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In this study the influence of two different calcination temperatures 80°C and 450°C on the structural,
optical and charge transport properties of rutile TiO, nanocrystals has been investigated. TiO, nanocrys-
tals have been prepared at low temperature by a simple hydrolysis method using titanium tetrachloride
as starting precursor. The results of X-ray diffraction (XRD) showed that the prepared nanocrystals have
a rutile tetragonal crystalline structure. Specific surface area of 80°C and 450 °C calcinated rutile TiO,
nanocrystals are 25.38 x 10° cm?/g and 7.61 x 10° cm?/g respectively, which has been calculated by X-
ray diffraction data. Williamson-Hall plot results indicate the presence of compressive strain at 80°C
and tensile strain at 450 °C. Ultraviolet-visible (UV-vis) absorption spectroscopy is used to calculate the
band gap of the material and the shift in absorption edge and it has been observed that the absorp-
tion spectra are strongly modified by the calcination temperature. The red-shift in photoluminescence
(PL) is attributed to the change in strain from compressive to tensile. Photoconductivity (PC) measure-
ments showed that capture cross-section of 80°C (R1) and 450°C (R2) calcinated rutile nanocrystals are
55.10 x 10-10 and 39.50 x 10-1% cm? respectively. High value of electron life-time, low value of radiative
recombination and a four order increase in photogenerated charge carriers have been reported for the
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rutile TiO, nanocrystals calcinated at 450°C.
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1. Introduction

Exploring innovative mesostructured materials have greatly
inspired research interest since the first discovery of the silicate
M41S family in 1992 [1]. Among these novel materials to be pur-
sued non-silica mesoporous materials have attracted remarkable
attention [2-5]. TiO, is one of the most investigated materials
among non-silica mesoporous materials owing to its many applica-
tions in the field of photocatalysis, gas and humidity sensors, water
treatment, self-cleaning, solar cells, photo electrochemical cells,
protective coatings on optical elements and bio-analytical chem-
istry [6-10]. Because of its brightness and very high refractive index
it is also widely employed as a pigment to provide whiteness and
opacity to products such as paints, coatings, plastics, papers, inks,
sunscreen, foods, medicines as well as most toothpastes [11-17].
It is a wide-band gap semiconductor with relatively strong ionic-
ity, being advantageous in photoassisted dissociation of molecules.
TiO, shows a diverse heterogeneity of crystalline phases, whereby
itis possible to find it in anatase, rutile or brookite form [18]. In its
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pure form it is an n-type semiconductor with indirect band gaps of
3.2 eV for anatase and 3.02 eV for rutile between the full oxygen 2p
valence band and titanium 3d states at the bottom of the conduction
band. Compared to anatase, rutile TiO, is chemically more stable
because anatase converts to rutile when heated [19-22]. Also, rutile
TiO, possesses a superior light scattering property [23,24] which is
beneficial from the perspective of effective light harvesting.

The transport of charge carriers in nanocrystalline semicon-
ductors that are being used in the new generation photovoltaic
devices is of fundamental importance. The nature of charge trans-
port depends primely on the structure, morphology, the effect of
defects at grain boundaries and the extremely large surface area
of the nanomaterials [25]. Different types of native defects such
as various traps and foreign imperfections can cause considerable
change in the electrical and optical properties of semiconductor
since they give rise to charge center acting as donors and acceptors
[26]. Despite the fact that during the last decade a large number
of reports have appeared on the electron transport through nanos-
tructured anatase TiO, [27-31], the nature of charge transport is
still under debate for pure rutile TiO, due to complexity of mecha-
nism [32].

Various methods [33-37] have been reported in litera-
ture to synthesize nanocrystalline TiO,. In this paper we have
approached a simple hydrolysis method to prepare pure rutile TiO,
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nanocrystals. The prepared sample after calcination at two differ-
ent temperatures has been employed to understand the structural,
optical and charge transport properties of rutile TiO,. Also, an
attention has been drawn to understand the dynamics of the
induced photogenerated charge carriers with the filling and emp-
tying the trap centers, recombination rate, life-time and capture
cross-section. We have shown that different types of native defects
and surface morphology such as effective surface area greatly
affect the electrical and optical properties of the semiconductor.

