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A B S T R A C T

In this work, we report the growth process of pristine and cobalt (2%, 4%, 6% and 8%) doped TiO2 thin films on
LaAlO3(100) substrate by molecular beam epitaxy (MBE) technique. The microstructural, magnetic, optical,
photoconductivity and photocatalytic activity of the films were explored. Reflection high-energy electron dif-
fraction (RHEED) confirms successful growth of single phase anatase TiO2 thin film and effects of cobalt (Co)
doping on crystal phase depending on the growth conditions and correlating changes in their physical properties.
X-ray diffraction and X-ray photoelectron spectroscopy (XPS) establish highly pure crystalline nature and oxi-
dation state of the elements. Magnetic measurements show room temperature ferromagnetism in all the thin
films and suggest that growth conditions, oxygen vacancies and bound magnetic polaron (BMP) model account
for the magnetic properties. The optical properties exhibit a red shift response associated with narrowing
bandgap that influence photocatalytic activity. The 8% cobalt doped TiO2 film has shown 91% degradation with
methylene blue and 88% degradation with Azo dye in 70min under visible light irradiation exhibiting excellent
photocatalytic performance. The photoconductivity measurements have confirmed photosensitive nature of TiO2

and 8% Co doped TiO2. Therefore, these opto-magnetic properties can be tuned for the applicability of future
spintronic and optical devices.

1. Introduction

Diluted magnetic semiconductors (DMS) are promising materials
having small percentage doping of transition metal ions with unpaired
‘d’ electrons in the semiconducting host material. They have attracted
attention because of their potential applications in future spintronic
devices like spin transistors, spin logic and storage devices [1–4]. In this
novel technology, both spin and charge are involved to store, transport
and process information, however, it ensures improvement in perfor-
mance by increasing both speed and storage capacity in classical mi-
croelectronic devices [5]. In recent years, intensive attention has been
given by researchers, after the remarkable discovery by Matsumato
et al. [6] of high Tc ferromagnetism in Co-doped TiO2. Similarly, Dietl
et al. [7] predicted theoretically and experimentally room temperature
ferromagnetism (RTFM) in Mn doped ZnO and in other transition metal
(TM) doped wide band gap semiconductors such as SnO2, TiO2 and
HfO2. Yang et al. [8] observed the presence of RTFM in C doped TiO2 in
both anatase and rutile structures whereas Coey et al. [9] reported

magnetism (known as d0 magnetism) in HfO2 thin films grown on
sapphire and silicon substrates which encouraged explaining the real
origin of magnetism. Among these DMS materials, Co doped TiO2 came
out to be a capable candidate owing to its excellent properties like
stability, transparency, high n type carrier mobility and low cost.

Moreover, TiO2 has attracted a lot of attention over the last two
decades on the basis of its wide range of applications such as photo-
catalysis, photovoltaic cells, gas sensors, transparent conducting oxides
and dye sensitized solar cells [10–13]. It has polymorphic crystal
structures namely; anatase, brookite and rutile, where anatase and
brookite are metastable phases that convert to thermally stable rutile
phase on heat treatment at 600 to 1200 °C. Among these, anatase phase
shows better photocatalytic activity in comparison to other phases due
to the formation of high hydroxylate surface in this phase that is re-
sponsible for photocatalytic reaction [14]. Energy crisis and water
pollution are two major issues prevailing these years, however for
solving these issues, anatase TiO2 can be utilized in optical degradation
of organic compounds and purification of water and air. In 1972,
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Fujishima and Honda [13] reported photocatalysis of water. Since then,
anatase TiO2 has been studied for the degradation of organic pollutants
and dye sensitized solar cells. Photocatalytic reactions like hydrogen
generation, decomposition of organic substances and photo-induced
hydrophilicity takes place on the contact surface. Therefore, thin films
are suitable for photocatalytic and solar cell applications. Numerous
studies have been devoted to develop visible light driven TiO2 based
photocatalyst by doping transition metal and non-metal impurities
[15–17]. Introduction of impurities such as substitutional or interstitial
metal ions or anion in crystalline titania, creates impurity states. The
newly created interband energy states result in a decrease of the photo
threshold energy of TiO2. However, it is still challenging to synthesize
high efficient TiO2 based photocatalysts. It would be beneficial if this
metal oxide semiconductor could be photosensitized in visible light.
The photoconductivity measurements involve the interpretation of
photosensitivity, photo generation, recombination and trapping
[18,19]. Earlier, it was reported that substitution of transition metal
ions to anatase TiO2 lattice does not boost the photo-oxidative activity
but in many cases it decreases too [20].

