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Abstract: A sol-gel deposition approach was applied for obtaining nanostructured Li-doped ZnO
thin films. ZnO:Li films were successfully spin-coated on quartz and silicon substrates. The evolution
of their structural, vibrational, and optical properties with annealing temperature (300-600 °C) was
studied by X-ray diffraction (XRD), Fourier Transform Infrared (FTIR), UV-VIS spectroscopic, and
field emission scanning electron microscopic (FESEM) characterization techniques. It was found
that lithium doping maintains the wurtzite arrangement of ZnO, with increasing crystallite sizes
when increasing the annealing temperature. Analysis of the FTIR spectra revealed a broad main
absorption band (around 404 cm™1) for Li-doped films, implying the inclusion of Li into the ZnO
lattice. The ZnO:Li films were transparent, with slightly decreased transmittance after the use of
higher annealing temperatures. The porous network of undoped ZnO films was transformed to a
denser, grained, packed structure, induced by lithium doping.
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1. Introduction

Zinc oxide (ZnO) has been shown to be a remarkable material with interesting physical
and chemical properties [1]. ZnO is a wideband semiconductor, possessing a direct optical
band gap (Eg) of 3.37 eV at room temperature, a large exciton binding energy (60 meV), and
good transparency in the visible spectral range [2]. It is known to be a non-toxic, low-cost
material with high radiation hardness and high thermal conductivity, while exhibiting a
strong non-linear optical behavior [3]. Due to these promising properties, ZnO materials are
extensively researched for their application in optoelectronic and nanoelectronic devices [4],
photocatalysis [5], piezoelectric devices [6], sensors [7], surface acoustic wave devices, as
antireflection coatings and windows in solar cells [8], and as transparent electrodes [9].

Doping ZnO is a successful method for modifying and improving its electronic, chem-
ical, optical, and morphological properties, such as modifying grains’ sizes and shapes,
porosity, smoothness, etc. For example, doping ZnO with trivalent donor dopants such as
AP, Ga®, and In®*" on Zn?* sites typically results in improved n-type conductivity [10];
meanwhile, p-type ZnO can be achieved by introducing nitrogen (N), phosphorus (P), ar-
senic (As), antimony (Sb), and lithium (Li) dopants [11]. The ZnO band gap can be tailored
by doping with such materials as Mg [12]. Rare-earth metal doping of ZnO is reported to
be an effective way for the adjustment and control of gas-sensing efficiency [13]. Generally,
doping alters the ZnO-based materials in view of different applications by enhancing the
desired properties through choosing the appropriate dopant.
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Lithium-doped ZnO structures are interesting for scientific research, as Li doping
can induce enhanced optical, electrical, magnetic, and photoluminescence properties [14].
ZnO:Li has been reported to exhibit improved crystal quality, high sensitivity as a UV
sensor [15], piezoelectric response [16], p-type conductivity [17], etc. The evident photocat-
alytic properties of ZnO:Li have also been reported [18].

Undoped ZnO films exhibit n-type conductivity as a consequence of deviation from
their stoichiometry and of the presence of native donor defects, such as zinc interstitial
(Zn;) and oxygen vacancy (Vo) [19]. For different applications, such as p—n junction-based
devices or bipolar device applications, it is necessary to obtain stable p-type oxide semicon-
ductors [19,20]. There are two ways of inducing p-type conductivity in ZnO: one is doping
with group I elements (Li, Na, K) at the Zn site; the other is substitution at the O site by
group V elements (N, P, Sb) [19]. Lithium is a prospective dopant candidate, as it possesses
a small ionic radius (0.68 A) that is very close to the ionic radius of Zn (0.74 A) [21,22].
Experimentally, it has been shown that Li doping provokes p-type semiconductivity by
creating deep acceptor levels due to the Li atoms occupying Zn sites in the wurtzite host
lattice and the Li'* ions acting as shallow acceptors [14]. On the other hand, Li'* ions can
also occupy the interstitial positions (Li;), where they become electron donors [23,24].