2. Experimental
2.1. Sample preparation

For preparing the sample we have used anhydrous titanium (IV) chloride
(Merck), ethanol (Merck) and double distilled deionized water. 2 mL of titanium (IV)
chloride (TiCl4) was dissolved in 10 mL of absolute ethanol under constant magnetic
stirring. Then 50 mL double distilled deionized water was also added dropwise in
above solution with constant stirring. The entire process was carried out in an ice
bath at 0°C. A white color solution appeared which was stirred for another 3 h and
then aged in static condition at 0°C for four days. The resulting precipitate was
recovered by centrifugation process followed by washing several times with dou-
ble distilled water to remove the dissolved HCI. The sample was then calcinated at
temperatures 80°C and 450 °C. In order to get finally divided TiO, nanopowder the
samples were grinded in mortar and pestle. We have named R1 for 80°C calcinated
sample and R2 for 450°C calcinated sample.

2.2. Experimental characterization techniques

Rigaku D-max XRD with fixed Cu-Ka line (A =1.5416 A) was used for recording
X-ray diffraction spectra operating at 30 kV and 30 mA at steps 0.05° in the 260 range
20-60°. Transmission electron microscopy (TEM) and high resolution transmis-
sion electron microscopy (HRTEM) were performed by using Tecnai 30 G2 S-Twin
electron microscope operating at 300kV accelerating voltage. The band gaps of
the samples were investigated by optical absorption studies carried out using a
UV-visible spectrophotometer (Lambda 35 Perkin Elmer in the range 200-800 nm).
Photoluminescence (PL) spectra of the prepared samples were measured at room
temperature using LS 55 Perkin Elmer spectrophotometer with 375 nm excitation
line of Xenon discharge lamp, equivalent to 20 kV for 8 s duration with pulse width
at half height <10 ws. The photoconductivity (PC) of TiO, nanocrystals has been mea-
sured using thick film of powder without any binder. For PC measurements, a cell
was formed by putting a thick layer of powdered samples in between two Cu elec-
trodes etched on a Cu plate (PCB), having a spacing of 1 mm. The powdered layer was
pressed with transparent glass plate. This glass plate has a slit for providing illumina-
tionarea of 0.25 cm?. In this cell type device, the direction of illumination is normal to
field across the electrodes. The cell was mounted in a dark chamber with a slit where
from the light is allowed to fall over the cell. The photo-response was measured in
air using 300 W mercury lamp of 365 nm light intensity as a photo-excitation source.
A stabilized dc field (50-500 V/cm) was applied across the cell to which a dc nano-
ammeter, NM-122 (Scientific Equipment, Roorkee) for the measurement of current
and RISH Multi 15S with adapter RISH Multi SI-232 were connected in series. Before
measuring PC of the sample, the cell is first kept in dark till it attains equilibrium.

3. Results and discussion
3.1. Structural study

X-ray diffraction pattern gives information about crystalline
structure, grain size and lattice strain. Fig. 1 shows the X-ray
diffraction spectra of samples R1 and R2. All the diffraction peaks
in both the samples are assigned well to tetragonal rutile crys-
talline phase of TiO, with a reference pattern (lattice: primitive,
space group P4,/mnm [136], lattice constant a=b=4.594A and
c=2.958A, JCPDS file No. 860147). No impurity peaks have been
observed in addition to TiO, which indicates high purity of the
sample. As observed from the recorded XRD spectra, the peakinten-
sity of all the reflections increases several times with increasing
calcination temperature and crystalline phase becomes more pro-
nounced, where the lattice plane (11 0) is most predominant. An
earlier report of Charles Kittel has revealed that the X-ray intensi-
ties can be represented well by the free atom value [38]. Thus the
increase in X-ray intensity can be attributed to the availability of
appropriate number of free electrons at such high temperature.
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Fig. 1. X-ray diffraction patterns of pure rutile TiO, nanoparticles prepared via
simple hydrolysis method and calcinated at 80°C (R1) and 450°C (R2).

The crystalline size (D) of the samples R1 and R2 were calcu-
lated using Debye-Scherrer formula i.e. D=0.94/f cos 6, where A is
the wavelength of the X-rays, 8 is the full width at the half max-
imum intensity (FWHM) and 6 is the Bragg diffraction angle [39].
Corresponding to the maximum intensity peak, crystallite size for
sample R1 was calculated to be 5.6 nm which is close to the stan-
dard value of Bohr exciton radius of TiO; (~5.0 nm). The crystallite
size for sample R2 was calculated to be 18.2 nm.