There are several reports on the growth of TiO2 films on various
substrates like Al2O3, LaAlO3, SrTiO3, BaTiO3 and GaN that depend on
conditions of deposition and choice of substrate for specific anatase,
rutile or mixed phases of TiO2 [21–25]. Appropriate choice of substrate
like LaAlO3 or SrTiO3 enables to grow anatase phase of TiO2 with high
crystallinity. In earlier reported work, films were grown by various
techniques like pulse laser deposition (PLD), chemical vapour deposi-
tion (CVD), sputtering and oxygen plasma assisted molecular beam
epitaxy (OPA-MBE). Out of these, molecular beam epitaxy (MBE)
technique differs in thermodynamics and kinetics from other techniques
and can produce high quality crystalline films of TiO2 on LaAlO3(LAO),
SrTiO3(STO) and GaN substrates which make an impact on film prop-
erties [26]. Films grown from PLD and OPA-MBE on SrTiO3 (001) and
LaAlO3(001) have resulted in different magnetic properties for the two
different growth methods. Researchers have confirmed that ferro-
magnetism is an effective combination of epitaxial structure that is
emerging from interface of substrate and epitaxial thin film [27]. Shao
et al. [22] have reported that the high growth rate in MBE is responsible
for the nucleation of rutile phase of nanocrystals when TiO2 is grown on
LAO substrates. Therefore, it is observed that for anatase phase of TiO2,

slow growth rate is preferred for the deposition of the film on LAO
(100) by MBE. In this study, we have grown anatase TiO2 films on
LaAlO3 (100) substrate using molecular oxygen (O2) MBE system
equipped with high temperature effusion cells filled with titanium,
cobalt and molecular oxygen as a source. In this work, slow growth rate
has been preferred for the growth of pristine and Co (2%, 4%, 6% and
8%) doped anatase phase TiO2 thin films of 20 nm thickness. We have
analysed structural, magnetic influence, photocatalytic activity and
photoconductivity of the prepared samples.

2. Materials and characterization

Growth of pristine and cobalt doped (2%, 4%, 6% and 8%) anatase
phase TiO2 thin films of chemical formula Ti1-xCoxO2 (0≤ x≤ 0.08)
were grown in a MBE system equipped with in situ reflection high-
energy electron diffraction (RHEED). Initially the LaAlO3(100) sub-
strates were ultrasonically treated with isopropanol, deionized water,
and dried under flow of dry nitrogen gas. Prior to growth, the
LaAlO3(100) substrates were annealed at 700 °C for 1 h. For growth of
anatase phase TiO2, we have utilized a Ti electron-beam evaporator and
molecular oxygen introduced by a sapphire-sealed leak valve. For co-
balt doping, elemental Co from an effusion cell was used. The Ti and Co
growth rates were measured by a quartz deposition monitor, and the
partial pressure of molecular oxygen was estimated to be a large frac-
tion of the overall chamber pressure; for a typical Ti growth rate of
0.42 Å/min, the chamber pressure was 533.28× 10−9 Pa, while the
typical chamber pressure after introducing molecular oxygen was

⁓399.96×10−7 Pa. Initially, a 2 nm TiO2 buffer layer was grown on
the LaAlO3(100) by depositing Ti with molecular oxygen dosing
(⁓399.96× 10−7 Pa) and sample temperature of 600 °C. For the pure
TiO2 samples, we subsequently deposited 20 nm TiO2 under the same
conditions. For cobalt-doped TiO2 samples, the 20 nm thin films were
grown by co-evaporating Co and Ti onto the TiO2 buffer layer under
similar conditions (600 °C, ⁓399.96×10−7 Pa). The doping level of
Co was determined by measuring the relative atomic fluxes from the Co
and Ti sources. Growth of the film was monitored by in situ RHEED at
the applied voltage of 15 kV.