ZnO:Li films have been fabricated by numerous deposition techniques, including
pulsed laser deposition [25], spray pyrolysis [26], sol-gel [15], electron beam evapora-
tion [27], magnetron sputtering [28], etc. The sol-gel method exhibits several advantages,
such as control of the film composition, easy film fabrication on large-area substrates, and
low cost [29,30].

In this work, we present the sol-gel deposition of Li-doped ZnO thin films. ZnO:Li
films were obtained by the spin-coating method on quartz and silicon substrates. The
prepared sol solutions (Zn and mixed Zn/Li sols) remained stable for a period of five
months, which is a very good technological achievement. In addition, a detailed study of
the properties covering a wide temperature range, from 300 to 600 °C, is performed. The
obtained samples are structurally characterized using XRD analysis and FTIR spectroscopy.
Their optical properties are analyzed using UV-VIS spectroscopy in the spectral range of
240-1800 nm. The change in the optical band gap and refractive index with annealing is
discussed. The influence of a lithium dopant on the ZnO film morphology is revealed.

2. Materials and Methods

A sol-gel spin-coating approach was applied to preparing ZnO and ZnO:Li thin films.
A 0.4 M Zn sol solution was prepared: First, zinc acetate dihydrate Zn(CH3;COO),-2H,0
(Riedel de Haen, Hannover, Germany) was dissolved in absolute ethanol (Merck KgaA
Darmstadt, Germany, absolute for analysis) [31]. Secondly, monoethanolamine (MEA,
Fluka AG, Buchs, Switzerland, 98%) was added to bring the MEA /Zn molar ratio to unity.
Finally, lithium nitrate LiNOj3 (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) was
added to reach a 0.04:1 Li:Zn molar ratio. Then, the solution was stirred using a magnetic
stirrer (MS-H280-PRO, DLAB Scientific Co., Ltd., Beijing, China) at 55 °C for 1 h, followed
by treatment in an ultrasonic cleaner (ELMA Elmasonic Easy 10H, Elma Schmidbauer
GmbH, Singen, Germany) at 45 °C for 2 h. The obtained sols (pure and mixed solutions)
were transparent with no precipitations. They were stable for a period of 5 months.

ZnO and ZnO:Li films were deposited on cleaned substrates by spin-coating (spin
coater P 6708, PI-KEM Limited, Staffordshire, UK) at a 4000-rpm rotational speed for 30 s.
The substrate cleaning included the following steps: cleaning in acetone, then treatment
in ethanol (both steps were performed in an ultrasonic bath at 45 and 60 °C, respectively),
and rinsing in double-distilled water. The final films were obtained after repeating the
spin-coating process five times and, after each cycle of spin-coating, the substrates were
preheated at a temperature of 300 °C for 10 min in a chamber furnace (chamber furnace,
Tokmet—TK Ltd., Varna, Bulgaria) to evaporate the solvent and to decompose and remove
the organic compounds. The sol-gel ZnO and ZnO:Li films were annealed at 300, 400, 500
and 600 °C for 1 h in air. Si wafers (FZ, p-type, resistivity 4.5-7.5 (), orientation <100>) were
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used for XRD, FESEM and FTIR studies, and UV-graded quartz-glass substrates (thickness
1 mm =+ 0.1), for optical measurements.

The films’ thickness was measured using an LEF 3 M laser ellipsometer (Siberian
Branch of the Russian Academy of Sciences, Novosibirsk) with a He-Ne laser at the wave-
length of 632.8 nm. The films’ thickness values were 160 and 165 nm for ZnO and ZnO:Li
films, respectively. These values were close so that the comparison of the films” optical and
structural properties was appropriate.

