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Abstract
We have investigated the electrical and optical properties of erbium (Er3+) doped TiO2 thin films (Er:TiO2 TFs) grown by 
sol–gel technique on glass and silicon substrates. The samples were characterized by field emission gun–scanning electron 
microscopes (FEG–SEM), energy dispersive X-ray spectroscopy (EDX), atomic force microscopy (AFM), X-ray diffraction 
(XRD), photoluminescence (PL) and current–voltage measurement techniques. FEG–SEM and AFM images showed the 
morphological change in the structure of Er:TiO2 TFs and EDX analysis confirmed the Er3+ doped into TiO2 lattice. Broad 
PL emissions in visible and infrared regions were observed in undoped TiO2 samples and associated to different mechanisms 
due to the anatase and rutile phases. PL spectra revealed sharp peaks at 525 nm, 565 nm, 667 nm and 1.54 µm which are 
related to Er3+ emissions in Er:TiO2 samples. The undoped TiO2 and Er:TiO2 TFs based UV-photodetectors were fabricated, 
and various device parameters were investigated. The doped devices exhibit high photoresponse upon illuminating 350 nm 
UV light at 2 V bias with faster response time compared to undoped device.

1  Introduction

TiO2 is an attractive material due to its efficient photo 
activity, high chemical stability, nontoxicity and cost-
effectiveness [1–3]. It has been extensively used for mak-
ing sensors [4, 5], ultraviolet (UV) detectors [6, 7], low 
cost solar cells [8] and for applications in photo-electro-
chemical water splitting [2]. The technological interests of 
rare earth luminescence are in the field of telecommunica-
tions [9], flat panel displays [10], laser materials [11], data 
storage [12], radiation detection [13], medical applications 
[14] etc. Several attempts have been made to enhance the 

photo activity of TiO2 into the visible region by doping 
it with lanthanide materials like erbium (Er), europium 
(Eu), terbium (Tb) and cerium (Ce) [15–17]. Particularly, 
incorporation of Er3+ ions into TiO2 semiconductors 
draws special attention due to some interesting features 
associated with its unique optical and electrical charac-
teristics. The sharp photoemission from Er3+ doped TiO2 
at 1.54 µm due to intra 4f-shell transition of Er3+ ions, 
which has been reported by several groups [9, 11, 18], 
is important for telecommunication applications [18]. In 
addition, the interaction between the local electric field of 
the host and the 4f electrons is weak. Therefore, the local 
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host structure around Er3+ would result in minor splitting 
of the free-ion energy levels, 2S+1LJ, into multiplets. This 
splitting is usually called crystal-field (CF) splitting or 
Stark splitting, and the number of CF sublevels is deter-
mined by the symmetry of the surrounding crystal host, 
such that a reduction in the symmetry around the lantha-
nide ions will introduce a higher number of sub-levels. It 
was previously observed that in Er3+ doped TiO2 materi-
als the crystallinity of TiO2 affects considerably the light 
emission from Er3+, and the CF splitting of the energy 
levels of Er3+ ions. Particularly, this emission from a poly-
crystalline host depends on anatase or rutile phases that 
were observed in the Er:TiO2 samples. Different methods 
such as sputtering [19], electron beam evaporation [20], 
hydrothermal [21], chemical bath deposition [22] spray 
pyrolysis [23] and sol–gel [24] have been demonstrated for 
the synthesis of TiO2 nanostructures. Among these meth-
ods, sol–gel spin-on has the advantages of being relatively 
easy preparation technique, employing less sophisticated 
instruments and having short operation time to synthesize 
TFs. In recent years a lot of attempts have been made to 
improve the properties of TiO2 based UV photodetectors. 
For example, Xing et al. reported that the TiO2 nanocrys-
talline films photodetector exhibited a maximum photore-
sponse of 3.63 A/W at 310 nm [25]. Lv et al. prepared 
TiO2 nanocrystalline film UV photodetectors with respon-
sivity of 31.7 A/W at 5 V bias with response rise and fall 
times of 550 ms and 380 ms, respectively [26]. Selman 
et al. reported rutile TiO2 nanorods based devices with 
responsivity and internal gain of 460 mA/W and 4.79, 
respectively, upon illuminating UV pulsed (325 nm) at 
5 V [7]. In a recent report Patel et al. demonstrated that 
they fabricated high responsivity (2.023 A/W) with faster 
rise time (0.14 ms) nanocrystalline TiO2 thin film based 
UV detector at 1 V reverse bias [27]. Xiang reported work 
on a commercial TiO2 based UV photodiode (TW30SX 
photodiode from sglux SolGel Technologies GmbH) which 
had a maximum spectral sensitivity of 0.021 A/W (active 
area of 4.18 mm2) at 1 V reverse bias [28]. However, the 
photoresponse value of the detector can be different under 
different applied biasing conditions. In addition, due to the 
complicated and costly fabrication process [29] of TiO2 
semiconductor based photodetectors their use is not suit-
able in large scale production.

