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The ZnO–Li films were synthesized and investigated in an attempt to explore and
develop RE-free phosphor materials capable of emitting intense visible light in a
wide spectral range. The effects of both heterovalent doping with lithium and
high-temperature annealing on the optical properties of ZnO films were studied.
The filmswere deposited on the Al2O3 substrate using the screen-printingmethod
and annealed at 800–1,000°C in air for 0.5–3 h. Both doping and annealing result
in the transformation of the shape of reflectance spectra in the range of
300–400 nm and the shift of absorption edge to the long-wavelength region.
At the same time, the bandgap value estimated taking into account the exciton
peak position and its binding energy is independent of Li-doping. The feature at
300–400 nm and the shift of absorption edge are ascribed to the appearance of
the absorption band that excited the yellow photoluminescence band. The
photoluminescence spectra of undoped and Li-doped films show the emission
bands in the ultraviolet and visible spectral ranges. The ultraviolet emission is due
to ZnO exciton recombination. The visible emission band comprises several
components peaked at 430, 482, 540, 575, and 640 nm. Their relative
intensities depend on Li-doping, annealing temperature, and annealing
duration. The 430- and 482-nm luminescence bands were observed in Li-
doped films only. Their excitation spectra show the peak located at
330–340 nm, indicating that the energy significantly exceeds the ZnO bandgap
energy. Consequently, the 430- and 482-nm luminescence bands are attributed
to an additional crystal phase formed under annealing. Other components of
visible emission bands are ascribed to the defect-related emission of ZnO. The
possible nature of these bands is further discussed. Li-doping and annealing at
intermediate temperatures result in blue emission and an enhancement of other
visible bands, which makes ZnO–Li films a perspective material in photonic
applications.
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1 Introduction

Earth-abundant materials suitable for several modern
applications have attracted great interest due to the development
of eco-friendly and low-cost basic compounds for electronic devices.
The most promising earth-abundant materials currently considered
for solar energy production and optoelectronic applications include
(but will not be limited to) sulfides/selenides, nitrides, phosphides,
and oxides [1–5]. Optoelectronics needs the development of earth-
abundant luminescent materials instead of rare-earth-activated
luminophores that are currently used in many devices because
the high-technology and environmental applications of the RE
elements have grown dramatically in diversity and importance
over the last 4 decades [6–8]. However, there are some
applications for which the usage of RE ions is critical and cannot
be substituted with alternative elements. As such substitution is
possible for luminescent applications, the search for RE-free
luminescent materials becomes a significant task. For a long time,
ZnO-based materials have attracted considerable attention for
possible applications in optoelectronic devices, particularly in the
ultraviolet (UV) light emitters [9–12]. Visible-light-emitting
materials with various spectral properties could also be obtained
on the basis of ZnO because both blue luminescence and green
luminescence have already been reported in the modified ZnO
structures [13–17]. The presence of several visible emission bands
can be useful for the development of white-light-emitting device.
Additionally, the ZnO matrix seems promising due to its cheap and
non-toxic constituting compounds. For this purpose, the
enhancement of visible emission bands is considered more
appropriate. To achieve this, two approaches can be considered:
i) increasing the intensity of self-activated photoluminescence (PL)
via different treatments and ii) doping ZnO with different
impurities. In addition, the investigation of the effect of various
treatments on PL spectra of these materials can help identify the
nature of different emission centers.

Meanwhile, the origin of different visible emission bands in ZnO
compounds is investigated occasionally, and they are not fully
assumed. Such a situation leads to different controversial
hypotheses in the literature [17]. It was clearly shown that the
bands of visible luminescence of ZnO are connected with the
structural defects of their crystal lattice [17–21]. It was
established that the short-wavelength visible emission of ZnO is
correlated with the density of interstitial zinc (Zni) defects [19–21].
Transitions from Zni shallow defect levels to the top of the valence
band are usually ascribed to the violet emission band at
approximately 400–415 nm [17, 21–23]. However, some authors
ascribed the noted transition to the blue emission band at
430–440 nm [19, 20]. Another possible explanation of the blue
band is the transition from the conduction band to the deep
defect levels related to Zn vacancies (VZn) [15, 21–23]. Green
luminescence bands centered near 480–490 nm and 530–540 nm
were ascribed to the defect centers induced by oxygen vacancies
(VO) [15, 17, 22], zinc interstitials [24], and zinc vacancies [25, 26].
In addition, some authors have found other emission bands
connected with interstitial oxygen (Oi) atoms [21–23].

