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and silicon substrates—effect of UV and visible light illumination
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Abstract The conducting nature of nanocrystalline TiO2

thin film coated on glass and silicon (Si) substrates was

studied in detail. The films were prepared through sol–gel

spin-coating method with variation in coating parameters

viz, the thickness of the film and the post annealing tem-

perature. The thickness of the films was measured using

Stylus profilometer. The resistivity of the film, as a func-

tion of film thickness, under the illumination of UV, visible

light, and dark conditions was found using the four-probe

method. The results show that the resistivity of the film

decreases with increase in thickness of the film. The de-

crease in resistivity of the film is attributed to increase in

cross-sectional area and rearrangement and removal of

defects. Illumination of the samples under visible and UV

light further decreases the resistivity of the film. The

electrical resistivity of TiO2 film coated on Si substrate was

observed to be lesser than that of the glass substrate.
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Introduction

Titanium dioxide (TiO2) is a widely recognized candidate

for photovoltaic (PV) applications because of its photoac-

tive and electrical properties (Chien-Tsung Wang et al.

2013). TiO2 is a large band gap (3–3.2 eV) semiconductor

with remarkable electrical and optical properties such as

high refractive index, good transmission in the VIS and

NIR regions, and high dielectric constant (NarasimhaRao

2002). TiO2 thin film coated on glass substrate finds ap-

plication in sensors, water splitting, MOS capacitor, and

Dye-sensitized solar cells (Shinde et al. 2008). TiO2/Si

structures constitute a primary component in the fabrica-

tion of photovoltaic and optoelectronic devices and recent

research has paid special attention to the search for novel

appropriate techniques to enhance their efficiency (Arun

Kumar et al. 2013). TiO2 thin film was generally prepared

by sol–gel spin-coating method for its good film homo-

geneity, low processing temperature, large area coating,

and low equipment cost (Hazra et al. 2013). The present

work deals with the electrical investigation of TiO2 thin

film coated on glass substrate under dark condition and

under illumination of UV and visible light at room tem-

perature. TiO2 is a good n-type partner to form hetero-

junction with p-type Si. This p–n heterojunction system is

widely investigated for solar cell application. So, in the

present work, n-TiO2 film was also coated onto p-Si sub-

strate and its electrical investigations were done.

Experimental details

In the present study, TiO2 thin film was prepared using

titanium tetra isopropoxide (TTIP) by sol–gel spin-coating

method. 1 ml of TTIP was mixed with 10 ml of ethanol and

stirred for 10 min using a magnetic stirrer to obtain a milky

white solution. To this mixture, 1 ml of acetylacetone was

added and stirred for 30 min. Again, 10 ml of ethanol was

added to the solution and stirred vigorously for 3 h. The

prepared sol was kept in open air for 48 h for aging to form

the gel. The gel was dropped onto the cleaned substrates of
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glass and p-type silicon wafer, which were rotated at a

speed of 3000 rpm for 10 s by using a spin coater. The

coated layer was dried at 150 �C for 10 min in a muffle

furnace. The process of spinning and drying was repeated

for two more times to obtain a three-coating film. Finally,

the coated films were annealed at 450 �C for 1 h. Two more

films of five and eight coatings were also prepared.

Similarly, three, five, and eight layer coated films with a

post annealing temperature of 550 �C were also synthe-

sized. The thickness of the films was measured using Sur-

fest SJ-301 Stylus profilometer. XRD study of TiO2 films

was done using X’PertPro X–ray diffractometer, which was

operated at 40 kV and 30 mA with CuKa1 radiation of

wavelength 1.5407 Å. UV–visible spectra were recorded in

the range of 200–800 nm by using the Schimadzu 1800

UV–VIS–NIR spectrophotometer. Resistivity study of TiO2

thin film was done using Four-probe set-up, SES instru-

ments model CCS-01 constant current source.

Results and discussion

XRD patterns of TiO2 thin films coated on glass substrates

annealed at 450 and 550 �C are shown in Fig. 1a, b re-

spectively. Figure (2a–f) shows the XRD patterns of TiO2

films coated on Si substrate.

