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Abstract Dopamine was encapsulated into nanoporous
amorphous TiO, matrix by sol-gel method under atmo-
spheric conditions. A second sample was obtained by the
addition of the crown-ether 15C5 in this previous sample.
Thin films were spin-coated on glass wafers. No heat
treatment was employed in both films. All films were
characterized using infrared spectroscopy, high resolution
transmission electronic microscopy, X-ray diffraction,
optical absorption and scanning electronic microscopy.
Despite the films prepared with 15C5 were no calcined, a
partial crystallization was identified. Anatase and rutile
nanoparticles with sizes of 4-5 nm were obtained. Photo-
conductivity technique was used to determine the charge
transport mechanism on these films. Experimental data
were fitted with straight lines at darkness and under illu-
mination wavelengths at 320, 400, and 515 nm. It indicates
an ohmic behavior. Photovoltaic and photoconductivity
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parameters were determined from the current density vs.
the applied-electrical-field results. Amorphous film has
bigger photovoltaic and photoconductive parameters than
the partially crystalline film. Results observed in the
present investigation prove that the nanoporous TiO,
matrix can protect the dopamine inhibiting its chemical
instability. This fact modifies the optical, physical and
electrical properties of the film, and is intensified when
15C5 is added.

1 Introduction

Dopamine (DA) (Fig. 1) is an important neurotransmitter
in mammalian central and peripheral nervous systems and
is also a medicament to cure some neuropsychosis. Enediol
ligands, such as DA, have a large affinity for these under-
coordinated surface sites, restoring the coordination of Ti
atoms to the octahedral geometry and forming ligand-to-
metal charge-transfer complexes [1]. Formation of these
charge-transfer complexes on TiO, has been shown to
enhance interfacial electron-transfer rates [2, 3]. However,
the DA is one of the major sources of reactive oxygen
species [4], and it oxidizes very easily when is exposed to
the daylight due to its chemical instability. DA contains an
unstable catechol moiety with respect to its molecular
structure; it can oxidize spontaneously in free radicals and
quinones [5-7].

Titanium dioxide (TiO,) is an inexpensive, nontoxic,
photostable matrix with redox properties, which are
favorable both for oxidation of many organics and for
reduction of a number of metal ions or organics in aqueous
solution. Although TiO, is very effective from an energetic
point of view, it is relative inefficient in photo-induced
reduction and oxidation process [8]. The main energy loss
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Fig. 1 a Molecular structure of dopamine, b enediol group of DA

is due to the recombination of charges generated upon
excitation of TiO,, which is manifested as the relatively
low efficiency of long-lived charge separation. In addition,
because of its large band gap (E, = 3.2 eV), TiO, absorbs
mainly UV photons. The derivates of dopamine can sen-
sitize TiO, nanoparticles to improve the absorption in the
visible region making them useful for photocatalysis and
solar energy conversion [9].

TiO, powder has been developed via sol-gel method [10].
Sol-gel method has been attracting attentions as the typical
way to prepare functional materials, e.g., optical glasses,
dielectric ceramics, etc. The composition of organic and
inorganic compounds can be controlled to optimize their
physical properties such as optical and electrical ones [11].

Crown ethers as 15-crown-5 (15C5) contribute to sta-
bilize ions of rare earth as Eu*" by forming the
Eu”"(15C5) complex, which enhances the photolumines-
cent response of the Eu®™ ion. This ion is encapsulated by
one 15C5 ligand and locates slightly away from the
equatorial plane of the central complex cation because of
the smaller cavity size of 15C5 (r = 0.9-1.1 A) compared
with the divalent europium diameter (» = 1.09 A) [12].

In this work, we described the synthesis, characteriza-
tion and photoconductivity studies on TiO,/DA and TiO,/
DA/I5CS films. First, a precursor solution of TiO, was
prepared by sol—gel method, after DA was dissolved in this
solution. It is named TiO,/DA. A second solution was
obtained using the previous one with the addition of 15CS5,
which named TiO,/DA/15C5. Both solutions were spin-
coated as thin films on glass wafers. No heat treatment was
employed in these films. Photoconductivity studies in both
films give information about the charge transport mecha-
nism. Transport parameters were calculated. The effect of
15C5 on the optical, physical and electrical properties in
these films was studied.