Williamson-Hall plot provide information about lattice strain
and effective particle size, i.e. particle size with zero strain, present
in the sample. Using Williamson-Hall plot, we have calculated the
lattice strain and effective particle size through the following rela-
tion [40]:

B cos 6 1 n sin 0
T Tet T M

where g, € and 7 are the full width at half maximum (FWHM) in
radians, the effective particle size and the effective strain, respec-
tively. Fig. 2(a) and (b) shows the Williamson-Hall plot, i.e. the plot
between S cos /X versus sin 8/A for the samples R1 and R2, respec-
tively. It has been reported in literature that a negative slope in the
plot indicate the presence of compressive strain [41,42], whereas
the appearance of positive slope indicate the possibility of tensile
strain [43]. We have observed a negative slope for sample R1 which
reveals the presence of compressive strain and a positive slope for
sample R2 revealing the presence of tensile strain in rutile TiO,.
From the slope of the graph the compressive strain for sample R1
was calculated to be 0.59% whereas the tensile strain for sample
R2 comes out to be 0.79%. The intercept on the § cos /A axis give
the effective particle size corresponding to zero strain. The effec-
tive particle size for samples R1 and R2 comes out as 11.29 nm and
15.94 nm respectively.

In case of tetragonal crystal structure (a=b # c), the lattice con-
stant is calculated using the following formula:

1 h?+k2 2

dpy @ c?

(2)

where dj i is the interplaner separation corresponding to Miller
indices h, k, I, and ‘a’, ‘C’ are the lattice constants. For the sam-
ples R1 and R2 the calculated structural parameters corresponding
to strongest peak (110) are given in Table 1. When compared
to bulk rutile TiOy (a=b=4.594A and c=2.958 A), an increase in
the value of lattice constants ‘a’ (='b’) and a decrease in lattice
constant ‘c’ for sample R1 have been observed. This can be owed
due to the compressive lattice strain, which was calculated using
the values (Aa/a)=0.62% and (Ac/c)=0.57%, as they result from
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Fig. 2. Williamson-Hall plots of TiO, nanopowder (a) calcinated at 80°C and (b)
calcinated at 450 °C for the size and strain analysis.

Table 1. However, for sample R2 a decrease in lattice constants
a(=b) as well as in c have been noticed which indicates the develop-
ment of internal tensile strain. Jiang et al. have previously reported
that decrease in size is an important cause for the lattice contrac-
tion among the particles [44]. It is well known that crystallinity
increases whereas FWHM value decreases with increase in temper-
ature and vice versa. An estimation of FWHM implies a much more
perfect order of crystallinity of sample R2 (Table 1). From Table 1
it can also be seen that for sample R2, d-spacing and the volume
of unit cell decreases, a result which has been reported previously
[45]. A reduction in these values signifies the closeness of lattice
plane and an increase of density of the layers.

Further structural characterization of the rutile TiO, samples
was carried out using TEM image analysis. Fig. 3(a) and (b) shows

Table 1
Structural parameters of rutile TiO; as a function of calcination temperatures cor-
responding to strongest peak (110).

Calculated parameters Rutile TiO,

Annealing temperature

80°C 450°C

FWHM 1.43261+£0.01642 0.41896 + 0.00487
Grain size (nm) 5.6 18.2

Lattice constants a=b=4.6224A a=b=4.5898A
c=2.9410A c=2.9058 A

d-Spacing 3.2572A 3.2442A

Unit cell volume, a?c (A3) 62.8391 61.2144

Density, p (g/cm?) 42218 43338

Specific surface area, S, (cm?/g) 25.38 x 10° 7.61x10°
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Fig. 3. TEM images of rutile TiO, for two different calcination temperatures (a)
calcinated at 80°C (R1) and (b) calcinated at 450°C (R2).

the TEM images of sample R1 and R2 respectively. These TEM
images reveal the formation of aggregated spherical TiO, nanocrys-
tallites of size 3-5 nm for sample R1 and 12-15 nm for sample R2.
The HRTEM images of samples R1 and R2 are shown in Fig. 4(a) and
(b) respectively. It can be seen that the lattice fringes of sample R2 is
more clear and sharp than sample R1 which also indicates high crys-
talline nature of sample R2. The lattice fringes shown in the HRTEM
image of Fig. 4(a) corresponds to distances dg33 A of (110) plane
reflection in addition to dg2 A of (111) plane reflection of rutile
TiO,. However, Fig. 4(b) shows (11 0) plane reflections combined
with the presence of (111)and(101)(dg25 A) plane reflections. Itis
clear from HRTEM images of both the samples that the preferential
orientation of rutile TiO, occurs along the (110) plane.