The observed XRD patterns show that the coated films

have a tetragonal structure comprising anatase and rutile

phases. The dominant (101) peak present at *25o corre-

sponds to the anatase phase (JCPDS-21-1272), and the

(211) peak at *54o corresponds to the rutile phase

(JCPDS-21-1276). The XRD patterns of TiO2/Si show a

much dominant Si peak at *68o.

The size of the particles present in TiO2 thin film was

calculated using the Debye–Scherrer formula,

D ¼ kk=ðb cos hÞ; ð1Þ

where D particle size (nm), k shape factor (0.94), k
wavelength of the incident X-ray beam in Å, b ? full

width at half maximum (FWHM) of the prominent peak,

and h ? diffraction (Bragg) angle.

The dislocations are imperfections in a crystal and are

important in growth mechanism. The dislocation density d
represents the amount of defects in the film which can be

determined using the formula,

d ¼ 1=D2; ð2Þ

where d dislocation density (lines/m2) and D grain size

(nm) which was calculated from Debye–Scherrer formula.

Table 1 shows the values of thickness, particle size, and

dislocation density of TiO2 thin films coated on glass and

Si. From Table 1, it can be seen that the film thickness and

the particle size increase and the dislocation density de-

creases with increase in number of coatings and also with

annealing temperature. A lower value of d shows im-

provement in the crystallinity of TiO2 films.

In the present work for the same number of coatings, the

thickness of the films varies for the Glass and Silicon

substrates (Table 1). This may be due to the fact that nature

and the finish of the substrate surface will have consider-

able effect on the deposited layers (Goswami 1996). In

addition, the adhesiveness of the gel over different sub-

strate surfaces can also be a cause for the varying thickness

of the films formed over the surfaces.

The percentage of anatase and rutile phases of the films

was calculated from XRD data using the following equa-

tions (Klu and LE Alexander 1954)

Anatase ð%Þ ¼ 0:79IA
IR þ 0:79IAð Þ

� �
� 100 ð3Þ

Rutile ð%Þ ¼ 1

IRþ0:79IA
IRð Þ

h i
8<
:

9=
; � 100 ð4Þ

where IA and IR are the peak intensities of (101) and (211)

reflections of anatase and rutile phases, respectively.

Figure 3a, b shows the bar diagram representation of the

percentage of anatase and rutile phases of TiO2 films

Table 1 Thickness, particle size, and dislocation density of TiO2 thin films coated on glass and silicon

Substrate Number of coatings Thickness (lm) Particle size (nm) Dislocation density (lines/m2)

(450 �C) (550 �C) (450 �C) (550 �C) (450 �C) (550 �C)

Glass 3 0.54 0.71 6 7 0.0250 0.01800

5 0.90 1.34 8 19 0.0150 0.00280

8 1.50 1.74 13 85 0.0064 0.00014

Silicon 3 0.24 0.52 15 28 0.0044 0.00130

5 0.66 0.72 20 30 0.0025 0.00110

8 1.36 1.65 22 32 0.0020 0.00090
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Fig. 1 XRD patterns of TiO2

thin films coated on glass

annealed at a 450 �C and

b 550 �C
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Fig. 2 XRD patterns of TiO2 thin films coated on Si annealed at a–c 450 �C and d–f 550 �C
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coated on glass. The rutile phase is absent for the three-

coating film coated on glass at 450 �C.
Figure 4a, b shows the bar diagram representation of the

percentage of anatase and rutile phases of TiO2 film coated

on Si.

From these bar diagrams, it is observed that the per-

centage of anatase phase is found to increase and the per-

centage of rutile phase is found to decrease with the

increase in the film thickness.

Figure 5a, b shows the UV–visible transmittance spectra

of TiO2 thin films coated on glass annealed at 450 and

550 �C, respectively. From UV–visible plots, it is observed

that the optical transmittance is found to decrease as the

film thickness increases. The transmittance in the visible

region was observed to be maximum for the film annealed

at 550 �C with three coatings and also all the films an-

nealed at 550 �C has better transparency than the films

annealed at 450 �C.
The type of electrical conduction was found to be n-type

for these TiO2 thin films as verified by the hot-probe

technique.

Electrical measurements as a function of film thickness

were made for the films coated on glass and Si substrates

by four-probe method at room temperature.

