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Role of shallow electronic traps formed by
oxygen vacancies in formation of luminescent
properties of CeO,_, nanocrystals
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In the paper methods of thermoluminescence (TSL) and time-resolved spectroscopy were
used for investigation of shallow electron traps near edge of 4f° band in CeO, and
nonstoichiometric CeO,_, nanocrystals. It was shown that presence of the electronic traps
located about 0.2 eV lower than the bottom of 4f° band leads to sufficient modification of
O2p—Ce4f excitation relaxation processes due to excitation retrapping. Strong dependence
of TSL signal on the stoichiometry of nanocrystal allows to suppose that electronic defects
are associated with oxygen vacancies and are formed by F*' centers.

MeTogaMu TEPMOJIOMHUHECIEHIIMY W BPEMA-PASPElIEHHON CIEeKTPOCKOIMNM CCJIeLOBAHBL
MeJKue 3JeKTPOHHBIE JOBYIIKY BOausn Kpas 4f°0 30HBI B HAHOKDPUCTAILIAX CeO, u CeO,_,.
ITokasano, uTO HaJAMUYKE BJIEKTPOHHBLIX JOBYIIEK, pacrnoyoxedubix Ha 0,2 5B Huxe Kpasa 4f
30HBI, MPUBOAUT K CYI[ECTBEHHOMY M3MeHeHU mporteccoB penakcamuu O2p—Cedf Bosbyxe-
HU$, UTO OOYCJIOBJEHO BLICOKOII BEpOATHOCTLIO IlepesaxBaTa Bo30ymgenus. CyllecTBeHHAas
3aBHCHUMOCTL CHUTHAJIA TEPMOJIOMUHECIEHIINN OT CTEXUOMETPUM HAHOKPUCTAJIA IIO3BOJIAET
NIPEAIOJI0KUTEL, UTO BJIeKTPOHHDBIE Ae()eKTHl CBA3AHLI ¢ KUCJIOPOAHLIMUA BAKAHCUAMEI MU, BEPO-
ATHee Bcero, o6pasoBaHbl F ' -IeHTpaMu.

Poxp HeramGoOKHUX eJEeKTPOHHHX MHACTOK, C(POPMOBAHWX KHCHEBMMHU BaKaHciamm, y
tdopmysanni mominecumenTHHX BaacTusBocteil mamoxkpucraxis CeO,_, I1.0.Maxcumuyk,
B.B.Cemiuvro, I.I.Becnanosa, A.O.Macanos.

Meromamu Tepmosominecreniiii Ta posmogiseHol y uaci crmeKTpocKomii mociimikeHo He-
rInGoKi eseKTpoHHI macTEHM mobamsy Kpao 470 30HW y HAHOKpPHCTAIAX Ce0, i CeO,,.
ITokasano, 10 HAABHICTH €JIEKTPOHHUX IIACTOK, postamoBaHux Ha 0,2 eB muxkue Kpaw 4f
30HU, TIPUBBOAUTE A0 icToTHOI 3Minm mpomnecie penakcarii O2p—Cedf s6ymKeHus, 1[0 3yMOB-
JIeHO BUCOKOI0 MMOBIipHIiCTIO TTepesaxomjenus 30y KeHHda. [cToTHa 3ajIeHICTh CUTHATY Tep-
MOJIOMiHecIIeHITil Bif crexioMerpili HaHOKpHMCTaJa MO3BOJIAE MPUNYCTUTH, IO EJIEKTPOHHIL
JedeKTH IOB’A3aHI 3 KNCHeBUMMH BaKaHciaMmu i, HaliimMosipmimie, yTBopeni F'-memrpamu.
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1. Introduction

Cerium oxide (CeO,) recently has at-
tracted much attention as a material that
can be effectively applied for catalysis [1],
fuel cells [2, 3] and oxygen sensors [4] due
to its high oxygen sensitivity and oxygen
storage capacity provided by facile
Ce*+/Ce3* redox cycles. As was shown in [5,
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6], reversible Ce** <> Ce3*+ reduction/oxida-
tion processes are facilitated for CeO,
nanocrystals as compared to correspondent
bulk materials that is determined by the
high degree of non-stoichiometry of ceria
nanoparticles.

