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Abstract—Photo- and thermally stimulated luminescence of ZnO ceramics are produced by uniaxial hot
pressing. The luminescence spectra of ceramics contain a wide band with a maximum at 500 nm, for which
oxygen vacancies VO are responsible, and a narrow band with a maximum at 385 nm, which is of exciton
nature. It follows from luminescence excitation spectra that the exciton energy is transferred to luminescence
centers in ZnO. An analysis of the thermally stimulated luminescence curves allowed detection of a set of dis-
crete levels of point defects with activation energies of 25, 45, 510, 590 meV, and defects with continuous
energy distributions in the range of 50–100 meV. The parameters of some of the detected defects are charac-
teristic of a lithium impurity and hydrogen centers. The photoluminescence kinetics are studied in a wide
temperature range.
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1. INTRODUCTION
Zinc oxide (ZnO) as a wide band-gap semiconduc-

tor (band gap Eg = 3.37 eV) with unique optical prop-
erties causes great interest for researchers [1, 2]. Two
emission bands are observed in various zinc oxide
forms: single crystals, thin films, nanocrystals, and
ceramics: one is a short-wavelength band near the
crystal absorption edge, i.e., band-edge luminescence;
and the second is a broad long-wavelength band whose
maximum is usually in the green spectral region.
Band-edge luminescence with a maximum at 3.35 eV
and a decay time of ~0.7 ns is of exciton nature [1].
The long-wavelength band results from electron
recombination at luminescence centers, i.e., zinc
vacancies VZn [3], oxygen vacancies VO [4], and other
defects (so-called intraband luminescence) [1, 2].
Later on, it became clear that the broad green lumi-
nescence (GL) band can consist of two bands: in sam-
ples with excess oxygen, the GL maximum is at Em =
2.30 eV (half-width at half maximum ΔE1/2 =
450 meV); in samples with excess zinc, Em = 2.52 eV,
ΔE1/2 = 340 meV [5, 6]. In the case of oxygen excess,
recombination occurs between the conduction band
electron and an acceptor, i.e., the zinc vacancy VZn; in
the case of zinc excess, recombination occurs between
the valence band hole and VO donor [5]. It is natural
that interstitial oxygen centers Oi and interstitial zinc

centers Zni are formed in O- and Zn-excess samples
[6], respectively. In most cases, Zn-excess samples are
obtained, which contain interstitial zinc being the
shallow donor; therefore, ZnO crystals have n-con-
ductivity type [1, 6]. Shallow donors in ZnO can also
be hydrogen ions H+ [1].

Deep and fine point defects have a significant
effect on electrical and luminescence characteristics of
zinc oxide. Properties of defects and impurities in
ZnO were studied by thermally stimulated lumines-
cence (TSL) [4], electron paramagnetic resonance
(EPR) [7, 8], and photocapacitance measurements
[9]. There are also theoretical studies generalized in
[10]. Special difficulties are caused by the study of
shallow defects (electron traps with depths of tens of
millielectrovolts); in this case, a special electron spec-
troscopy [9] or low-temperature TSL [11] methods are
used. In ZnO single crystals, two types of shallow
donors with depths of 30 and 60 meV were detected
[12]; then, it was shown that it is the same donor in
ground (D0) and excited (D*) states [3]. It is also
assumed that the interstitial zinc ion Zni is this donor
[13, 14]. It was also shown that, depending on the ZnO
sample growth method, it can contain electron traps
with a depth of 30–80 meV [14].

A comprehensive review of the published data on
zinc oxide properties is given in [1, 15]. Main studies
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of luminescence features and point defects were per-
formed on single crystals. The studies of ceramics are
mostly devoted to their electrical properties (see, e.g.,
the review [16]), since zinc oxide is a widely accepted
material for producing varistors. Works directed to the
study of luminescence properties of ceramics are
scarce and contain information on synthesis parame-
ters [17–20], emission spectra [17–20], and lumines-
cence decay kinetics [21, 22].