The Four-probe method is one of the standard and most

widely used methods for the measurement of resistivity. In

this method, the current is passed through the two outer

probes and the voltage is measured across the two inner

probes. In the present work SES instruments (model CCS-

01) constant current source was used.

The electrical resistivity of the transparent conducting

oxide (TCO) thin films strongly depends on several factors

such as rate of deposition, thickness, temperature, and

purity (Oja et al. 2004; Yildiz et al. 2010). The intrinsic

defects, more precisely oxygen vacancies, can be attributed

to the electrical conductivity of metal oxides and the

presence of a large number of defects around boundaries

strongly affects the motion of charge carriers (Wittmer

Fig. 3 Percentage of anatase and rutile phases of TiO2 coated on

glass annealed at a 450 �C and b 550 �C

Fig. 4 Percentage of anatase and rutile phases of TiO2 coated on Si

annealed at a 450 �C and b 550 �C

Appl Nanosci (2016) 6:591–598 595

123



et al. 2000). These defects act as traps for the free charge

carriers and thereby reduce the electrical conduction. The

photoelectrical properties of the TiO2 thin films under

visible and UV light irradiation were measured for the

samples. When TiO2 material is excited by the UV light

having the photon energy equal to or greater than the TiO2

band gap, electron–hole pairs are created and the electrons

are promoted from the valence band to the conduction band

leaving positive holes in the valence band. If the electrons

and holes do not recombine they can undergo charge

transfer processes such as reductive and oxidative reactions

on the material surface (Linsebigler et al. 1995; Skubal

et al. 2002).

The resistivity of the thin films was found using the

formula

q ¼ qo
G7

W
S

� � ð5Þ

and

qo ¼
V

I
� 2pS; ð6Þ

where q—resistivity, the function, G7(W/S) is a divisor for

computing resistivity which depends on the value of W—

thickness of the film, and S—distance between the probes.

Figure 6a, b shows the resistivity plots of the TiO2 films

coated on glass and annealed at 450 and 550 �C, respec-
tively, under different illumination conditions. The resis-

tivity of the film calculated from the four-probe method

was found to be in a range of mega ohm cm (MX cm)

under the dark condition for the films. The high value of

resistivity may be due to the chemisorptions of a large

number of oxygen molecules at the surface grain bound-

aries (Joseph et al. 1999).

Fig. 5 UV transmittance spectra of TiO2 thin film coated on glass

annealed at a 450 �C and b 550 �C
Fig. 6 Resistivity plot for the TiO2 films coated on glass annealed at

a 450 �C, b 550 �C under various illuminating conditions
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In order to study the resistivity of the films under illu-

mination, the samples were illuminated with visible and

UV lights. The resistivity drastically falls to the range of

ohm cm under the light illuminations. From Fig. 6a, b, it

can be observed that the resistivity decreases with increase

in number of coatings.

The high value of resistivity in dark condition may be

due to the lower density of the free charge carriers within

the material or due to the high barrier height at grain

boundaries, or by a combination of both. The film has

higher electrical resistivity under dark condition.

Devices using transparent conductors require high

electrical conductivity and optical transmission. Scropp

suggested a Figure of merit (F) which is a combination of

electrical (resistivity) and optical (transmittance) property.

It has been observed that the performance of such devices

has improved as high as the values obtained for F, given by

F ¼ 1

q ln T
; ð7Þ

where F—figure of merit, q—resistivity of the film, and

T—transmittance of the film.

Figure 7a, b shows the Figure of merit plots of the TiO2

films coated on glass and annealed at 450 and 550 �C,
respectively. From Fig. 7a, b, it was observed that the

figure of merit was low, under dark condition. Illuminating

with the visible and UV light shows a rise in the figure of

merit of the samples.

Figure 8a, b shows the resistivity plots of the TiO2 films

coated on Si annealed at 450 and 550 �C, respectively. The

Fig. 7 Figure of merit plot for the TiO2 films coated on glass

annealed at a 450 �C and b 550 �C under various illuminating

conditions

Fig. 8 Resistivity plot for the TiO2 films coated on Si substrate

annealed at a 450 �C and b 550 �C under various illuminating

conditions
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calculated resistivity value was at a range of kilo ohm cm

(KX cm) for the films coated on Si. The high value of

resistivity was observed in the film with three coatings

annealed at 450 �C under the dark condition.

