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Abstract
Transparent Conducting Oxides (TCOs) have important device applications used in solar cells as transparent
electrodes. In particular, ZnO material has been investigated for many years due to its excellent physical properties
and potential applications in transparent conductive contacts when it is doped by several types of doping. If n-type
doping is easily achievable in ZnO, the realization of stable and reproducible p-type ZnO is still difficult. The group I
(Li, Na) atoms could be potential candidates to result in p-type ZnO. The choice of lithium as a dopant is motivated
firstly by its abundance in nature, its low cost compared to other alkali metals and its wide application. Undoped
and Lithium-doped zinc oxide thin films (ZnO:Li) at different percentages (5, 15 and 25%) were prepared on glass
substrates, using the sol–gel spin-coating method, and the influence of the Li concentration on the structural,
morphological and optical properties of the ZnO thin films was investigated. X-ray diffraction (XRD) analysis shows
that the un-doped and 5 at % Li-doped films have a hexagonal wurtzite structure and are preferentially oriented
along the c-axis from the substrate. SEM analysis shows a compact surface with mainly hexagonal grains. Optical
transmittance measurements show that all samples have average 88% transparency in the visible light, with a sharp
fall of the absorption at a wavelength (~376 nm) close to the ZnO band gap. The results suggest that the optical
properties of the ZnO:Li films can be further improved for solar cell applications.
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Introduction
Recently, Zinc Oxide (ZnO) has attracted much interest and has
been proposed as an alternative to indium tin oxide (ITO) used as a
transparent conducting oxide (TCO). Unlike ITO in which indium
is considered as a rare earth metal, zinc oxide is an inexpensive
semiconductor. Moreover, it is non-toxic and may occur under many
forms such as bulk crystal, powder, thin film, nanowires and nanotubes.
ZnO is one of the most important II-VI wide band gap (WBG)
semiconducting material with a band gap around 3.37 eV at room
temperature crystallizing in hexagonal Wurtzite structure. Specially,
ZnO thin films are widely studied to be integrated in optoelectronics
devices such as solar cells thanks to a large exciton binding energy of 60
meV [1]. The photovoltaic devices based on zinc oxide (ZnO) thin films
are more stable when exposed to hydrogen plasma unlike to the SnO2
and ITO whose the optical transmission is deteriorated under hydrogen
plasma [2,3].
ZnO thin films could be grown on different substrates by numerous
techniques: sputtering, Chemical Vapor Deposition, Laser Ablation,
Spray pyrolysis, sol-gel spins coating [4-9]. Intrinsic ZnO thin films
are found to be n-type semiconductor with electron concentration
depending on the deposition method and parameters. Zaharescu et
al. have reported on undoped ZnO elaborated by sol-gel technique
exhibiting n-type conduction with a low carrier concentration of
5.48.1014 cm-3[10]. The n-type conduction is justified by the presence of
defects like oxygen Vacancies (V0) and interstitial zinc (Zni) [11]. The
electrical properties of zinc oxide can be ameliorated by an appropriate n
or p-type doping. The characteristic features of doped ZnO thin films are
their high carrier concentration and low mobility and their transparency
to the visible light making it as suitable conductive transparent electrode
for solar cells. It is reported by many research works, that ZnO n-type
doping is easier than p-type doping due to the self-compensation
phenomena of intrinsic donors with acceptors [12]. Some studies have
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been conducted on p-doped ZnO with N, P, Na, Ag, Cu, As and Li
[13-19]. The efficiency of the p-doping of ZnO depends on the states
occupied by the doping defects in the band gap and, their position
in the lattice (substitutional or interestial sites). It is reported that
group I elements such as lithium may have an acceptor behavior when
substituting Zn sites or a donor behavior when occupying interstitial
sites [20,21] leading to a doping limitation. Moreover, lithium should
have low acceptor levels to be suitable for ZnO p-type doping. Park et
al have reported ionization energy of 0.09 eV for substitutional Li [12].
Zaharescu et al. have also reported that the doping type may depend
on the substrate used [10]. They have obtained p-type behavior for Lidoped ZnO deposited on silicon substrate and n-type behavior for ZnO
deposited on glass substrate. They have argued that probably the glass
substrate favors Li interstitial doping. The Li-doped ZnO thin films are
useful for device fabrication in broadband UV photo-detectors for high
tunable wavelength resolution
In this work, we report on Li-doped ZnO thin films elaborated with
sol-gel spin coating. The influence of the Li-doping level on the ZnO
structural, optical and electrical properties is presented. In particular,
we study the effect of the lithium concentration on ZnO properties.
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Experimental Details

3000

2 5,0% Li

Fabrication procedure
Doped and undoped Zinc oxide thin films were deposited onto
glass substrates by a spin-coating method. For solution preparation
sol of Zinc acetate dihydrate (Zn(CH3COO)2.2H2O) was prepared in
boiling iso-proponal. This was followed by clearing the turbid solution
by adding few drops of diethanolamine (DEA).