In the present work, point defects in ZnO ceramics
were studied by the TSL method. The TSL curves
were measured with a wavelength resolution in a wide
temperature range. Luminescence characteristics, i.e.,
the emission and excitation spectra and decay kinet-
ics, of ceramics were also studied.

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE 

Ceramics were produced by uniaxial hot pressing in
a high-temperature vacuum furnace [23]. As a source
material, domestic ZnO powder (ultra-pure grade)
was used. Characteristics of initial powders (disper-
sion and morphological composition) of obtained
ceramics are described in [23]. The average grain size
in ceramics was 5–30 μm. The samples shaped as disks
24 mm in diameter after mechanical treatment were
from 0.4 to 1.5 mm thick. The total transmission of
ZnO samples 0.4 mm thick in the visible spectral
region was 50–65%, i.e., optical ceramics were
obtained. The TSL curves were measured using a
setup based on a helium closed-cycle cryostat. As a
detector, an Andor Shamrock B-303i-B monochro-
mator with an attached Andor IDus CCD camera was
used, which allowed TSL signal measurements with
wavelength resolution.

The samples were exposed to X-rays (45 kV, 15 mA)
for 30 min at a temperature of 10 K, and then were
heated with a rate of 0.1 K/s to 300 K. For high-tem-
perature well-resolved peaks, the main parameters of
charge traps, i.e., the center activation energy Ea, the
kinetics order, and the frequency factor, were deter-
mined by the known Chen formula [24]. In the case of
incomplete thermal peak resolution, the trap depth
was determined by the fractional heating method [25].

The photoluminescence (PL) spectra and PL
decay curves were measured by the time-correlated
single-photon counting (TCSPC) method. A CryLas
type 1Q266-1 pulsed laser with a pulse energy of 0.3 μJ
and a pulse duration of 1 ns was used for excitation.
Radiation was recorded using a Hamamatsu H8259-2
photodetector and a FAST ComTec P7887 time–code
conversion card with a time resolution of 250 ps. The
sample was placed in a closed-cycle helium cryostat in
the reflection-mode position. A required wavelength
was separated using an MDR-3 monochromator, cor-
rection for photodetector sensitivity was not per-
formed.

Excitation spectra were measured in a vacuum
nitrogen cryostat; a LOT-ORIEL xenon lamp of
power 150 W was used as an excitation source; neces-
sary excitation and radiation wavelengths were sepa-
rated using MDR-3 and ORIEL Corner Stone 1/8 m
monochromators, respectively; a Hamamatsu 8259
counting head was a photodetector. Measurements
were performed in the reflection mode.

3. EXPERIMENTAL RESULTS

The luminescence spectra of ZnO ceramics are
shown in Fig. 1a. The PL band has a maximum at
~500 nm, the bandwidth increases with temperature.
The structure of the band indicated in some studies [1,
13] was not observed in the case at hand even at 15 K.
Furthermore, it was also impossible to detect the
structure in measuring time-resolved spectra. The
maximum of the edge (exciton) band shifts from
368 nm at 15 K to 377 nm at 300 K.

The fundamental PL band excitation band is in the
energy range smaller than the band gap (Fig. 1b). Its
maximum shifts from 382 nm at 80 K to 390 nm at
300 K, and the half-width increases with temperature.
It is significant that the PL excitation efficiency is low
in the energy (wavelength) range corresponding to
interband transitions. We note that no shift of the
maximum or change in the emission spectrum half-
width were detected with varying the excitation wave-
length.

Figure 2a shows the TSL curves of ceramics for var-
ious wavelengths. The strongest TSL maximum is
recorded at 35 K. In the temperature range from 50 to
150 K, gently sloping luminescence, i.e., a “plateau”,
is observed. Two maxima were observed in the high-
temperature region, 230 and 290 K. In the range of
15–90 K, TSL was also studied by the fractional heat-
ing method which allowed the determination of the
corresponding activation energies (see the inset in
Fig. 2a).