Cerium dioxide has the luorite structure
with FCC cubic lattice, which consists of a
simple cubic oxygen sub-lattice with cerium
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ions occupying alternate cube centers [7, 8].
Formation of range of non-stoichiometric
CeO,_, oxides (with x =10...0.4) was also
observed. Non-stoichiometry of CeO,_, is
determined by oxygen vacancies in the lat-
tice. In spite of the high concentration of
vacancies the fluorite-type structure is pre-
served for the all range of oxides while the
part of Ce** ions is reduced to Ce3*+ ones [9].

Luminescent properties of CeO,
nanocrystals were investigated in the num-
ber of papers recently [10-12]. As was
shown, luminescence of ceria is connected
strongly with stoichiometry of nanocrystals
and is determined by different F-centers
(F9, F* and F2%) [11], subsurface defects
[10] and Ce3* ions (for non-stoichiometric
ceria nanocrystals) [12]. In our recent paper
[12] Ce4f-O2p charge transfer (CT) lumi-
nescence of both stoichiometric and non-
stoichiometric CeO, nanocrystals was ob-
served as well. Dependence of luminescence
characteristics of ceria on the method of
synthesis, treatment atmosphere and size of
nanocrystals complicates sufficiently the as-
signment of the bands observed in the spec-
trum to the peculiar centers.

As was shown both theoretically [13] and
experimentally [11] oxygen vacancy in CeO,
can capture an electron (or two electrons)
remained after oxygen release thus forming
F* or FO centers. Position of electronic lev-
els of all F centers are close to the bottom
of empty 4f° band so one can suppose that
these centers can act also as electronic traps
for electrons from 4f° band. So the suffi-
cient influence of concentration of oxygen
vacancies on the relaxation processes of
O2p—Ce4f excitations, and, correspondingly,
on the luminescence properties of ceria
nanocrystals can be expected.

In this paper we have used the methods
of thermoluminescence to  determine
whether the electronic traps are present in
sol-gel obtained CeO, nanocrystals; their
nature, depth and dependence on the
stoichiometry of nanocrystal were deter-
mined as well. Also the influence of shallow
electron traps on the processes of charge
transfer excitation relaxation was shown.

2. Methods and materials

CeO, nanocrystals were obtained by
Pechini method [14]. Cerium oxide CeO,
(99.999 %, Sigma-Aldrich) was dissolved in
the mixture of nitric acid HNOz and hydro-
gen peroxide HyO, (in 1:1 volume ratio).
The solution of 0.75 g of citric acid and
1 ml of ethylene glycol was added to 20 ml
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of cerium nitrate Ce(NOs)3 (¢ = 1 mol/l) so-
lution. The resulting mixture was treated
at 80°C during 10 h and then hydrolyzed by
means of 10 mass.% NHj; water solution.
The precipitate was dried at 120°C during
5 h and then dehydrated at 250°C during
4 h. Stoichiometry of the nanocrystal de-
pend on the atmosphere in which high-tem-
perature treatment is carried out. Reducing
atmosphere stimulates the formation of oxy-
gen vacancies and, consequently, the forma-
tion of nonstoichiometric oxides. In the oxi-
dizing atmosphere number of oxygen vacan-
cies in the crystal is much lower thus
leading to formation of CeO, crystalline
phase. To obtain a different degree of
stoichiometry, nanocrystals were annealed
during 2 h in different atmospheres — oxi-
dizing (air) and reducing (hydrogen) at
900°C.

Luminescence spectra were obtained
using spectrofluorimeter based on the grat-
ing monochromator, luminescence was ex-
cited by He-Cd laser with A, = 8325 nm.
Decay curves were measured by the method
of time-correlated single photon counting
using  FluoTime200  picosecond spec-
trofluorimeter (PicoQuant, Germany). In-
vestigations were carried out at 293 K and
77 K. The thermoluminescence glow curves
were obtained by linear heating from 50 to
290 K at the heating rate of 2 K/s after
irradiation with He-Cd laser (A,,.=
325 nm) for 15 min. The radiation of sam-
ples was detected by R9110 Hamamatsu
photomultiplier tube.

X-ray diffraction patterns of obtained
stoichiometric and nonstoichiometric CeO,
nanocrystals are shown in the Fig. 1. All
the diffraction peaks in these patterns can
be indexed to a fluorite cubic phase of CeO,
(JCPDS 34-0394) (Fig. 1). There are diffrac-
tion angles of 28, 33, 47, 56, 59, 69 and 76,
which are corresponding to ceria (1 1 1),
(200),(220),(311),(222),(400)and
(3 3 1), respectively. So the structures of
the samples are characterized by FCC fluo-
rite-type lattice and formation of any addi-
tional phases at these conditions can be ex-
cluded.