Characterization techniques

Results and Discussions
Structural properties
The X-Ray diffraction patterns of undoped and Li-doped ZnO
thin films prepared by Sol-gel spin-coating are presented in Figure 1.
The diffraction peaks, which correspond to (100), (002), (101), (102),
(110) and (103) of ZnO, indicated that the sample was polycrystalline.
However, with an additional increase in the Li concentration, these
peaks [(102), (110) and (103)] are disappearing. The sample of 15.0 at %
Li-doping concentration was polycrystalline with cubic phase. It is also
worth noting that no peak related to lithium oxide has been found in
the spectra, which may be due to the low Li content. We also note a gap
of peak (100) towards the right with the increase of the concentration
of Li which means that there are constraints of samples [22]. For thin
films prepared at 25% the structures seem to be amorphous.
The structural parameters of undoped and doped ZnO:Li thin films
are determined using the XRD results. The interplanar spacing dhkl of
different films were calculated using Bragg equation [23].
The lattice parameters ‘‘a’’ and ‘‘c’’ are calculated via (002) and
(100) orientation using the following relation [24-25]:
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Structural properties of ZnO thin films were obtained at room
temperature using X-ray diffraction (XRD) “PAN alytical X’pert
Pro MPD” diffractometer equipped with a copper Kα (λ=0.154
nm) radiation source and Fourier transformed infrared IR (FTIR)
spectroscopy. Optical studies were performed by measuring the
transmittance and the reflectance for wavelengths in the range of
200-2000 nm at room temperature using a Shimadzu UV-Vis 900
spectrophotometer. Photoluminescence measurements were carried
out at ambient temperature with a 300 nm laser.
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Lithium carbonate (Li2CO3) was used as a source of Li and a drop
of nitric acid. The molar ratio of Li in the solution ([Li]/[Zn]) was
varied: 0%, 5%, 15% and 25%. Finally, a clear homogeneous solution
was obtained. These solutions were stirred (aged) for 24 hours at
room temperature. Undoped ZnO and Li-doped ZnO thin films
were prepared by a spin-coating method on cleaned and dried glass
substrates. The solution was spin-coated on the substrates with the
speed of 3000 rpm for 30 s. All prepared samples were subjected to
a pre-heat treatment at 100°C for 10 minutes. This process of coating
and heating was repeated 10 times. Finally, samples were annealed in
a muffle furnace at 500°C for two hours under air. The obtained films
were uniform, smooth and have a good adherence to the substrates.
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Figure 1: X-Ray diffraction spectra of Li-ZnO films prepared by a 10-cycle
spin-coating of zinc acetate films followed by annealing in air at different
percentages.

The grain size D for different samples is estimated from the (002)
diffraction peak using Debye–Scherer formula [25-27].
Where k=0.90 is the Scherer constant, β1/2 is the full width at half
maximum of peaks, is the Bragg angle corresponding to the peak
and λ=1.54 A° is the X-ray wavelength. Figure 2 shows a decrease in
the grain size as a function of increasing of the lithium content for
concentrations 5% and 15%. This is may be due to the fact that lithium
has a strong tendency to form LixOy phases. The excess of Li atoms is
located on the surface of ZnO. This observation is verified by the SEM
images of pure and Li doped ZnO. This process is explained by the
presence of an inward stress from the outside, which decreases the
grain size.
Then, the microstrain ξ which is an interesting structural parameter
of ZnO:Li thin films is calculated using the following relation [28]
ξ=

β1 / 2 . 				

4 tan θ

(3)

Where β1/2 is the full width at half-maximum of peaks and θ is the
Bragg angle.

(1)

Finally, the dislocation density (δ) which is given by the following
relation:

In cubic structure, the plane spacing is related to the lattice constant
(a) and the Miller indices by the following relation:

1 . 					
(4)
D2
This parameter increases from 0.93 × 1015 to 14.03 × 1015 lines/m2
with Li content, as indicated in Table 1.

1
h2 + k 2 + l 2
				
=
2
d hkl
a2
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d002(Å)

d100(Å)

a (Å)

c (Å)

D (nm)

ξ(10-4)

δ (1015) lines/m2
0.96

ZnO

2.6049

2.8152

3.25

5.209

36.33

36

ZnO : Li 5%

2.5608

2.2813

3.245

5.21

15.53

81.93

5.25

ZnO : Li 15%

-

2.808

2.808

-

8.44

149.8

14.03

Table 1: Different inter-planar spacing dhkl and the lattice constants of Li-ZnO thin films with different percentages.
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Figure 2: Variations of grain size and micro-strain depending on the Li dopant
concentration.