In this article, we report an enhancement in photore-
sponse due to Er3+ ions incorporation into the TiO2 host 
by using easy and cost effectiveness chemical synthesis 
method. We have shown that responsivity of doped UV 
photodetector (Er:TiO2 TF) significantly increases as 
compared to undoped TiO2 upon illuminating 350 nm 
under applied bias of 2 V. The doped device also exhib-
its faster response time than that of undoped device. The 

Er3+-doped TiO2 lattice has been confirmed by optical and 
electrical characterization techniques.

2 � Experimental details

Undoped and Er-doped TiO2 TFs were deposited on glass 
and p-type silicon (Si) substrates using sol–gel technique 
followed by spin coating. Titanium isopropoxide (TTIP) was 
used as a precursor (Sigma-Aldrich, purity ≥ 97%) of TiO2 
material. Erbium oxide nanopowder (Er2O3, Sigma-Aldrich, 
purity ≥ 99.9%) was used to dope TiO2 TFs with Er3+ ions. 
To produce a proper solution for spin coating of undoped 
TiO2 TFs, firstly, a homogeneous solution was prepared 
by mixing 10 ml ethanol (purity ≥ 99.9%, analytic reagent, 
Changshu Yanguan Chemical) and 2 ml glacial acetic acid 
(purity ≥ 99.8%, Merck) under ultra-sonication for 10 min 
duration. Then, 2 ml TTIP was added to the solution. The 
final solution was ultra-sonicated for 30 min and was left 
for 48 h of ageing in a test tube to form the gel. To make 
Er:TiO2 solutions, 0.04 g and 0.06 g Er2O3 nanopowder were 
mixed into two other undoped TiO2 solutions prepared by 
same compositions as mentioned before. To dissolve Er2O3 
nano powder, 2 ml hydrochloric acid (HCl) was mixed into 
the solution which has 0.04 g Er2O3 and 3 ml HCl was mixed 
into the other solution which has 0.06 g Er2O3. Finally the 
solutions were ultra-sonicated for 30 min and were aged for 
a period of 48 h to form the gel. The glass and (100) p-type 
Si substrates (MTI, USA) were rinsed well with de-ionized 
water and finally cleaned with acetone followed by Radio 
Corporation of America and HF dip cleaning for Si sub-
strates. The TFs were deposited by spin coating (spin NXG-
P1, apexicindia) technique with substrate rotation speed of 
~ 3000 rpm for 1 min on glass substrates and 4000 rpm for 
1.5 min on Si substrates. The films were open-air annealed at 
200 °C for 2 min in a muffle furnace. To obtain uniform TFs, 
the entire coating and annealing process were repeated three 
times with final annealing at 450 °C for 1.5 h in air atmos-
phere. Gold (Au) was evaporated through a shadow mask 
with holes of a diameter of 1 mm using a thermal evaporator 
(Pro-Vak, Pune) to form Schottky contact on the TFs.

The surface and structural morphology of the TFs was 
characterized by using field emission gun–scanning electron 
microscopes (JEOL JSM-7600F FEG–SEM), energy disper-
sive X-ray spectroscopy (EDX), atomic force microscopy 
(AFM: NT-MDT-INTEGRA) and X-ray diffraction (XRD: 
Bruker D8 Discover Diffractometer) using Cu Kα radiation 
(λ = 1.5418 Å). The room temperature diffraction pattern 
was obtained at diffraction angles between 20° and 80° with 
geometry 2θ. Temperature-dependent photoluminescence 
(PL) measurements were performed using a 325 nm Kim-
mon He–Cd laser and a closed cycle Janis cryostat. The PL 
spectra were obtained by using Triax Horiba spectrometer 
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coupled with GaAs photomultiplier for visible emission or 
liquid-N2 cooled Ge detector for near-infrared emission. The 
current–voltage (I–V) characteristics and photo-response of 
the Schottky contact based devices were measured using a 
Keithley 2401 source meter with a 300 W xenon arc lamp 
and a monochromator (Sciencetech, Canada) connected in 
open beam configuration.