2 Experimental

2.1 Preparation of TiO,, TiO,/DA, TiO,/DA/15C5
and TiO,/15C5 samples

a) Amorphous TiO,. TiO, precursor solution was pre-
pared by the mixture of Tetrabutylorthotitanate
(Ti(OC4Hy)4) and diethanolamine (NH(C,H4OH),)
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which prevent the precipitation of oxides and stabilize
the solutions dissolved in 34 ml of ethanol (EtOH).
After stirring vigorously for 2 h at room temperature, a
mixed solution of deionized water (DI H,O) and eth-
anol is added dropwise slowly to the above solution
with a pipette under stirring. Finally, Tetraethylene-
glycol (TEG) is added to the above solution. The
resultant alkoxide solution is kept standing at room
temperature to perform hydrolysis reaction for 2 h,
resulting in the amorphous TiO, solution.

b) TiO,/DA. To 20 ml of TiO, solution prepared in
section a), the DA was added in the final stage and the
sol was stirred for 15 min at room temperature under
darkness. The final chemical composition of this
solution was Ti:NH(C,H,OH),:EtOH: DIH,O:TEG:
DA = 1:1:14.1:1:1.028:0.0274.

c¢) TiO,/DA/15C5. To 20 ml of TiO, solution, 2 ml of
15C5 and the DA were added and stirred for 40 min at
room temperature under darkness. The final chemical
composition of this solution was Ti:NH(C,H4,OH),:E-
tOH:DIH,O:TEG:DA:15C5 = 1:1:14.1:1:1.028:0.0274:
0.35372.

d) TiO,/15C5. To 20 ml of TiO, solution, 2 ml of 15C5
was added and stirred for 40 min at room temperature
under darkness.

All our solutions were prepared under acidic conditions
(pH = 5.0).

Thin films were obtained by the spin-coating technique.
The precursor solution was placed on the glass wafers
(2.5 x 2.5 cm?) using a dropper and spun at a rate of
3,000 rpm for 20 s.

Infrared (IR) studies were done using a Bruker Tensor 27
FT-IR spectrometer. Pellets were made from a finely ground
mixture of sample and KBr powder at a ratio of KBr:sample
as follows: KBr:DA = 1:0.005, KBr:TiO,/DA = 1:0.013,
KBr:TiO,/DA/15C5 = 1:0.007 and KBr:TiO,/15C5 =
1:0.012.

Structural characterization was achieved from conven-
tional high resolution transmission electronic microscopy
(HRTEM) by means of a JEOL FEG 2010 FasTem electron
microscope with 1.9 A resolution (point to point). For TEM
and HRTEM studies, the sample was suspended in ethanol to
disperse the powders and a drop of the sample was deposited
on a lacey carbon copper grid as a TEM support.

The structure of the final samples was characterized by
X-ray diffraction patterns recorded on a Bruker AXS D8
Advance diffractometer using Ni-filtered CuK,, radiation.
A step-scanning mode with 0.02° steps in the 20°-80°
range in 260 and an integration time of 2 s was used.

Optical absorption (OA) spectra were obtained on a
Thermo Spectronic Genesys 2 spectrophotometer with
41 nm accuracy between 200 and 900 nm.
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The thickness of the films was measured using a SEM
microscopy Model JSM 5200 CX at 15 kV.

For photoconductivity studies [13], silver electrodes
were painted on the sample. It was maintained in a 107>
Torr vacuum cryostat at room temperature to avoid
humidity. For photocurrent measurements, the films were
illuminated with light from an Oriel Xe lamp passed
through a 0.25 m Spex monochromator. Currents were
measured with a 642 Keithley electrometer connected in
series with the voltage power supply. The applied elec-
trostatic field E was parallel to the film. Light intensity was
measured at the sample position with a Spectra Physics 404
power meter.

3 Results and discussion
3.1 IR spectra

Figure 2 shows IR spectra of pure DA powder, and TiO,/
DA, TiO,/DA/15C5, TiO,/15C5 films, which were pre-
pared as KBr pellet.