The average size of nanocrystals was
about 50 nm that was confirmed by TEM
data (Fig. 2).

3. Results and discussion

Ceria is wide band gap (~6 eV) material
with valence band formed by O2p and con-
duction band by Cebd states. In the band
gap of stoichiometric CeO, narrow sub-band
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Fig. 1. XRD patterns of CeO, nanocrystals
(I — CeO, treated in oxidizing atmosphere;
2 — CeO, treated in reducing atmosphere).

is present formed by empty 4f0 states of
Ce** ion. For non-stoichiometric CeO,_,
splitting of this band to the empty 4f° and
tilled 4f' sub-bands occurs. Ce** — Ce3*
transition providing filling of 4f1 state can
occur as via formation of oxygen vacancy
and subsequent capture of excess electron
by Ce* ion, so by charge transfer from
oxygen ion at O2p — Cedf excitation. As
was shown in [12] both charge transfer
(Ce3++hole) and vacancy-stabilized
(Ce3*+vacancy) states form separate lumi-
nescent centers which ratio can be control-
led by atmosphere of treatment.

Spectra of CeO, nanocrystals treated in
oxidizing atmosphere (1) and reducing at-
mosphere (2) at 77 K are shown in the
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Fig. 2. TEM image of CeO, nanocrystals.

Fig. 8a. Luminescence spectrum of CeO,
nanocrystals treated in oxidizing atmos-
phere consists of one band with maximum
at 630 nm, while spectrum of non-
stoichiometric CeO, nanocrystals consists of
two bands with maxima at 390 nm and
630 nm. As was shown previously, 630 nm
band is determined by radiative relaxation
in Ce**—02- charge transfer state (CT-lumi-
nescence), 390 nm band is determined by
Ce3*+ ion luminescence and corresponds to
electronic transition from excited 5d! state
to the ground 41 state of Ce3* (2F;/, and
2F5 9 terms) [12, 15].

léresence of shallow electronic traps usu-
ally modifies the processes of excitation re-
laxation at sub-band gap excitation. In
CeO, nanocrystals luminescence band at
390 nm originates from 5d! electronic state
of Ce3* ion, while 630 nm band — from
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Fig. 8. a) Luminescence spectra of CeO, nanocrystals treated in oxidizing atmosphere (1) and

reducing atmosphere (2), A

exc

=325 nm. T = 77 K. b) Decay curves of CeO, nanocrystals treated in

reducing atmosphere (I — }»mg =390 nm; 2 — kreg =630 nm), A,,. =830 nm, T =77 K.
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Fig. 4. a) TSL glow curve of CeO, nanocrystals treated in reducing atmosphere (1 — Xreg = 390 nm,
2 — 6380 nm); b) TSL glow curve of CeO, nanocrystals treated in reducing atmosphere (1) and in

oxidizing atmosphere (2) (A, = 630 nm).

reg
relaxed Ce**—02~ charge transfer state lo-
cated in the close vicinity to edges of empty
5d0 and 4f0 electronic bands, respectively.
So an effective transport of electrons from
luminescent centers to electron traps and
vice versa can be predicted. So if the elec-
tronic traps are present near edges of either
5d0 or 470 electronic bands they must reveal
itself in changing of excitation relaxation
patterns and correspondent modification of
luminescence decay curves can be expected.

The luminescence decay curves taken at
390 and 630 nm are shown in Fig. 3b. The
decay curve of 390 nm emission band is
monoexponential with decay time of
T = 25 ns that is typical for 5d — 4f transi-
tions of CeS3* ions [16]. Monoexponential
form of decay curve definitely demonstrates
that either the electronic traps are absent
near band edge of 5d° band or at least they
are rather ineffective. Decay curve of
630 nm emission band has non-exponential
pattern and can be approximated by hyper-
bolic law I = Iy/(1 + pt)* with p = 0.02 and
o=1.17. Such type of luminescence decay
curve is typical for decay in the presence of
shallow traps. According to [17] o= 1.17
corresponds to about 30 acts of excitation
re-trapping on the electronic traps during
excitation lifetime.

To confirm the presence of shallow elec-
trons traps thermally stimulated lumines-
cence (TSL) glow curves of CeO, nanoparti-
cles with different stoichiometry were in-
vestigated. Each thermoluminescence peak
corresponds to the release of an electron or
hole from a particular trapping level during
heating of the material [18]. The thermolu-
minescence was registered in the maximum
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of Ce3* 5d — 4f luminescence (390 nm) and
in the maximum of Ce**—02~ luminescence
(630 nm) after irradiation of the CeO,
nanocrystals with He-Cd laser (A, =
325 nm).