3 � Results and discussions

3.1 � FEG–SEM with EDX and AFM analysis

The surface morphology of undoped and Er-doped TiO2 TFs 
are shown in (Fig. 1a, c, e). The top view of FEG–SEM 
image of the undoped sample shows that the Ti nanoparticles 
(NP) are evenly distributed over the cracked surface. The 
images of doped TFs show that the surface become grad-
ually smooth and grain structure lost with an increase of 
Er3+ ions doping concentration. The particle size histogram 
(inset), which are plotted based on FEG–SEM images show 
that the samples consist of different size NPs ranging from 
10 to 40 nm. The average particles size is 27 nm for undoped 
TF and gradually reduces as the dopant level increases to 
22 nm for 0.75 at.% Er and 16 nm for 0.98 at.% Er doped 
into TiO2 lattice as confirmed by EDX analysis. This can 
be attributed to the increase of Er3+ ions in the solution, 
the electrostatic interaction between the particles becomes 
larger, which increases the probability of gathering more 
ions together. This demonstrates that the Er3+ doping affects 
the morphology of pure TiO2 material and the size of NPs 
reduces due to the strong influence of doping ions. Besides 
that Er3+ ions can react strongly with TiO2 host in solid state 
phase and changes the thin film structure. Similar reaction 
mechanism of Er3+ ions with ZnO and In2O3 host have been 
reported by Miao, Ghosh et al. [30, 31]. The EDX spectra 
(Fig. 1b) shows the presence of titanium (Ti), and oxygen 
(O2) elements in the undoped sample and the element erbium 
(Er) atoms along with Ti and O atoms are observed in all 
the doped TFs, showing that definite doping of Er3+ ions 
into TiO2 (Fig. 1d, f). The atomic fraction of Er3+ ions in 
the doped films are estimated to be 0.75 at.% and 0.98 at.% 
for the 0.04 g Er2O3 and 0.06 g Er2O3 containing samples, 
respectively. The chemical mapping of FEG–SEM images 
(inset of Fig. 1b, d, f) of the samples, which show the pres-
ence of Ti (green color), O2 (red color) and Er (blue color).

The surface topography, roughness and particle size of 
undoped and doped TFs are also examined using AFM 
images which are shown in Fig. 2. The average peak height 
and root mean square roughness (Sq) of undoped film sur-
face are 6.09 nm and 1.79 nm, respectively. Whereas for 
the doped film surfaces these are 2.17 nm and 0.53 nm 
(0.75 at.% Er) and 1.74 nm and 0.44 nm (0.98 at.% Er), 

respectively which indicate that the surfaces are becoming 
flatten and smooth with increasing doping concentration. 
The particle sizes are also estimated from 3D view of AFM 
images which are about 30 nm for undoped sample and 
reduce as doping increases. The thickness of thin films are 
about 150 nm as measured from the cross-sectional views 
of FEG–SEM image of undoped sample shown in the inset 
of Fig. 1a.

3.2 � XRD analysis

The θ/2θ XRD patterns of the undoped TiO2 and Er:TiO2 
TFs are shown in Fig. 3a. As can be seen from this figure, 
all detectable diffraction peaks from these samples have the 
signature of single-phase anatase TiO2 at room temperature. 
The diffraction peaks occur around 2θ = 25.3°, 48.1°, and 
61.9° for undoped and doped TFs, which correspond to the 
(101), (200), and (213) planes of body-centered tetragonal 
anatase TiO2 crystal structure, respectively. All the peaks 
of TiO2 are in good agreement with the standard spectrum 
(JCPDS Card no: 84-1286). However, using a grazing inci-
dence with the ω angle equal to 1°, rutile (JCPDS Card no. 
21-1276) peaks are also observed at 2θ values of 54.2° and 
56.3°, which correspond to crystal planes of (211) and (220), 
as shown in Fig. 3b. This result shows that the anatase phase 
is the predominant phase. Our XRD results are also in agree-
ment with the PL results, as will be discussed below. There 
are two another diffraction peaks occurring at 2θ = 33° and 
69.2° which can be attributed to Si (100) substrate. The 
crystallite sizes were calculated from the full width at half 
maximum (FWHM) of (101) anatase peak using the Scherrer 
formula [32] (Eq. 1):

where Dhkl denotes the crystallite size, λ = 0.154 nm is the 
X-ray wavelength of Cu Kα radiation, β is the FWHM in 
radian, and θ is the Bragg’s angle. The calculated average 
crystallite sizes are ~ 22 nm (for undoped TiO2 TF), 20 nm 
(for 0.75 at.% Er doped TiO2 TF) and 14 nm (for 0.98 at.% 
Er doped TiO2 TF). These results show that the crystallite 
size decreases with the increase in concentration of Er3+ 
ions. Thus, it can be established that the larger amount of 
Er3+ ions doping causes widening of the width of the dif-
fraction peaks and a reduction in the TiO2 crystallite sizes. 
This decrease in crystallite size also may be due to the differ-
ence between the ionic radius of Er3+ (0.0881 nm) and Ti4+ 
(0.0605 nm). The incorporation of Er3+ ions into TiO2 host 
matrix would create a tensile stress which restrict the growth 
of grain size and reduce the extent of crystallinity [33]. The 

(1)Dhkl =
0.9�

�cos�
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reduction of particle size with doping concentration has also been confirmed from FEG–SEM and AFM analysis, 
and the particle diameters are in close agreement as shown 
in Fig. 3c.

