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ABSTRACT

Nitrogen and gallium co-doped ZnO films have been successfully obtained by a sol-gel technology
using spin coating. ZnO:N, ZnO:Ga and co-doped (N, Ga) ZnO films are deposited on silicon and
quartz substrates. The structural, morphological and optical properties of ZnO:N:Ga thin films are
studied depending on the thermal treatments (300-600 °C) and the two dopants: N and Ga. The
investigations of the doped ZnO films have been performed by using X-ray Diffraction (XRD),
Fourier Transform Infrared spectroscopy (FTIR), Field Emission Scanning Electron microscope
(FESEM) and UVeVISeNIR spectrophotometry. It has been found that the co-doped (N, Ga) ZnO
films are crystallized in the wurtzite structure with no impurity phases. The optical transparency of
Zn0O:Ga and ZnO:N:Ga films is above 80% in the spectral range of 400-800 nm, revealing a
significant improvement compared to undoped ZnO films. Gallium and nitrogen co-doping in ZnO
results in the modification of the surface morphologies changing from wrinkle-like (undoped ZnO)
to closed packed grained microstructure (ZnO:N:Ga films).
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1. Introduction

ZnO based materials are getting a huge research interest due to their potential applications in
electronic, optoelectronic and sensing devices, ultraviolet light-emitting and laser diodes [1,2].
Zinc oxide is a promising candidate due to its chemical, optical and electrical properties such as
wide band gap, large exciton energy, low cost, chemical stability, no toxicity etc. [3,4]. The
modification of ZnO films to achieve desirable morphological, optical and electronic properties
through impurity incorporation is currently an important approach for future applications [5].

Moreover, the undoped and doped ZnO films are suitable and attractive for applications in solar
cells, photoelectrochemical cells (PECs), thin film transistors, nanogenerators, sensors, liquid
crystal applications and other optoelectronic devices. Gallium is found to be a beneficial
substitutional doping element because of similar ionic radii of Ga* (0.062 nm) and Zn* (0.072 nm),
and the covalent bond lengths of Ga-0O and Zn-0 are very closed (1.92 and 1.97 A, respectively),
which can create a small deformation of ZnO crystal lattice even in the case of high Ga doping
concentrations [6].

Another advantage of gallium over the other dopants is the fact that it is more moisture resistant
and stable in oxidizing environments. Ga incorporation in ZnO films is manifested by improved
optical transparency, low resistivity, enhanced sensitivity to UV light [7].

Nitrogen (N) is considered as the most appropriate dopant in ZnO lattice to substitute oxygen due
to its high electronegativity and ionic radius similar to oxygen. Nitrogen incorporation is
recognized as efficient approach for the realization of p-type doping in ZnO [8,9]. ZnO:N films are
studied as photoelectrodes in photoelectrochemical cell for water splitting, p-type transperant
conductors, ferromagnetic material, visible light photocatalyst [10,11]. As the solubility of nitrogen
in ZnO is low, therefore, it is necessary to find ways to enhance its solubility limit [12,13]. It is well
known that when two kinds of dopants with opposite effective charges are added to a matrix, the
solubility limit of the dopants can be extended by their co-doping effect [14]. Many authors
reported that the presence of gallium enhances the incorporation of nitrogen in ZnO matrix
[15,16].

Sol-gel method is known to be a relatively simple and low cost route for obtaing high quality films
and offering homogeneous dispersion of dopants [17]. The advantages of the sol-gel technology
over other deposition methods include good composition control ability, easy approaches of film
thickness and composition modification, large area coating capability, reproducibility versatility,
and good film adhesion [18].

In this work, the sol-gel technology for preparation of nitrogen doped ZnO, gallium doped ZnO and
N, Ga co-doped ZnO nanocomposite films is presented. The sol-gel derived (N, Ga) ZnO films are
successfully obtained on quartz and silicon substrates by the spin coating method. The
concentration of the dopants is changed. The obtained films are subjected to high temperature
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treatments (300-600 °C). The study of the structural, optical and morphological properties of co-
doped ZnO with undoped ZnO, ZnO:N and Zn0:Ga films is performed.

2. Experimental

Gallium and nitrogen co-doped ZnO films are deposited from N doped Zn solution and Ga doped
solution by mixing in different molar ratios. All the chemical reagents used are analytical grade
purity. The 0.4 M sol solution for ZnO deposition is synthesized by using zinc acetate dihydrate
Zn(CH;C0O0), as a precursor, dissolved in absolute ethanol (Merck). The complexing agent is
monoethanolamine (MEA) with a molar ratio MEA/Zn = 1. The detailed preparation procedure is
described previously [19]. The Zn-Ga sol is obtained by dissolving 4 wt% Ga(NO3)xH,0 into Zn sol
solution. The second sol (Zn-N) is derived by adding 1 wt% ammonium acetate (CH;COONH,) into
the corresponding Zn sol solution. The mixed sols are prepared in the following procedure: equal
amount of Zn-N sol is added to different quantities of Zn-Ga sol as described in Table 1.

