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EFFECT OF Cr-DOPING ON LUMINESCENCE
OF NANOCRYSTALLINE ANATASE TiO, POWDERS

1. Introduction

We have studied the photoluminescence (PL) of titanium diozide nanocrystalline powders
(TiO2) synthesized by the thermal hydrolysis in the form of anatase (A), whose surface has
been modified by the adsorption of chromium ions (Cr3+). The samples are characterized by
X-ray diffraction, X-ray fluorescence, and Raman spectroscopy. PL spectra were excited by a
nitrogen UV laser. The Cr®* don doping in A/TiOs leads to short-wave and long-wave shifts
of the PL peaks due to the Burstein—Moss effect and due to the contribution of radiation “tails”
of the electron density of states, respectively. The PL intensity of Cr®*-doped A/TiOs at low
concentration of Cr*t (up to 0.5 at.%) increases in comparison with the undoped A/TiO> due
to the formation of additional centers of radiative recombination of carriers. With increas-
ing the concentration of Cr 3T (~1.0 at.%), the A/TiO> PL intensity decreases due to the
concentration quenching.

Keywords: titanium dioxide, anatase, Cr-doping, photoluminescence.

doping. Anpo et al. [5] reported that the doped metal
ions exhibit an isomorphic replacement of Ti** ions

In recent few decades, titanium dioxide (TiO3)
was extensively studied by different research centers
throughout the world due to its wide applications in
such areas as photocatalysis, solar energy conversion,
gas sensing, and others [1-4]. Anatase (A) is known
as one of the two main crystalline structures of TiOq,
which transform into the rutile phase on heating. It
is recognized that the photoresponse of A/TiOs can
be extended to the visible light region by the cation
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in the TiOs crystal lattice and decrease the band
gap energy enabling TiO; to absorb under visible
light. Transition ion dopants may also act as trap-
ping centers, at which excited electrons may recom-
bine with holes, by varying the lifetime of the gener-
ated charge carriers [6].

Several methods like sol-gel [7], ion implantation
[8], and hydrothermal doping method [9] implying the
incorporation of ions of doping transition metals into
a TiO5 network have been employed to improve the
photophysical properties of TiOs in order to make
the material more sensitive and to extend its spectral
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Characterization of A-TiO2 prepared samples

Sample T.°C Phase Cr contents, Dpii, nm O/Ti stoichiometry and crystallite
’ composition % at. (XRF) (XRD) sizes, d (nm) (Raman)

Al 200 A-100% 0 16.2 (101) O/Ti = 1.995, d = 14

A2 300 A-100% 0 9.8 (101) O/Ti=1.983,d=8.3

A2/Cr-1 300 A-100% 0.54 14.7 (101) O/Ti = 1.994, d = 12.2

A2/Cr-2 300 A-100% 0.98 10.0 (101) O/Ti = 1.986, d = 9.4

response toward the visible spectral range. In our re-
search, the samples of the single-phase A/TiOy were
chemically modified with Cr®* ions by the adsorption
from aqueous solutions of CrCls. This surface doping
technique differs completely from that of the substi-
tution of ions at the Ti sites. In the above-mentioned
methods, dopants mainly affect the carrier traps in
bulk, wheras they acts, at the surface doping tech-
nique, mostly on the surface traps. Considering that
photoluminescence (PL) spectroscopy is a highly sen-
sitive tool to study the photophysics of the photogen-
erated species in semiconductor materials, we apply
this method in this paper to undoped and Cr-doped
nanocrystalline A/TiO2 samples.