We have calculated the X-ray density for both the samples by
the formula:

nM
pP= NV (3)

where n is the number of atoms per unit cell, M is the molecu-
lar weight, N is Avogadro’s constant and V is the volume of the
unit cell. Jagriti Pal et al. have calculated the X-ray density for the
Co304 nanocrystal [46]. Here we have done the same calculation for
the tetragonal rutile TiO, nanocrystal. Since, rutile TiO, (tetragonal,
P4, /mnm) has two formula units per unit cell [47], the formula for
X-ray density takes the form:

oM
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Fig. 4. HRTEM images of rutile TiO, (a) calcinated at 80 °C (R1) and (b) calcinated at
450°C (R2).

Further, the specific surface area of the rutile TiO, nanocrys-
tals along the strongest peak (110) is calculated using the
formula:

6
Sa=5275 5 (5)
where D and p are the crystallite size and X-ray density of the rutile
TiO, nanocrystals respectively. For samples R1 and R2 the calcu-
lated values of X-ray density, p and specific surface area S, are
givenin Table 1. These results also indicate that the density of rutile
TiO, nanocrystals increases with the increase in calcinations tem-
perature. However, the surface area decreases approximately three
times in magnitude. It should be noted that the total surface energy
increases with the overall surface area. An increased surface area
attributes high value of surface energy and hence a higher number
of active surface sites.

3.2. Optical absorbance study

Fig. 5(a) and (b) shows the results from optical absorption mea-
surements for the samples R1 and R2, respectively. The optical
absorption spectra of sample R2 shows a shift in the absorption
edge towards longer wavelength in comparison to R1, which was
likely caused by increase in particle size, crystallinity and decrease
in charge difference between Ti and O atoms. The variation of
density and the structural modifications may be responsible for
changes in the shape of the fundamental absorption edge observed
in the two samples [45].
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Fig. 5. UV-visible absorption spectra of as synthesized rutile TiO, (a) calcinated at
80°C (R1) and (b) calcinated at 450 °C (R2).

The optical band gap energy of the corresponding samples is
calculated by Tauc plot. The absorption band gap energy can be
determined by the following equation [48]:

(ahv)" = B(hv — Eg) (6)

where hv is the photon energy, « is the absorption coefficient, Bis a
constant relative to the material and n is a value that depends on the
nature of transition (2 for a direct allowed transition, 2/3 for direct
forbidden transition, and 1/2 for indirect allowed transition). The
(ahv)1/2 versus hv extrapolated to =0 gives the absorption band
gap energy. The band gap energy evaluated for sample R1 (Fig. 6(a))
is 3.16 eV which is larger than the value of 3.02 eV for bulk rutile
TiO,. This can be explained with quantum size effect (QSE). For
most semiconductors an increase in energy gap with decreasing
particle size leads to a blue shift of the optical absorption edge [49].
The curve in Fig. 6(b) can be extrapolated to give band gap energy
of 1.14eV. It can be seen that the optical band gap of sample R2
decreases upon calcination which was likely caused by the increase
in crystallization of the sample [50]. Also, reduction in the band gap
for sample R2 can be attributed to charge transfer from bulk to the
surface of the nanocrystal and this could be very supporting for the
photocurrent generation upon photoexcitation.

3.3. Photoluminescence study

Fig. 7 illustrates the photoluminescence features of samples
R1 and R2. Since excitation was carried out at equal excitation
wavelength of 375 nm, the differences in emission intensities must
originate from the differences in surface properties at two cal-
cinations temperatures. We notice that the emission band shifts
towards higher wavelength for sample R2. This shift can be
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Fig. 6. Tauc plots of (¢hv)'? as a function of photon energy (a) calcinated at 80°C
(R1) and (b) calcinated at 450°C (R2).

attributed to change in lattice strain from compressive to tensile.
Aumer et al. have reported that a change in strain from compres-
sive to tensile results in a red-shift in PL [51]. In Fig. 7(a), the broad
high-energy PL band at ~2.9eV for sample R1 corresponds to the
lowest indirect transition Iy, — X1, [52]. However, the PL band at
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Fig.7. Photoluminescence spectrum of rutile TiO, nanocrystal (a) calcinated at 80 °C
(R1) and (b) calcinated at 450 °C (R2) at excitation wavelength of 375 nm.
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Fig. 8. Variation of photocurrent and dark current as a function of applied voltage
for rutile TiO, nanocrystals (a) calcinated at 80°C (R1) and (b) calcinated at 450°C
(R2).