For both glass and Si substrates, the resistivity of the

film decreases with increase in film thickness. The fall of

resistivity may be associated with rearrangement and re-

moval of point defects and also increase in cross-sectional

area.

From Figs. 6 and 8, it can be observed that the resistivity

values of the films found to decrease with increase in in-

tensity of both visible and UV light sources. The decrease

in resistivity can be attributed to generation of more elec-

trons and holes with increase in intensity of visible and UV

light sources. The presence of structural defects in the TiO2

thin film may be also a cause for generation of more free

electrons with increase in intensity impinging light.

Conclusion

The TiO2 thin films were coated on glass and Si substrates

and their structural and electrical properties were studied.

The percentage of anatase and rutile phases of TiO2 thin

film coated on glass and Si substrates was calculated from

XRD data. The photoelectrical properties of the TiO2 films

coated on glass and Si substrates were studied by applying

four-probe method under dark, visible, and UV illumina-

tion. Figure of merit which is a combination of optical and

electrical properties was measured for TiO2 films coated on

glass substrates. For the films coated on glass and Si sub-

strates, the resistivity was found to decrease with increase

in number of coatings and annealing temperatures. It could

be concluded from the present study that n-TiO2/p-Si

structure under the light illumination can be probably used

for photovoltaic applications.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://

creativecommons.org/licenses/by/4.0/), which permits unrestricted

use, distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.

References

Arun Kumar D, Alex Xavier J, Merline Shyla J, Xavier Francics P

(2013) Synthesis and structural, optical and electrical properties

of TiO2/SiO2 nano composites. J Mater Sci 48:3700–3707

Goswami A (1996) Thin film fundamentals. New Age International

(P) Limited Publishers, New Delhi

Hazra A, Hazra SK, Bontempi E, Lakshmi VN, Sinha S, Sarkar CK,

Basu S (2013) Anodically grown nanocrystalline titania thin film

for hydrogen gas sensors—a comparative study of planar and

MAIM device configurations. Sens Actuators B188:787–796

Joseph B, Gopachandran KG, Thomas PV, Koshy P, Vaidyan VK

(1999) A study on the chemical spray deposition of zinc oxide

thin films and their structural and electrical properties. Mat

Chem and Physics 58:71–77

Klu HP, LE Alexander (1954) X-ray diffraction procedures for

polycrystalline and amorphous materials. John Wiley, London

Linsebigler AL, Lu G, Yates JT (1995) Photocatalysis on TiO2

surfaces: principles, mechanisms, and selected results. Chem

Rev 95:735–758

NarasimhaRao K (2002) Influence of deposition parameters on optical

properties of TiO2 thin film. Opt Eng 41:2357–2364

Oja I, Mere A, Krunks M, Solterbeck CH, Es-Souni M (2004)

Properties of TiO2 films prepared by the spray pyrolysis method.

Solid State Phenom 99:259–264

Shinde PS, Sadale SB, Patil PS, Bhosale PN, Bruger A, Neumann-

Spallart M, Bhosale CH (2008) Properties of spray deposited

titanium dioxide thin films and their application in photoelec-

troncatalysis. Sol Energy Mater Sol Cells 92:283–290

Skubal LR, Meshkov NK, Vogt MC (2002) Detection and identifi-

cation of gaseous organics using a TiO2 sensor. J Photochem

Photobiol A148:103–108

Wang Chien-Tsung, Siao Han-Long, Chiu Yi-Chin (2013) Iron-doped

titania thin films with enhanced photovoltaic efficiency: effects

of iron concentration and rectifying layer. Surf Coat Technol

232:658–665

Wittmer H, St Holten, Kliem H, Breuer HD (2000) Detection of space

charge limited currents in nanoscaled titania. Phys Stat Sol

(a) 181:461–469

Yildiz A, LisesivdinSB KasapM, Mardare D (2010) The substrate

temperature effect on the electrical properties of titanium oxide

thin films. J Mater Sci Mater Electron 21:692

598 Appl Nanosci (2016) 6:591–598

123


	Electrical investigation of TiO2 thin films coated on glass and silicon substrates---effect of UV and visible light illumination
	Abstract
	Introduction
	Experimental details
	Results and discussion
	Conclusion
	Open Access
	References