DA was dissolved in DI H,0, its IR spectrum shows
several bands located at 554, 600, 752, 814, 878, 935, 962,
1,015, 1,115, 1,150, 1,190, 1,287, 1,342, 1,472, 1,501,
1,601, 2,957, 3,042, 3,146, 3,227 and 3,346 cm™'. These
experimental measurements were assigned as Exp. Meas.
except the band located at 814 cm ™.

Oxidation products of DA as dopamine quinone (DAQ)
and dopaminechrome (DAC) were identified [14, 15] by
this technique. DAQ is the first oxidative quinone in the
oxidation pathway. After, DAQ spontaneously oxidizes
into DAC as shown in Fig. 3.

For TiO,/DA film, the band at 1,653 cm™! is attribut-
able to carbonyl stretching [16]. This band is evidence
supporting that DA is oxidized to DAQ [17]. The band
centered at 1,456 cm ™! is characteristic of the weak C-N
bond [18], which appears with the oxidation process of DA.
The band at 1,350 cm™! is the v(CC) contribution indi-
cating the formation of DAC. Another evidence of DAQ
formation is the band located at 1,288 cm ™" assigned to C—
O stretching, which disappears during the oxidation pro-
cess [17]. The bands for oxidation products, DAQ and
DAC, are very weak which can indicate that the DA oxi-
dation is minimal.

For TiO»/DA/15C5 film, only the band 1,289 cm™' is
assigned to C-O stretching from DAQ. The strong band
centered at 1,261 cm™! originates in the C—O-C bonds of
TEG [19, 20]. Two bands located at 1,014 and 1,080 cm™!
corresponding to the C-O stretching from 15C5 were iden-
tified [19]. Several bands correspond to the presence of DA
unoxidized were located at 1,505, 1,097, 941 and 818 cm” L.
Surprisingly, a poor crystallization in the TiO, matrix was
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Fig. 2 IR spectra of a DA, b amorphous TiO,/DA (the inset is a
magnification in the region of 1,200-1,800 cm 1), ¢ TiO¥/DA/15C5
and d TiO,/15CS5 films (in last two graphs, the inset is a magnification
in the region of 400-500 cm™'). A anatase phase, R rutile phase
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Fig. 3 Oxidation pathway of HO
DA

HO

dopamine
(DA)

detected by typical bands located at 472 and 439 cm™ !,

which correspond to the vri_o_1; stretching vibration for
anatase phase and rutile phase, respectively [19, 20]. To
verify this effect, the IR spectrum of TiO,/15CS film was
obtained finding similar bands of crystalline phases. This fact
is remarkable taking into account that the films prepared with
15C5 were not calcined. Table 1 contains all the vibrations
for all films and their assignments.

Therefore, two notable effects were found in these films:
(1) the TiO, matrix protects the DA from the daylight,
which inhibits its chemical instability. Besides, the addition
of 15C5 increases this inhibition of the DA oxidation, and
(2) a partial crystallization was produced in the TiO,
matrix with and without DA when 15C5 is added in the
synthesis.

3.2 HRTEM measurements
Figure 4a shows the HRTEM image of the TiO,/DA film.

No crystalline phase was detected, which means that this
film is amorphous.

0 O
> >
> N,
NH, H
dopamine-o-quinone dopaminechrome
(DAQ) (DAC)

In contrast, the Fig. 4b, ¢ shows the HRTEM images
from TiO,/DA/15C5 film. These images exhibit some
nanoparticles (NPs). The reflections (200) and (220) cor-
respond to anatase phase, and the reflection (210) corre-
sponds to rutile phase. The inset exhibits the diffraction
patterns of this reflection. It is in agreement with IR results.

To determine the factor that produces this partial crys-
tallization in the TiO,/DA/15C5 film without any heat
treatment, HRTEM studies were done in the TiO,/15C5
film too (Fig. 5). Figure 5a shows a population of NPs with
almost spherical shape. Figure 5b, ¢ shows the HRTEM
images in which crystalline phases were identified. In
Fig. 5b, the spacing between two crystal layers is
d = 0.182 nm, which is consistent with the reflection (200)
corresponding to anatase phase. While, in Fig. 5c, the
reflection (200) corresponds to the spacing of
d = 0.206 nm, which is consistent with rutile phase.

