique. Making use of ion implanta-
tion technology, we were able to grow Cr- or Fe-doped
NWs. The NWs showed peculiar properties: they are
crystalline and have Au nanoparticles on top. Structural
analyses showed a good crystallinity of the NWs, which
grow in the Rutile phase. The effect of Fe doping has
been investigated by using LSV and EIS techniques. We
measured the photovoltage and the barrier height of the
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semiconductor-electrolyte junction. We also evaluated
the density of the hole trap states at the interface during
the illumination. We clarified the role of doping in influ-
encing the bulk of the material while having a negligible
effect on the hole transfer process during illumination.
On the contrary, the doping decreased the conductivity
and the electron concentration by about one order of
magnitude, leading the facto to a compensating effect.
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