~2.4eV for sample R2 revealed the presence of shallow trap level
induced due to the presence of oxygen vacancies [53]. The observed
quenching in PL intensity for sample R2 can be owed due to the
growth role of the nonradiative recombination centers [54], the
presence of tensile strain induced to the crystallization and a reduc-
tion in surface dangling bonds which would enhance band gap
emission.

3.4. Charge transport study

3.4.1. Effect of field

Fig. 8(a) and (b) shows the variation of dark current Ipc and
photogenerated current Ipc (Ipc =Itota) — Ipc) with applied voltage
on In-In scale for sample R1 and R2, respectively. The In(I) versus
In(V) curves follows the power law, I, V", where r represents the
slope at the low and high voltages regime. For both samples, dark
current Ipc and photocurrent Ipc vary sublinearly (r< 1) and super-
linearly (r>1) at the low and the high voltages regime, respectively.
This sub-linear to super-linear variation is attributed to flow of trap
limited as well as space charge limited current inside the material
[55-57]. The current at higher voltages arise from a space charge of
excess carriers injected from one of the electrodes. This mechanism
is known as space charge limited current. Also, if the material has
traps, the dark current will be determined by traps and trap-limited,
space charge-limited current [56].
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Fig.9. Photoconductivity of rutile TiO, nanoparticles (a) calcinated at 80°C(R1) and
(b) calcinated at 450°C (R2), illuminated at light intensity of 365 nm as a function
of time as the light was switched on and off. The direction of illumination is normal
to the field across the electrodes.

3.4.2. Rise and decay time response photoconductivity
measurements

Now, to characterize the charge transport properties related
to that of electron traps in the rutile TiO, nanocrystals in more
detail, we have performed time-resolved photoconductance mea-
surements. Fig. 9(a) and (b) shows the photoconductance transients
for samples R1 and R2, obtained on optical excitation at A =365 nm.
Since the photon energy used is well above the bandgap of rutile
TiO,, optical excitation leads to the formation of electron hole
pairs. We found that PC for sample R1 increases slowly and
then suddenly decreases under illumination time. After the illu-
mination is switched off PC decreases and then gradually again
increases slowly. The sudden relaxation of PC under the illumina-
tion time can be attributed to the carrier detrapping effects and
fast recombination of electrons and holes at the grain boundaries
inthe nanocrystal. The processes of photogeneration, band-to-band
recombination, electron trapping and electron scavenging are illus-
trated in Fig. 10. Rather slow increase in dark conductivity in both
types of samples after the illumination is switched off can probably
be related to the intensity of applied field to the samples. When the
field applied to the samples is sufficiently high, a pulse of light will
trigger the powder which results an increase in dark conductivity
even after the light is switched off [58]. In addition from Fig. 9(a)
and (b), we have also observed the appearance of negative pho-
toconductivity. Borshchevskii [59] suggested that the effect was
due to flaws and impurities in the crystals. More precisely, Stock-
mann [60] suggested that if minority carriers are optically freed

Valenc

Fig. 10. Diagram representing various processes occurring in photoconductivity (1)
photogeneration, (2) band-to-band recombination, (3) electron trapping, (4) hole
trapping and (5) electron scavenging. S/S— represents the electron scavenging state
on the surface of the nanoparticles.

from centers, a negative photoconductivity will result because of
the rapid recombination of these minority carriers with majority
carriers. As can be seen from Fig. 9(a) and (b), the negative photo-
conductivity get reduced in case of sample R2 revealing that sample
R2 is structurally more perfect and much more free from flaws and
impurities.