To separate the contribution of different bands, a selective
excitation can be applied. This approach was used in [19, 20],
where several sub-bands in the blue emission of the ZnO

nanoparticles peaked near 415, 440, 455, and 488 nm were
observed and assigned to different sub-states of the Zni and ex-
Zni defect centers. However, the determination of the contribution
of different emission bands to the complex PL spectrum and the
effect of various factors on PL spectrum shape along with the
elucidation of the emission origin still remains a challenge.

It is known that the structural, optical, and electrical properties
of ZnO materials can be modified by doping them with the
heterovalent impurities. For instance, the implantation of single-
valence ions (H+, Li+, and Cu+) induces blue and green emission
bands in the ZnO-based materials [27–29]. It is interesting that
doping with Li+ can also affect the ZnO sample structure.
Particularly, it can suppress or promote the growth of ZnO
particles during their synthesis as well as control the grain sizes
in the polycrystalline ZnO films and ceramics upon annealing [30].

Among different approaches used for the fabrication of ZnO
materials, the screen-printing technique was considered appropriate
in this work due to its simplicity and low cost [31–33]. In the present
work, the optical and light-emitting properties of Li-doped ZnO
films fabricated using the screen-printing approach were
investigated versus annealing treatment using different excitation
light wavelengths and the temperature of measurements.

2 Synthesis of the films and experiment

2.1 Samples

The studied ZnO films were fabricated using the screen-printing
technique [31–33] on Al2O3 (R-plane) substrates with the
dimension of 1 × 1 cm2 and thickness of 1 mm. The substrates
were consecutively cleaned in acetone, alcohol, and water. Cleaning
in water was carried out in an ultrasound bath at 60°C for 30 min.
The corresponding pastes for printing were prepared using ZnO
powder (99.99%) from Sigma-Aldrich. The powder was mixed with
distilled H2O or LiNO3:H2O solutions and milled with agate balls.
The printing process was performed under ambient conditions with
a 45° deflection angle and less than 1 mm distance between the
applying wing and the substrate. After drying under normal
conditions for 24 h, the samples were annealed at TA = 800°C,
900°C, and 1,000°C for tA = 0.5, 1, 2, and 3 h in air. The thickness of
sintered films was approximately 40 μm. The Li content in the films
was [Li] = 0.3 wt%.

2.2 Experimental methods

The morphology and chemical composition of the samples were
investigated using a JAMP-9500F (JEOL) tool equipped with EDX
and an Auger microprobe. The spatial resolution in the secondary
electron image mode was 3 nm. The microprobe was equipped with
a sensitive hemispheric Auger spectrometer with energy resolution
ΔE/E ranging from 0.05% to 0.6% and an ion-etching gun for layer-
by-layer analysis with the Ar+ ion beam diameter of 120 μm, capable
of moving by raster of dimension 1 × 1 mm. The variation range of
the Ar+ ion beam energy is from 0.01 to 4 keV, while minimal beam
current is 2 μA with 3 keV. To obtain chemical maps using the EDX
method, preliminary etching with Ar ions was used to remove the
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surface layer of approximately 100 nm and to clean the samples from
contamination. The UV-vis reflectance spectra of the samples were
measured using the PerkinElmer LAMBDA 950 spectrometer. In the
used mode, the monochromator was placed before the samples, and
all light reflected from the sample surface was collected using the
photometric sphere. The photoluminescence (PL) spectra were
investigated using an ACTONi (500) monochromator with
grating 150 grooves/mm (blaze @ 300 nm), slit on 50 micron,
and liquid N2-cooled CCD registration. The PL excitation (PLE)
spectra were investigated using an SDL-2 monochromator with
grating 600 grooves/mm, slit on 200 micron, and PMT
registration. The PL spectra were excited with a 325-nm diode
laser or powerful xenon lamp (325 and 375 nm). The spectra
were corrected on the spectral response of the setups. The
temperature of measurements was 4.2 K, 15–80 K, and 300 K.
All samples were placed simultaneously in the cryostat system given
the opportunity for correct comparison of their PL properties.