Figure 2b shows the TSL spectra of ZnO ceramics
at various temperatures, normalized to the maximum
intensity. We can see that the obtained spectra differ
significantly from each other, which indicates differ-
ent luminescence mechanisms in thermal peaks. The
broad (ΔE1/2 = 0.5 eV) luminescence band with a max-
imum at 614 nm is characteristic of the low-tempera-
ture peak (Fig. 2b, curve 1). The luminescence band
with λm ~ 510 nm corresponds to the temperature
range of 50–150 K (Fig. 2b, curve 2). At a temperature
of 170 K, in addition to PL, a band with λm = 730 nm
is recorded in the red region (Fig. 2b, curve 3). For the
thermal peak at 230 K (Fig. 2b, curve 4), PL with λm ~
510 nm is characteristic (the spectral peak at 290 K
coinciding with it is not shown in Fig. 2b). For com-
parison, Fig. 2b shows the X-ray luminescence spec-
trum measured at a temperature of 10 K.
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The results of measurements of PL kinetic curves
(λem = 500nm) are shown in Fig. 3. All decay curves
exhibit a complex decay behavior which cannot be
described by the exponential law characteristic of
intracenter luminescence.

To consider the features of the temperature evolu-
tion of the luminescence decay kinetics in more detail,
we divided it into three time intervals: 0–20 ns, 20 ns–
5 μs, and 5–100 μs. From 0 to 20 ns, the fast lumines-
cence decay component is observed, which can be
roughly approximated by exponential decay with a
slope constant of ~5 ns. For the time interval of 20 ns–
5 μs, the exponential decay with a constant of 680 ns at
a temperature of 20 K is characteristic. At t > 5 μs, the

slow kinetics with nonexponential decay behavior law
is observed.

The decay time of the fast luminescence compo-
nent is almost independent of temperature. The inten-
sity of the exponential luminescence component with
constant τ = 680 ns decreases with increasing tem-
perature (see the inset in Fig. 3), whereas the relative
intensity of the slow luminescence component
increases, which results in a general kinetics inhibi-
tion. As the temperature increases above 200 K, the
characteristic time of the slow luminescence compo-
nent (>5 μs) also decreases.

To estimate the luminescence intensity, the kinetic
curves obtained under the same conditions were

Fig. 1. (a) PL spectra (λexc = 266 nm) of ZnO ceramics at (1) 15 and (2) 300 K; (b) 500-nm band luminescence excitation spectra
at temperatures of (1) 80, (2) 100, (3) 140, (4) 180, (5) 260, (6) 300, and (7) 340 K.
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numerically integrated. The integration results are
shown in Fig. 4.

4. RESULTS AND DISCUSSION

4.1. Emission and Excitation Spectra

The obtained luminescence maximum position
(λm ~ 500 nm, ΔE1/2 = 400 meV at 15 K) corresponds
to radiation characteristics of samples produced in a
reducing atmosphere [5, 6]. It is assumed that oxygen

vacancies VO are dominant luminescence centers in
this case.

The band-edge luminescence band position
(368 nm at 15 K) and its temperature dependence sug-
gest that donor-bound excitons D0X are responsible
for measured radiation [9]. The shift of the maximum
of this band to the short-wavelength spectral region
with decreasing temperature (Fig. 1a) is caused by a
corresponding band gap widening (Eg = 3.437 eV at
1.6 K and Eg = 3.37 eV at 300 K [1]) and a shift of the
ZnO fundamental absorption edge. Thus, lumines-
cence characteristics of studied optical ceramics
appeared close to those for ZnO single crystals [9, 13].

Luminescence with a maximum at 500 nm is effi-
ciently excited in the region of energies lower than the
band gap; in this case, the excitation band maximum
shifts to the short-wavelength region with decreasing
temperature, similarly to the band-edge luminescence
maximum (Fig. 1a). To explain this behavior of exci-
tation spectra, two models were previously proposed.
In the first model proposed based on an analysis of the
data on optical detection of the magnetic resonance
[8], the energy transfer occurs via intermediate free
and donor-bound exciton states. In the second model
[14], valence band electrons after optical excitation are
transferred to the levels caused by shallow donors;
then, being thermally released, appear at lumines-
cence centers. It should be noted that the ratio of the
intensity at the PL excitation band maximum to the
excitation intensity in the interband transition region
in the ceramics under study is significantly higher than
in [14, 26, 27]. This points to a higher concentration of
donors and defect states in ceramics.