In this paper, we have synthesized a nanocrystalline
TiOy powder surface-doped with two different con-
centrations of Cr ions (0.5 and 1% at.) in A/TiO2 by
the adsorption from CrCl3 solutions. Room-tempera-
ture PL spectra of the samples are measured to ob-
tain information about the emission peaks associated
with excitons and surface and oxygen defects. Effects
of Cr doping on the PL behavior of the nanocrystalli-
ne A/TiO5 powders are studied in details. This study
may contribute to the deeper understanding of the
doping effect on the photoluminescence properties
of T102

2. Experimental

2.1. Preparation of samples

Nanocrystalline pure TiO5 with anatase crystal struc-
ture was synthesized at 100 °C in the presence of
colloidal titanium nuclei of the anatase crystal form
[10]. The process takes place in a very acidic environ-
ment (hydrochloric acid solution), which prevents the
adsorption of impurities on titanium hydroxide dur-
ing the synthesis. The detailed description of the syn-
thesis procedure was reported in our previous work
[11]. Afterward, the obtained pure A/TiOy powders
were chemically modified with Cr3* cations by the

ISSN 2071-0186. Ukr. J. Phys. 2016. Vol. 61, No. 6

adsorption from CrCl3 aqueous solutions. The reac-
tion mixture was stirred for 24 h at room tempera-
ture to reach the sorption equilibrium. The obtained
sediment was filtered, dried at 150 °C for 5h, care-
fully washed with bi-distilled water till the disap-
pearance of impurities in the filtrate. After the heat-
ing, the pure nanocrystalline TiO2 powders were an-
nealed at 200 °C (A1) and 300 °C (A2) in air for
8 h. Finally, the surface-doped TiO; samples with
Cr contents of 0.54 at.% (denoted as A2/Cr-1) and
0.98 at.% (A2/Cr-2) were annealed at 300 °C in air
for 8 h too. The characteristics of the prepared A-
TiO4 samples are given in the Table.

2.2. Experimental methods

The XRD patterns of pure and Cr?®tsurface-doped A
TiO, samples were obtained with a DRON-2 X-ray
diffractometer under high-intensity Cog,(0.179 nm)
radiation. The mean crystallite size of A TiOy sam-
ples was evaluated from the A (101) characteristic
peak using the Debye—Scherrer formula:

D =KM\/Bcos#,

where D is the mean crystallite size in angstroms, K
is a constant, which is taken here to be 0.89, A is
the X-ray radiation wavelength, 3 is the full width at
half-maximum (FWHM) of the diffraction peak, and
0 is the diffraction angle.

The chemical composition of TiO, samples was
identified by the X-ray fluorescence (XRF) analysis,
by using an XNAT-Control instrument. The measure-
ment errors for the XRF data did not exceed +5%.

A scanning electron microscope JEOL JSM 6490
(SEM) equipped with an energy dispersive X-ray
spectrometer (EDS) was used to observe the mor-
phologies of samples and for the elemental analysis.

The FT-Raman spectrum was recorded at room
temperature, by using the 1064-nm line of a Nd:YAG
laser with the excitation wave length in the region
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Fig. 2. PL spectra for nondoped TiO2 anatase samples: 1 —
Al; 2 — A2

50-4000 cm~! on a Bruker IFS 88 equipped with
an FRA-106 FT-Raman attachment and a liquid-
nitrogen-cooled Ge detector. 128 scans were accumu-
lated at 2 cm ™! resolution at a laser power of 300 mW.

PL spectra measurements were carried out us-
ing a portable multichannel optical spectrum ana-
lyzer Solar SL40-2 (3648-pixel CCD sensor TCD 1304
AP, diffraction grating 600 1/mm, spectral resolution
~0.3 nm, and registration time ~7 ms) in the spectral
range of 220-750 nm. PL spectra of A TiOy samples
were excited by a pulsed Na-laser (Aex = 337.1nm,
50 pJ pulse energy, 7-ns pulse duration, 50-Hz repeti-
tion rate, beam aperture of ~3 mm). A special optical
interference filter was used to discriminate the laser
light and the laser-induced luminescence. PL was
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measured in the back scattering configuration. All
measurements were carried out at room temperature.