Our investigation consists of material synthesis by MBE, structural
characterization by in situ RHEED, tapping mode atomic force micro-
scopy (AFM) in a Bruker Icon 3 system, X-ray diffraction (XRD) in a
Bruker D8 Discover system equipped with Cu-Kα λ=1.54 Å wave-
length X-ray source. The surface compositions of the samples and
binding energies were determined by the X-ray photoelectron spectro-
scopy (XPS, Perkin-Elmer PHI 5600, Waltham, MA, USA). Magnetic
properties at room temperature were studied by vibrating sample
magnetometer (VSM), and optical properties using Perkin Elmer
Spectrophotometer in visible region (300–800 nm) of the spectrum.
Photoconductivity mapping of the prepared samples was studied using
a tunable laser source (Fianium Supercontinuum WhiteLase and LLTF).
The photocatalytic activity of prepared samples was studied by the
degradation of two different organic dyes namely methylene blue (MB)
and azo dyes in aqueous solution under visible light illumination. In a
typical measurement, the solutions of dyes in desired concentration
were prepared in deionized water then catalysts were kept in the MB
and Azo solutions of initial concentration of 20 μg/ml in a beaker of
100ml distilled water followed by magnetic stirring for 30min in dark
to attain adsorption equilibrium before the illumination under visible
light source of 400W sodium lamp. After that samples were illuminated
and at the fixed interval (up to 70min), 5 ml solution was analysed
using UV–visible spectrophotometer. The photocatalytic degradation of
the dyes was determined using the following equation:

=
−

×
C C

C
Photodegradation (%) 100%0

0

where Co is the initial concentration of dye before photodegradation
and C gives the final concentration after the different time intervals.

3. Results and discussion

3.1. Structural analysis

Fig. 1(a) shows the RHEED pattern of substrate LaAlO3(100) after
annealing at 700 °C temperature. RHEED gives information of the sur-
face structure of the film indicating in-plane crystallinity from the dif-
fraction of high energy electrons. Significantly, it is possible to monitor
the atomic layer-by-atomic growth of epitaxial films [28]. The RHEED
pattern (Fig. 1(a)) shows the bright spots indicating that the substrate is
atomically smooth. Initially, we have started the deposition of 2 nm
buffer layer and then further continued the growth to get the anatase
TiO2 film of thickness 20 nm. The brightness of the RHEED pattern
decreases as the deposition starts and then pattern changes to streaky as
shown in Fig. 1. In order to understand the surface structure and growth
mechanism of the film, it is important to monitor the RHEED patterns.
We have observed that as the Co doping in TiO2 increases from 2% to
8%, the streaky pattern changes to a spotty pattern. This change in
RHEED indicates the island nucleation due to transition of growth
mechanism during film deposition as Co ions get agglomerated on the
substrate. For (100)-oriented anatase TiO2 and with Co doped TiO2 thin
films, the RHEED patterns are shown in Fig. 1(b-f). The streaky beha-
viour shown in the beginning indicates atomic layer-by-layer growth.
Later on, the streaky pattern becomes dim and we observe a noticeable
change in RHEED as the growth time reaches about 2 h. Moreover, the
pattern changes to a bright spot ring-like pattern with the increase in
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doping level of cobalt that may be correlated with the incorporation of
Co ions in TiO2 host lattice leading to three dimensional growth or
rough surface film [2]. The XRD scans for pristine and Co (2%, 4%, 6%
and 8%) doped TiO2 films on LaAlO3 (100) substrate are shown in Fig. 2
that predict the anatase phase of the films. The sharp (004) peak of the
films along with (100), (200) and (300) peaks of the substrate attributes
to the successful epitaxial growth by MBE, which minimises the im-
purity incorporation. Distinctly, no other diffraction peak was observed,
indicating single phase highly crystalline anatase TiO2 thin films [29].
Moreover, no extra peak of any impurity is observed, suggesting the
absence of clusters of Co or another phase of TiO2. However, we have
also noticed a decrease in intensity of diffracted peaks on substitution of
Co ions that signify decrease in crystallinity due to formation of oxygen
vacancies or crystal defects in order to neutralize the charge imbalance
created in the titania lattice. The AFM images (2D) presented in Fig. 3
show the pristine, 4% and 8% Co doped TiO2 thin film surface
smoothness. From the images, it is clear that smoothness of the film
decreases with the increase in doping percentage of cobalt in TiO2

matrix. The rms roughness of the films is found to increase from
2.37 nm to 4.83 nm from pristine to 8% cobalt doped TiO2 films on the
scale of 1 μm. These results are in the correlation of RHEED pattern of
the films. In addition, there is a wide range of particle distribution that
is why atoms get displaced from underlying atoms and hence smooth-
ness decreases.

