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Abstract

About 480 nm thick titanium oxide (TiOy) thin films have been deposited by electron
beam evaporation followed by annealing in air at 300—600°C with a step of 100°C for a
period of two hours. Optical, electrical and structural properties are studied as a function
of annealing temperature. All the films are crystalline (having tetragonal anatase
structure) with small amount of amorphous phase. Crystallinity of the films improves
with annealing at elevated temperatures. XRD and FESEM results suggest that the films
are composed of nanoparticles of 25-35 nm. Raman analysis and optical measurements
suggest quantum confinement effects since Raman peaks of the as-deposited films are
blue-shifted as compared to those for bulk TiO,. Optical band gap energy of the as-
deposited TiO, film is 3.21 eV, which decreases to about 3.06 eV after annealing at 600
°C. Refractive index of the as-deposited TiO, film is 2.26, which increases to about 2.32

after annealing at 600 °C. However the films annealed at 500 °C represent peculiar
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behavior as its band gap increases to highest value of 3.24 eV whereas refractive index,
RMS roughness and dc-resistance illustrate a drop as compared to all other films.
Illumination to sunlight decreases the dc-resistance of the as-deposited and annealed
films as compared to dark measurements possibly due to charge carrier enhancement by

photon absorption.
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1. Introduction

Among the transition-metal oxides, TiO, is one of the most extensively studied
materials. The rising interest in its applications and research in the last few years is due to
its unique and outstanding structural, optical and electronic properties [1-4]. TiO, is
known to exist in three polymorphic forms: anatase, rutile and brookite. The most widely
used crystallographic structures (tetragonal) are anatase and rutile. Depending on the
structure, the properties of TiO, vary greatly, which make them useful for many
applications. The rutile phase has a direct band gap at 3.06 eV and indirect band gap at
3.10 eV [5] with high refractive index and dielectric constant (~ 80) [6,7], better thermal
and chemical stability etc. Owning to such properties, the rutile phase has found
applications in optical coatings, solar energy converters, storage capacitors in dynamic
random access memories (DRAM), as protective layers and as dielectric layer in
microelectronic applications [8-10]. On the other hand, the anatase phase exhibits direct
band gap ranging from 3.77 to 3.85 eV [11] and the indirect band gap at 3.23 eV with

relatively low refractive index and dielectric constant (~ 12-30) [12]. Due to its large



band gap, TiO; covers only the UV range of the solar spectrum. The unique properties of
anatase phase make it a candidate material for gas sensors, solar cells, dielectrics in
semiconducting FETs, self-cleaning windows, anti-fogging glasses, self-sterilizing, and
photo-catalytic applications [13, 14]. Contrary to crystalline phase, amorphous TiO, with
high refractive index demonstrate optical isotropy and high packing density making them
suitable for optical applications [8, 15]. Because of successful applications among
various fields, nanostructured TiO; thin films have attracted tremendous attention due to
their quantum confinement effects. Such nanostructured films are considered to be
promising host materials as they possess high surface area, chemical stability, good
semiconducting properties and low cost [16].

Electrical resistance of TiO, is known to alter substantially by introducing oxygen
defects leading to its semiconducting behavior [11]. TiO, can be used as an electrode for
high electron injection as well as multi-layered structures in photovoltaic devices to
provide direct electrical pathway for photogenerated electrons to increase the rate of
electron transport, which leads to a higher efficiency [17, 18].

TiO, thin films have been prepared by many techniques such as chemical vapor
deposition [19], sputtering [1, 20], sol-gel [3, 21], pulsed laser deposition [22], plasma
oxidation [23] etc. Electron beam evaporation provides large area, high quality films with
high volume deposition rates and good adhesion to substrate and purity. In addition, the
process parameters like deposition rate and thickness can be easily controlled.

In this paper structural, optical and electrical properties of e-beam evaporated
nanostructured TiO, thin films have been investigated in pre- and post-thermal annealed

(in air over the temperature range of 300-600 °C) conditions using X-ray diffraction



(XRD), Raman spectroscopy, transmission spectroscopy, impedance spectroscopy (1S),
field emission scanning electron microscopy (FESEM), and atomic force microscopy

(AFM).