Figure 3: FTIR spectra of ZnO: Li films with different Li content.

Table 1 summarizes the values of dhkl and the lattice constants for
elaborated ZnO thin films. The ‘a’ and ‘c’ values were in concordance
with the standard values of ZnO single crystal indicating the good
crystalline quality of elaborated films. The interplanar spacing dhkl
decrease when the Li-doping concentration increases, we notice that
the stress and the dislocation density increases, which leads to the
decrease of the size of grains. The values for the 25% Li-doped samples
are not presented as the films are amorphous.

between cycles of preparation this film [32]. In the same line, in the UV
region, it can be seen shoulders, lying in transmission spectra which
may be assigned to the presence of porosity and defaults inside the
films.

Fourier transforms infrared (FTIR) analysis
Figure 3 presents the FTIR spectra of the samples of pure and
doped Zn is recorded in the frequency band entre 400 cm-1-4000 cm-1. The
band at ∼1060 cm1 appeared only in ZnO spectrum is related to C–C
vibrations [29]. The broad band centered at ∼3640 cm-1 is assigned to
the O-H stretching vibrations, these vibrations are due to the presence
of moisture [30] and another peak appeared at 2400 cm-1 is due to the
existence of CO2 in air or C–H bonds [31]. From these spectra, the
effect of doping on the intensity of the Zn-O vibration band is observed.
This band is very intense in the case of Li-doped ZnO (15% and 25%).
The mid-height width and position of the Zn-O vibration band was
influenced by the addition of Li2+ ions. Indeed, a small shift towards the
low frequencies and a reduction in the width at mid-height was noted
following the doping. This indicates the incorporation of Li2+ ions into
the ZnO matrix.

Optical properties
UV analysis: The optical transmission, reflectance and absorbance
spectra of ZnO: Li layers in 200-2000 nm domain are given in Figure 4a
and 4b. The spectra show a high transmittance of all thin films, higher
than 88%. This phenomenon can be attributed to less scattering effects,
structural homogeneity and an improvement of the crystalline state.
Also, the absence of interference fringes in transmission spectra is
due to the surface roughness caused by the spin-coating process. This
is probably due to very small droplets resulting from this technique
J Textile Sci Eng, an open access journal
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It can also be seen that the interference fringe patterns are absent
in all transmittance and reflectance spectra due to weak multiple
reflection at the interface. This phenomenon can be contributed to
more scattering effects and to the crystalline state. Then the reflectivity
decrease with the increase of doping concentration, which proves that
the elaborated films are transparent and they have a weak absorption.
Within the visible and near IR range, the reflectance is negligible.
Hence, the layer is anti-reflective. Finally, the highest transmission and
the lowest reflectance are obtained for the oxide film prepared with a
lithium percentage of 15% (Figure 5).
The band gap and the Urbach energies
a) Band gap energy calculation: The reflectance and transmission
spectra present an accurate guide for estimating the absorption
coefficient. When R (k) value is less than 30%, the absorption coefficient
is given by [33]:

1
1
(5)
ln( ) . 				
d
T
Also, in the case of direct transmission, the absorption coefficient
can be expressed by [33]:

α =

(αhν )2 = [A(hν − E g )]. 				

(6)

Where A is a constant, hν is the photon energy and Eg is the optical
band gap energy.
Figure 5 shows the plot of [αhν]2 versus the photon energy hν
which leads to the gap energy value in the sharp absorption edge by
a linear fit. The results show a decrease in energy from 3.2 to 3.05 eV
with the Lithium content. This band gap narrowing of transition metal
doped II–IV semiconductor is likely to be interpreted in terms of sp-d
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Figure 4: (a) Optical transmittance and reflectance spectra of Li-ZnO thin films (b) Absorbance spectra of the films.
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Figure 6: Plots of ln(α) versus hν.

Figure 5: Plot of [αhυ]2 versus the photon energy hυ.