3.1.1. X-ray photoelectron spectroscopy (XPS)
The X-ray photoelectron spectroscopy (XPS) is a sensitive tool to

examine oxidation states of the constituent elements, chemical com-
position and valence state of materials. Shirley algorithm is im-
plemented to the background core level spectra and non-linear curve
fitting procedure is used to resolve the distinct elemental composition
of undoped and Co doped TiO2 thin films. The wide XPS spectra of
undoped and 4% Co doped TiO2 thin films are shown in Fig. 4(a). Core
level high resolution spectra of Ti2p and O1s of undoped and 4% Co
doped TiO2 thin films are shown in Fig. 4(b-e). The presence of Ti4+ is
clearly shown in the XPS spectra of Ti2p where two characteristic peaks
at 462.63 eV (2p1/2) and 456.92 eV (2p3/2) are observed that may be
originated from the spin orbit splitting. The binding energy difference,
Δ=Ti2p1/2 ̶ Ti2p3/2= 5.71 eV is found in good agreement with earlier
reported values [30,31]. A shoulder peak at 457.80 eV corresponds to
Ti3+ (Ti2p1/2) of Ti2O3 that is found to be significantly lower intensity
in the doped thin film sample. The slight binding energy shift and de-
crease in the intensity of shoulder peak further signifies decrease in the
band gap with Co substitution in TiO2 matrix [32]. A broad O1s peak
observed at 528 eV for undoped TiO2 thin film suggests the structural

oxygen peak and confirms the lattice oxygen associated with TiO2. The
second peak at higher binding energy nearly 530.30 eV is due to che-
mically adsorbed oxygen and non-lattice oxygen [33]. However, a peak
around 528.52 eV is possibly due to creation of oxygen vacancies at the
cost of removal of oxygen atoms from TiO2 lattice due to charge neu-
trality requirements as Ti4+/Ti3+ is replaced by Co2+. The slight shift
in O1s peak could be due to difference in the oxygen vacancies of the
prepared samples. However, this formation of oxygen defects is re-
sponsible for the magnetic interactions associated with Co doped TiO2

thin films.
The core level Co2p3/2 peak for 4% Co doped TiO2 thin film is

shown in Fig. 4(f). High resolution Co2p3/2 peak observed at 779.59 eV
and a lower intensity peak at 795.16 eV is attributed to the Co2p1/2.
The binding energy difference, Δ=Co2p1/2 ̶ Co2p3/2= 15.6 eV nearly
matches with the standard CoO [30] having high spin divalent state of
Co2+ whereas binding energy difference for low spin Co3+ is 15 eV
[34]. Furthermore, confirmation of 2+ state of Co is attributed from
the two strong shake up satellite peaks toward the higher binding en-
ergy states of Co2p core level peak [34]. XPS data have ruled out the
presence of metallic Co, since in that case difference Δ is 15.05 eV [30].
Therefore, XRD and XPS data have been well correlated showing no
evidence of metallic cobalt.

3.2. Magnetic studies

The field dependent magnetization (M-H) plots for as-grown pristine
and cobalt doped TiO2 films are shown in Fig. 5. The M-H loop indicates
that all thin films are ferromagnetic at room temperature and have
higher values of saturation magnetization (Ms) as compared to pre-
viously reported results. It can be easily observed from the hysteresis
loop that the ferromagnetic behaviour increases for cobalt-doped TiO2