3 Results

3.1 SEM and EDX study of the films

The SEM and EDX data for ZnO and annealed ZnO–Li films are
shown in Figure 1. All the films consist of the sintered grains with the
sizes varying in the range of 0.5–1.5 microns (Figure 1, insets). In
addition, no additional binder was used in ZnO-based pastes, which
led to the formation of pores. However, the ZnO–Li films are of
lower porosity than their ZnO counterparts. Thus, one can suppose
that Li-doping favors better sintering of the films. The EDX study of
ZnO films revealed the presence of Zn and O elements (Figure 1,

curve 1). The presence of Al was also detected in ZnO–Li films
(Figure 1, curve 2). One can assume that Li favors the penetration of
Al from underlying sapphire substrates into the films’ volume. At the
same time, the Li signal in EDX spectra is absent due to the Be
window using in the SEM/EDX setup. It is worth noting that in our
previous study, the presence of Li ions in the films prepared using
the approach described above was revealed using the SIMS method
(not shown here), and it was found that Li content changed
insignificantly with annealing treatment.

3.2 Reflectance spectra

Room-temperature UV-vis reflectance spectra of the undoped
ZnO films annealed at TA = 800°C demonstrate high reflectivity in the
visible spectral range with sharp absorption edge near 380 nm. The
spectra also show some peculiarities in the 300–375 nm spectral range
(Figure 2A). In the samples annealed at higher temperatures
(1,000°C), only the sharp edge is detected (Figure 2,a, curve 1).
Thermal treatment also results in the transformation of the
reflectance spectra of ZnO–Li films. The films annealed at 900 and
1,000°C for 30 min have shown the shift of the long-wavelength
absorption edge toward ~405 nm (Figure 2A). The reflectance
spectra of all annealed ZnO–Li films show the peculiarities in the
300–400 nm spectral range (Figure 2) whose contribution changes
non-monotonically with annealing time (Figure 2B). The comparison
of undoped and Li-doped ZnO films shows that doping with Li results
in the appearance of additional reflectance minimum near
390–400 nm, whose contribution increases with the increase in
annealing temperature and time. In addition, the additional
features at lower wavelength were observed.

FIGURE 1
EDX data for ZnO (1) and ZnO–Li (2) films annealed at 1,000°C for 1 h in air. The insets show the SEMCOMPO images of the surface of these films and
enlarged EDX spectra for 0.3–1.7 keV range.
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FIGURE 2
UV-vis reflectance spectra: (A) undoped (1,2) and Li-doped ZnO films (3–5) annealed for 30 min at 800 (2, 3), 900 (4), and 1,000°C (1,5); (B) undoped
(1) and Li-doped ZnO (2–5) films annealed at 1,000°C for 0.5 (2), 1 (3), 2 (4), and 3 h (5).

FIGURE 3
Room-temperature PL spectra: (A) ZnO (1,2) and ZnO–Li (3–5) films annealed at 800 (2,3), 900 (4), and 1,000°C (1,5) for 0.5 h; (B) ZnO (1) and ZnO–Li
(2-5) films annealed at 1,000°C for 0.5 (2), 1 (3), 3 (4), and 2 h (5). The excitation wavelength is 325 nm.
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3.3 Luminescence

The room-temperature photoluminescence spectra of
undoped ZnO films are complex and consist of the narrow
UV band (in the 350–420 nm range) and wide visible band (in
the 430–800 nm range). The former is ascribed to exciton
emission, and the latter is ascribed to the defect-related band.
The intensities of these PL bands depend on annealing treatment,
excitation wavelength, and temperature of measurements. The
typical spectrum of the films annealed at TA = 800°C for tA = 0.5 h
is shown in Figure 3. It demonstrates an intense UV band and
visible band of low intensity. An annealing at TA = 900 and
1,000°C results in the UV band quenching and the enhancement
of the visible band with a peak position at 530–560 nm (Figure 3),
which is similar to situations observed in [30] for the screen-
printed ZnO film. In Li-doped ZnO films, UV emission is
significantly lower than the visible emission, and for the most
of the samples, it is hardly registered (Figure 3).

The analysis of PL spectra reveals their multicomponent nature.
Several PL bands with the peaks near ~430, ~482, ~540 (intensive),
~575 (the most intensive), and ~640 nm (weak) can be
distinguished. Most of them show similar variations with
annealing temperature and duration. However, the intensity of
the 430 nm band strongly decreases with TA increase (Figure 3).

