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The electronic states of TiO, ultrafine particles (UFP) are
characterized by photoluminescence spectra and diffuse reflection
spectra. The results obtained indicate that the surface structure,
i.e., TIOH groups, TiOC,H; groups, and the defect state, plays an
important role in the electronic states of the TiO, UFP. More-
over, free exciton emission is observed at room temperature. This
emission is attributed to the quantum confinement and the dielec-
tric confinement effects on the TiO, UFP. © 1998 Academic Press

INTRODUCTION

Nanostructured titania as a semiconductor material has
been extensively researched during recent years. It has
found application in many fields, including photocatalysis,
photoelectric conversion, dielectrics, and nonlinear optics
(1-3). The electronic structure of titania has been studied
theoretically and experimentally by many scientists. Daude
et al. (4) calculated the electronic band structure by a com-
bined tight-binding and pseudopotential method. Tsukada
et al. (5 did similar work using discrete-variational
(DV)—Xa calculations. De Haart et al. (6) studied the photo-
luminescence of many titanates and discussed the self-trap-
ped exciton emission from titanates. Recently, Zou et al.
(3,7) reported that titania ultrafine particles coated with
a surface dipole layer exhibited an absorption red shift,
self-trapped states, and phonon localization. In this paper,
we investigate the electronic states of TiO, UFP through
luminescence spectra and report some new phenomena.

EXPERIMENTAL

Synthesis

TiO, UFP were synthesized through controlled hydroly-
sis of titanium butoxide. The obtained UFP powders were
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treated by three different processes: (a) direct precipitation
followed by drying at 60°C under a pressure of 3 x 10* Pa;
(b) direct precipitation followed by ethanol rinsing and
drying at 70°C under a pressure of 3 x 10* Pa; (c) direct
precipitation followed by ethanol rinsing and drying at
95°C under a pressure of 2 x 10° Pa. The powders obtained
by the three processes are denoted sample a, sample b, and
sample ¢, respectively. Detailed information on the synthesis
of the TiO, UFP powders is given in ref 8.

Optical Spectroscopy

Luminescence spectra were obtained on Spex F212 flu-
orescence spectrophotometer. The diffuse reflection spectra
were measured with a Cary 2390 UV-vis—near-IR spectro-
photometer.

RESULTS AND DISCUSSION

The structure of the UFP powders of sample a is charac-
terized by X-ray diffraction. A diffraction peak at 25.3° can
be observed in Fig. 1, which corresponds to the (101) lattice
plane of anatase (8). The particle size is estimated to be 4 nm
from the X-ray diffractogram according to the Debye-
Scherrer formula: L = kJ/f cos 6.

The diffuse reflection spectra of the TiO, UFP powders
are presented in Fig. 2. From Fig. 2, it can be seen that the
absorption band edges of the three samples are around
390 nm, obtained by extrapolating the steep slopes in the
curves to the long-wavelength side. All three samples have
slightly weak absorption in the range of visible wavelength.
However, the absorption positions at long wavelength are
different for the three samples and there is a tendency to
longer wavelength in the sequence sample a — sample b —
sample c. The same results are obtained from the excitation
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X-ray diffractogram of the TiO, UFP of sample a.

FIG. 1.

spectra of the emission at 520 nm in Fig. 3. In curve a of
Fig. 3, there are excitation peaks at 400, 427, and 470 nm,
which have similar intensities. In curve b of Fig. 3, the
intensity of the 400-nm excitation peak decreases compared
with the peaks at 427 and 470 nm. In curve c of Fig. 3, the
peaks at 400 and 427 nm almost disappear. There is a strong
absorption around 480 nm and the absorption position
moves toward longer wavelength. The discussion of the
foregoing phenomenon is presented later. Absorption at
long wavelength is often observed in titanates (6), which is
assigned to the defect center of a titanium octahedron
caused by oxygen vacancies (9). Absorption at long
wavelength, which is called the absorption red shift, was
also observed by Zou et al. with TiO, ultrafine particles
coated with a surface dipole layer (3,7). The authors at-
tributed the absorption red shift to a dipole layer that
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FIG. 2. Diffuse reflection spectra of the TiO, UFP powders: (a) sample
a; (b) sample b; (c) sample c.
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FIG. 3. Excitation spectra of the emission at 520 nm: (a) sample a;
(b) sample b; (c) sample c.