The FTIR spectra were taken by an IR Prestige-21 FIIR spectrophotometer (Shimadzu
Corporation, Kyoto, Japan) in the spectral range 350-4000 cm~! (resolution of 4 cm™1)
using a bare Si wafer as background. The X-ray diffraction patterns were recorded by
a Bruker D8 XRD diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) using a Cu
anode (Ko radiation) at a grazing angle of 1°, a step time of 2 s and a step of 0.04°.
The optical spectra were recorded using a Shimadzu 3600 UV-VIS-NIR double-beam
spectrophotometer (Shimadzu Corporation, Kyoto, Japan) in the 240-1800 nm spectral
range and at a resolution of 0.1 nm. The transmittance was measured against air. The
reflectance spectra were taken by using the specular reflectance accessory (at a 5° incidence
angle) with an Al-coated mirror as reference. A four-point probe (model FPP-100, Veeco
Instruments Inc.) was used for determining the samples’ sheet resistance.

The films” morphologies were studied by field emission scanning electron (FESEM)
microscopy (Philips XL 30FEG-ESEM, FEI, FEI Europe B.V., Zaventem, Belgium). A Au
coating was deposited over the samples’ surfaces before the measurements.

3. Results and Discussions
3.1. FTIR Investigation

FTIR spectroscopy is a technique used for identification of chemical bonds and func-
tional groups [14]. The shapes and intensities of the absorption features depend on the
sample’s crystallinity, chemical composition, impurities, stress, and morphology, as well
as on the crystallite’s size and shape [32]. Figure 1a presents FTIR spectra of ZnO:Li films
annealed at different temperatures; Figure 1b shows a comparison of the spectra of a ZnO
and a ZnO:Li film after annealing at the highest temperature (600 °C). Introducing a dopant
into the ZnO lattice can change the characteristic IR lines and give rise to new bands.
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Figure 1. FTIR spectra of (a) ZnO:Li films treated at 300, 400, 500 and 600 °C and (b) comparison
of the FTIR spectra of ZnO and ZnO:Li films annealed at 600 °C. The insets present the enlarged
spectral region 350-475 cm ™!, where the main absorption bands appear.

The ZnO:Li film treated at 300 °C showed a strong and broad band at 3420 cm™!,
which was assigned to the stretching modes of hydroxyl groups. The corresponding OH
bending vibrations were manifested by the characteristic line at 1605 cm ™ [14].

The hydroxyl groups’ absorption bands vanished as the annealing temperature was
increased, and the two IR lines at 3420 and 1605 cm ! disappeared after the 500 °C thermal
treatment. The absorption lines at 2346 and 2378 cm ™! observed in the spectra were
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related to CO; since the FTIR spectra were recorded in air [33]. The hydroxyl absorption
bands were absent in the undoped ZnO spectra, even for the sample treated at the lowest
annealing temperature (300 °C).

The characteristic metal-oxide absorption bands arising from inter-atomic vibrations
generally appeared in the fingerprint IR region, i.e., below 1000 cm~! [34]. The main
absorption band of ZnO:Li films was observed at 404 cm™~!; its intensity rose with the
annealing temperature (as can be seen in the inset in Figure 1a). This band was associated
with the stretching Zn—O vibrations [34,35].

The comparison between the undoped and doped samples (Figure 1b) revealed that
Li doping shifted the strongest IR line from 395 to 404 cm ™. The absorption band of the
ZnO:Li sample had an asymmetrical shape and a clear feature at 376 cm~!. Another peak
at 356 cm ™! was also seen. These lines were attributed to Zn-O stretching vibrations [32].
For all of the annealing temperatures, the main band of the Li-containing ZnO films was
wider, proving that the Li ions were embedded into the host lattice [33].

The FTIR study revealed that adding Li was manifested by changes in the absorption
features. Raising the annealing temperatures led to stronger IR lines, suggesting that the
film crystallinity was improved. XRD analysis was applied for revealing the crystallinity
evolution with annealing.

