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Titanium dioxide (TiO,) thin films were deposited on glass substrates at 350 °C using the spray pyrolysis
technique. As deposited and annealed thin films were characterized by X-ray diffraction, scanning
electron microscopy, UV-VIS spectroscopy, and photodetection. Unlike the as deposited samples which

were amorphous, annealed samples show an anatase phase. Films were absorbent in the UV region and

iig:;i% ?;rh%%r:ezgé; the band gap energy decreases from 3.78 eV to 3.4 eV with annealing. The photoresponse of TiO,
photodetectors was recorded under UV (3; = 365 nm, A, = 254 nm) and visible light illumination by

DOI-10.1039/d3ra023879 reversible switching (ON/OFF) cycles using DC electrical characterization. Photosensitive properties such
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1. Introduction

Photodetectors have attracted a lot of interest in recent decades.
Indeed, the conversion of optical signals into electrical ones is
a widely required process in many fields, such as optical
communication, flame detection, missile guidance and moni-
toring of the hole in the ozone layer."®* Wide band gap semi-
conductor materials are more important for visible-blind ultra-
violet (UV) photodetectors because of their higher optical
transmittance in the visible region and superior UV photosen-
sitivity, such as Zn0O,*™ Sn0,,"* ZnS,”** In,S;,'>"” MoS,," and
SnS.” Among these wide bandgap materials TiO, nano-
materials have great potential in the high-performance photo-
detector industry thanks to their numerous advantages
including excellent chemical stability, abundant reserves, low
cost, non-toxicity and their interesting optical and electronic
properties.”*?®

Furthermore, they are suitable for many applications such as
solar cells, photocatalytic activity, and optoelectronic devices.
TiO, can exist as an amorphous structure and also in three
crystalline phases: the anatase, the rutile, and the brookite
crystal structures with band gap energies of about 3.4 eV, 3 eV
and 3.14 eV respectively.”® The uniformity and quality of TiO,
thin films depend on the deposition technique. There are
several well-established physical and chemical techniques lis-
ted in the literature to deposit TiO, thin films such as RF
sputtering,”” pulsed laser deposition (PLD),>® metal-organic
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as reproducible photosensitivity, responsivity, and detectivity were also studied.

chemical vapor deposition (MOCVD),* spray pyrolysis* and
sol-gel.**

The aim of this work is to investigate the effect of the
annealing on the physical, physiochemical and UV sensing
properties of TiO, thin films deposited by a simple, low cost and
eco-friendly spray pyrolysis method. Generally, the UV sensing
properties are tested on Si(substrate)/TiO,/Ag metal-semi-
conductor-metal (MSM) devices, where Ag is used as a contact
electrode. In this paper, we use a glass/TiO,/Ag insulator-
semiconductor-metal (ISM) device.

2. Experimental techniques

2.1. Preparation of thin films

TiO, thin films were prepared using the spray pyrolysis tech-
nique. Microscope glass slides were used as a substrate for thin
films. Prior to the deposition, the glass substrates were cleaned
with acetone, ethanol, and distilled water using an ultrasonic
bath cleaner. The cleaned substrates were dried for 10 min
before use. The precursor solution was prepared by mixing 1 ml
titanium(v) isopropoxide Ti(OC3;H;),, dissolved with 8 ml of
isopropanol, 10 ml of acetic acid (CH;COOH), 12 ml of ethanol,
and 30 ml of distilled water. Solution was stirred with
a magnetic stirrer at 50 °C for one hour. The spraying time was
about 10 min at 350 °C and the nitrogen (N,) pressure was 0.5
bar. Annealing was performed for two hours at 500 °C.

2.2. Characterization techniques

Structural properties of the TiO, films were studied using
a Bruker D8 ADVANCE A25 X-ray diffraction system (XRD)
equipped with a Cu source (wavelength A = 1.5418 A) in the
range 26 = 20-80°. Field Emission Scanning Electron Micro-
scope (FESEM) SCIOS 2 FIB-SEM was used to observe the
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morphology of the TiO, films. The FESEM microscope was
endowed with an electron dispersive spectrometer (EDS) for
chemical analyses. In order to investigate the optical properties
(transmittance, gap energy, Urbach energy), the films were
characterized by a Shimadzu UV-3101 PC spectrophotometer in
the wavelength range of 300-2000 nm. Fig. 1 shows the prin-
ciple of the photodetection measurements. The sample is sub-
jected to an adjustable polarization and the current intensity
through TiO, thin films is measured using an HP4140B source/
pico-ammeter interfaced to a personal computer via a GPIB
card. The response versus time is measured by switching On and
Off UV (4, = 365 nm, 4, = 254 nm, from an He-Cd laser) and
visible light illumination (from a halogen lamp) with 60 s
intervals.