The low-temperature PL spectra of undoped and Li-doped
samples are shown in Figure 4 and Figure 5. In the UV spectral
range (350–420 nm), the peaks that are usually ascribed to zero-
phonon lines and phonon replica of free- and donor-bound excitons
in ZnO at ~368.5, ~374.5, ~383, and ~391 nm are observed [30].
These peaks are characterized by different rates of temperature
quenching. Figure 3,a shows that in ZnO–Li samples annealed at

800°C, the intensity of the 368.5-nm peak decreases with
temperature more significantly (decreases six times with a
temperature increase from 16 to 80 K) than the intensity of other
three peaks (the 374.5-nm and 383-nm peaks decreased by 2 and
1.2 times, respectively). It should also be emphasized that the relative
contribution of UV emission to the total PL spectra of Li-doped
films increases with the decrease in measurement temperature
(Figure 4; Figure 5). At room temperature, this band is observed
as a weak component only in the spectra of ZnO–Li films annealed at
800°C (Figure 4B).

At low temperatures, the intensity of the 350–420 nm emission
band in the spectra of ZnO–Li films annealed at 800°C is 3–4 times
higher than the intensity of the 430–800 nm band (Figure 5A). The
comparably weak 350–420 nm band is also observed in the low-
temperature spectra of ZnO–Li films annealed at 900°C (Figure 5B).
For ZnO–Li films annealed at 1,000°C, the 350–420 nm band is not
observed even at low temperatures (Figure 5C). Thus, we can assume
that the increase in annealing temperature of the ZnO–Li films leads
to the decrease in contribution of 350–420 nm emission bands to
their total emission spectra.

The low-temperature spectra of the visible emission band
comprise of five components mentioned above, but,
unfortunately, these components remain wide and strongly
overlapped even at 16 K (Figure 5, a–4, c). The relative
contributions of all the five components of the films annealed at
800°C and 900°C do not depend on temperature in the 16–50 K
range. Their intensity slightly decreases with the increase in
temperature from 50 K. However, the low-temperature spectra of
ZnO–Li films annealed at 1,000°C differ from their spectra measured
at room temperature. The main difference lies in the considerable
decrease in contribution of the 575-nm component to the total

FIGURE 4
PL spectra recorded at 15 K for ZnO and ZnO–Li films annealed at 800 (1,2), 900 (3), and 1,000°C (4,5) for 0.5 h and presented for 365–415 nm (A)
and 400–900 nm (B) spectral ranges. The excitation wavelength is 325 nm. The inset in (A) shows the UV exciton emission for ZnO (5) and ZnO–Li (3,4)
films annealed at 900°C (3) and 1,000°C (4,5).
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spectra. The contribution of the 540-nm component also decreases,
but it is difficult to estimate its rate due to a strong mutual
overlapping of all the components even at low temperatures
(Figure 2, c; 4, c).

The excitation spectra of the wide visible PL band recorded at
different wavelengths near the peak positions of its components
(Figure 6) comprised several strongly overlapped bands with
maxima at approximately 330–335 nm, 345–350 nm, and 380 nm.

The first excitation band is found only for 430 and 485 nm PL bands,
and the remaining two are observed only at the 540- and 575-nm PL
bands. In fact, the low-temperature emission spectrum of Li-doped
films recorded under 375 nm excitation shows a maximum near
580 nm and shoulders at 510 and 640 nm, while under 325 nm
excitation, emissions in the blue–green spectral range increases
strongly, shifting the PL peak to 500 nm (Figure 7). The
excitation maximum at 345–350 nm corresponds to energies
close to the bandgap energy of ZnO and can be explained by
band-to-band transitions in ZnO. This means that at least the
green and yellow–red PL bands originated from ZnO. It should
also be noted that these PL bands are different from blue and cyan
PL bands due to their dependence of the PL intensity on excitation
power. In particular, the comparison of the PL spectra of the same
Li-doped film recorded under excitation using laser (Figure 5C) and

FIGURE 5
PL emission spectra of the ZnO–Li films annealed at 800°C for
0.5 h (A), 900°C for 0.5 h (B), and 1,000°C for 3 h (C) and recorded
under 325 nm laser excitation at different temperatures. Insets in (A)
and (B) show the exciton-related PL bands in the UV spectral
range.