3.2. XRD Structural Study

Figure 2 presents the XRD patterns of Li-doped ZnO films deposited on Si substrates;
the XRD patterns of undoped ZnO and ZnO:Li films annealed at 600 °C are shown in
Figure 3. The X-ray diffraction patterns matched well with the standard values of hexag-
onal wurtzite ZnO (JCPDS PDF card no. 00-036-1451) and confirmed the sol-gel films’
crystallization. The structural results revealed the polycrystalline nature of all samples.

All peaks observed could be indexed to zinc oxide. No diffraction peaks related to
Li-containing phases were detected; this may suggest the incorporation of lithium in the
ZnO crystal structure, but the low Li concentration could also be responsible for the absence
of a signature in the XRD patterns.

Table 1 summarizes the ZnO lattice parameters, the crystallite size, the dislocation
density and the c/a ratio of undoped ZnO and ZnO:Li films. These parameters were
determined using the equations given in [36,37]. The crystallites” average size (d) was
estimated by the Scherrer equation [37] using the full width at half maximum (FWHM) of
the (100), (002) and (101) diffraction peaks. In order to allow a comparison with reference
data, we also quoted 1/d%, which many authors call the dislocation density [36], although
this formula is a simplification of Williamson and Smallman’s work on annealed and
cold-worked metals [38].
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Figure 2. XRD patterns of sol-gel ZnO:Li films treated at 300-600 °C. The asterisk (*) marks a peak
arising from the Si substrate.
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Figure 3. XRD patterns of sol-gel ZnO and ZnO:Li films treated at 600 °C.

Table 1. Crystallite size (d), dislocation density (1/ d?), lattice constant (1), (c) and c/a ratio of undoped
Zn0O and ZnO:Li films estimated using XRD data.

Tannealing [°Cl Parameter Undoped ZnO ZnO:Li
d [nm] 11.8 (7) 11.6 (7)
1/d%x 1074 [1/nm?] 71 74
300 a[A] 3.241 (3) 3.243 (3)
c[A] 5.199 (6) 5.201 (6)
¢/a ratio 1.604 1.604
d [nm] 15 (1) 19 (1)
1/d?x 10~ [1/nm?] 44 28
400 a[A] 3.243 (3) 3.244 (3)
c[A] 5.199 (6) 5.200 (6)
c/aratio 1.603 1.603
d [nm] 30 (1) 29 (1)
1/d%x 104 [1/nm?] 11 12
500 a[A] 3.244 (3) 3.243 (3)
c[A] 5.197 (6) 5.197 (6)
¢/a ratio 1.602 1.603
d [nm] 36 (2) 31(1)
1/d%x 1074 [1/nm?] 8 10
600 a[A] 3.243 (3) 3.243 (3)
c[A] 5.193 (6) 5.194 (6)
¢/a ratio 1.601 1.602

The uncertainties in the cell parameters and the crystallite size are estimated by assuming a 0.02° uncertainty in
the peak positions and in the FWHM.

Increasing the annealing temperature induced an increase in the crystallite size in both
cases. The differences in the crystallite size between undoped and Li-doped ZnO were too
small to draw conclusions, although the fact that the crystallite size was somewhat larger
for undoped ZnO at 600 °C agrees with the trend observed by Fujihara et al. [30] for the
sol—-gel films.
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As noted above, both undoped ZnO and ZnO:Li films crystallized in a wurtzite phase.
The wurtzite structure had a hexagonal unit cell with two lattice parameters, a and c, in the
ratio of ¢/a = 1.633 (an ideal wurtzite crystal) and belonged to the P63mc space group. In a
real ZnO crystal, the wurtzite structure deviates from the ideal arrangement—the c/a ratio
is close to 1.60. Many factors have been reported to affect the lattice parameters and the
c/a ratio: (i) lattice distortion, (ii) impurities and defects (iii) differences in the ionic radii
of O*~, Zn?**, and Li*, (iv) external strains induced by the substrate and the temperature,
(v) electrostatic interactions between the ions in the lattice (these interactions influence the
optimal distances between the ions in undoped and doped zinc oxide) [39], and (vi) defects
in the real lattice [40]. However, in the present case, the lattice parameter variations caused
by Li doping and thermal treatment were not significant given the uncertainty in the peak
positions. Indeed, the percentage of lithium was rather small. Hjiri et al. [41] also did not
observe any (002) peak shifts for Li doping concentrations up to 3 at%. Both Song et al. [16]
and Jeong et al. [28] reported a small decrease in the ¢ parameter in the case of a Li-doped
film prepared by magnetron sputtering, a technique allowing one to reach higher levels of
lithium trapped in the ZnO matrix in comparison with the sol-gel routes. The c/a ratio
values of sol-gel ZnO and ZnO:Li films differed slightly from the reference value of 1.602
of ZnO (PDF card no. 00-036-1451). A more significant effect of Li addition was observed
regarding the intensity distribution between the (100), (002) and (101) peaks illustrated in
Figure 4 as the texture coefficient (T'C) calculated from the following equation [42]:

Lkt /Ty
N-1YN Linkty /Ty )

TC (hkl) = 1)

where I(hkl) is the measured relative intensity; I,(hkl) is the (hkl) plane standard intensity;
and N is the number of diffraction lines. The standard intensities for (100), (002) and (101)
were taken from PDFS card 01-070-8070. Considering the small 20 range for these three

reflections, combining the experimental intensities collected in grazing incidence with the
standard intensities in a Bragg—Brentano geometry did not affect the qualitative conclusions.
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Figure 4. Comparison of the texture coefficients of (100), (002), (101) peaks of ZnO and ZnO:Li films
as a function of the annealing temperature.

Figure 4 presents the annealing temperature effect on the estimated texture coefficients
(TC) of the (100), (002), (101) diffraction planes. It is known that the TC value represents the
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texture of the particular plane—its exceeding unity implies a preferred crystallite growth
with this orientation. The ZnO and ZnO:Li films considered here both had TC (101) and
TC (100) below unity, which indicates that the preferred orientation was along another
direction. The TC (100) values were near 0.8 for ZnO and in the range 0.73-0.86 for ZnO:Li
(Figure 4). TC (002) was greater than unity for both undoped (1.36-1.53) and Li-doped ZnO
(1.30-1.64). Thus, it was found that Li doping brings about a higher degree of orientation
along the 002 plane for annealing temperatures in the 400-600 °C range. The highest value
of 1.64 was measured for the ZnO:Li film treated at 500 °C.

The XRD studies showed that Li doping had a slight impact on the wurtzite structure of
the ZnO films. The sol-gel ZnO:Li films crystallized with a preferential growth orientation
along the c-axis. The hexagonal wurtzite structure was maintained without the formation
of an additional phase. The small Li doping level did not modify significantly the lattice
parameters and the crystallite size, while the thermal treatment favored the growth of
larger crystallites.

3.3. Film Surface Morphology

The ZnO:Li surface morphology evolution with the annealing was studied by FESEM.
The samples were deposited on Si wafers and treated at 300 and 600 °C. Figure 5 shows
the FESEM images (at two magnifications) of the sol-gel Li-doped ZnO film annealed at
300 °C. The surface morphology has a wrinkle-type surface structure with thinner and
thicker wrinkles (at the magnification of 20,000, Figure 5a). The formation of wrinkles on
the surface of sol-gel ZnO coatings was reported previously in [43,44]. Some authors [45]
proposed that voids appear as a result of elimination of residual organic solvents during
the preheating and annealing procedures, so that the stress imbalance arising in the films
causes wrinkle-like surface features [46].

MAG: 20000 x HV: 156.0 kV WD: 10.0 mm MAG: 80000 x_ HV:16.0 kVWD:}10.0 mm

(a) (b)

Figure 5. FESEM micrographs of a ZnO:Li film deposited on Si and treated at 300 °C. The images
show the film surface at (a) 20,000 and (b) 80,000 magnification.