3. Results and discussion

3.1. Structural properties

Fig. 2 shows the XRD patterns for TiO, thin films as deposited at
350 °C and annealed at 500 °C. The diffraction pattern of
unannealed TiO, film does not exhibit clear peaks indicating
that the film is amorphous. The presence of a small peak in the
X-ray diffraction pattern of annealed film proves that the
amorphous phase is partially crystallized. So, the film crystal-
linity is influenced by annealing.?*** As seen, the peak situated
at 25.30° can be assigned to the (101) plan of an anatase phase
of TiO, according to the JCPDS card no. 83-2243.3%3%3¢

The calculated value of crystallite size (D) of the films was
evaluated using Debye-Scherrer's formula as expressed below:*”

K2
- B cos 0 (1)

where K = 0.9, A, 6, and ¢ are the form factor, the X-ray wave-
length, the full width at half maximum (FWHM) and the Bragg
angle respectively.

In the same way, the microstrain of the annealed films was
calculated by using the following relation:*”

__B
4 tan 0

(2)

&

The dislocation density d, defined as the length of the
dislocation lines per unit surface of crystal, was computed using
the Williamson-Smallman relation:*®
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Fig. 2 X-ray diffraction patterns of TiO, thin films before and after
annealing at 500 °C.

(3)

The calculated values of crystallite size, microstrain and
dislocation density of annealed film were evaluated from the
(101) diffraction peak and found to be 10 nm, 0.016 and 10"
lines per cm?” respectively.

3.2. Morphological characterization

The surface morphology of the TiO, thin films, investigated by
FESEM microscopy, is shown in Fig. 3. On the macroscopic scale,
the surface morphology of the films depends on the annealing
temperature. As seen in Fig. 3(a), the film surface is rough and
granular with small grains. The annealed film presents nearly
circular-shaped grains that are distributed over the substrate
surface as shown in Fig. 3(c). It is observed that the annealed film
became denser with densely packed grains, due to the coales-
cence phenomenon. The samples are also free of pinholes and
cracks. Moreover, the average particle size increases from 8 nm to
16 nm with annealing. These values were deduced from grain size
distribution histograms presented in Fig. 3(b and d).

The elemental composition for as-deposited and annealed
TiO, films is studied using energy dispersive X-ray spectroscopy
(EDX) as shown in Fig. 4. The elemental analysis spectra reveal
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Fig. 1
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(a) Shape of TiO, sample, (b) photoconductivity experimental set-up.
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clearly the presence of the main chemical elements: titanium
and oxygen. Also, the spectra show peaks corresponding to Si,
Mg, Na, K, Al, and Ca. These elements are coming from the
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Fig. 3 FESEM images and grain size distribution histograms of (a and b) as deposited and (c and d) annealed at 500 °C TiO, films.

soda-lime glass substrate.** The obtained atomic percentage
(at%) for each film has been listed in the tables in the inset of

(a)
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El AN Series wunn. C norm. C Atom. C Error
[wt.%] [wt.%] [at.$%] [wt.%]
O 8 K-series 26.49 38.69 53.80 3.4
Na 11 K-series 6.63 9.68 9.37 0.5
Mg 12 K-series 1.59 2.32 2.12 0.1
Ti Al 13 K-series 0.70 1.03 0.85 0.1
5i 14 K-series 22.23 32.47 25.72 1.0
K 19 K-series 0.37 0.54 0.31 0.0
Ca 20 K-series 5.66 8.27 4.59 0.2
Ti 22 K-series 4.79 7.00 3.25 0.2
Total: 68.45 100.00 100.00
Y Y LA B S ma m m p S S m e s e s e S e
8 10 12 14 16 18 20
keV
El1 AN Series wunn. C norm. C Atom. C Error
[wt.%] [wt.%] [at.%] [wt.%]
0O 8 K-series 27.43 39.35 54.00 3.5
Na 11 K-series 7.06 10.14 9.68 0.5
Mg 12 K-series 1.67 2.39 2.16 0.1
Al 13 K-series 0.81 1.16 0.94 0.1
Si 14 K-series 23.54 33.77 26.40 1.0
K 19 K-series 0.38 0.55 0.31 0.0
Ca 20 K-series 5.55 7.96 4.36 0.2
Ti 22 K-series 3.26 4.68 2.15 0.1
Total 69.70 100.00 100.00
LA S S m m e S S S S e e e s e S S S B
8 10 12 14 16 18 20
keV