thin films as compared to undoped film. The ferromagnetic behaviour
in pristine TiO2 is proposed to originate from oxygen vacancies. Table 1
shows the saturation magnetization (Ms), coercive field (Hc), remanent
magnetization (Mr) and squareness (Mr/Ms) ratio of all the prepared
thin films. In order to compare the different behaviour of Co (2%, 4%,
6%, 8%) doped TiO2 thin films, the in-plane (ip) and out-of-plane (op)
hysteresis measurements were carried out and their comparison is
shown in Fig. 6. For thin film samples, magnetic anisotropy can be
explained as the difference in magnetization along in-plane and out-of-
plane directions. It depends on various factors like shape anisotropy,
stress anisotropy and interface exchange anisotropy. The remanence to
saturation magnetization (Mr/Ms) ratio for in-plane and out-of-plane
directions varies for the doped samples. In addition, the coercive field
(Hc) for the out- of-plane direction is larger than Hc for in-plane

Fig. 1. RHEED patterns of (a) post annealed LaAlO3(100) substrate at 700 °C, and (b–f) 0%, 2%, 4%, 6%, and 8% Co doped TiO2 films of thickness 20 nm grown at
600 °C on LAlO3(100) substrate.
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Fig. 2. XRD patterns of pristine and Co (2%, 4%, 6% and 8%) doped TiO2 thin films on LaAlO3(100) substrate.

Fig. 3. 2D AFM images of pristine and Co (4% and 8%) doped TiO2 thin films on LaAlO3(100) substrate.
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Fig. 4. (a) XPS survey spectra, (b,c) high resolution XPS spectra of Ti2p and (d,e) O1s peaks for undoped and 4% Co doped TiO2; and (f) high resolution XPS spectra
of Co2p peaks for 4% Co doped TiO2 thin film.

Fig. 5. Room temperature M-H hysteresis loops of ferromagnetic component for Ti1-xCoxO2 (0≤ x≤ 0.08) thin films on LaAlO3(100) substrate when applied field is
in plane and out of plane respectively.
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direction, which signify that the spin state is more stable for the out-of-
plane direction [35]. These observations indicate an out-of-plane easy
axis. The anisotropy constant (K) for the easy axis samples has been
calculated by the equation, Hc= (0.96×K)/Ms and magneton number
(μB) (saturation magnetization per formula unit in Bohr magneton) of
the samples was calculated using equation [36], μB= (M. wt×Ms)/
5585 and tabulated in Table 1. The origin of the ferromagnetism is not
well understood and experimental results show varied behavior de-
pending on synthesis techniques and growth conditions [37]. Despite
one of the mechanisms proposed behind the RTFM in undoped TiO2

film is based on the intrinsic oxygen vacancies that behave as donors
resulting to n-type doping of material. Kim et al. [38] have explained
that the oxygen vacancies play an important role for RTFM in pristine
and transition metal doped TiO2 thin films. Hong et al. [37] have
performed experiments on thin films to investigate the role of oxygen
vacancies on the ferromagnetic properties. Researchers reported that
annealing of ferromagnetic TiO2 thin film in an oxygen atmosphere for

few hours to reduce oxygen vacancies leads to a substantial reduction of
the magnetic moment. Hence, this gives evidence of the role and im-
portance of oxygen vacancies in RTFM of TiO2 films. However, the
mechanism for generating ferromagnetism in the TiO2 remain unclear
as several theories were proposed including carrier-mediated Ru-
derman-Kittel-Kasuya-Yoshida (RKKY) and coupling of bound magnetic
polarons (BMP) [5]. Theory applied for metallic systems having large
number of delocalized electrons is RKKY whereas theory applied for
semiconductors or insulators having localized electrons created due to
oxygen vacancy defects and surrounding transition metal cations is
BMP [39]. Presence of abundant oxygen vacancies or absence of mag-
netic impurity in our samples, supports an explanation of signatures of
ferromagnetism in terms of the BMP model. In our growth process of
samples at 600 °C, the high temperature favours phase transformation
that increases the interfacial and structural defects leading to increase
in number of oxygen vacancies. However, high temperature increases
oxygen vacancy mobility with the increase in both concentration and

Table 1
Room temperature magnetic parameters: coercivity (Hc), remanent magnetization (Mr), saturation magnetization (Ms), squareness (Mr/Ms), anisotropy constant (K)
and magneton number (μB) for Ti1-xCoxO2 (0≤ x≤ 0.08) thin films.

