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Absorption and Exciton Emission Spectra of Nanocrystalline Titanium Dioxide Thin Films
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Abstract: A series of TiO, nanocrystalline thin films were fabricated by using dip coating method from TiO,

reverse micelle solution. The studies on absorption and exciton emission spectra showed that both the indirect

and direct transition exist in these TiO, nanocrystalline thin films. A thick film has a red shift of direct transition

bandgap than thin films due to the strong interface interaction. The films made at different aging time with same

dip times have the same direct transition bandgaps. All the films have the same indirect transition bandgap, but

those with one time dip have no indirect transition. All the films have almost the same patterns of

photoluminescence spectra.
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0 Introduction

Nanocrystalline thin films of titanium dioxide are
attracting much interests due to their unique properties,
such as high photocatalysis in degradation of organic
compounds " 7, optical properties¥. K. Madhusudan
Reddy etc.® have studied the bandgap of bulk anatase
and anatase nano-particles. They found that the bulk

anatase has an indirect bandgap but nano anatase

Wk B 41.2006-07-02., W& ki H 41.2006-08-31,

particles have a direct bandgap. N. Serpone etc.

found no size effects on the indirect bandgaps and
direct bandgaps of nano-articles.

A lot of works have been done for studying on
the photoluminescence of titania. A. Suisalu and co-

workers!'!

observed the low temperature visible photo-
luminescence of nanocrystalline TiO, thin films grown
by atomic layer deposition and the photoluminescence

disappear at high temperature. Zhang etc!™ observed
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strong visible emission bands with maxima from 577
nm to 541 nm that is governed by the recombination
via the localized levels within the forbidden gap of
some defect-related centers.

In this work, we fabricated a series of TiO,
nanocrystalline thin films by using dip coating method
from TiO, reverse micelle solution. The studies on
absorption and exciton emission spectra showed that
both the indirect and direct transition exist in these

TiO, nanocrystalline thin films.
1 Experimental section

The TiO, reverse micelle solution was made as in
ref™4, The nano titania thin films support on clean
glass slide were fabricated by dip-coating in the
reverse solution under different performance. AOl,
A05 and A10 present the films with one times, five
times and ten times dip in as prepared reverse
solution. BO1, BO5 and B10 present the films with one
times, five times and ten times dip while the solution
was aged for 6 h. The dip speed was 40 mm *min~".
The films were left to dry in air after a dip. Finally,
the films were heated in air up to 450 °C left at the
maximum temperature for 30 min.

The crystallization behaviour of the films was
examined by X-ray diffraction using a Rigaka D/max-
3A X ray diffractometer with Cu Ka radiation. The
SEM profiles of the films were obtained using a JSM-
6330F Field Emission Scanning Electron Microscope.

The optical transmittance spectra of the films were
recorded using a Cary 100 UV-Vis spectrophotometer.
The measuring baseline was obtained from the same

films. The

photoluminescence of the films were recorded using an

glass slide used to support the

Aminco Bowman Series 2 Luminescence Spectrometer.
2 Results and discussion

2.1 Structure and surface morphology of the
films
XRD spectra of the films showed that the films
were pure anatase.
Fig.1 and Fig.2 show the SEM images of the

films. The diameters of the particles on different films

are different. But when we look at the images
carefully, we can find that there is a basic particle
with diameter about 16~20 nm on different films. The
different aggregation of these basic particles forms

different large particles on different films.

100 nm

BIO

Fig.1 SEM images of the titania films

Fig.2 SEM image of cross section of film B10

2.2 Transmittance spectra and photoluminescen-
ce spectra

In general, all the films showed good transpar-
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ency in visible range (7 > 80%). Fig.3 shows the trans-
mittance spectra of the films. We can see from the
patterns that the film with multi-dip has a red shift in

the transmittance spectra.

T/%

200 400 600 800
A/nm

Fig.3 Transmittance spectra of the films

Fig.4 shows the comparisons of the photolumine-
scence spectra between different films. All the films
haves almost the same emission peak patterns but the
intensity for different films are different. There are
two wide emissions, one in the range from 307 nm
(4.04 eV) to 370 nm (3.35 eV) and the other in the
range from 395 nm (3.14 eV) to 445 nm (2.78 eV). It
seem that the wide emission from 307 nm (4.04 eV) to
370 nm (3.35 €V) consist of two emission peak. One
is with the maximum emission 337 nm (3.68 eV) and
the other with maximum emission 360 nm (3.44 eV).

There is a sharp emission peak with maximum
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Fig.4 Photoluminescence spectra of the films

(3.26 eV). There are about 3 or 4
sharp emissions in the range from 445 nm (2.78 V)
to 500 nm (2.48 eV). Among the films made at the

same aging time, the films with 5 time dips show most

emission 380 nm

intensive emission. Among the films with the same

dip times, the films made from as-prepared solution

show more intensive emission than those from aged

solution.

2.3 Bandgap of the films and the mechanisms of
the photoluminescence

There are two kinds of electron transition by
photon  exciting, direct transition and indirect
transition in semiconductor titanium dioxide. The
optical absorption coefficient o near the absorption
edge for direct inter band transitions is given by
equation!'”

ahv=B,(hv - E)" 1)

Where B, is the absorption constant for a direct
transition. Indirect interband transitions are chara-
cterized by the stronger energy dependence of the
optical absorption coefficient a nearer the absorption
edge than is otherwise the case for direct transition!"”.

ahv=Bihv - E,)? )

Where B; is the absorption constant for an
indirect transition.