Fig. 4 EDX spectra and microstructure analysis tables of (a) as deposited and (b) annealed at 500 °C TiO; films.
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3.3. Optical properties

3.3.1. Transmittance and absorbance spectra. Trans-
mittance spectra of TiO, thin films were recorded using UV-
visible spectrophotometer. Fig. 5 shows the optical trans-
mittance (7) and absorbance (A4) of TiO, films in the wavelength
region of 300-2000 nm. Spectra show the high transmittance
and the absence of interference fringes indicating a fairly
smooth surface and a relatively good homogeneity of the films.
It exhibits a transmission between 65% and 95% in the visible
and near infrared regions, which increases with annealing. On
the other hand, the absorption spectra show a sharp drop in the
UV region for both the films. In addition, the TiO, films are
completely absorbent in the UV region. Therefore, we can
deduce that these films may be used as UV detectors and as
optical windows in photovoltaic cells.

3.3.2. Band gap. The transparency of thin films is mainly
influenced by the reflectivity and a combination of absorption
coefficient and film thickness. It was determined using the
following formula:*®

T=(—-Re ™ (4)

where T is the transmittance, R the reflectance and d the film
thickness.

From the optical transmittance measurements, we can
calculate the absorption coefficient («) of the films. To eliminate
the effect of the reflectance, the transmittance (7) is usually
related to the absorption coefficient « by using the following

formula:**
In (%)
= — (5)

The band gap energy (E;) is deduced from the analysis of the
absorption coefficient as a function of the photon energy (Av) in
the high absorption region. The optical band gap of the films is
estimated by:*
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Fig. 5 Transmittance of TiO, thin films, in inset, the absorbance
spectra.
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ahv = A(hv — E,)" (6)

where A is a constant, /v is the photon energy, E, is the optical
band gap energy and the exponent 7 is a constant depending on
the type of electronic transition. Indeed, n = 1/2 and 2 corre-
spond to direct allowed and indirect allowed transitions,
respectively. Fig. 6 shows the evolution of (adhv)* versus hv for
TiO, films. For this, the nature of the plots suggests a direct
interband transition. The band gap energy of the TiO, thin films
decreases with annealing. For as-deposited films the E, was
found to be 3.78 eV and a lower value of 3.47 eV was observed for
the annealed sample. It is worth mentioning that previous
studies have also reported a decrease in the optical band gap of
TiO, films with the annealing temperature. Such behavior
might be the result of the change in film density and the
increase in grain size.**** Ziliang Li et al.*® reported that the
usual band gap energy is in the range of 3.0-3.2 eV.** In the
literature, direct optical band gap values for TiO, films vary
between 3.20 and 3.90 eV.*** In fact, the bandgap energy
increases with the decrease of thickness (from the bulk material
to thin film).

3.3.3. Urbach's energy. Generally, the most important
parameter to characterize the disorder in the conduction or
valence band or both conduction and valence bands is the
Urbach energy. On the other hand, the Urbach energy tailing
characterizing the variations of the optical properties, in
particular the optical absorption for TiO, thin film, was calcu-
lated by the formula:**~>°

hy
a = ag exp| 5 (7)

where « is absorption coefficient, «, is a constant, Av is the
photon energy and E,, is the Urbach energy, which is interpreted
as the tail of localized states within the band gap. The E, values
were calculated from the inverse of the slope of In(ad) versus
photon energy hv.’* As shown in Fig. 7, E,, values were found to
be 1.33 eV and 1.22 eV for the as-deposited and annealed films
respectively. The Urbach energy decrease after annealing is due

160

As deposited film
Annealed film

120

80

(adhv)’ (eV)?

40

hv (eV)

Fig. 6 (adhw)? versus photon energy curve of TiO, thin films.