Fig. 1   FEG–SEM images: a top and cross-sectional view (inset) 
of undoped TiO2 TF, c, e top view of 0.75 at.% Er and 0.98 at.% Er 
doped TiO2 TF respectively. The insets correspond to the particle size 

histogram. b, d, f Show the EDX spectra and corresponding chemical 
mapping (inset) of undoped and doped samples. (Color figure online)
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3.3 � Photoluminescence

The PL spectra of the TiO2 TFs deposited on glass were 
investigated as a function of temperature and laser power 
using a laser excitation wavelength of 325 nm. Figure 4 
shows the typical temperature dependence of PL spectra for 
the undoped TiO2 TF (reference sample) in visible (Fig. 4a) 
and infrared range (Fig. 4b). The PL spectra in Fig. 4 has 
been normalized by taking the maximum of the emission 
observed at around 403 nm and 1600 nm in Fig. 4a, b, 
respectively.

Three broad PL bands were observed around 403 nm 
(blue), 530 nm (green) and 750 nm (NIR). The nature of 
these bands for undoped samples will be discussed below.

It is well known that the PL spectrum of TiO2 usu-
ally depends on the crystal phase (anatase, rutile or mixed 
phases) [34]. For the anatase phase, it was reported pre-
viously that the PL spectra show only green (~ 520 nm) 
and red (~ 620 nm) emissions. In general, the nature of 
these emissions is not well understood and there is not a 
well-established consensus on the processes and chemical 
nature of the states involved in the radiative transitions 
[34]. For example, the green band was previously associ-
ated to self-trapped excitons [35]. However, it was also 
reported that surface states of anatase TiO2 phase could 
possibly contribute to the PL bands [36]. More recently, 
a detailed study of these emissions has evidenced that the 
green emission could be related to the following process: 

Fig. 2   AFM images: a undoped TiO2 TF; b 0.75 at.% Er doped TiO2; c 0.98 at.% Er doped TiO2. The insets correspond the 3D views of AFM 
images
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band gap absorption, followed by relaxation and optical 
recombination of free electrons with trapped holes. These 
trapped holes could be localized at oxygen vacancies sites 
(VO) or at Ti sites adjacent to VO [34]. On the other hand, 
it was shown that the red emission is related to recombi-
nation between trapped electrons and free holes [34]. The 
electron trap contributing to this red emission was asso-
ciated to oxygen vacancies positioned below the anatase 
surface [34]. Both emissions quench during UV + O2 
exposure and are partially degraded by this treatment [34]. 
In fact, it was also demonstrated that the PL intensity of 
both emissions depends on the effect of absorption or 

desorption of O2. However, this change is more important 
for the green band. Usually, its intensity increases consid-
erably by O2 desorption. The possible mechanisms that 
could explain the green and red emission bands are illus-
trated in Fig. 5a [34]. For rutile phase, the emission band 
usually shows only one band at near-infrared emission 
(NIR) region around 830 nm. The nature of this emission 
is more difficult to explain. It was previously associated 
with a different mechanism related to optical recombina-
tion involving free holes at the valence band [34]. In fact, 
the NIR PL was attributed to a possible radiative recombi-
nation between mid-gap trapped electrons and free holes at 
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the valence band. Figure 5b illustrates the typical optical 
transitions for rutile TiO2.