2. Experimental

TiO, thin films were deposited using electron beam evaporation of TiO, powder
(99.99%) as a starting material onto BK7 glass substrates using tungsten crucible. The
system was pumped to a base pressure of less than 10 mbar before deposition and O
was injected into the chamber during evaporation at a partial pressure below 2 x 10™
mbar. The substrate was set at a temperature of 300°C and at a distance of 35 cm from the
source and rotated at 30 RPM during deposition to obtain uniform and homogeneous
films. The deposition parameters were optimized to reduce the film roughness. Thickness
of film and rate of its deposition were controlled with the help of an in situ quartz crystal
thickness monitor. Intended thickness of the film was about 500 nm and the deposition
rate was set at 0.45 nm s™. However, the thickness estimated by ellipsometery is found to
be 480 + 10 nm, and is considered to be more reliable.

These e-beam deposited films were then annealed in air at various temperatures
ranging from 300—600°C with a step of 100°C for a fixed time of 2 h. Structure of these
films was determined by recording X-ray diffraction (XRD) patterns at room temperature
before and after thermal annealing using Bruker D8 Discover diffractometer equipped
with Cu K, radiations. The Raman spectra were obtained at room temperature using
confocal mode of Micro-Raman-Spectrometer (MST-1000A, DongWoo Optron Co.
LTD, South Korea) under excitation with HeCd laser beam at 442 nm. Optical

transmittance and reflectance of the as-deposited and annealed films were recorded at



room temperature by a Perkin Elmer UV/VIS/NIR Lambda 19 spectrophotometer in the
wavelength range 200-2500 nm. Impedance spectroscopic (IS) measurements were made
at room temperature using Alpha-A High Performance Frequency Analyzer, Novocontrol
Technologies, Germany in the frequency range of 0.1 Hz to 1MHz. Silver paint
electrodes were used at a separation of about 15 mm on 25 mm wide films. The contacts
were allowed to dry for 24 h in open air before making measurements. Surface
morphology of the films was investigated by FESEM (JSM7500F, JEOL, Japan), and
atomic force microscopy (Quesant Universal SPM, Ambios Technology) in non-contact
mode. An AFM tip of silicon nitride was used having an approximate radius of curvature

of 10 nm.

3. Results and Discussion

TiO, thin films deposited on BK7 glass substrates are almost free from pinholes
and physically stable. Cracks and blisters are not found even after annealing up to 600°C.
Fig. 1 shows XRD patterns of the as-deposited and annealed TiO, films. As-deposited
and annealed films are polycrystalline having anatase tetragonal structure (141/amd
(141)) [24]. Weak intensity and broadness of diffraction peaks for the as-deposited film
suggest the presence of some amorphous phase. Crystallinity of the films seems to
improve with the rise of annealing temperature as confirmed by the sharpness and
intensity of the diffraction peaks. X-ray diffraction peaks are relatively broad signifying
that the present films are composed of small nanoparticles [25-28]. The temperature
dependence of XRD patterns can be explained primarily by the mobility of atomic

species in thin films at various annealing temperatures. At low annealing temperature, the



evaporated species possess small energy and hence a low surface mobility causing a less
ordered surface structure. The low mobility of atoms prevents full crystallization of the
films. However on annealing at high temperature, atoms acquire high enough mobility to
organize themselves in a more crystalline arrangement [29]. The average particle size as
estimated from planes with orientations (101) and (004) using Scherrer formula [26] is in
the range of 20 nm to 28 nm and demonstrates an improvement with annealing
temperature as clear from Fig. 2. Also included in Fig. 2 is the change in unit cell volume
with annealing temperature. Furthermore, the unit cell volume of as-deposited and
annealed films is found to be slightly greater than that for bulk TiO (0.1363 nm®).