To determine whether the absorption is caused
by a direct or indirect transition, a plot of (hva)
versus E[hv} and a plot of (hva)" versus E{hv} were
made. The plots of film AO1 and film B10 were showed
in Fig.5 and Fig.6. Both plots of (hva)* vs E{hv} and
(hva)'? vs E{hv} of the same film gave straight lines
in different ranges of E. For example, the plot of (hva)®
vs E{hv} of film AO1 gave a straight line in the range
between 4.13 eV and 4.35 eV while the plot of (hva)”
versus E{hv} for the same film gave a straight line in
the range between 4.00 eV and 4.35 eV. For the films
with five times and ten times dips, the plots of (hva)™
vs E{hv} gave two straight lines. The film A10 has two
straight lines in the plot of (hwva)"* vs E{hv} with the
extrapolation of 3.44 eV and 3.33 eV while a=0 in
different ranges of E. From these plots the extrapolation

of all straight lines for a=0 were calculated as indicated

in Table 1.
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Table 1 Thickness and extrapolation (@=0) of the films
A01 A0S A10 BO1 BO5 B10
Thickness / nm 43 238 455 47 267 486
* Extra. 1/ eV 4.060 3919 3.751 4.053 3915 3.755
Range of line 4.13~4.35 4.05~4.27 3.81~4.06 4.13~4.35 4.06~4.27 3.81~4.00
* Extra. 2/ eV 3.536 3.467 3.442 3.484 3.403 3.443
Range of line 4.00~4.35 3.70~4.00 3.70~3.93 3.94~4.35 3.64~4.20 3.70~3.94
* Extra. 3/ eV 3.259 3.334 3.304 3.279
Range of line 3.54~3.70 3.54~3.70 3.49~3.70 3.44~3.65

* The Extra.l represents extrapolation (a=0) calculated from the plots of (hva)® vs E{hv}; The Extra.2 and Extra.3 represent

extrapolations (a=0) calculated from the plots of (hva)™ vs E{hv}; The Extra.l and Extra. 3 are the bandgaps of direct transition

and indirect transition respectively and the Extra.2 is not a real bandgap.
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Fig.5 Plots of (hva)’ vs E{hv} and (hva)'? vs E{hv} of film AOI
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Fig.6 Plots of (hva)? vs E{hv} and (hva)™ vs E{hv} of film B10

In these works, for film AO1 and BOl, we can
assign the extrapolation of 4.05 eV and 4.053 eV to
the direct transition bandgap of I's, — ', According
to the N. Serpone’ s work "% there is no indirect
transition with bandgap more than 3.2 eV. The
extrapolation about 3.5 eV for all films calculated
from plots of (hva)"? versus E{hv} is not a real bandgap.
And this is reasonable because there is an overlap
between the ranges of straight line for 3.5 eV and for
direct transition. For the films with multi-dips, the

bandgap of direct transition varied with the thickness

of the films. The thicker the film is, more red shift of
bandgap the film has. These are because there is
stronger interface interaction in the thicker films than
thin films as discussed above from the SEM images of
the films. These the
octahedral unit of TiO, distorted that weakens the Ti-

interface interaction made
O bonding reducing spiltting between bonding and
nonbonding levels which give rise to the band-tails in
the band structure. The energy of direct transition
between band-tails is small than that between main

15]

bands, as indicated in Fig.7". From above results in
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the Table 1, the thin films with one time dip has no
indirect transition. Other films have indirect transition
with an unvaried value about 3.3 eV. These results
agreed with the results of N. Serpone’s work!"” within

experimental error.

DOS

Mainly Ti3d

l

! Fy
E. Ey e

@ represents the transition between main bands; @ and
@ represent the transition between band-tails
Fig.7 Schematized density of states for TiO, films in air

and optical transitions"
There have been more works of studying the
photoluminescence of nano crystalline of titanium

BAL2I-D] 6 oncerned with the emiss-

dioxide. Most works
ion in the visible range (>400 nm). Little work®"* is
involved in the range with wavelength A <400 nm.
From above discussion and basic principle of
photoluminescence, we believed that the emission
band from 307 nm (4.04 €V) to 370 nm (3.35 eV) was
produced from the direct transition of the films. In the
range, the peak with 3.68 eV may be assigned to the
direct transition between main band and 3.44 eV to
the direct transition between band-tails. Sharp
(3.26 €V)

may be attributed to the forbidden direct transition.

emission with maximum emission 380 nm

This forbidden direct transition became permissive
due to the localization of surface state. The emission
band from 395 nm (3.14 eV) to 445 nm (2.78 eV) was
produced from the indirect transition with bandgap
3.2 eV, Film AO1 and BO1 have no indirect transition
and there is no emission in this range for these films.
The sharp peaks in the range from 445 nm (2.78 eV)
to 500 nm (2.48 €V) may be assigned to the transition
between the valance band state and localized mid-gap
state or between the localized mid-gap states and

conduction band states. The localized mid-gap states

are produced from dangling bonds on the defect

surface!™.
3 Conclusion

A series of TiO, nano films were fabricated. The
film made under different conditions has different

surface morphology. All the films have direct
transition with different bandgaps. Thick films with a
red shift of direct transition bandgap than thin films
due to the strong interface interaction. The films made
at different aging time with same dip times have the
same direct transition bandgaps. All the films have
the same indirect transition bandgap, but those with
one time dip have no indirect transition. All the films
have almost the same patterns of photoluminescence
spectra. Besides two wide emission bands due to the
direct and indirect transition, other emission peak can

also be assigned.
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