3. Results and Discussion
3.1. XRD analysis

According to the XRD characterization (Table), the
prepared Al and A2 TiO5 samples have a well crys-
tallized pure-phase structure. The mean sizes of na-
nocrystallites in polydisperse A TiO5 powders, which
were determined from XRD patterns under Cug,, ir-
radiation, appeared to be equal to 16.2 and 9.8 nm
for A1 and A2 samples, respectively (see Table). Ac-
cording to the XRD results, the obtained samples are
only the single-phase anatase TiOs. No chromium ox-
ide impurity phase was detected. XRD patterns from
Cr?t surface-doped TiO, samples were identical to
those from pure TiOs. The crystallite size was esti-
mated from the FWHM of the (101) plane of anatase
to be equal to 14.7 nm and 10.0 nm for A2/Cr-1 and
A2/Cr-2 samples, respectively.

The room-temperature FT-Raman spectra of the
prepared nanocrystalline TiO4 are typical of the TiO4
anatase crystalline phases (Fig. 1), allowing us to as-
sign the observed bands to certain types of TiO5 lat-
tice vibrations [12, 13]. The position (Vmax) of the
low-frequency E, vibrational mode (143 cm™" for A)
and its half- width (Avy,5) are known to be very
sensitive to the stoichiometric ratio (O/Ti) and the
TiOy crystallites size [14]. Based on the FT-Raman
measurement of E, peak positions and half-width
(Fig. 1), the stoichiometry of the prepared TiOs sam-
ples were determined (Table).

3.2. Room-temperature
laser-excited luminescence

PL spectra of undoped A TiO5 samples excited with
a pulsed Ny laser (Aex = 337.1 nm) are shown in
Fig. 2. Asis seen, the laser-induced PL emission spec-
trum of the A/TiOy samples consists of a broad PL
band showing a well-resolved fine structure. As we
have previously reported [15], such well-resolved PL
structure is usually recorded for polydispersed TiO2
samples at a sufficiently high intensity of the exciting
light. In our measurements, the No-laser intensity per
pulse was higher enough (up to 4.4 x 10! Wem=2).
So, we were able to register the UV emission peaks
at 3.03-3.25 eV (408-381 nm); one dominant violet
peak at 2.91 eV (425 nm) along with less prominent
peaks at 2.84-3.00 eV (436-413 nm) in this region;
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Fig. 3. PL spectra for Cr surface-doped A/TiO2 samples: 1 —
A2/Cr-1; 2 — A2/Cr-2

and two peaks at 2.71-2.76 eV (457-447 nm). As we
have shown in the previous work [15], the PL fine
structure in 2.7-3.0 eV spectral range arises as a re-
sult of the strong exciton-phonon interaction in TiO9
under the high-power Ns-laser excitation.

The appearance of the UV emission peaks in the PL
spectra of TiOg is generally attributed to the band-
to-band transitions in TiO5. As we have earlier found
[15], the PL peak at 3.26 ¢V in anatase corresponds
to the band edge transition with band gap value of
3.29 eV for A/TiO2. Other emission peaks observed
in the PL spectra of anatase TiO2 (Fig. 2) at 3.05 eV
(406 nm), 3.08 €V (402 nm), 3.17-3.19 eV (391-
388 nm), and 3.24 eV (382 nm) can be ascribed to
indirect allowed transitions [16]. The strong emission
peak at 2.91 nm (425 nm) in the A/TiO2 PL spectra
is ascribed to the recombination of self-trapped exci-
tons (STE) in anatase [17]. The emission peaks near
2.71-2.76 €V (457-447 nm) PL are attributed to the
defect centers originated by trapping two electrons in
the oxygen vacancies (F-center) [18].

The PL emission from A2/TiO5 sample calcined at
300 °C is higher compared to that of Al calcined at
200 °C. This can be explained by the influence of the
crystallite size on the value of PL intensity. In our
case (see Table), the crystallite size for A2/TiO is
less, and the O/Ti stoichiometry is smaller than for
A1/TiO5. This leads to the increase in the number
of surface defect states and oxygen vacancies and in
the surface hydration degree, which leads to the in-
creased exciton formation and the corresponding en-
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hancement of a PL signal [19]. Cr-doped TiOg sam-
ples exhibit PL spectra with a similar curve shape,
while the intensity of PL spectra of Cr-doped A sam-
ples varied (Fig. 3).