Conc.
(x)

In plane Out of plane

Hc

(Oe)
Mr

(emu/cc)
Ms

(emu/cc)
Mr/Ms

×10−3
Hc

(Oe)
Mr

(emu/cc)
Ms

(emu/cc)
Mr/Ms

×10−3
K
×102

μB
×10−2

x=0.2 59.1 4.57 62.24 73 81.6 4.14 37.04 11 31.47 53.1
x=0.4 131.4 8.84 60.79 145 179.9 6.245 24.08 259 45.12 34.5
x=0.6 144.4 11.21 62.36 179 163.0 7.19 35.01 205 59.43 50.1
x=0.8 96.4 5.60 83.46 67 135.3 5.875 31.67 185 44.64 45.4

Fig. 6. Comparison of in-plane (ip) and out-of-plane (op) magnetic components for (a) 2%, (b) 4%, (c) 6%, and (d) 8% Co doped TiO2 thin films.
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diffusivity of defects in TiO2 lattice, creating so called oxygen vacancies
and defect clusters. Schwartz et al. [40] have explained that mechanism
for ferromagnetic activation in oxide thin films is due to the formation
of interface oxygen vacancies during the growth. Coey et al. [41] have
explained how oxygen vacancies introduced at the interface of film/
substrate could describe moment per cation which increases the spin
value in transition metal doped TiO2 thin film systems. When electrons

which exist around cobalt ions get trapped in oxygen vacancies and
defects, they form the BMP. In our samples, we have observed large
order ferromagnetism at room temperature that can be attributed due
to oxygen vacancies and structure defects present in the system. When
the density of defects is significant to form hydrogen like orbitals
(coupling of Co ions with donor electron) at random position forming a
large magnetic cluster in the crystal lattice, this leads to long range

Fig. 7. (a) Absorbance spectra and (b) Tauc's plots for Ti1-xCoxO2 (0≤ x≤ 0.08) thin films on LaAlO3(100) substrate.

Fig. 8. (a,b) Absorbance spectra of methylene blue (MB) and azo dyes; (c,d) degradation of the same dyes in the presence of catalysts after 70min duration. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ferromagnetic order [42,43].

3.3. Optical properties

UV–visible absorption spectroscopy is used to investigate the effect

of impurity dopants on the optical properties of semiconducting nano-
structures. A small percentage doping of transition metals ions is ex-
pected to make changes in the optical behaviour as compared to the
host lattice. Absorption spectra were recorded in the wavelength region
of 300–800 nm and shown in Fig. 7(a). This may be attributed to the

Fig. 9. (a,b) Percentage degradation of MB and azo dyes in presence of catalysts, (c) Possible photocatalytic mechanism.

Fig. 10. Scanning photocurrent (PC) microscopy image for the 8% Co doped TiO2 film.
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photo excitation of electrons originating from the valance band to the
conduction band. A red shift is observed in the absorption spectra with
the incorporation of cobalt in TiO2 host lattice, which is consistent with
previous reports [44]. In the energy band spectrum, the top of the va-
lence band corresponds to the O2p whereas the bottom of the conduc-
tion band to the Ti3d state. Absorption band at around 380 nm for

pristine TiO2 film is band to band (O2p-Ti3d) transition whereas small
red shift can be explained on the basis of sp-d exchange interactions
between band electrons and localized d electrons of cobalt ions repla-
cing Ti ions. The s-p and p-d exchange interactions result in downward
shifting of conduction band edge and upward shifting in valence band
edge leading to band gap narrowing [45]. The optical band gap energy
could be easily calculated from the Tauc's relation. Accordingly,
Fig. 7(b) shows the plots between (αhν)2 versus photon energy (hν) to
calculate band gap for all the prepared films. An extrapolation of the
linear region of (αhν)2 versus hν plot to the x-axis gives the value of
optical band gap (Eg). The calculated values of band gap are 3.30 eV,
3.21 eV, 3.15 eV, 2.99 eV and 2.87 eV for the pristine and 2%, 4%, 6%,
8% Co doped anatase phase TiO2 films, respectively. The band gap
variation from 3.30 to 2.87 eV indicates an alteration of the electronic
structure of the system. Doping of cobalt into TiO2 may create defect
levels in the band gap of TiO2 for electron hole pair recombination at
lower energy. The origin of such defect levels may be the Co itself or
possibly the oxygen vacancies induced by the doping.