FIGURE 6
Excitation spectra for the ZnO–Li films annealed at 1,000°C for
3 h. Spectra recorded at 4.2 K for 440, 480, 550, and 600 nm.

FIGURE 7
Emission spectra of the same films recorded at 4.2 K under the
excitation using a xenon lamp at 325 and 375 nm wavelengths.
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xenon lamp (Figure 6) light shows that the PL intensity of the
540 nm emission band increases more with excitation power than
that of 430 and 482 nm bands.

4 Discussion

4.1 Effects of Li-doping on the optical
properties of the films

UV-vis diffuse reflectance spectra of the investigated Li-doped films
have revealed two main phenomena: an appearance of spectral features
in the 300–400 nm spectral range and a shift of absorption edge toward
longer wavelengths. The first phenomenon is a result of an optical
scheme used for experiments. In this scheme, the monochromator is
placed before the sample. The light of a certain wavelength selected by a
monochromator reaches the sample, then reflects, and is collected by
the diffuse sphere. If the sample luminesces, then emission is also
collected together with the reflected light. Therefore, in case of intense
luminescence, the detected spectra will be a sum of reflectance and PL
excitation spectra. In particular, the feature at approximately
320–330 nm in the reflectance spectra of the ZnO–Li film (Figure 2)
is a result of luminescence contribution, which is in agreement with PLE
spectra detected at 600 nm (Figure 6). The comparison of the
reflectance spectra in the UV spectral range (300–400 nm) with PL
excitation spectra recorded at specific registration wavelengths
(Figure 8) confirms the proposed explanation. Indeed, for both
undoped and Li-doped films, various bands found in the UV range
in the reflectance spectra are in good agreement with those observed in
PL excitation spectra.

The presence of the 390 nm feature in the reflectance spectra
(Figure 8) significantly changes the absorption edge for the Li-doped
films. Apart from this, no exciton feature was found in the
reflectance spectra of both the undoped and doped samples
annealed at 1,000°C (Figure 2). This can be caused by the
significant contribution of band tail absorption that shows an
Urbach behavior. Two main remarks follow from the discussed
feature of the measured reflectance spectra: i) the reflectance peaks
observed in the setup described in this study correspond to the light
absorption participated in the luminescence excitation; ii)
particularly, for ZnO materials, the contribution of exciton
absorption along with significant “impurity” absorption should
be taken into account if it is required to estimate the bandgap
energy. It is worth noting that the absorption at 390 nm observed in
Li-doped films is apparently caused by an oxygen vacancy defect, as
demonstrated for ZnO ceramic samples doped with group I
elements [34].

In spite of different attempts made to estimate the ZnO bandgap
value using well-known relationships of absorption coefficient
versus energy [34, 35], it can be accurately estimated only from
the exciton peak position by taking into account its binding energy
(60 meV). In this study, the ZnO bandgap value of films annealed at
800oC can only be obtained from the reflectance spectra (Figure 2).
However, the exciton peak position can also be extracted from PL
spectra. This allows for the estimation of the bandgap value of the
films annealed at both 800 and 900°C, as well as at 1,000°C, for 3 h
(Figure 4). The exciton peak position was found to be similar for all
these samples, which indicates that all of them have similar bandgap
values despite of the effect of Li-doping on the absorption edge. The
estimated bandgap values of our samples are 3.41 eV (at 16 K) and

FIGURE 8
Comparison of reflectance spectra of the ZnO film annealed at 800 C (A) and reflectance spectra of the ZnO–Li film annealed at 1000 C for 3 h (B)
and excitation spectra of the ZnO–Li film annealed at 1000 C for 3 h.
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3.35 eV (at 300 K). The latter value is close to that reported for
perfect ZnO crystals (3.3 eV [36–38]).

4.2 Transformations of luminescence
spectra of the Li-doped films with
temperature

The emission bands in the range of 350–420 nm correspond to well-
known and widely studied ZnO exciton luminescence. In the low-
temperature PL spectra (Figure 4; Figure 5), the peak near 368.5 nm can
be attributed to a zero-phonon line of donor-bound exciton, and the
other peaks can be attributed to the phonon replica of free exciton. The
increase in temperature from 16 to 80 K results in a stronger decrease in
intensity of the 368.5 nm band compared to other exciton-related peaks
(Figure 5) that can be explained by small binding energy of donor-bound
exciton. The absence of a zero-phonon line of free exciton in the low
temperature PL spectra can be explained by enhanced band tail
absorption. In all Li-doped films, visible PL bands peaked at ~430,
482, 540 (the most intensive for the annealed samples), 575 (the most
intensive for the unannealed samples), and 640 nm (weak for the
annealed samples) were detected (Figures 2–5). The majority of these
PL bands changed in the same manner with annealing temperature and
duration, except the 430-nm component whose intensity strongly
decreased with the increase in annealing temperature (Figure 3B).
Each PL component is discussed in the following sub-sections.