The image at higher magnification (Figure 5b) illustrates a rather porous structure with
tiny grains with sizes below 20 nm that are difficult to distinguish. The average crystallites
size determined by XRD was 11 nm, as estimated from the diffraction planes (112), (103),
(110), (101), (002) and (100). The FESEM study revealed similar or slightly bigger grains;
however, as known, the crystallite size is assumed to be the size of a coherently diffracting
domain and does not represent exactly the particle size [40].

The annealing at 600 °C produced different morphologies. A comparison of the
FESEM images of undoped ZnO and ZnO:Li films obtained under the same technological
conditions is given in Figure 6. The lithium dopant provoked a significant change in the
film morphology. The undoped ZnO film exhibits wrinkles with a very porous structure,
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with the grains having irregular shapes in sizes varying from 30 to 100 nm (Figure 6a,b).
Annealing the sol-gel ZnO:Li film at the highest temperature resulted in a wrinkle-type
surface structure (Figure 6¢) with well-defined fibers (or wrinkles) consisting of distinct
nanoparticles (Figure 6c). The grains of the ZnO:Li thin film annealed at 600 °C clung
closely to each other. The highest annealing temperature transformed the porous film
morphology to a denser structure without pores and with well-defined grains, some of
which were of spheroidal shape. The grain size (as determined from the micrograph with
80,000 magnification, Figure 6d) varied from 30 nm to 110 nm.

s TP

- Nl
MAG: 20000 X_H! 1_5.’67!‘:\: WD: 10.0 mm

Figure 6. FESEM micrographs of undoped ZnO and ZnO:Li films deposited on Si and treated at
600 °C. The images show the film surface morphology of (a) ZnO film at 20,000; (b) ZnO film at
80,000 magnification; (c¢) ZnO:Li film at 20,000; and (d) ZnO:Li film at 80,000 magnification.

The morphology of undoped ZnO is porous, while the ZnO:Li films manifest a denser
structure with closely packed grains. The FESEM images confirmed that the ZnO:Li films
are nanostructured materials, with the thermal treatment causing structural and surface
modifications of the films.

3.4. Optical Characterization

Figure 7 presents the spectra of ZnO:Li thin films annealed from 300 to 600 °C and
recorded in the 200-1800 nm spectral range. The thermal treatment reduced slightly the
films’ transparency. The difference appeared after the annealing at 600 °C. The ZnO:Li
films annealed at temperatures above 400 °C showed exciton absorption peaks around
340 nm, confirming the good crystallinity of the films [46]. Figure 8a provides the average
values of the transmittance and reflectance in the visible spectral region (450-750 nm)
of undoped and Li-doped ZnO films. Following the post-annealing, the average optical
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Average values (450 - 750 nm) (%)

84

transmittance slightly decreased. The average reflectance was below 9% and changed
weakly with the annealing temperature. The average transmittance and reflectance of
the bare quartz substrate were 93.5% and 6.7%, respectively. The Li doping improved
the optical transparency. The ZnO:Li films’ reflectance was lower than that of the ZnO
films. The undoped films exhibited a trend of increasing the reflectance at higher annealing
temperatures. The FESEM analysis and the microscopic images revealed denser and
smoother surfaces of the sol-gel doped films. The smooth morphology resulted in an

improved average transmittance of the Li-doped ZnO films.

100
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Figure 7. Transmittance and reflectance spectra of ZnO:Li films annealed at temperatures of

300-600 °C. The substrate used is quartz.
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Figure 8. Comparison of (a) the average values of transmittance and reflectance in the visible spectral
range 450-750 nm; and (b) the optical band gaps of ZnO and ZnO:Li films as a function of the

annealing temperature.