The blue band observed in reference sample around 
403 nm (Fig. 4a) was previously reported and associated 
with the possible contribution of rutile phase (dipole-for-
bidden direct transition) usually observed in crystals around 
3.03 eV [35] or to the band tail emission of the anatase TiO2 
[18]. We remark that this band does not present important 
changes with the temperature. As mentioned previously the 
anatase phase is the dominant phase confirmed by XRD 
measurements. Therefore, this blue emission was mainly 
associated with band tail emission in the anatase phase. 
As stated above we have also observed a very broad band 
around 530 nm. This broad band seems to be a combina-
tion of two bands previously reported in the literature for 
the anatase phase: a green band (~ 520 nm) and a red band 
(~ 620 nm) [34]. However, we have observed that the inten-
sity of the green emission dominates. Its total intensity 
decreases, and its peak energy presents a small blue shift 
with the increase of the temperature (from 530 to 515 nm, 
68 meV). This band seems to have two unresolved bands: 
green and red emissions. We attribute this broad band to dif-
ferent recombination processes: (1) band gap absorption, fol-
lowed by relaxation and optical recombination with trapped 
holes (contribution of the green band) and (2) recombination 
between trapped electrons and holes (contribution of the red 
emission). The emission around 750 nm (NIR) was previ-
ously observed only for the rutile phase and associated with 
the Ti3+ ions [37]. The rutile phase which was detected by 
XRD measurements using grazing method could explain our 
PL results in the infrared region. A possible local annealing 
by the UV laser could also enhance the rutile phase contribu-
tion. Actually, laser induced phase transition from anatase 
to rutile was previously reported [38]. As the rutile phase 
was detected by XRD we mainly attributed this result to the 
presence of the rutile phase in our samples.

In addition, two other broad peaks were also observed 
in the infrared region around 1000 nm and 1600 nm. There 
are no previous reports for the observation of these bands 
in TiO2. Actually, all previous studies of PL of TiO2 are 
usually performed in the spectral region of 300–900 nm. 
Therefore these infrared emissions have not been previously 
reported in the literature yet. We associated them with the 
rutile phase. In order to investigate in more detail the infra-
red emission, we have fitted the temperature dependence of 
the PL intensity of the 1000 nm band by:

where I0 = PL intensity at 0 K, E1 and E2 are activation ener-
gies, A1 and A2 are temperature independent constants, and 

(2)I =
I0

1 + A1 exp
[

−E1
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+ A2 exp
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kB = Boltzmann constant. Using Eq. (2), activation ener-
gies E1 = 57.5 meV and E2 = 9.6 meV were obtained. This 
emission may be associated with possible trapped electrons 
contribution of rutile phase as illustrated in Fig. 5b. There-
fore, our results evidence the presence of two crystal phases, 
anatase and rutile phases: the visible PL emission is due to 
anatase phase in the TiO2 host lattice, showing PL bands in 
the visible region around 403 and 530 nm, while the rutile 
phase is related to the PL bands in the infrared region around 
750, 1000 and 1600 nm.

Figure 6a shows the PL spectra of Er-doped samples for 
different Er3+ concentrations at room temperature. In addi-
tion to the broad bands, several sharp intense PL bands 
associated to optical transitions of Er3+ ions are observed 
for both samples. Particularly, these sharp peaks are more 
important for the highly Er-doped TiO2 (0.98 at.% Er) sam-
ples. It is well known that the Er-related emissions occur 
by indirect excitation of the Er3+ ions. The Er3+ ions are 
particularly excited by energy transfer of electron–hole pairs 
which are optically generated in the TiO2 host. The observed 
emission lines are assigned to the intra-4f transitions in the 
Er3+ ions. Similarly, PL peaks observed at 525 nm, 565 nm, 
and 667 nm were previously observed for Er3+-doped TiO2 
grown on Si substrates [18] and were associated with the 
transitions from the excited states (2H11/2,4S3/2 and 4F9/2) to 
the ground state (4I15/2) of the Er3+ ions. The intensity of 
these sharp peaks presents a decrease of PL intensity at low 
temperature (Fig. 6b). Similar behavior was observed previ-
ously [18]. In addition, the Er3+ PL emission is stable, and 
no sample degradation was observed under UV excitation. 
The spectra in Fig. 6 has been normalized by taking the 
maximum of the emission observed at around 403 nm.

We have also investigated the PL spectra in the infrared 
region. Figure 7 shows the PL spectra at 12 K for undoped 

and Er3+-doped TiO2 samples. As mentioned before the 
energy levels of Er3+ are only slightly affected by the host 
because the 4f electrons, which are responsible for the 
luminescence around 1540 nm and the up-conversion prop-
erties, are shielded by the outer 5s and 5p electrons [39]. 

Fig. 6   a Normalized PL spectra 
at 300 K for undoped TiO2 (ref-
erence sample), and Er3+-doped 
TiO2 TFs with different Er 
concentrations. b PL spectra at 
300 K and 12 K for Er-doped 
TiO2 (0.98 at.% Er) TF 0.0

0.5

1.0

Er:TiO2 TF (0.98 at % Er)

T = 300 K
25 mW 

Undoped TiO2 TF

Er:TiO2 TF (0.75 at % Er)

(a)

0.0

0.5

1.0

650 652 654
18

19

20

21

PL
 in

te
ns

ity
 (a

.u
.)