3.4. Photocatalytic activity

The photocatalytic activity of pristine and Co (2%, 4%, 6% and 8%)
doped TiO2 films was investigated by the degradation of two different
organic dyes namely, methylene blue (MB) and azo dye as an exemplary
pollutant under illumination of visible light. MB and Azo dyes are ty-
pical organic pollutants mostly coming from industrial waste and are
resistant to light. However, in the presence of a photocatalytic TiO2

surface, illumination will result in the degradation of the dye. Separate
solutions of MB dye and Azo dye were prepared in deionized water and
stirred in the dark for 30min to obtain adsorption equilibrium before
illumination. A visible light source was illuminated on the sample for
photocatalysis, and the concentrations of the dyes were monitored by
absorption spectroscopy using a UV–visible spectrophotometer.
Fig. 8(a,b) shows the intensity of the absorption peak of MB
(λ=664 nm) and Azo (λ=550 nm) dyes as a function of illumination
time for the pristine and Co doped TiO2 films as well as substrate
LaAlO3(100) as control sample. Fig. 8(c,d) shows the complete ab-
sorption spectrum after 70min of illumination for each sample. The
LaAlO3(100) control sample was analysed to characterize the self-de-
gradation and importance of catalyst in the degradation of dyes under
the same condition. A very small degradation was observed in the
presence of bare substrate LaAlO3(100) which is due to adsorption of
dyes on the surface of the substrate. The change in concentration ob-
served in pristine TiO2 thin film is because dye sensitization has played
a role in degradation, having large band gap energy of TiO2 which
requires UV light to excite its electrons. Therefore, for promising results

Fig. 11. PC signal magnitude versus beam position at different wavelength for
8% Co doped TiO2 thin film. The data is taken along the line indicated in
Fig. 10.

Fig. 12. Variation in current as a function of bias voltage for pristine and 8% Co
doped TiO2 films.

Fig. 13. PC line cut magnitude (PCmax-PCmin) with wavelength dependence for
pristine and 8% Co doped TiO2 thin films.

S. Naseem, et al. Applied Surface Science 493 (2019) 691–702

699



we need a suitable light source and catalyst for the effective degrada-
tion of dyes with time, as observed and analysed from the above ex-
periment. The results of Fig. 8 predict that the Co doped TiO2 films have
better photocatalytic activity as the Co doping is increased for both the
MB and Azo dyes. The improved photocatalytic activity with Co doping
can be attributed to the red shift in optical absorption of the catalyst
near visible region while pristine TiO2 absorbs radiation below 400 nm.
In our experiment, we have observed promising results, i.e. 91% de-
gradation of MB dye and 88% degradation of Azo dye in 70min for the
8% Co doped TiO2 sample. This phenomenon can be explained on the
basis of formation of abundant oxygen vacancies and surface defects
with Co doping. However, doping has enhanced electron trapping and
electron hole separation (slow electron hole recombination) as evident
from the magnetic studies as well. Cheng et al. [46] have reported that
the anatase Gd doped TiO2 films have higher photocatalytic activity as
compared to rutile phase TiO2. Earlier, Fatemeh et al. [47] have also
reported that TiO2 has shown excellent photodegradation of methyl
orange under visible and ultraviolet light illumination. In our results,
we have also observed that as doping percentage of cobalt increases, the
degradation of dyes also increases as shown in Fig. 9(a,b) indicating
better photocatalytic performance. Similarly, Sonawane et al. [48] have
also reported 2.5 times higher photocatalytic activity of Fe doped TiO2

thin films than undoped film. The mechanism behind this is that the
surface adsorbed dye molecules which could excite electrons and
transfer them to conduction band of TiO2 then further participate in
converting into reactive oxygen species. The high degradation effi-
ciencies of Co doped TiO2 are attributed to the presence of negative
charge on the surface of the film. A cationic MB dye can be adsorbed on
the surface having highly negative charge on doped TiO2 through the
electrostatic attraction that plays an important role for the enhance-
ment of adsorptive property and hence improve the degradation effi-
ciency [49]. A possible photocatalytic mechanism is also shown in
Fig. 9(c).