The optical band gap is derived from the first derivative of the transmittance versus
the energy [47]. The estimated optical band gap (Eg) values for ZnO and ZnO:Li films are
shown in Figure 8b as a function of the annealing temperatures; the results are in good
agreement with the literature data for ZnO-based materials [48,49]. A narrowing trend
was seen in the E¢ of the ZnO and ZnO:Li films annealed at the higher temperatures. The
optical band gap can be influenced by several factors, including crystallization, grain sizes,
structural parameters, impurities, etc. [50]. The decrease in the band gap energy with

Optical band gap (eV)
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3.285

3.280
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annealing correlated with the growth of crystallites of greater size [50].
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Refractive index, n

The lower values of the optical band gap of ZnO:Li films compared to undoped ZnO
after annealing at 300 and 400 °C can be related to the change in the lattice parameters and
the formation of a tail band [51]. The higher-temperature thermal treatments (at 500 and
600 °C) reversed this tendency, as ZnO:Li samples have wider optical band gaps than those
of ZnO (Figure 8b). The widening of Eg can be due to the Burstein-Moss effect and to Li
occupying interstitial sites in ZnO [51].

The refractive index, n, is an important parameter characterizing the optical properties
of a thin film. The refractive index for the wavelengths ranging from 240 to 1700 nm
was calculated using the measured reflectance spectra of the ZnO and ZnO:Li films. The
following relation was used [52]:

_1)2 2
L) B @)
(n+1)"+k2
where k is the extinction coefficient and R is the reflectance. If k << n, then:
1++vR
= 3)

n—=
1-—+vR

Figure 9 displays the obtained values for the refractive index of undoped ZnO
(Figure 9a) and ZnO:Li (Figure 9b) films annealed at 300-600 °C.

2.5 2.5
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Figure 9. Refractive index, 1, values for (a) undoped ZnO and (b) ZnO:Li films after annealing at
300-600 °C. The inset figures show the refractive index values in the spectral range 450-750 nm.

The values of n depend strongly on the wavelength. The wavelengths of the undoped
ZnO films revealed that 1 increases as the annealing temperature is increased, especially
in the visible spectral range (Figure 9a). A similar tendency was observed for the ZnO:Li
films in the near IR region above 1000 nm. For wavelengths below 750 nm, the refractive
index of the doped samples treated at 300 and 500 °C reached its highest values. Generally,
the refractive index of the ZnO:Li is lower than that of the ZnO films in the wavelength
region 240-990 nm. In the NIR spectral range, the ZnO:Li films’ n values exceeded those
of ZnO. The decrease in the refractive index with Li doping in the range 300-900 nm has
been reported by other authors [53]. In contrast, other researchers [50,54] reported higher
refractive index values for Li-doped ZnO films. The refractive index of single-crystal ZnO is
2.047-2.063 at 500 nm [55]. The obtained n values are in agreement with the reported values.
It must be noted that there is a large dispersion in the reported values of the refractive
index of ZnO-based materials depending on the deposition methods, the technological
conditions, stoichiometry, crystallinity, dopants and packing density [55].
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The optical characterization of the studied ZnO:Li films demonstrated an improved
transparency (up to 82%) and a change in the optical band gap (a narrowing from 3.281 to
3.258 eV with the temperature). The refractive index reduction in the visible spectral range
was caused by incorporation of Li in the zinc oxide host lattice.

3.5. Electrical Properties

The transparent conductive films’ performance can be evaluated by using the concept
of the figure of merit (FOM) (Haacke [56]) and Equation (4):

10
Tavera ge

FOM =
Rsheet

(4)
where Tperage is the average transmittance in a certain spectral region (in our case, 450-750 nm)
and Ry is the sheet resistance of the samples. The FOM yields a numerical value de-
rived from the two most important parameters of a transparent conductor, namely, trans-
mittance and sheet resistance. It is known that these parameters in semiconductors are
interdependent—this is why the figure of merit is used [57]. Improving the optical trans-
parency (or electrical conduction) will result in a reduction in the electrical conduction (or
transmittance) [57].