On the basis of multi-trapping model (MT), an enormous
increase of the PC for sample R2 could be expected due to the ther-
mal activation of trapped electrons by reducing the native defects.
In our case, PC in the rutile TiO, nanocrystals is found to be almost
temperature-dependent. A four order rise in PC in case of sample
R2 can be explained by following Boltzmann statistics. According to
Boltzmann statistics a temperature rise would result in an increase
of four orders of magnitude in the ratio of the number of conduction
band electrons and trapped electrons and hence four orders rise in
PC could be expected. The change in PC exhibited by samples R1
and R2 as a function of time is shown in Fig. 11. Both the samples
of rutile TiO, shows a significant increase of the change in PC. The
highest change in PC occurs for sample R2, 7.45 x 10~3. Sample R1
possesses only a change in PC of the order of 1.94 x 10~3. This drop
in PC is possibly due to the trapping of the electrons by the sur-
face native defects where the photogeneration rate is found to be
responsible for the rise in photocurrent [61]. A large change in PC
is indicative of the high concentration of photogenerated electrons
and holes.
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Fig. 11. Change percent in photoconductivity of rutile TiO, nanoparticles calcinated
at 80°C (R1) and 450°C (R2) as a function of time (t).
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Table 2

The rise and decay time constants 7, (s), 74 (s), probability of an electron escaping
(p) from the trap, trap ionization energies (trap depth, eV) of trap corresponding to
exponentials, mobility of electrons, rate of radiative recombination, carrier life-time
and capture cross-section.

Calculated parameters Rutile TiO,

Annealing temperature

80°C 450°C
Rise time, 7, (s) 78.00 162.00
Decay time, 74 (s) 63.18 136.32
px10-4 23.18 102.00
Trap depth (eV) 0.65 0.69
Mobility, p (cm?V-1s1) 0.82 2.50
R(cm3s1) 3.73 x 1012 0.61 x 102
Life-time (s) 0.13 x 107 0.81 x 107
Capture cross-section (cm?) 55.10 x 10-10 39.50 x 1010

3.4.3. Trap depth determination

Trap depth is defined as the energy required to remove an atom
from the trap. Trap depths can be calculated from decay curves. The
decay of photocurrent can be expressed as:

—t
I =1 exp— (7)

where Ij is the steady current for time-resolved decay, 7 is time
constant and ¢ is the time. The trap depths can also be calculated
by using the following simple decay law:

Iy = Ip exp(—pt) (8)

where p (=1/7) is the probability of escape of an electron from the
trap per second and is given by [62]:

p=S exp (%) 9)

where E is the trap depth for electrons below the bottom of the
conduction band or top of the valance band, k is Boltzmann constant
(1.381 x 10-23 J/K), T is absolute temperature in K and S is attempt
to escape frequency, defined as the number per second that the
quanta from the lattice vibrations (phonons) attempt to eject the
electron from the trap multiplied by the probability of transition of
the ejected electron to the conduction band, and is of the order of
10° at room temperature.

From the two relations (8) and (9), the expression for trap depth
is given by:

E =kT [msm{ln (’O/“)H (10)

t

From time-resolved rise and decay of PC spectra, the trap depths
are calculated by peeling off the decay portion of the curves into
the possible number of exponentials and governed by exponential
law of the current amplitude as given by Eq. (7) [63].

The rise and decay time constants 7, (s) and 74 (s), probability
of an electron escaping from the trap and trap ionization energies
(trap depth, eV) of traps corresponding to exponentials for the rutile
TiO, nanocrystal systems are calculated and listed in Table 2. We
observed that the rise and decay time constants increase approxi-
mately twice in magnitude for sample R2 compared to sample R1.
This increase in rise as well as decay time constants may be asso-
ciated to the decrease in the surface area which results a change
in the surface adsorbed oxygen molecules. The similar phenomena
has been reported by Nabanita Pal et al. and Bera et al. for the case
of RB entrapped mesoporous TiO, [64]. For sample R1 the lower PC
and its corresponding shorter rise and decay time actually reflects
the faster electron-hole recombination rate. The calculated proba-
bility of escaping of an electron from the traps for sample R1 and R2
comes out to be 23.18 x 10~* and 102.00 x 10~4, respectively. We
can relate the saturation in PC to that of trap filling and probability

of escaping of electrons from these traps. The more traps are filled,
the easier for an electron to escape from these traps and the quicker
the saturation in PC can be achieved. For TiO, nanocrystals average
trap-depths between 0.10 and 0.27 eV have been proposed in lit-
erature [65,66]. In our case trap depth or trap ionization energies
for samples R1 comes out as 0.65 eV and for sample R2 as 0.69eV,
whichis much greater than the reported value of trap depth for pure
TiO,. Gupta et al. have reported, for the case of ZnO that with the
increase in impurity concentration the trap depth value decreases
[67]. Also, Marin Cernea et al. have shown that calcination of TiO5 to
higher temperature causes an increase in trap depth value [24]. In
our case, an increased trap depth value in comparison to reported
value attributes that the prepared TiO, nanocrystals are largely free
from impurity and defects levels and structurally more perfect.