Taking into account a population of these NPs, the
average size was calculated. The major axis A and minor
length axis B and their respective standard deviations are
listed in Table 2.

Table 1 IR frequencies (in

em~") of DA dissolved in DI Vexp (cm™) Assignment References
H,0; TiO,/DA, TiO,/DA/15C5 DA TiO,/DA  TiO,/DA/15C5  TiO,/15C5
and TiO,/15C5 films
- - 439 435, 617 Rutile [15]
- - 472 470, 515 V Ti_o-Ti (anatase) [20]
554 - 553 - DA Exp. Meas.
752 - 765 - DA Exp. Meas.
814 818 829 - DA Exp. Meas., [18]
878 - 887 - DA Exp. Meas.
935 941 - - DA Exp. Meas.
1,015 - 1,014 1,015 v c_o from 15C5 [19]
- 1,097 1,080 1,080 v c_o from 15C5 [19]
1,150 - 1,159 - DA Exp. Meas.
1,190 - 1,188 DA Exp. Meas.
- 1,250 1,261 1,261 C-O-C bonds (TEG) [19, 21]
- 1,288 1,289 - v c.o (DAQ) [16, 17]
- 1,350 - - v (CC) (DAC) [17]
- 1,456 - - C=N" (DAC) [17]
1,501 - 1,505 - DA Exp. Meas.
- 1,653 - - Carbonyl stretch. (DAQ) [16, 17]
- 2,866 - 2,874 C-H vibration [21]
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Fig. 4 HRTEM image of a amorphous TiO,/DA film; a poor crystallization was exhibit by the presence of b anatase phase and ¢ rutile phases in
the TiO,/DA/15C5 film. The reflections were identified with white arrows
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Fig. 5 HRTEM images of TiO,/15C5 sample showing a population of NPs; b anatase and c¢ rutile NPs, respectively. The reflections correspond

were identified with white arrows

Table 2 Size of NPs in TiO,/15C5 and TiO,/DA/15C5 films

Film A (nm) B (nm)

TiO,/DA/15C5 (anatase) 55+ 1.2 51+ 1.0
TiO,/15C5 (anatase) 50+ 1.2 47 £ 1.1
TiO,/15C5 (rutile) 42+ 14 39+1.3

Therefore, the 15C5 acts as structure-directing agent
during this slight crystallization of TiO, matrix in presence
of DA, producing nanometric anatase and rutile particles.
This partial crystallization of the TiO, matrix was achieved
by the addition of 15C5 as the organic template [22].

No crystalline phases were detected by X-ray diffraction
patterns. It means that the crystallization of TiO, was
partial in small areas.

3.3 Optical absorption spectra

Free DA, not oxidized, was dissolved in DI H,O under
darkness, and it exhibits a transparent color. Its absorption
spectrum (Fig. 6a) shows a strong peak A in the ultraviolet
region located at 279 nm. Figure 6b shows the absorption
spectra of amorphous TiO, and TiO,/DA films. Figure 6¢
shows the absorption spectra of TiO,/15C5 and TiO,/DA/
15CS films. All spectra were taken at room temperature.
Absorption spectrum of amorphous TiO, film shows an
absorption band located at 301 nm. While, for amorphous
TiO,/DA film, the absorption spectrum shows two bands
located at A, = 306 and 440 nm. The first band corresponds
to TiO, absorption, the second one is a very broad absorption
band centered at /,,x = 440 nm revealing a red shift.
Similar behavior is observed for the films prepared with
15C5. Absorption spectrum from TiO,/15C5 film shows a
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Fig. 6 Absorption spectra of a DA dissolved in DI H,O; b amorphous
TiO, and TiO,/DA films; ¢ TiO,/15C5 and TiO,/DA/15C5 films

band located at 305 nm. For TiO,/DA/15C5 film, its
absorption spectrum shows two bands located at 4, = 310
and 400 nm. The first band corresponds to the presence of
TiO,. A broad absorption band located at 400 nm is observed
too. This red shift of the maximum peak absorption is less
notorious than that for TiO,/DA film. It is known that the
dopamine-functionalized titania NPs show a red shift with
decreasing particle size [23]. Therefore, this slight red shift is
due to the presence of these NPs which reveals the partial
crystallization of TiO,. Other factor is that surface-trapped
electrons exhibit this broad absorption in the visible region
under acidic environment [24-27].