3.5. Photoconductivity

Photoconductivity is an optical and electrical phenomenon in
semiconductors in which electrical conductivity is measured due to the
absorption of electromagnetic radiations. There are several mechanisms
involved in photoconductivity such as absorption of incident radiation,
generation of electron-hole pairs, and charge carrier transport. For the
excitation, the incident light must have photon energy above the band
gap. The sample consists of Co-doped TiO2 film with two Cr/Au elec-
trodes separated by a 10 μm gap. Fig. 10 shows a scanning photocurrent
map for a sample with 8% Co doping using laser wavelength of 570 nm.
Fig. 11 shows detailed line cuts of the photoconductivity as a function

of position for four different wavelengths. The maximum photocurrent
is obtained at 480 nm wavelength and it decreases for the higher wa-
velength region. The decrease in photocurrent at the higher wavelength
may be due to decrease in excitations of charge carriers that is attrib-
uted to the reduction in conduction current. In our study, we have
compared the highest doping i.e., 8% cobalt doped TiO2 results with the
pristine TiO2 film and shown in Fig. 12 that gives the current variation
with the bias voltage. It is observed that the current for TiO2 film is
greater than cobalt doped TiO2 due to the presence of 2 kΩ channel
resistance for the doped film as compared to 1.2 kΩ channel resistance
of pristine TiO2 film. These results indicate the increase in resistance
with the doping of Co ions in TiO2 host matrix. Fig. 13 shows the PC
line cut magnitude with wavelength dependence indicating almost
constant behaviour at the higher wavelength and doping affect the
photocurrent. By supplying the bias voltage to the photoconductor, the
current flowing in the device can be obtained in the darkness and under
illumination to obtain photocurrent from the system. Fig. 14 exhibits
the photocurrent bias dependence behaviour that revealed opposite
nature of both the samples. This opposite photocurrent direction at the
metal/Schottky junction indicates different doping level between these
two films. Further, on cobalt doping, the photocurrent decreases as the
number density of Ti-Co nearest neighbour decreases due to the pre-
sence of impurities or oxygen vacancies that reduces the intensity of Co-
Ti transition and therefore, electron hole pair density also reduces. Si-
multaneously, cobalt incorporation reduces band gap which splits into
sets of localized Co states, that requires sufficient photoenergies for
electron transfer to create electron hole pairs and transfer excited
electrons from one level to another. This is consistent with the observed
trend of the photocurrent. Hence the studied material is photosensitive
and can be used for the solar cell applications.

4. Conclusions

In this work, we have successfully grown the anatase phase pristine
and (2%, 4%, 6% and 8%) Co doped TiO2 films onto LaAlO3(100)
substrate of thickness 20 nm by MBE technique. The single crystalline
phase of TiO2 and surface structural transformation have been mon-
itored by in situ RHEED. AFM images have been analysed to confirm the
surface morphology and roughness of the films. The presence of Ti4+,
Co2+ and oxygen vacancies confirmed the oxidation state of the con-
stituent elements from XPS analysis that is used to explain observed
magnetic ordering with doping. Enhancement in room temperature
ferromagnetism has been observed in the prepared films and explained
on the basis of oxygen vacancies created by the incorporation of cobalt
in TiO2 crystal lattice. Effect of band gap tuning was observed in TiO2

films with the incorporation of cobalt. A red shift in the absorption

Fig. 14. Photocurrent versus beam position for pristine and 8%Co doped TiO2 films grown on LaAlO3 (100) substrate.
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spectra is noticed that demonstrates excellent photocatalytic perfor-
mance of the doped films for the degradation of MB and Azo dyes. In
addition, photoconductivity was studied for the pristine and 8% cobalt
doped TiO2 films to compare the photosensitivity of the prepared films.
Therefore, it is concluded that the doping of cobalt in TiO2 matrix can
alter the surface morphologies, optical and magnetic properties that
may be further tuned as per applicability by varying the growth con-
ditions for the opto-magnetic properties like photoconductivity, room
temperature ferromagnetism and for waste water treatment.
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