Fig. 4a shows the thermally stimulated
luminescence glow curves between 50 K and
200 K for CeO, nanocrystals treated in re-
ducing atmosphere registered at 390 and
630 nm. No peaks were observed in the TSL
glow curve registered at 390 nm (Ce3*
band). This result agrees well with results
obtained from decay curve and shows that
there are no shallow electronic traps near
5d0 band of ceria. TSL curve of CeO, regis-
tered at 630 nm has one peak at ~120 K (2).
Presence of only one maximum in the curve
indicates the presence of only one type of
electron traps [18]. So, the Ce**—02~ charge
transfer complexes are the recombination
centers for de-trapped charge carriers and
carriers escape thermally from the traps to
the CT-band before their radiative recombi-
nation.

Thermoluminescence peak shape and
methods of calculation of energy trap pa-
rameters are determined by the type of ki-
netics of recombination processes [18]. It is
known [18, 19], the kinetics of thermolumi-
nescence may be of the first or the second
order due to different probability of charge
carriers retrapping.

According to criteria of Randall and
Wilkins [20] thermoluminescence kinetics of
the first order is observed when the prob-
ability of re-trapping is negligible compared
with the probability of recombination. So,
first-order peak is asymmetric with most of
the peak area being on the low temperature
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Fig. 5. TSL glow curves of CeO, nanocrystals treated in reducing atmosphere (a) and in oxidizing
atmosphere (b) in {1/7T, In(I)} coordinates (slope of 120 K TSL peak is shown).

side from the maximum (T,,). The second-
order glow curve is observed if the prob-
ability of re-trapping is high. Intensity of
the second-order glow curve is more in the
high temperature side of the peak [21]. Also
the second-order TSL curve is more symmet-
rical than a first-order curve [18].

Fig. 4b shows the thermally stimulated
luminescence glow curves between 50 K and
200 K for CeO, nanocrystals treated in re-
ducing and oxidizing atmosphere and regis-
tered at 630 nm. Position of the maximum
in the glow curves for CeO, nanocrystals
treated as in reducing, so in oxidizing at-
mosphere is located at 120 K. This suggests
the presence of traps of the same nature
[18]. Increase of 120 K peak intensity with
increase of oxygen deficiency indicates that
this peak can be associated with oxygen de-
fects. Both TSL glow are symmetrical, so in
both cases second order kinetics of ther-
moluminescence is observed.

Knowledge of the order of thermolumi-
nescence kinetics allows to determine an ac-
tivation energy of electronic traps by the
initial rise method. This method is known
as the most accurate method for the second-
order kinetics [18, 22]. In the temperature
range of T < T, TSL intensity is propor-
tional to exp(—E/kT). This fact provides a
simple mean for calculating the activation
energy from the slope of In(I) vs. 1/T plot
in the initial rise region [23]. The calcu-
lated values of activation energy for both
CeO, nanocrystals treated in reducing at-
mosphere and treated in oxidizing atmos-
phere are equal to 0.2 eV (Fig. 5).
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The same thermoluminescence kinetics,
position of the maxima and activation en-
ergy confirms the suggestion about the
same nature of electron traps for CeO,
nanocrystals treated in reducing and oxidiz-
ing atmosphere. Increase of TSL peak inten-
sity with increase of oxygen deficiency indi-
cates that this peak arises from oxygen va-
cancies. Activation energy of 0.2 eV
corresponds well with activation energy of
F* centers determined earlier from tempera-
ture dependence of correspondent lumines-
cence band for CeO, nanocrystals obtained
by precipitation method [11]. So we can sup-
pose that electronic traps for CeO, investi-
gated in our paper also are formed by F¥
("oxygen vacancy + electron”) centers.

4. Conclusions

Influence of shallow electron traps on
the processes of O2p—Ce4f excitation relaxa-
tion was shown by means of time-resolved
spectroscopy and thermoluminescence analy-
sis for CeO, nanocrystals with different
oxygen stoichiometry. It was shown that
electron traps in CeO, nanocrystals arise
from oxygen vacancies and their impact de-
pends strongly on the stoichiometry of
nanocrystal. Activation energy of electronic
traps calculated by means of the initial rise
method for CeO, nanocrystals was equal to
about 0.2 eV that corresponds well with po-
sition of levels of F* centers relative to the
bottom of 40 band.
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