Fig. 3 shows FESEM images of the as-deposited TiO; films. Images of the as-
deposited film depict crystalline nature of TiO, with small amount of amorphous phase. It
has been noticed that the as-deposited film shows the presence of TiO, nanocrystals,
which appear as spherical clusters and their agglomerates. The average particle size lies
in the range of 25 — 35 nm, which is slightly larger than that obtained from the XRD
results. The agreement in the XRD and FESEM data can be made by keeping in view the
fact that smaller primary particles have a large surface free energy and would, therefore,
tend to agglomerate faster and grow into larger grains [1].

Two and three-dimensional AFM images of the as-deposited, 300°C and 600°C
annealed TiO, films are shown in Fig. 4. It can be seen that all the films are crystalline
with some amount of amorphous phase. The crystallinity of the films improves with the
rise of annealing temperature as observed from Fig. 4. The surface asperities and
depressions are of the order of 25-35 nm wide. RMS roughness of the as-deposited film is

about 26 nm, which increases to about 36 nm on annealing except at 500°C where it



decreases to about 28 nm as clear from the inset of Fig. 4, representing non-uniform
growth. This is also confirmed from the height scales of 2D AFM images.

Another very useful tool to distinguish between various crystalline phases of TiO,
thin films is the Raman spectroscopy. The anatase phase of TiO; is known to comprise of

six atoms per unit cell (with space group D ) giving 15 vibrations modes. Among these

optical modes A4, B2, E, are IR active while 4;, B;, E, modes at 144, 197, 399, 515,
519 and 639 cm™ are Raman active [14, 17, 30]. The intensity and shape of IR and/or
Raman peaks show variations with microstructure, particle shape, size and defects. Fig. 5
shows Raman spectra of the as-deposited and annealed TiO, films. The frequencies for
various vibration modes were recognized by applying a Gaussian peak fit analysis. Three
Raman peaks are visible in the spectrum of as-deposited film at about 394, 512 and 630
cm™ and are assigned to Big, Aig + Big and E, optical phonons respectively [14, 17] and
no Raman peak for the rutile phase has been noted. These Raman peaks are blue-shifted
as compared to those for bulk TiO, (399, 515 and 639 cm™) [30], suggesting quantum
confinement effects. These Raman peaks remain unaffected up to annealing temperature
of 400°C. But the peak at 394 cm™ corresponding to B, mode show more blue-shift on
annealing at higher temperatures. While peaks at 512 and 630 cm™ corresponding to
A;e+Bi, and E, modes show a red-shift on annealing at higher temperatures, possibly
caused by the grain growth and orderedness. The deviation of Raman peaks may also be
due to non-stoichiometry of the TiO, [25]. Intensity of the Raman peaks shows slight
increase with annealing temperature due to improvement in the structural order. The
asymmetry of the Raman peaks may be attributed to small size of nanoparticles and

structural defects [25, 26].



Fig. 6 shows plot of transmittance of the as-deposited and annealed TiO, films at
different temperatures as a function of wavelength. An almost similar behavior of
transmittance is observed for all the films in the wavelength range of 300-3000 nm with a
slight shift in the peak position towards higher wavelengths. Ripples in the transmittance
spectra are a consequence of the light interference [11]. The blunt and slow decrease
below 500 nm probably due to the absorption edge manifests the presence of amorphous
phase in the as-deposited film as observed by XRD and FESEM. Factors like non-
stoichiometry, orderedness, residual stresses and defects formed during film deposition
may cause observed variations in the transmittance.

Fig. 7 is a plot of absorption coefficient a as a function of photon energy, hv, for
the determination of band gap. Band gap energy, Eqp, values estimated by extrapolating
o—hv plots of Fig. 7 are portrayed in Fig. 8 as a function of annealing temperature.
Optical band gap values of the TiO, films show almost a decreasing trend with a
substantial fall from 3.21 eV (for the as-deposited film) to 3.06 eV except for the film
annealed at 500°C which indicates a rise of Eqy value to 3.24 eV. These Eqp values are
almost in agreement with the indirect band gap value (3.23 eV [12]) of TiO, films. The
lowest value of Eqy for the film annealed at 600°C matches with the direct forbidden
band gap value of 3.03 eV [14]. This forbidden gap seems to be generated with an
indirect allowed transition [31], but as the direct forbidden transitions are weaker in
strength, the indirect allowed transitions play a dominant role in the optical absorption
[14]. The decreasing behavior of Eqp values with annealing has also been observed by

Karunagaran et al. [14] and Radecka et al. [32]. Such variations in the Eqy values could



be associated with the structural modifications as seen in Raman studies (Fig. 5), and/or
rise in crystallite size as observed in XRD (Figs. 1,2).