For a more thorough study of the PL complex
structure, the emission peaks were Lorentz-fitted
with a correctness r? separately in the visible region
(2.8-3.0 €V) and in the UV region (3.0-3.3 eV). As
can be seen from the Lorentz decomposition of the
PL spectrum in the visible region of 2.8-3.0 eV
(Fig. 4, a, b, ¢), the position of all peaks in the sam-
ples of doped anatase are not changed practically in
comparison with the undoped one. The contribution
to the own Cr3®" emission in A/TiOy (Fig. 4, b, c)
leads to a certain broadening of the peaks in the re-
gion of 2.71-2.77 eV (457-447 nm) and to a redistri-
bution of the intensities of the peaks.

As for pure anatase (Fig. 5, a), 12 peaks (r? =
= 0.9936) can be seen. The peaks at 3.06, 3.10, 3.16,
and 3.19 eV correlate well with the spectral features
observed in the absorption spectrum of anatase [11].
When anatase is doped with chromium (Fig. 5, b, ¢),
the number of peaks remains the same. However,
there is a shift of the PL peaks near the edge of
the fundamental band gap for A2/Cr-1 and A2/Cr-2
samples.

As is seen (Fig. 6), there are shifts of the peaks to
shorter and longer wavelengths. The shift is propor-
tional to the concentration of Cr ions. The maximum
blue shift of about 12 meV is observed for the peak
at 3.14 eV. The reverse red shift of about 10 meV is
observed for the peak at 3.25 eV.

ISSN 2071-0186. Ukr. J. Phys. 2016. Vol. 61, No. 6
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It is known that the strong doping of a semicon-
ductor may lead to a change in the band structure
[20]. One such effect is to reduce the band gap due
to the formation of “tails” of the electron density of
states that is a result of the non-equilibrium distribu-
tion of impurities. Another important phenomenon,
which occurs in the case of heavily doped semicon-
ductors, is a phenomenon of the increase in the en-
ergy of interband transitions due to the filling of the
conduction band by free electrons, which is called the
Burstein-Moss effect [21].

It should be noted that these two effects compete
with each other. So, we observed short- and long-wave
shifts in PL spectra of doped TiOs samples, which
can be attributed to the Burstein—Moss effect and
the contribution of “tails” of the density of electronic
states, respectively.

As can be seen from the PL spectra of anatase
TiOy (Fig. 2, 3), the intensity of the emission peaks
of band-to-band, band edge and exciton lumines-
cence, which is associated with defective states, are
changed for chromium-doped samples. To understand
such difference, we have plotted a normalized inten-
sity ratio (I) of the peaks in the UV and violet spec-
tral regions to the intensity of the 2.72 eV peak (I 72)
in the visible spectral region. Figure 7 shows such de-
pendences for the band-to-band UV emission peaks
at 3.06 eV (BB1), 3.12 eV (BB2), and 3.17 eV (BB3)
and the band edge (BE) emission peak at 3.26 €V, as
well as the STE emission peak centered at 2.91 eV.

It was found that the I/I5 7o intensity ratios firstly
increase at a low Cr content (~0.5 at.%) and then
slightly decrease for a higher Cr content (~1 at.%).
This effect is commonly known as the concentration
quenching [22]. As known [23], in pure TiOy nano-
crystallites, the oxygen vacancies and other defects
act as luminescence enhancers and increase the emis-
sion intensity, as compared to a TiOy bulk crystal.
Doping with Cr cations generates additional recombi-
nation centers, which may act either as luminescence
enhancers or quenchers. The other factor affecting
the PL intensity is the mobility of carriers [24]. The
dopants and the defects present in the bulk, grain
boundaries, and on the surface reduce the mobility of
free carriers. The mobile carriers are scattered, when
they approach charged dopants or defects. A decrease
in the mobility increases the separation of the carri-
ers, by limiting their recombination. Hence, the PL
emission decreases. We assume that, at a low Cr con-
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centration (0.5 at.%), doping leads to the formation of
additional radiative recombination centers in anatase
TiO9; so, the PL emission intensity increases. The
higher Cr content (1.0 at.%) causes a decrease in the
mobility of carriers and an increase in the amount of
nonradiative recombination centers, which leads to a
decrease in the PL intensity. Note that Cr-doping has
little effect on the BE emission intensity for anatase
TiO5 samples.