Wavelength (nm)

N
or

m
al

iz
ed

 P
L

 in
te

ns
ity

 (a
.u

.)

400 500 600 700 800
0.0

0.5

1.0

4
F9/2

4
I15/2

4
S3/2

     4
I15/2

2H11/2
4I15/2

Wavelength (nm)
400 500 600 700 800

0.0

0.5

1.0

1.5

2.0

2.5
 Er:TiO2 TF (0.98 at % Er)

 25 mW

12 K

300 K

N
or

m
al

iz
ed

 P
L 

in
te

ns
ity

 (a
.u

.)

Wavelength (nm)

4
F9/2

4
I15/2

4
S3/2

4
I15/2

2
H11/2

4
I15/2

(b)

0.0
0.2
0.4
0.6
0.8
1.0

T = 12 K
25 mW

(a) Undoped TiO2 TF

(b) Er:TiO2  TF (0.75 at %  Er)

(c) Er:TiO2 TF (0.98 at % Er)

0.0
0.2
0.4
0.6
0.8
1.0

N
or

m
al

iz
ed

 P
L

 in
te

ns
ity

 (a
.u

.)
800 1000 1200 1400 1600

0.0
0.2
0.4
0.6
0.8
1.0
1.2

Wavelength (nm)

4I13/2
4I15/2

Fig. 7   Normalized PL spectra at 12  K for undoped and Er-doped 
TiO2 TFs



19596	 Journal of Materials Science: Materials in Electronics (2018) 29:19588–19600

1 3

Therefore, the interaction between the local electric field 
of the TiO2 host and the 4f electrons would be weak. As 
a result, the local host structure around Er3+ would only 
result in the minor splitting of the free-ion energy levels, 
2S+1LJ, into multiplets. This splitting is usually called CF 
splitting or Stark splitting, and the number of CF sublevels 
is determined by the symmetry of the surrounding crystal 
host, such that a reduction in the symmetry around the lan-
thanide ions will introduce a higher number of sub-levels. It 
was previously observed that the crystallinity of TiO2 affects 
considerably the light emission from Er3+, and the CF split-
ting of the energy levels of Er3+. In the polycrystalline TiO2 

TF, light emission from two different Er3+ environments 
was observed. These effects were associated with Er3+ ions 
populating the dominant anatase phase or rutile environment 
which results in some different light emission behavior [39].

It was also observed that at higher Er3+ concentration the 
broad bands are suppressed and emissions from Er3+ ions 
are the main contribution for the PL spectrum (Fig. 7c). The 
emission associated with 4I13/2 → 4I15/2 transition in Er3+ ions 
is observed at around 1.54 µm and can be observed at room 
temperature (Fig. 8), where the spectra were normalized by 
taking the maximum of this emission. As the temperature 
was decreased to 12 K, the main peak position at 1.54 µm 
did not present important changes. Actually, this Er-related 
emission is nearly independent of the host and temperature 
because of the screening of the unfilled inner 4f11shell by 
the outer closed 5s25p6 shells [40]. However, the FWHM 
decreases from 4.97 to 3.4 meV. In addition, more peaks 
can be observed at 300 K and the PL intensity at 1.537 µm 
of the Er-doped TiO2 TF (0.98 at.% Er) increases to about 
four times with decrease in temperature to 12 K. Similar 
behavior of increase in PL intensity at lower temperatures 
was observed previously [18]. The inset of Fig. 8 shows 
the temperature dependence of PL intensity of sharp peaks 
in the infrared region. In conclusion, Er3+ doped TiO2 TFs 
exhibit broad and sharp emissions. The broad emissions are 
due to the TiO2 host and sharp peaks are associated with 
optical transitions in Er3+ ions. The PL peaks in the infrared 
region (900–1700 nm) are observed here for the first time 
in TiO2 reference samples and are associated with rutile 
phase. A strong emission near infrared region due to Er3+ 
was detected at 1.54 µm. In addition, it was observed that 
broad bands in infrared region are suppressed with the incor-
poration of Er3+ due to the energy transfer from the TiO2 
host to Er3+ ions.
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3.4 � Current–voltage (I–V) characteristics

Figure 9a shows the room temperature ln I–V character-
istics of Au/TiO2 TF/p-Si and Au/Er-doped TiO2 TF/p-Si 
devices in dark condition. The ratio of light current to dark 
current versus voltage characteristics for the devices (under 
white light illumination using a xenon arc lamp) is shown 
in Fig. 9b. The ideality factor ( n ) and barrier height ( �b ) of 
the devices were calculated from Fig. 9a using Eqs. (3) and 
(4) [41].

where q is the charge of an electron, k is the Boltzmann con-
stant, V is the applied voltage across the electrodes, T is the 
absolute temperature in Kelvin, �(ln I)

�V
 is the slope of the ln 

I–V curve (taken between 0.2 and 1 V), A is the surface area 
of a single Au dot, A* (671 A/cm2/K2) [42] is the effective 
Richardson constant of TiO2 and I0 is the reverse saturation 
current given by Eq. (5).