Fig. 9 shows reflectance, R, of the as-deposited and annealed films as a function
of wavelength. An almost similar trend is observed for all films with a slight shift of
peaks towards lower wavelengths up to an annealing temperature of 400°C but above this
temperature peaks shift slightly towards higher wavelengths. It might be caused by
structural modifications as observed in Raman and AFM studies. Transmittance data can
be employed to determine refractive index, n, using the relations described elsewhere
[25]. Fig. 10 depicts refractive index (calculated at A=550 nm) as a function of annealing
temperature (Ta). The refractive index is found to increase from 2.26 to 2.32 except for
the film annealed at 500°C which shows the lowest value of 2.1. Refractive index
reported for crystalline anatase TiO; thin film is 2.40 and for the anatase single crystal is
2.50 [33]. Present values of refractive index are slightly lower than the reported anatase
values. The low value of refractive index could seem to be due to partial crystallinity and
low adatom mobility of the films at room temperature. It has been noticed that the
refractive index and band gap energy show opposite trend with annealing. Such type of
behavior has also been noticed by Ali et al [34].

Impedance spectroscopy is a useful tool for the characterization of intrinsic
electrical properties of a material. Fig. 11 represents a typical complex impedance
spectrum (Z” plotted against Z’) for the as-deposited TiO, film recorded at room
temperature while illuminating the film to the sunlight as well as keeping it in the dark.
Such impedance spectra for all the annealed films show single depressed semicircles (not

shown here) analogous to that of the as-deposited film for both types of measurements.



The depressed semicircles are caused by the distribution of relaxation time showing the
non-Debye nature of the films [35]. Measured data is well fitted with the simulated curve
using an equivalent RC parallel circuit (shown as inset of Fig. 11). The dc resistance can
be determined from the intercept on Z’-axis in the fitted Nyquist plot (Fig. 11). Optimum
(best-fitted) value of capacitance, Cs, is found to be approximately same for all the films
and is about 50 pF. In contrast, optimum value of dc-resistance, R;, indicates an
increasing performance (2.8-10.3 x 10° Q) with rise of annealing temperature except for
the film annealed at 500°C which shows a decrease to 4.25 x 10° Q) for the measurements
made in the dark as obvious from Fig. 12. This behavior of R; is in-line with those of
refractive index and RMS roughness but opposite with that of optical band gap (Figs. 4,
8, 10, 12). Measured resistances and capacitances may be a characteristic of grain
boundaries between nanocrystals [28,36]. The fall of dc resistance (Fig. 12) seems to be a
consequence of the structural modifications of the film, whereas the rise of resistance
may be related with the reduction of carrier density through trapping of electrons at grain
boundaries by adsorbed oxygens [36] during annealing in air. It is also notable from Fig.
12 that the dc-resistance is low when the measurements were made in sunlight as
compared to those measured in the dark. It is an indicative for the rise of charge carrier

density due to the absorption of photons.