Fig. 3. PL decay kinetics of ZnO ceramics (λexc = 500 nm) at temperatures of (1) 20, (2) 150, (3) 250, and (4) 300 K. The inset
shows the initial portion of the PL decay kinetics at temperatures of (1) 20, (5) 45, (6) 75, and (7) 100 K. The curve intensity is
normalized.
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4.2. Thermally Stimulated Luminescence

The trap parameters determined by analyzing the
TSL curves and their comparison in the published
data available for crystals are listed in the table.

When analyzing the peak with a maximum at 35 K,
the activation energy of 25 meV and the frequency fac-
tor of 1500 s–1 were determined by the Chen method.
The TSL in this temperature region was also studied
using the fractional heating method (see the inset in
Fig. 2a), which allowed, along with the primary defect
with an activation energy of 25 meV, detection of an
additional defect with an activation energy of 45 meV.

The strong low-temperature (35 K) TSL peak of
ZnO ceramics (Fig. 2a) was also recorded in single
crystals [4, 28, 29]. The emission band peak maximum
(λm = 614 nm) is in the yellow spectral region (Fig. 2b,
curve 1), which indicates the difference of the low-
temperature TSL mechanism from PL (green spectral
region). In this case, yellow luminescence with a max-
imum at 2.2 eV was recorded in both the crystals con-
taining a lithium impurity [9, 26, 28, 29] and impu-
rity-free ZnO samples [31]. It is believed that (along
with lithium acceptor in doped samples) the lumines-
cence center for the band of 2.2 eV can be interstitial
oxygen Oi whose ground level is in the crystal band gap
slightly higher than the oxygen vacancy level [32].

The trap parameters we obtained for the peak with
a maximum at 35 K are in agreement with the results
of [28], among other factors, confirm the extraordi-
narily low frequency factor uncharacteristic of phonon
frequencies. The low frequency factor can be
explained by tunneling processes involved in TSL. For
example, simultaneous measurements of thermally
stimulated conductivity (TSC) and TSL [29] revealed
the absence of the corresponding TSC peak at 35 K,
i.e., electron tunneling from electron trap level to
luminescence centers occurs, rather than thermal ion-
ization of shallow donors. The existence of such pro-
cesses was convincingly shown for lutetium silicate
crystals activated by cerium [33]. In this case, the acti-
vation energy corresponds to the energy difference
between the ground and excited donor levels, rather
than to the gap between the bottom of the conduction
band and the donor energy level.

The TSL peak curve shape at 35 K corresponds to
the second-order kinetics, which is probably caused by
the luminescence peak with an activation energy of
45 meV, overlapped with the TSL peak. Shallow
donors were detected in ZnO by various methods [4,
9, 11]; however, there is no consensus about the nature
of these centers. In high-quality ZnO single crystals,
donor levels with depths of 23 [9], 36, 47, and 55 meV
[11] are attributed to various hydrogen centers.

The long gentle slope of TSL curves in the tem-
perature range from 50 to 150 K was recorded in ZnO
crystals with a lithium impurity. Such a curve shape is
not consistent with classical models developed for

electron traps with a discrete energy level. The possible
explanation of such a curve shape is the existence of
the continuous distribution of traps over energies or
frequency factors due to distorted parameters of traps
of one type by the Coulomb field caused by the inter-
action with other defects [28, 34]. A similar plateau
was also observed in some ZnO crystals nominally
containing no lithium impurities [4]. Nevertheless,
lithium is a typical impurity in the hydrothermal
method for growing ZnO crystals; therefore, such a
characteristic TSL curve can indicate the presence of
a residual lithium impurity not controlled experimen-
tally. Thus, the existence of donor levels in the range
from 50 to 100 meV should be assumed for ZnO
ceramics. In this case, the TSL spectrum (curve 2,
Fig. 3) corresponds to emission of VO centers.