From the intercept of the linear fit (between 0.2 and 1 V) of 
the dark ln I–V plot, I0 is found to be equal to 1.38 × 10−9 A, 
5.10 × 10−8 A and to 2.53 × 10−11 A for the undoped TiO2 TF, 
Er-doped TiO2 (0.75 at.% Er), and Er-doped TiO2 (0.98 at.% 
Er), respectively. I0 first increases then decreases as the Er 
doping increases. The �b and n for the undoped TiO2 TF are 
~ 0.87 eV and ~ 16, respectively. The high value of n suggests 

(3)n =
q

kT

[

�V

�(ln I)

]

(4)�b =
kT

q
ln

AA∗T2

I0

(5)I0 = AA∗T2e(−q�b∕kT)

the presence of large number of defects in the metal/semicon-
ductor interface. First, the barrier height decreases to ~ 0.77 eV 
for Er-doped TiO2 TF (0.75 at.% Er) and then increases to 
~ 0.99 eV for the higher Er-doped sample (0.98 at.% Er). The 
value of n gradually decreases to ~ 11 and ~ 5 with increasing 
Er3+ concentration as shown in Fig. 9a (inset). The gradual 
decrease in n value indicates the better diode performance 
with the increase of Er3+ doping, which may be due to simul-
taneous removal of the oxygen related defects as observed 
in Er3+ doped In2O3 material [31]. The barrier heights of 
0.77–0.99 eV deduced from I–V characteristics using the clas-
sical thermionic emission theory are in good agreement with 
other reported values [43]. There was a decrease in barrier 
height due to the role of the electron affinity (~ 4 eV for TiO2) 
in the band bending formation [44]. With high Er3+ doping 
concentration, those oxygen related defects were mostly neu-
tralized and it results in the non-availability of excessive free 
electrons and subsequently there was a reduction in I0 value. 
The barrier height then increases more to match the new band 
alignment with gold (work function ~ 4.9 eV) [43].

3.5 � Responsivity, internal gain and temporal 
response

The suitability of devices as optical detectors is verified by 
measuring the responsivity and temporal response, which are 
shown in Fig. 10. The responsivity (R) of the devices at room 
temperature was calculated at different wavelengths under 
the applied bias voltage of 2 V using Eq. (6) and is shown in 
Fig. 10a.
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Iphoto

Popto
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where Iphoto is the photocurrent and Popto is the optical power.
The responsivity of the highest doped TiO2 TF device is 

bigger than that of the undoped TiO2 TF over the wavelength 
range 250–550 nm (Fig. 10a). The highest doped device 
showed maximum responsivity at 370 nm, which is ~ 13 
times higher than the undoped device (Fig. 10a). The cor-
responding photon energy ~ 3.35 eV of the Er-doped TiO2 
material can be attributed to the near band edge absorp-
tion of light as TiO2 material is only active to UV light of 
energy > 3.0 eV [45]. In forward bias, a large number of 
photo-generated electron–hole pair increases the majority 
carrier and ionizes the interface states. The ionization of 
interface states increases the barrier height, but the large 
number of electrons, generated upon UV illumination, effec-
tively reduces the barrier height under forward bias resulting 
in band bending changes and current increases. Again the 
doping of TiO2 with Er3+ ions efficiently traps the photo 
generated electrons, which prevent the electron–hole recom-
bination process resulting in an enhancement of the photo 
responsivity of the detector [46].

However, there was no significant responsivity recorded 
for the undoped TiO2 material. A broad peak in the visible 
region of light around 425 nm was observed, which may 
be due to the release of trapped electron–holes at oxygen 
vacancies in the undoped TiO2 material [47]. The maximum 
internal gain (G) of ~ 15 was calculated at a wavelength of 
370 nm by using Eq. (7), which is much greater than the 
undoped TiO2 TF (~ 1.5).

where h is the Planck’s constant, c is the speed of light, λ 
is the wavelength of incident radiation, q is the electronic 
charge, and η is the quantum efficiency (assuming η = 1).