4. Conclusions

The e-beam evaporated TiO; thin films are crystalline in nature possessing the
anatase structure along with some amorphous phase. The amorphous phase reduces and
improves crystalline character of the films with annealing at high temperatures. The post

thermal annealing demonstrates greater affinity to alter the structural and optoelectronic



properties of TiO, thin films which contain nanoparticles of size 25-35 nm. Raman
spectrum of as-deposited TiO, film is blue-shifted indicating nanostructure and quantum
confinement effects. Due to such quantum confinement effects and structural adjustments
band gap energy of TiO, decreases from 3.21 eV to 3.06 eV, whereas an increase in
refractive index, RMS roughness and dc-resistance has been noticed. The film annealed
at 500 °C represents peculiar behavior as band gap increases to highest value of 3.24 eV
whereas refractive index decreases to lowest value of 2.1 as well as RMS roughness and
dc-resistance show a drop as compared to other films. The films reveal lower resistance if
illuminated to sunlight in comparison with measurements in the dark caused by increase

in charge carriers by the absorption of photons.
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Captions

Fig.1. X-ray diffraction patterns of TiO; thin films, as-deposited (a) and annealed for 2hrs
at 300 °C (b), 400 °C (c), 500 °C (d), and 600 °C (e).

Fig.2. Plots of volume of the unit cell (curve 1) and particle size (curve 2) as a function of
annealing temperature (Ta) for TiO; thin films.

Fig.3. FESEM images of the as-deposited TiO; thin films.

Fig.4. AFM images (1000 x 1000 nm?) showing the surface morphology of TiO, thin film
annealed at 350°C for 2 hrs. The inset represents plot of RMS roughness vs. annealing
temperature (Ta).

Fig.5. Raman Spectra of TiO, thin films at various annealing temperatures.

Fig.6. Optical transmittance of TiO, thin films, as-deposited (a) and annealed for 2hrs at
300 °C (b), 400 °C (c), 500 °C (d), and 600 °C (e).

Fig.7. Plots of o vs. photon energy, hv, for TiO, thin films at various annealing
temperatures.

Fig.8. Plot of optical band gap, E,,;, vs. annealing temperature, 74, for TiO thin films.

Fig.9. Optical reflectance of TiO; films as a function of wavelength at various annealing
temperatures.

Fig.10. Plots of refractive index, n, vs. annealing temperature, T, for TiO, thin films at
wavelength A = 550 nm.

Fig.11. Nyquist plots of as-deposited TiO, thin film along with fitted data using
equivalent circuit as shown.

Fig.12. Plot of dc-resistance vs. annealing temperature, 74, for TiO, thin films.



Fig. 1

0p4

204

211

e

224

116220 301

21.5nm

(ne) Alsuau|

20 (degree)

T
600

o
- NG 2 3
I 0 ~
= (]
3 > °
i 3 v/ B
- o > |8
o
- F O
N
o
- FO
—
n 2 3 2 8
™ ™ ™ (32} ™
— — — — —
() (o) () S ()
(;Wu) 1199 1Un ayy Jo ‘oA
©o Lo < ™ —
N N N (qV]

2129
-28

N~
N
T

gcv_mN__m _o_”_u_t_ma_

N
N
T

2
- 20

T, (0)



SEI

100nm JEOL
GB_LOW

i Bl
3/25/2009
WD 3mm 1:54:26




Fig. 4




Raman intensity (a.u)

I

annealed at 600°C for 2 hrs

annealed at 500°C for 2 hrs

annealed at 400°C for 2 hrs

annealed at 300°C for 2 hrs

as-deposited

350

400 450

500 550 600 650

Raman shift (cm™)

700 750 800 850



100

S
(6]
(&)
C
i
P 1 90 9 P
£ 40 o] A ’\ ’v] /f‘\\
8 _ 70 T/ /éJ W/, S\://' .
] 60 N
g 30 _ o
40
20 2]
1 20
104 * 10
i 0 500 1000
0 T T T T T T T 1
500 1000 1500 2000 2500

Wavelength (nm)



annedled at 600°Cfor 2hrs

| annedled at 400°Cfor 2hrs

05 10 15 20 25 30 35 40

315

-BEEEEER

annedled at 500°Cfor 2 hrs

324

05 10 15 20 25 éq' 35 40 00 05 10 15 20 25 30/ 35 40

as-deposited

321

-BEEE8E8E

annedled at 300°Cfor 2hrs

318

05 10 15 20 25 é?/ 35 40

hv (€V)

05 10 15 20 25 éq/ 35 40

hv(eV)



Fig. 9
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Fig. 10
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Fig. 12
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