The TSL spectrum in the region of 170 K (curve 3,
Fig. 3) contains a band with λm = 730 nm in the red
spectral region in addition to PL (λm ≈ 520 nm). Such
luminescence was also recorded in ZnO single crystals
[4]; it is attributed to transitions between various
charge states of oxygen vacancies. The high-tempera-
ture peaks at 230 and 290 K were also detected in crys-
tals [28, 30]; they are associated with electron release
from deep (500–600 meV) traps (see the table).

4.3. Luminescence Decay Kinetics
Since the measured luminescence decay curves

were nonexponential, the luminescence decay kinetics
was quantitatively described using the average lumi-
nescence time

where I(t) is the time dependence of the luminescence
intensity. To determine the average luminescence
time, experimental curves were numerically integrated

= ∫
∫

( )
,

( )

tI t dt
t

I t dt

Electron traps parameters in ZnO ceramics: Tm is tempera-
ture at the thermal peak maximum, Ea is the activation
energy, b is the kinetics order, s is the frequency factor, and
λm is the wavelength at the TSL spectrum maximum*

* The bottom lines are the literature data.

Tm, K Ea, meV b s, s−1 λm, nm

35 25 2.0 1.5 × 103 614

23 [9]; 30 [29] 2.0 [28] 102 [28] 600 [4]

55 45 l 614
50−150 80 [28] 102 [28] 510

230 590 1.6 1011 520

600 [28] 1012 [28]
290 510 1.0 107 520

500 [30]
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in the range of 0–100 μs; the results are shown in Fig. 4.
As the temperature increases, the average lumines-
cence time initially increases, and then, beginning
with 200 K, decreases.

The complex shape of luminescence decay curves
is observed in various ZnO forms [22, 26, 35–38]; the
characteristic decay times vary depending on sample
synthesis conditions, exciting radiation type, and exci-
tation pulse duration. For comparison, the average
luminescence time of ZnO powder, calculated by the
data of [26] under the closest excitation conditions are
31 μs (T = 250 K, Eexc = 3.54 eV); whereas the result
we obtained is 4.8 μs (T = 250 K, Eexc = 4.66 eV).

Despite the significant differences in the character-
istic luminescence time, the kinetic behavior with
temperature is similar in various ZnO forms [26, 39,
40]: an anomalous increase in the luminescence decay
time with temperature is observed. To explain this
phenomenon, a model was proposed in [26] in which
electrons appearing in the conduction band due to
thermal ionization of shallow donors are sources of the
slow luminescence component.

The decrease in the luminescence time as the tem-
perature increases above 200 K at a simultaneous
decrease in the intensity is characteristic of thermal
quenching of ZnO luminescence. The activation
energy obtained by approximating this decay by the
Mott formula is 230 meV. Such an energy characteris-
tic of the PL center was also measured in [26, 27].

5. CONCLUSIONS
The luminescence band with a maximum at

500 nm, characteristic of ZnO produced in a reducing
atmosphere, dominates in the emission spectrum of
studied ceramics. The band-edge luminescence band
has a relatively low intensity due to overlapping of its
emission band and the PL excitation band. In studied
ceramics, the excitation band half-width and the ratio
of the intensity at the PL excitation band maximum to
the excitation intensity in the region of interband tran-
sitions is significantly larger than in single crystals,
which indicates a larger number of defect states prob-
ably accumulated at the grain boundaries in ceramics.

Among the set of defects in ZnO ceramics,
detected by the TSL method, the residual lithium
impurity plays the greatest role. In this case, two dif-
ferent luminescence mechanisms are associated with
lithium: one involving tunneling processes (lumines-
cence with a maximum at 614 nm) and carrier release
to the conduction band (luminescence with a maxi-
mum at 510 nm). The high TSL intensity has an
adverse effect on luminescence properties; therefore,
the lithium impurity should be carefully controlled in
further studies.

The green luminescence decay kinetics in which
the average luminescence time increase with tempera-
ture is presumably associated with carrier release from

traps. The temperature range where the decay kinetics
time increases contains a TSL “plateau” associated
with the continuous energy distribution of defects in
the band gap, which probably does lead to the complex
shape of the luminescence decay curves.
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