Table 2 presents the FOM values estimated for the sol-gel Li-doped ZnO films treated
at 300, 500 and 600 °C. The values quoted for the average transmittance were evaluated in
the visible spectral range 450-750 nm by extracting the quartz substrate transmittance. The
sheet resistance was measured using the four-probe technique.

Table 2. Average transmittance, Tyverage, (estimated for the spectral range 450-750 nm), sheet resis-
tance, Rgypr, and figure of merit (FOM) of ZnO:Li films treated at different temperatures.

Tannealing [°Cl Tuverage [%] Rspeet [Q/sql FOM x 10~* [Q~1]
300 88.10 380 7.42
500 86.74 396 6.08
600 82.75 250 6.02

In order to highlight the effect of the sol-gel method on the FOM of the ZnO thin films,
a comparison of the properties of thin films with similar doping in terms of dopant and
doping level is necessary. Unfortunately, to the best of our knowledge, data on Li-doped
ZnO thin films are not available. Table 3 presents a comparison of reported sheet resistance
and FOM values for ZnO-based films prepared by different deposition methods [43,58-62].
As can be seen, the Rgy,,,; and FOM values vary widely. Comparing the results of the sol-gel
ZnO:Li films studied in the present work, it is seen that they approached the reported
values, but there are doped and undoped ZnO films with better electrical properties. It must
be emphasized that this study was focused on the effects of Li doping and the annealing
temperatures on the structural, optical and morphological properties of ZnO films.

Table 3. Comparison of Tyverage, Ropeet and figures of merit (FOM) of undoped and doped ZnO films,
prepared by different deposition methods.

Material Deposition Method Taverage [%] Rgpeer [Qsql FOM [Q1] Reference
ZnO Spray pyrolysis 96.30 388 1.76 x 1073 [58]
ZnO:Al Sol-gel 84.19 0.94 x 10~* [43]
ZnO:Al:In RF sputtering 88.00 (550 nm) 9.6 2.65 x 1072 [59]
ZnO:Al (implanted) ZnO Sol-gel 82.20 156 9.03 x 10~* [60]
ZnO Sol-gel 91.75 1950 217 x 10~* [61]
Zn0O:Ga Atmospheric pressure plasmajet  83.40 (550 nm) 12 1.48 x 1072 [62]

ZnO:Li Sol-gel 82.75 250 6.02 x 107* This work
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Regarding the electrical properties of sol-gel ZnO:Li films, further research is needed
on optimizing the preheating and post-annealing procedures and the films’ thickness and
transparency. In this respect, the results obtained in the present work are promising.

4. Conclusions

Thin films of lithium-doped zinc oxide were successfully prepared on Si and quartz
substrates using the simple sol-gel spin-coating method. The FTIR analysis showed that
including Li in ZnO thin films markedly modified and shifted the absorption bands. No
absorption bands related to Li oxides were detected. The XRD patterns demonstrated
the polycrystalline structure of the ZnO:Li films, which kept their wurtzite structure;
no Li-containing crystalline phases were detected. The crystallite sizes increased as the
annealing temperature was increased, and doping with lithium changed the temperature
evolution of the texture coefficients (T'C) in ZnO. The preferential (002) orientation was
enhanced in the ZnO:Li films compared to the undoped samples. Introducing the dopant
annealing modified the surface morphology. The FESEM observations showed a more
uniform and compact structure of the ZnO:Li films, which were composed of closely
packed spherical nanograins, in contrast to the very porous structure of the undoped ZnO
consisting of randomly distributed irregular grains. The Li dopant improved the ZnO
optical transparency across the visible spectral range, as the average transmittance was
found to be higher than 80% for the ZnO:Li films annealed at 300-500 °C. The preliminary
electrical study yielded encouraging results. In summary, we can conclude that lithium
doping affects the structural, optical and morphological properties of sol-gel prepared ZnO
thin films. Further, the ZnO:Li nanostructured thin films deposited using the cost-effective
sol-gel process are promising candidates for practical technological applications.
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