induced an attracting potential to electrons inside the UFP
and led to the reduction of the band gap of the UFP.
According to the evidence we obtained, the absorption at
long wavelength can be attributed to the structure, espe-
cially the surface structure, of the UFP, such as TiOH
groups on the surface of the TiO, UFP. UFP powders
prepared via process a contain many TiOH groups, which
has been proven in ref 10. There are two kinds of chemisor-
bed OH groups as well as two kinds of chemisorbed water
molecules in anatase powders (11). Moreover, there are
TiOC,H; groups on the surface of the TiO, UFP (8). These
groups in the TiO, UFP could form intraband surface
states (12), which can lead to the long wavelength absorp-
tion in the ultrafine particles. The excitation peak at 400 nm
should be related to the TiOH groups and the peak at
427 nm to the TiOC,Hj5 groups in UFP. When sample a is
rinsed with ethanol, some TiOH groups are removed in
water form (8), so the peak at 400 nm decreases, but the peak
at 427 nm does not change. When sample b is evacuated at
higher temperature and under lower pressure, the TIOH
groups as well as the TIOC,H 5 groups further decrease, so
the peaks at 400 and 427 nm almost disappear. The excita-
tion peak around 470 nm should be attributed to the defect
states. The transition energy from the defect level to the
lowest empty Ti d bands is calculated to be about 2.6 eV (5),
which coincides well with the excitation peak at 470 nm.
The gray color of sample ¢ supports the view that there are
reduced species of titanium oxide (13). With the process of
evacuation more and more vacancies of oxygen are formed
in the TiO, UFP, so the peak gets stronger and moves
toward longer wavelength.

The luminescence spectra of the TiO, UFP of sample a
are shown in Fig. 4. The excitation spectrum of the emission
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FIG. 4. Luminescence spectra of the TiO, UFP of sample a: (a)
excitation spectrum of emission at 430 nm; (b) emission spectrum of the
excitation at 280 nm.
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at 430 nm presented in Fig. 4 exhibits peaks at 280 and
390 nm at room temperature. The excitation peak at 280 nm
was found with titanate SrZr, ¢5Ti9.0,03 at 77 K (6) and
was ascribed to the O?~ — Ti** charge-transfer transition
within a regular titanate octahedron. An excitation peak at
350 nm was observed by Deb (14) with a polycrystalline
TiO, sample at 77 K. Anpo (15) observed an excitation peak
at about 310 nm with an anchored TiO, layer that had an
amorphous structure. The excitation peak at 280 nm for
anatase TiO, has not been reported as far as we know. We
also attribute it to the O?” —Ti*" charge-transfer
transition. The emission spectrum of the excitation at
280 nm of sample a in Fig. 4 gives a strong sharp emission
peak at 418 nm. Samples b and c give similar emission
spectra and excitation spectra with an excitation peak at
280 nm and an emission peak at 418 nm. In this situation,
the excitation peak at 280 nm should belong to the
0%~ > Ti** charge-transfer transition of a regular titanate
octahedron. The 418-nm emission can be assigned to the
Wannier—Mott free exciton emission. A similar emission at
412 nm was observed by Haart with rutile single crystals at
4.8 K, which disappeared with increasing temperature (16).
It is impossible to detect the exciton emission with bulk
TiO, at room temperature by ordinary fluorescence spec-
trophotometry due to its weak exciton binding energy and
short radiative lifetime. However, according to the results of
Takagahara and Takeda (17), the exciton binding energy
and radiative lifetime are strongly size dependent. The spa-
tial overlap of the envelope functions of an electron and
a hole increases with the reduction of the size of the
semiconductor quantum dots, and this leads to the increase
of the exciton binding energy. Furthermore, the increased
exciton binding energy prolongs the exciton radiative life-
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time. At the same time, the dielectric confinement effect also
enhances the exciton binding energy due to the penetration
of the electric force lines between an electron and a hole into
the surrounding medium (18). Moreover, the dielectric con-
finement effect becomes stronger in smaller quantum dots
such as TiO, ultrafine particles, which have a large dielec-
tric constant, because the small size introduces more oppor-
tunity for the electric force lines to penetrate into the
surrounding medium with relatively smaller dielectric con-
stant. According to the foregoing discussion, TiO, UFP
should have a large exciton binding energy and thus a long
exciton radiative lifetime, which leads to the photolumines-
cence of the Wannier—Mott free exciton, and the free exciton
emission can be observed by ordinary fluorescence spectro-
photometry at room temperature. Another excitation spec-
trum peak at 390 nm can also be observed in Fig. 4. This
peak coincides well with the absorption band edge at
390 nm in the diffuse reflection spectra in Fig. 2. The excita-
tion spectra at 390 nm may be assigned to the exciton
absorption that corresponds with the exciton emission at
418 nm in Fig. 4.

CONCLUSION

Investigation of the X-ray diffraction reveals that TiO,
UFP powders have an anatase structure and 4-nm mean
particle size. The electronic states of the TiO, UFP have
been demonstrated by diffuse reflection spectra and photo-
luminescence spectra. It is found that the absorption band
edge of the TiO, UFP is at 390 nm. The intraband absorp-
tion peaks at 400, 427, and 470 nm correspond to TiOH
groups, TiIOC,H 5 groups, and the defect state, respectively.
In particular, the excitation peak at 280 nm, corresponding
to the O?~ — Ti** charge-transfer transition, and the emis-
sion peak at 418 nm, corresponding to the free exciton
emission, are observed at room temperature.
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