4.2.1 Blue emission
As mentioned in Introduction, there are two different opinions

in the literature about the origin of the blue 430–440 nm emission
band in ZnO materials. The first one considers radiative transitions
from shallow Zni defect levels to the valence band [39–43]. However,
the energy of the transitions from shallow Zni defect levels (located
at 0.05 eV below the conduction band) cannot explain the 430-nm
PL emission.

The second opinion assumes that this PL emission could
originate from the carrier transition from the conduction band to
VZn deep defect levels [44–46]. The level of VZn of our ZnO–Li
samples estimated from the PL peak position can be approximately
0.4 eV from the top of the valence band, which is consistent with the
values reported by other authors (0.3–0.5 eV) [17, 21]. Despite such
an agreement, the analysis of corresponding PL excitation spectra
reveals that this emission is excited by the 320–330 nm light
(3.64–3.75 eV) where the energy significantly exceeds the ZnO
bandgap value (3.3–3.4 eV). Thus, one can assume that 430-nm
PL emission can originate from the other phase with a larger
bandgap value. One of the possible reasons of the appearance of
such phase can be the formation of the Li2O phase (with the bandgap
of ~7.5 eV). Another reason can be the diffusion of the substrate
atoms into the film volume (for instance, Al diffusion from
underlying sapphire substrate (Figure 1) and the formation of the
LixAlOy phase with a bandgap of ~4.64–4.85 eV). Similar effect was
reported previously for ZnO films grown on Si substrates where the
formation of Zn silicate was observed [35].

4.2.2 Cyan emission
The cyan band centered near 482 nm is observed for ZnO–Li

films. The luminescence band with a close spectral position had been

reported previously by several authors for ZnO [21–23, 47–50]. The
reported difference in the maximum position of this band in various
studies can be connected with difficulties in determining the peak
position due to a considerable mutual overlapping of several visible
emission bands and with some variations in the defect-level
positions in different ZnO-based materials such as bulk crystals,
nanocrystals, and doped films. Most of the authors attributed this
cyan-green emission to oxygen vacancies (VO) in the ZnO crystal
lattice and explained by the recombination of electrons at the VO

level with photoexcited holes in the valence band [47–50]. At the
same time, the excitation spectrum of 482-nm PL band shows the
peak at approximately 335 nm which corresponds to energy larger
than ZnO bandgap energy (Figure 7). In addition, it is found only in
Li-doped films. Therefore, similar to the 430-nm PL band, cyan
emission cannot originate from ZnO and should be ascribed to
another crystal phase with larger bandgap values.

4.2.3 Green emission
The band at approximately 540 nm is the most intense band in

the PL spectra of the undoped ZnO films annealed at 1,000°C
(Figure 3A) and in the low-temperature PL spectra of Li-doped
films (Figures 5B,C). Despite this band being observed in Li-doped
films, its existence in undoped samples provides the possibility to
ascribe it to native defects or uncontrolled impurities. The well-
known green luminescence band in ZnO is peaked in the range of
500–530 nm and ascribed by different authors to singly ionized
oxygen vacancies [15, 21–23], residual copper impurities [51], zinc
vacancies [52], or complex defect including zinc interstitials [24]. It
has been proposed [53] that the green PL in ZnO can be caused by
transitions from two separate shallow donors to a deep acceptor. In
[24], Zni shallow donors were identified as a part of complex defect
responsible for a 520-nm green emission in undoped ZnO. Point Li-
induced defects in the ZnO crystal lattice are interstitial Li ions (Lii)
and Li cations in Zn positions (LiZn) and the former type of the
defects is most probable [37]. It is likely possible that Lii defects can
participate in the formation of similar defect complexes and be
responsible for the 540-nm band. Two different types of Lii defects
with different symmetries of their crystal (Lii

O octahedral and Lii
T

tetrahedral) surrounding the ZnO crystal lattice were considered in
[37, 38] which can explain the difference in peak positions.