Besides, the addition of DA to the precursor TiO, and
TiO,/15C5 solutions under acidic environment (pH = 5.0)
produces an immediate color change from transparent to
red—orange color. This change color indicates the instan-
taneous formation of the charge-transfer (CT) complex
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Table 3 Maximum peaks from absorption bands

Sample Maximum absorption peaks
DA dissolved in 279 nm
DI H,0 (4.4 eV)
Amorphous 301 nm
TiO; film (4.1eV)
Amorphous 306 nm 440 nm
TiO,/DA film 4.0eV) (2.8 eV)
TiO,/15C5 film 305 nm
4.1eV)
TiO,/DA/15C5 310 nm 400 nm
film 4.0eV) (3.1eV)
a 9 )
( )2'5)(10 ] = (chv) vs (hv)
204 hv=—5.678x 10 "+ 1.481 x 10™ (ahv)*
y=0,x=3.84¢V
@ 1.5+
>
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Fig. 7 Evolution of the (ochv)2 vs. hv curve of a TiO,/DA film and
b TiO,/DA/15CS film. The value of E, is marked with a cross

between dopamine and TiO,, preventing oxidation and
formation of reactive intermediates of DA. This stability of
the TiO, complex with DA is the consequence of bidentate
binding of DA [28]. It means that the enediol ligands with
two OH groups in ortho position (Fig. 1b) undergo unique
binding at the surface of TiO,, resulting in a new hybrid
properties of the surface-modified titania NPs [28, 29]. As a
result of CT complex, a red shift in the onset absorption for
TiO,/DA and TiO,/DA/15CS5 films is produced.

Table 3 contains all absorption bands for each sample.

The optical band gap (E,) was determined from the
absorption spectra, (Fig. 7) using the equation [30]:

(ahv)’= C(hv — E,), (1)
where o is the absorption coefficient, v is the photon

energy, E, is the band gap energy and C depends on the
electron—hole mobility.
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The (ahv)? vs. hv plot is displayed in Fig. 7. The value of
E, was determined plotting a tangent line (black solid line) to
the curve. For TiO,/DA film, the obtained E, value is
3.84 eV, and for TiO,/DA/15CS5 film this value is 3.74 eV.
Both E, values are marked with a cross. The band gap for
TiO,/DA/15CS5 film is smaller than that of TiO,/DA film by
0.1 eV; and both values are bigger than those optical band
gap reported for amorphous TiO, (3.5 eV) [31], and for
crystalline anatase (3.2 eV) and rutile (3.02 eV) phases [32].

3.4 SEM measurements

The thickness of the films deposited on glass substrate was
measured by SEM technique. Figure 8 shows the SEM
image for (a) TiO/DA and (b) TiO,/DA/15C5 films. The
thickness average of these films is 5.82 £ 2.08 and
13.75 £ 0.82 pm, respectively. It is due to the fact that the
TiO,/DA/15C5 solution is denser than TiO,/DA solution
before the deposition as film on glass wafer.

3.5 Photoconductivity studies

Usually Ohm’s law under light illumination [13] is given
by

j:jph-i- (Gd-l-Gph)E, (2)

where J, ph is the photovoltaic current density, and oy, is the
photoconductivity. When the current densities are assumed

-

13.75%0.82 pm

- Y

%2090 | Sum

20kV

Fig. 8 Cross-sectional SEM image of: a TiO,/DA film and b TiOy/
DA/15C5 film

to be parallel to the electric field E Eq. (2) becomes into the
next one:

_4 "’}f:’)“l + (ad + W;g”) E (3)
with ¢ as the quantum yield of charge carrier photogeneration,
lp as the charge carrier mean free path, o as the sample
absorption coefficient, / as the light intensity at the frequency v
of illumination, / as the Planck’s constant, and 7 as the charge
carriers mean lifetime. The first term is the photovoltaic
transport effect, the second one is the dark conductivity
04 = engpli, and the third one is the photoconductivity itself.
Equation (3) can be written as:

J=AE+J. (4)

J

From the absorption spectra of TiO,/DA and TiO,/DA/
15CS films (Fig. 6), the absorption coefficient (x) was
calculated at illumination wavelengths 320 and 400 nm
that corresponds to the main maximum absorption bands
(Table 3). The wavelength 515 nm is out-absorption region
(Fig. 6). Then, the charge transport mechanisms of the
films can be compared between the 515 nm wavelength
against 320 and 400 nm bands.