ZnO

1,0

Eu (eV)
0.239

ZnO: Li 5%

3.13

0.433

ZnO: Li 15%

3.1

0.444

ZnO: Li 25%

3.05

0.581

Table 2: Calculated values of band gap energy Eg and Urbach energy Eu.

spin exchange interactions between the conduction band electrons and
the localized d electrons of transition metals ions Li2+. Thus, the lithium
doping did not alter the band gap much.

c) Refractive index and extinction coefficient: The optical
dispersion coefficient n(λ) and k(λ), named refractive index and
extinction coefficient respectively, for wavelength ranging from
200 to 2000 nm have been calculated using optical experimental
measurements by means of methods [37-39]. The plots of n(λ) and k(λ)
are presented in Figure 6
It is observed that the refractive index decreases especially for high
wavelength with Li content.
It is observed that the extinction coefficient k values decrease in
the visible region can be attributed to the change of optical absorption
of the films in the visible region, especially near UV range. Also, we
note that the refractive index varies from 1.7 to 2.4 but the extinction
coefficient belongs to [5 × 10-3, 4 × 10-2] range Figures 7a and 7b.

b) Urbach energy calculation: The Urbach energy tailing which
characterizes the optical properties changes especially the optical
absorption in the material follows the empirical Urbach law [34,35].
The Urbach energy Eu is obtained from the reverse of the slope of ln(α)
versus hν [36].

PL analysis

We note that the Urbach energy increases by increasing the
concentration of lithium; this suggests that the Li element is
incorporated in the matrix. This calculation is in agreement with the
calculation done for the dependence of the gap energy with lithium
doping. Therefore, the disorder is promoted. The calculated values of
6
optical band gap energy Eg and the Urbach energy Eu of ZnO:Li thin
films as a function of Li content are summarized in Table 2.

The optical properties of the pure and Li-doped ZnO thin films were
investigated by photoluminescence (PL) spectroscopy, which were
excited by a laser radiation avoid, at room temperature. The PL spectra
were obtained for the pure ZnO, 5%, 15% and 25% Li doped ZnO thin
films. All the PL spectra consist of two emission bands and a shoulder at
640 nm located in UV and visible ranges (Figure 8). The spectrum of
the PL of ZnO thin films undoped revealed
a strong luminescence band
7
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Figure 8: The extinction coefficient (k) as a function of wavelength.

at around 376 nm in the range of UV, corresponding to free exciton
recombination and trapped impurities, at an energy close to that of the
band gap of strong luminescence band of ZnO [40]. The decrease of
near-band-edge (NBE) at around 376 nm is followed by the increase of
deep-level (DL) emission is related to a radiative transition from donors
to acceptors. As can be seen, the intensity of this peak decreased with
lithium doping (5%), that can be attributed to ﬁlling some of Zn vacancies
with Li2+ substitutional, which leads to becoming intrinsic n-type ZnO
to p-type [41] and has disappeared completely when the lithium atoms
of insertion in the ZnO matrix for other lithium percentages of 5%; This
behavior can be attributed to the increase of the non-radiative centers
caused by the existence of strong valence of the lithium (Li2+) [42]. The
broad emission band located in the visible range (400-700 nm) is mainly
due to point-like structural defects related to deep-level emissions, such as
zinc vacancies, oxygen vacancies, interstitial zinc, and interstitial oxygen,
with a shoulder yellow-orange emission. For important concentrations
of doping (15 and 25 % Li), the emission of the deep levels dominates
specters PL and their intensity increases, its high intensity is a characteristic
required for optoelectronic applications [43]. The incorporation of Li2+ is
difficult due to the presence of native defects in ZnO lattice may cause the
formation of different intrinsic defects which lead to the improved visible
emission [44]. Such a behavior was brought reported in the p-type ZnO
films [45].
J Textile Sci Eng, an open access journal
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Figure 9: The PL spectrum of ZnO:Li thin films, showing a general increase of
luminescence with Li doping.

Surface morphology
SEM images of undoped and doped ZnO thin ﬁlms on glass
substrates are presented in Figure 9. In the case of undoped ZnO ﬁlms,
the ﬁlm presents a compact surface covered with uniform and mainly
hexagonal grains with a size of 20-40 nm [46]. It was found also that,
for undoped ZnO film, the surface was rough and crystal grain looked
small; while, when the concentration of Lithium increase, we observe
clusters of irregularly shaped grains and became bigger, its distribution
and her surface uneven.
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Conclusion
The effect of Li content on the physical properties of ZnO thin
films has been investigated. First, XRD study shows that all ZnO:Li
thin films coated are in polycrystalline hexagonal wurtzite state (with
preferential c-axis orientation). Second, the optical band gap energy
(3.05-3.2 eV) and the Urbach energy are calculated from optical
absorption curves from 240 meV to 581 meV. It is found that both
structural and optical properties of ZnO:Li thin films depend on the
lithium content. The spectrum of the PL of ZnO thin films undoped
revealed a strong luminescence band at around 376 nm in the field
of UV which has disappeared when the lithium atoms of insertion in
the ZnO matrix. The Photoluminescence study shows an increase in
the visible emission. For important concentrations of Li doping, the
emission of the deep levels dominates specters PL. Thin films could
be used as light-emitting devices in optoelectronic applications as
well as fabrication in broadband UV photo-detectors for high tunable
wavelength resolution.
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