RSC Adv, 2023, 13, 21852-21860 | 21855


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02387g

Open Access Article. Published on 19 July 2023. Downloaded on 3/11/2026 6:38:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Experim ental data of as deposited film
Experim ental data of annealed film
== == Linear fit of as deposited film

Linear fit of annealed film

£5)
3
E
hv(eV)
Fig. 7 In(ad) versus photon energy curve of the as deposited TiO, thin
film.

to the crystallinity improvement and the reduced defects and
impurity levels. This effect is consistent with FESEM analysis,
which shows an increase in grain size resulting from the coa-
lescence phenomenon after the migration of atoms towards
their stable equilibrium positions.

3.4. Photoconductivity

The study of the TiO, thin film photo-response has been done
by the analysis of the photocurrent in dark and under UV or
light illumination of reversible switching (On/Off).

3.4.1. Effect of light. Fig. 8 illustrates the type of the pho-
toresponse for the current intensity through TiO, films polar-
ized by a voltage of 1 V. Upon UV light illumination at 254 nm,
the samples exhibit an obvious photoresponse. In contrast, no
photoresponse is observed neither upon white light nor UV
365 nm illumination. The excitation energy is required for
electrons to move from the valence band to the conduction
band and results in higher photoconductivity, therefore a lower
number of electron-hole pairs generation takes place by the
absorption of light and recombination is prominent. Also, the
curves indicate that the current increases rapidly after

(a)

White light
UV: 2. =365 nm

2,85p |

UV: 2 =254 nm

2,70p

2,55p

Current (A)

2,40p

2,25p 1 1 L 1
50 100 150 200 250

Time (s)
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illumination and remains constant until the illumination is
subsequently turned Off.

On the other hand, Fig. 8(a and b) shows that the dark
baseline current of the as-deposited and annealed films are
respectively 2.5 pA and 0.2 pA while the steady state current
under UV irradiation (A = 254 nm) for the same films are 2.9 pA
and 0.6 pA respectively. Then, the current of the annealed
sample is not as good as that of the as-deposited sample. This
means that the conductivity of the unannealed film is higher
than that of the other sample. In fact, the change in the
conductivity ¢ is determined according to the following
equation:

o= quN (8)

where, ¢ is the electron charge (g = 1.6 x 10~'° C), u is the
electron mobility and N is the free electron density which is
related to the concentration of oxygen vacancies.*** Liu et al.>
have shown that there is a dynamic process of adsorption and
desorption of oxygen atoms in the film when annealed in air.
When the number of oxygen atoms adsorbed in the film is more
than the number of oxygen atoms removed, the oxygen vacan-
cies in the film decrease, resulting in a decrease in the density
N. Conversely, the N increases. In the case of TiO,, during
annealing, the number of oxygen atoms in the air entering the
film increases, resulting in a decrease in the concentration of
oxygen vacancies. The conductivity decreases as consequence.

3.4.2. Effect of reproducibility. By switching ON the UV
source, the measured current obtained for successive square
pulses, with the same time length are shown in Fig. 9. After four
cycles, no apparent deactivation of the photoconductivity was
observed. Therefore, thin films exhibit excellent stability for UV
light driven photoresponse.

3.4.3. Effect of polarization voltage. Fig. 10(a and b) depicts
the characteristics of photocurrent versus time for different
polarizations (1 to 5 V). TiO, film curves show the alternating
current change in dark and under UV light (245 nm). We note
that the photocurrent increases with increasing polarization.
Fig. 10(c and d) indicates that the photocurrent follows a linear
evolution as a function of the bias voltage.
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UV: 2= 254 nm
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Fig. 8 Photo-response cycles of TiO, film (a) as-deposited and (b) annealed at 500 °C, under different illuminations of white light and UV (; =

365 nm, A, = 254 nm) with 1 V polarization voltage.
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Fig.9 Reproducibility for TiO; layers, (a) as-deposited and (b) annealed at 500 °C, under UV light illumination (A = 254 nm) switched ON and OFF

alternately for 1V polarization.

As deposited film: I, (pA) = 0.27 V + 0.29 9)

Annealed film: I, (pA) =0.19 V + 0.47 (10)

The photoresponse characteristics including the rise time (z,)
and decay time (¢4) measured under 245 nm UV light are shown
in Fig. 11, which are the crucial factors to demonstrate device
performances. The ¢, (from 10% to 90% of the top value) is the
time of the photogenerated carriers that have to be accumulated
to offset the depletion region before achieving a saturation state
of device response. Oppositely, the ¢4 (from 90% to 10% of the top
value) is the time of the recovery of depleting effect and acceler-
ated carrier recombination when converting from UV on to off.>®
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Besides, the photocurrent intensity (I,n) is defined by the

following relation:

Loy = Dighe

-1 dark

(11)

where, I, is the photocurrent difference between currents

under the light and dark.