Regarding our films, the residual copper impurities could be
present in raw ZnO powders. Similarly, green emission was
previously reported for the ZnO samples doped with Cu+, Li+, or
H+ [27–29, 31, 50, 54–56]. Our experiment on ZnO ceramics doped
with Cu revealed that the 540-nm PL band was enhanced with the
increase in Cu content [31]. Its PL excitation spectra were similar to
those recorded for Li-doped ZnO films at 540–550 nm wavelength
(Figure 7). Thus, we consider that the 540-nm PL emission in our
undoped and Li-doped films is rather caused by CuZn defects.

4.2.4 Yellow–red emission
Annealing at higher temperatures enhances luminescence in the

yellow–red spectral region. The yellow emission band is peaked
within 575–600 nm (Figures 3B,C) and clearly shows excitation via
ZnO band-to-band transitions (Figure 6). In the undoped films, this
emission is usually ascribed to the native defects, particularly related
to interstitial oxygen (Oi) [19, 57]. This assignment was done based
on the results obtained for ZnO films subjected to annealing in
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various atmospheres. It is considered that Oi is a deep acceptor, and
its energy level is located at 0.7 or 1.5 eV above the top of the valence
band [50, 58]. In our undoped films, we cannot exclude that the
yellow band is related to Oi defects. At the same time, in Li-doped
films, the yellow PL band is caused by the LiZn acceptor [59]. The
main arguments for this assumption are as follows: i) similar PL
band has been observed for ZnO–Li ceramics where it enhanced
with Li content [34]; ii) in the PL excitation spectrum of the yellow
band, a selective maximum at 390–400 nm is observed (Figure 6),
which is similar to ZnO ceramics and layers doped with group I
elements [30, 34]. It should be noted that according to our
observations and results of other authors, the Li concentration in
the Li-doped ZnO samples does not depend on the temperature and
duration of annealing, and at least such effect was not revealed in the
investigations of influence of annealing on their conductivity
behavior, piezoelectric property, and ferroelectric property [60–63].

Another PL component peaked at 640 nm was observed in the
undoped ZnO films annealed at 1,000°C. This band is also
considered to be correlated with excess oxygen-related defects. It
has been proposed that the 640-nm PL component is due to the
transitions between Zni and Oi defect levels [50, 64, 65], which is
doubtful taking into account the well-known energy position of the
Zni defect levels (0.05 eV below the conduction band). Thus, the
origin of this emission needs further investigation.

5 Conclusion

The undoped and Li-doped ZnO films were prepared using the
screen-printing approach on the Al2O3 substrate and sintered at
800–1,000°C in air. It was found that the heterovalent Li-doping
leads to the transformation of PL spectra, namely, the quenching of
exciton UV emission (in the 350–420 nm range) and the
enhancement of visible PL emission (in the 430–800 nm range).
This interrelation depends on the annealing temperature and
duration. Li-doping results in the transformation of the shape of
reflectance spectra over the 300–400 nm range and the shift of the
absorption edge toward the long-wavelength region. At the same
time, the bandgap value estimated by taking into account the exciton
peak position and its binding energy is found to be independent of
Li-doping. The feature at 300–400 nm and the shift of absorption
edge are ascribed to the appearance of the absorption band that
excited the yellow PL band. For UV exciton emission, more intense
quenching of the zero-phonon line of donor-bound exciton
compared to the phonon replica of free exciton with temperature
of measurements was observed, and the absence of a zero-phonon
line of free exciton in the low temperature PL spectra was explained
by enhanced band tail absorption. The visible PL band comprises
several components peaked at approximately 430, 485, 540, 575, and
640 nm. Their relative intensities depend on Li-doping and regimes
of thermal treatment. The yellow band at 575–600 nm is ascribed to
the Oi defect centers in undoped ZnO films and LiZn defects in Li-
doped films. This LiZn-related PL component is characterized by a
specific PL excitation spectrum. The most intensive low-
temperature PL band observed at 540 nm can be ascribed to
CuZn defects present in raw materials. The 430-nm and 482-nm
PL bands appearing in Li-doped films are supposed to originate
from the other crystal phases of a larger bandgap value.
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