3.4.4. Electron mobility, rate of radiative recombination, life-time
and capture cross-section measurements for rutile TiO,

By assuming the concentration of free electrons in nanocrys-
talline rutile TiO,~10'°cm—3 [68,69], we have estimated the
electron mobility, the rate of radiative recombination, life-time of
photoexcited carriers and capture cross-section for both the sam-
ples of rutile TiO, via two simple assumptions: (1) the conductivity
is dominated by one type of charge carrier so that the contribu-
tion due to other can be effectively neglected and (2) the crystal
stays neutral during PC process without a build up of appreciable
space charge in the crystal. Since TiO, is an n-type semiconductor
the electrical properties in it is predominantly governed by elec-
trons. By following these assumptions the electron mobility has
been calculated by the expression:

o =neu (11)

where o is the PC of the sample in Q~1cm™1, e is the elec-
tronic charge (=1.6 x 10~1°C) and u is the electron mobility in
cm? V-1s~1, The rate of radiative recombination per unit volume
at thermal equilibrium can be expressed as [70]:

3
du (12)

o0
R=1.78 x 10%? n3K
o et —1

where n is the index of refraction (2.609 for rutile), u=hv/kT and
K=aAl4mn with « absorption coefficient for the sample. The asso-
ciated life-time is given by the expression:

T n p

For an intrinsic material,

_

=k (14)

Further, the capture cross-section has been calculated by the
expression [71]:
1

S= N7 (15)
where v is the thermal velocity of the carrier=.,/ (2kT/m), S is
the capture cross-section of the recombination center for n-type
of charge carrier and N is the density of recombination center
(=radiative recombination per unit volume per unit time at thermal
equilibrium). The estimated values of these parameters are given
in Table 2. For sample R2 the electron mobility increases approx-
imately three times which is due to the subsequent increase in
the number of photogenerated charge carriers with the reduced
density of trap states probably associated with small surface area.
Kangkan et al. have reported that the increase in PC occurs due to
two contributors viz. one from the resultant increase in the pho-
togenerated charge carriers and other due to the increase in the
effective mobility which is a function of temperature [72]. A high
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value of electron mobility for sample R2 also implies that the sam-
ple R2 is pure and structurally more perfect than sample R1. Robert
Janes et al. have reported that the rate of trap related recombi-
nation increases linearly with surface area [73]. In our calculation
of specific surface area and recombination rate, we have observed
the same phenomena. Study on electron life-time, rate of radia-
tive recombination and capture cross-section attributes high value
of life-time and low value of radiative recombination and capture
cross-section for sample R2 which resembles the results of Harish
etal. for the case of Sn/ZnO thin film based photodetector [74]. They
have also reported a weakening of capture cross-section with the
subsequent increase of electron life-time.

4. Conclusions

In this paper the effect of temperature on structural, optical and
charge transport properties of rutile TiO, has been investigated. We
observed that crystallinity and density of rutile TiO, nanocrystals
increases whereas surface area decreases with increasing calcina-
tion temperature. The band gap energy evaluated for sample R1 is
3.36 eV whichis larger than the value of 3.02 eV for bulk rutile TiO5.
Sample R2 shows band gap of 1.14 eV, which was likely caused by
the increase in crystallization of the sample. Williamson-Hall plot
reveals the presence of compressive strain at 80°C and a tensile
strain at 450 °C calcination temperature. This change in strain is
also responsible for the observed variation in PL peak position and
peak intensity. In our case trap depth occurs at much greater value
than the previously reported value of trap depth for TiO,. A four
order rise in PC in case of sample R2 can be explained by following
Boltzmann statistics. Calculated values of electron life-time, rate of
radiative recombination and capture cross-section attributes high
value of life time and low value of radiative recombination and
capture cross-section for sample R2 compared to sample R1.
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