Photosensitivity (S) measures the current change of the
photodetector upon illumination. It is calculated using the

following equation:*”

S =

Iy

]dark

(12)
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Fig. 10 Evolution of photocurrent vs. time under UV illumination at polarizations ranging from 1V to 5V of TiO, films: (a) as-deposited film and
(b) annealed film. Evolution of photocurrent vs. polarization: (c) as-deposited and (d) annealed film.
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Fig. 11 Rise and decay times of TiO, under 0.15 mW cm™2 UV light
illumination (A = 254 nm) for 1V bias.

The photodetector photoresponsivity (R) is the amount of
photocurrent generated when the films are illuminated by
a light source and it is given by:*®

= Iph
AxP

(13)

where, A = 0.1 cm? is the illumination area and P = 0.15 mW
cm ™2 is the light intensity. Detectivity (D) represents the ability
of a photodetector to detect weak optical signals, which can be
calculated according to the following equation:**>°

p_ Rx VA
B V2€1dark

where, R is the responsivity and e the charge of electron.

The linear dynamic range (LDR) describes the light intensity
range in which the current response of a photodetector is
linearly proportional to light intensity, which can be expressed
by the following equation:*

(14)

LDR (dB) = 20 log ( Ilph > (15)

dark

All the analyses were calculated to describe photosensitive
properties of TiO, samples and they are regrouped in Table 1.

The analysis of these curves yields dark current (1), rise time
(¢;), decay time (t4), sensitivity (S), responsivity (R) and detec-
tivity (D) of the samples which are regrouped in Table 1. We note
an increase of all these parameters by raising the polarization.
On the other hand, it is noted that annealing improves the
photosensitive properties of TiO, layers, that is, in the case of
1 V polarization, the sensitivity increases 13 times and the
detectivity 5 times, while the response speed is not affected by
annealing. We note also that the increase of polarization from
1V to 5 V improves most often photosensitive properties. In
fact, this behavior is due to the rise of electron mobility with
electric field increase. Yang et al.® reported that TiO, thin films
polarized at 5 V show under ultraviolet illumination (A = 365
nm), a rise time ¢ = 1.13 s, a decay time {5 = 0.75 s and
a sensitivity of 104. In our case, ¢, and ¢4 are in the order of 35 s

21858 | RSC Adv,, 2023, 13, 21852-21860
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Table1 UV light (2 = 254 nm) photosensitive properties of TiO, films

TiO, TiO,

(as deposited) (annealed)

1V 5V 1V 5V
Igark (PA) 2.46 2.55 0.21 0.27
Tighe (PA) 2.89 4.06 0.65 1.41
In(pA) 0.43 1.51 0.44 1.14
t(s) 25.04 29.31 24.54 34.54
ta (s) 5.17 4.54 2.01 2.99
Sensitivity 0.17 0.59 2.13 4.26
Responsivity (10 * AW ™) 2.86 10 4.32 9.4
Detectivity (107 jones) 1.01 3.50 5.30 10.15
LDR (dB) —15.39 —4.58 6.56 12.58

and 5 s, respectively. In other studies, Chen et al.®* reported
a sensitivity of 9 for the NiO/ZnO/Al,O; structure. Similarly,
Wang et al.®® found a value of 10 for the Cu,ZnSnS,/TiO,/Al,03
structure. These values are comparable to those of our work.

4. Conclusion

In this study, titanium oxide thin films were deposited on glass
substrates at 350 °C by the spray pyrolysis technique and then
annealed in air at 500 °C. The annealing treatment has
remarkably influenced the structural, morphological, optical,
and photosensitive properties. XRD analysis reveals that as-
deposited films are amorphous while with annealing the
amorphous phase is partially crystallized into the anatase one
with preserving their (101) preferential orientation. The SEM
images show that the layer surfaces are homogeneous, well
covered and the grain size rises with annealing. UV-VIS spectra
reveal that band gap energy decreases from 3.78 eV to 3.47 eV
with annealing. Hence, the photoconductivity study of TiO,
shows that these layers are sensitive to UV light at A, = 254 nm.
Therefore, these results encourage the use of TiO, thin films as
UV detectors, optical windows in photovoltaic cells and photo-
diodes in various optoelectronic applications.
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