The temporal response of undoped and Er-doped TiO2 
TFs under illumination of 350 nm wavelength of light at an 
applied bias of 2 V is shown in Fig. 10b. The rise time (Tr) 
and fall time (Tf) of the devices were obtained by consider-
ing the time required by the pulse to increase from 10 to 
90% of its peak value and the time required by the pulse to 
decrease from 90% of the peak value to 10%, respectively. 
The undoped TiO2 shows Tr ~ 0.21 s and Tf ~ 0.14 s. Those 
values showed a continuous improvement in switching 
behavior and calculated values were Tr ~ 0.13 s, Tf ~ 0.13 s 
and Tr ~ 0.11 s, Tf ~ 0.12 s for lowest and highest doped 
devices, respectively. The current value rises slowly from a 
minimum to a maximum value for the highest doped device 
under light on condition due to the diffusion of charge car-
riers for a longer time [32]. However, the drift velocity of 
the carriers is larger than diffusion velocity. Thus, ultimately 
the photo generated carriers drift faster and reduce Tr and 
Tf for the highest Er-doped photodetector. In the case of 
the undoped TiO2 device, the depletion width is less under 

(7)G =
Rhc

�q�

reverse bias (as holes are trapped in oxygen defects), which 
results in absorption of incident photons in the diffusion 
region. Therefore, the temporal response of the undoped 
device is affected by diffusion carriers and makes it unre-
liable in light on condition. The device shows improved 
performance with more Er3+ doping into TiO2 sample by 
enlarging the depletion region at the metal/semiconductor 
junction and by reducing the oxygen defects. As the incident 
photons are mostly absorbed in the depletion region, this 
results in the generation of drift carriers and a reduction 
in the effect of diffusion on the temporal response of the 
device. A similar effect was also described by Ghosh et al. 
[31]. From the above experiment, it can be concluded that 
the Er3+ doped detector possesses reliable photo-switching 
characteristics at the particular wavelength of 350 nm and 
applied voltage of 2 V.

4 � Conclusions

In conclusion, we have synthesized Er3+-doped TiO2 
TFs using sol–gel synthesis method. The XRD spectra 
revealed the presence of various planes of body-centered 
tetragonal anatase phase of TiO2 and small contribution 
of rutile phase. An increase in the concentration of Er3+ 
ions resulted in a decrease of the crystallite size. The 
average particle sizes calculated from FEG–SEM images 
were ~ 27 nm, 22 nm and 16 nm for undoped TiO2 TF, 
0.75 at.% Er doped TiO2 TF and 0.98 at.% Er-doped TiO2 
TF respectively which is analogous the particle size esti-
mated from AFM and XRD analysis. From temperature 
dependent PL spectra of undoped TiO2 TF, broad bands 
in visible and infrared region were detected. The emis-
sions in visible region were associated with the dominant 
anatase phase and in the infrared region with the rutile 
phase. Particularly we report for the first time PL bands for 
TiO2 in the region of 800–1700 nm. For Er3+ doped TiO2 
samples, the PL peaks observed at 525, 565, and 667 nm 
were associated with the transitions from the excited states 
(2H11/2, 4S3/2 and 4F9/2) to the ground state (4I15/2) of the 
Er3+ ions. At higher Er3+ concentration, the emission 
from 4I13/2 → 4I15/2 transition in Er3+ ions was prominent 
at around 1.54 µm. The PL intensity at 1.537 µm of the 
Er-doped TiO2 TF (0.98 at.% Er) increased to about four 
times with decrease in temperature down to 12 K. From 
I–V characteristics of the doped and undoped devices, 
the barrier height of the undoped TiO2 TF was calculated 
to be ~ 0.87 eV which decreases to ~ 0.77 eV for moder-
ately Er-doped TiO2 TF (0.75 at.% Er) and increased to 
~ 0.99 eV for higher Er-doped TiO2 (0.98 at.% Er). With 
an increase in Er doping, there was a gradual decrease 
in ideality factor as well as the reverse saturation cur-
rent due to simultaneous removal of the oxygen related 
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defects. At 370 nm, the Er-doped TiO2 TF (0.98 at.% Er) 
based devices showed ~ 13 times enhanced responsivity 
as compared to the undoped device. The Er-doped TiO2 
TF (0.98 at.% Er) based devices exhibited a maximum 
internal gain (G) of ~ 15 at a wavelength of 370 nm. From 
the temporal response, the undoped TiO2 showed rise and 
fall times of ~ 0.21 s and ~ 0.14 s, respectively, while for 
the lowest and highest doped devices parameters were 
~ 0.13 s and ~ 0.13 s; ~ 0.11 s and ~ 0.12 s, respectively. 
This clearly indicates the enhancement in switching per-
formance with an increase in Er doping concentration.
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