4. Conclusions

Thus, we have studied the effect of surface Cr-do-
ping on the PL and UV-vis absorption spectra of
nanocrystalline anatase TiOg synthesized by the ther-
mal hydrolysis. The excitonic and band-to-band lu-
minescences of nanocrystalline A/Cr TiOs are ob-
served, by using the high-intensity Ny laser excitation
at room temperature. A detailed analysis of the A/Cr
TiO2PL emission spectra is carried out. The observed
blue and red shifts of the PL peaks in A/Cr TiO; are
due to the Burstein—Moss and band tailing effects,
respectively. The nonmonotonic change in the inten-
sity of UV and violet PL emission peaks compare to
the visible PL peak in A TiOs is explained by the
concentration quenching effect after the Cr doping.

The work was supported by the National Academy
of Sciences of Ukraine under the Research Pro-
gram “Nanophysics and Nanoelectronics” (Project
No. VC-157).
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B. Kwnaxun, B. Bypues, f. Bapan

BIIVIMB JOMIIIKN XPOMY

HA JTIOMIHECHEHIIIIO HAHOKPUCTAJITYHUX
ITOPOILIKIB AHATA3Y TiO2

Pezmowme

HaBesieHo pe3ysibTaTé KOMIIJIEKCHOTO JIOCJIiJI>KEHHSI HAHOKPHU-
cragigaux nosigucnepcuux 3paskis TiOg, cuHTe30BaHUX Me-
TONOM TEPMIYHOro rizipoJiizy y ¢opmi dmcToro anarasy, IO-
BEPXHIO AKUX 0ys10 MOnu(dIKOBaHO 10HAMU XPOMY IIJISIXOM a/i-
copbuil 3 pozuunis CrCls. 3pasku 6yJ10 IOCIIIZKEHO MeTOIa~
MU PEHTreHiBChKOI audpakiiil, peHTreHiBChKOI (JIyopecIieHIlii,
CIIEKTPOCKOIIIT KOMOIHAIITHOrO pO3CiIOBaHHS CBITJ/IA, OITHUYIHO-
ro noriuHanHs Ta doromominecuenwil (PJI). Cuexrpu DJI Bu-
Buasin upu 30ymxkenni TiOz inrencuBauMm Y@ BunpomiHioBa-
HHSIM a30THOIO Jia3epa 3 JIOBXKHHOIO XBuJIi 30ymkenHs 337,1
uM (3,68 eB) npu kimuarHiit Temuneparypi. ITokazano, o iH-
TEHCUBHICTbH JIIOMIHECIIEHIIIT JOTIOBAHOIO aHATA3Y 3AJIE2KUTD BiJ
KOHIeHTpanii XpoMmy: npu Mamux KoHneHrpaniax (0,5 at.%)
BOHa 3pocTae y mnopiBHsHHI 3 yuctuM TiOg BHaACHIZOK 1O-
SBU JIOJATKOBUX IEHTPIB peKOMbIHAIIT 3apsIiB, a IPU BEJTUKUX
(~1,0 at.%) — nazae BHACHIIOK KOHIeHTpaliiiHoro racinus. B
crektpax PJI cmocrepiramancss KOPOTKOXBUIBLOBUI Ta JOBIO-
XBUJIBOBUI 3CYyBH CMYTI' KPailOBOTO BHIIPOMIHIOBaHH$ JIOIIOBa-
uux 3paskiB TiOg, ski 6ys10 BimHeceHo 10 edekry Bypinreitna—
Mocca Ta BHeCKY paJiamiiiHux “XBOCTIB” I'YCTUHU €JIEKTPOHHUX
cTaHiB, BiAmoBiIHO.
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