Photoconductivity results of both films are shown in
Fig. 9. Current density (J) as function of electric applied
field (E) on the film was plotted. The experimental data
were fitted by least-squares with straight lines at darkness
and under illumination. This indicates an ohmic behavior.
The linear fits are shown in Table 4.
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Fig. 9 J vs. E curves of TiO,/DA and TiO,/DA/15CS5 films. Linear

fits correspond to the dotted lines
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Table 4 Linear fittings of TiO,/DA and TiO,/DA/15CS films

A (nm) Film A, Jo
320 TiO./DA 3.88 x 10710 19.2 x 107
TiO,/DA/15C5 5.29 x 10710 11.1 x 107
400 TiO,/DA 820 x 10710 29.2 x 1077
TiO,/DA/15C5 4.06 x 10719 103 x 1077
515 TiO,/DA 9.89 x 1071° 20.8 x 107
TiO,/DA/15C5 3.94 x 1071° 8.86 x 107"
Darkness TiO,/DA 8.97 x 1071° 143 x 1077
TiO,/DA/15C5 6.20 x 1071° 5.11 x 107
3.0x10° )
TiO,/DA
25 +Ti02/DA/1505
2.0
B
S 15
= 1.0
0.5 -
0.0 ‘ ‘ [
300 350 400 450 500 550
Wavelenght (nm)
®
TiO,/DA
—&— TiO,/DA/15C5
s
5
ER
-10
-15x10°7 ‘ ‘ ‘
300 350 400 450 500 550

Wavelength (nm)

Fig. 10 Photovoltaic and photoconductive parameters vs. wave-
length of TiO,/DA and TiO,/DA/15C5 films

For TiO,/DA film, when the illumination wavelength
decreases, the slope A; decreases. On the contrary, for
TiO,/DA/15C5 film the slope A; increases. Besides, for
TiO,/DA/15C5 film when the illumination wavelength
decreases, Jj, increases.

At 400 and 515 nm wavelengths, the slope A; and J,
values for TiO,/DA film are greater compared with those
from TiO,/DA/15CS5 film. It indicates that the amorphous
TiO,/DA film has better photovoltaic and photoconductive
properties than the TiO,/DA/15C5 film.

In general, the amorphous TiO,/DA film has a bigger
electrical conductivity than the TiO,/DA/15C5 film that
can be explained in terms of the band gap (E,). The E,
values for TiO,/DA (3.84eV) and TiO,/DA/15C5
(3.74 eV) films enhance 0.64-0.54 eV compared with the
E, = 3.2 eV for anatase phase, for what more energy is
required to transfer electrons from the valence band (VB)
to the conduction band (CB) to generate the charge trans-
port [33]. Besides, the absorption of light having energy
greater than the direct band gap (3.75 eV for titanium
dioxide) results in the promotion of electrons from the VB
to the CB of the metal oxide particle, leaving positively
charged holes in the valence band.

On the other hand, when the TiO,/DA/15C5 film is
excited with more energetic wavelengths (4 < 327 nm) than
its band gap, the electrons are localized in the conduction
band and holes in the valence band. The holes can be located
in the surface of the TiO, preferentially [34], leading to
positive charges interacting with the DA directly.

In both films under illumination wavelength at 320 and
400 nm, the slope A; is smaller than that measured in the
darkness, which means that the films have a high electrical
conduction in absence of light. It is known that irreversible
oxidation of free DA occurs exclusively with formation of
oxygen centered radicals on hydroxyl groups of enediol mol-
ecules. In the case when both hydroxyl groups participate in
binding to surface Ti atoms, oxidation is reversible and pro-
ceeds through carbon centered radicals of the DA aromatic ring.
After illumination of the complex TiO,/DA, photogenerated
holes localized on carbon centered radicals of the aromatic ring
of DA recombine with photogenerated electrons localized on
TiO, particles and irreversible degradation of dopamine does
not occur [28] and the charge transport increases. In this case,
DA oxidization is very slightly when the film is illuminated
because the DA is encapsulated into the TiO, matrix; and it
works as ligand to transfer the charge carriers [32].

With Eq. (4), by measuring I, the dark conductivity and
the conductivity under illumination at 515, 400 and
320 nm, and fitting the experimental data by the least-

Table 5 Photovoltaic and photoconductive parameters of TiO,/DA and TiO»/DA/15CS5 films

Film Parameter 515 nm 400 nm 320 nm

TiOy/DA ¢lo (cm) 2.86 x 1073 0.57 x 1073 0.56 x 107>
out (cm®> V7h 401 x 107° —0.29 x 107° —0.58 x 107°

TiO»/DA/15C5 ¢ly (cm) 2.14 x 1073 0.33 x 107° 0.08 x 107°
¢ut (cm> V71 —12.9 x 107° —1.35 x 107° —0.12 x 107°
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squares method, the photoconductive (¢ut) and photovol-
taic (¢ply) parameters were obtained (Table 5) using the
next equations:

he
eall
hc
e Al

$lo = (bi — ba) (5)

Put = (mi —mq) (6)

where bq and b; are the intersections of the straight lines in
the “y” axes of J vs. E curves under darkness (d) and
illumination (i), respectively; my and m; are the slopes of
these straight lines under darkness (d) and illumination ().

Figure 10 shows the photovoltaic and photoconductive
parameters vs. wavelength of TiO,/DA and TiO,/DA/15C5
films. In both films, the photovoltaic parameter (¢lo)
decreases when the wavelength decreases. The ¢l values
for TiO,/DA are bigger than those for TiO,/DA/15CS film.
This indicates a strong photovoltaic behavior in the TiO,/
DA film.

In TiO,/DA/15CS film, the photoconductive parameter
(¢put) value increases when the wavelength decreases. This
effect is opposite to that found in the TiO,/DA film. Par-
ticularly, at 515 nm wavelength the ¢utr parameter is
bigger TiO,/DA than that for TiO,/DA/15C5 film. It
indicates a strong photoconductive behavior in the amor-
phous film. Therefore, the addition of 15C5 inhibits the
charge transport under illumination.

The negative photoconductive parameter in the TiO,/
DA/ISCS film is due to the decrease in the number of
charge carriers or their lifetime, in the presence of the
radiation wavelength [35, 36]. For a negative photocon-
ductor, forbidden gap holds two energy levels in which one
is placed between the Fermi level and the conduction band
while the other is located close to the valence band. The
second state has higher capture cross-section for electrons
and holes. As it captures electrons from the conduction
band and holes from the valence band, the number of
charge carriers in the conduction band gets reduced and the
current decreases in the presence of radiation [37].

4 Conclusions

Homogeneous and uniform sol-gel TiO,/DA and TiO,/
DA/I5C5 films were obtained by spin-coating at room
temperature.

DA was embedded into an amorphous TiO, matrix
under acidic conditions to obtain the stable CT complex
between DA and TiO,, which was identified in both films
by a red shift of the maximum peak absorption.

Oxidation products of DA, DAQ and DAC were found
in the TiO,/DA and TiO,/DA/15CS5 films by weak infrared
bands. It means that DA oxidization is very slightly when

the film is illuminated or is exposed to the daylight,
because the DA is encapsulated into the TiO, matrix.

From photoconductivity studies, amorphous TiO,/DA
film has better charge transport than the TiO,/DA/15C5
film.

The addition of 15CS5 to the TiO,/DA complex produces
several effects: (1) inhibits the formation of oxidation
products and the charge transport when the film is illumi-
nated; (2) a small red shift of the maximum peak absorp-
tion was found; and (3) a partial crystallization in the TiO,
matrix was produced in TiO,/DA/15C5 and TiO,/15C5
films without calcinations.
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