Table 1. Description of sol solutions, used for depositing ZnO:N:Ga films.

Zn-N solution (with 1 wt% CHsCOONHy,) Zn-Ga solution (with 4 wt% Ga(NOs)xH,0)
Sol 1 5ml 10 ml
Sol 2 5ml 5ml
Sol 3 5ml 0.5ml

The mixed sols are stirred on a magnetic stirrer at 50 °C for 2 h in order to get homogeneous
solution with appropriate film forming properties. The sols go through ultrasonic treatment at 40
°C for 3 h. The prepared sol solutions are clear, transparent with no precipitations.

N and Ga co-doped ZnO films have been deposited by the spin coating method at 4000 rpm/30 s.
The substrates are prelimanary cleaned. Silicon wafers are used for vibrational, structural and
morphological studies and the quartz substrates for optical characterization. The films have been
preheated at 300 °C/10 min. The coating and preheating treatment procedures are repeated five
times to get thicker films. The sol-gel ZnO:N:Ga films are treated at temperatures 300, 400, 500 and
600 °C for 1 h in air ambient by using constant heating and cooling rates of 10 °C/min. This
technological process permits to deposit uniform and homogeneous thin films. Undoped ZnO,
Zn0:Ga and ZnO:N films are deposited from the corresponding sol solutions, following by similar
technological procedures for comparison purposes.

X-Ray diffraction (XRD) patterns are recorded by XRD diffractometer Bruker D8 using a Cu anode
(Aka = 1.54056 °A), and a grazing angle 2°, step time 8 s. Fourier transform infrared (FTIR)
measurements are done by Shimadzu FTIR Spectrophotometer IRPrestige-21 in the spectral range
350-4000 cm™. The studied samples have been deposited on Si substrates and bare Si wafer (p-Si,
with orientation <100>) is used as background. Optical measurements are carried out by UV-VIS-
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NIR Shimadzu 3600 double-beam spectrophotometer in the spectral region of 240-1800 nm. The
transmittance spectra are performed against air and the reflectance spectra are measured by using
the specular reflectance attachment (for 5°incidence angle) and Al coated mirror as reference. The
morphology of the sol-gel films is studied by FESEM microscopy (Philips XL 30FEG-ESEM, FEI).

3. Results and discussion

Fig. 1 presents XRD patterns of the sol-gel N doped, Ga doped and (N, Ga) co-doped ZnO films,
treated at the temperatures ranging from 300 to 600 °C. The registered diffraction peaks could be
indexed to the hexagonal wurtzite structure of zinc oxide with space group P63mc (186) (JCPDS
card 01-070-8070). Previous study [20] reveals that the undoped sol-gel ZnO films are
polycrystalline and the film crystallization is significantly enhanced with increasing the annealing
temperature. The diffraction peaks of ZnO:Ga films reveal lower intensities, indicating that Ga
addition causes a crystallinity deterioration. This effect has been previously found out for the sol-
gel ZnO:Ga films with lower gallium concentrations [19], than those used in this study. XRD
patterns (peak intensities and shapes) of ZnO:Ga films are not considerably influenced by the
thermal treatments up to 500 °C. A certain enhancement of ZnO:Ga film crystallization can be
observed after the highest temperature annealing at 600 °C. It is proved, that Ga doping in ZnO
induces an worsening of the film crystallization as well as a decreasing of the crystallite sizes
compared to undoped ZnO films [19]. No Ga and Ga containing phases are found, suggesting that
Ga*" have successfully substituted Zn?* ions in ZnO lattice without secondary phase formation.

The crystalline structure of the nitrogen doped ZnO films manifest a strong dependence on the
thermal treatments. The increase of the annealing temperatures leads to stronger and sharper XRD
lines, a sign for higher crystallization. The nitrogen doping provokes an improvement of the film
crystalization and the crystallite sizes grow greater compared to undoped ZnO films. It can also be
observed a shift of the (002) peak to the higher angle (for 600 °C annealed films, see Fig. 2). The
slightly larger 2 theta values may arise from the smaller bond length of Zn-N (1.88 A) than that of
Zn-0 (1.93 A). This fact can suppose that nitrogen has been successfully incorporated into zinc
oxide lattice and N is partly substituted oxygen [21]. XRD analysis shows that ZnO:N films maintain
the wurtzite phase of ZnO.

XRD investigation of ZnO:N:Ga films, treated at the temperatures 300-600 °C reveals that the
studied films are polycrystalline in nature and XRD lines can be attributed only to wurtzite phase.
The annealing procedures produce a small impact on the XRD patterns of ZnO:N:Ga films, obtained
from the sol 1 and sol 2. The thermal treatments influences in a greater extent the crystallization
behaviour of ZnO:N:Ga, sol 3 films. The crystallization of ZnO:N:Ga films has diminished comparing
to ZnO and ZnO:N films, meanwhile the co-doped ZnO films show higher crystallinity than the
corresponding ZnO:Ga films.
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Fig. 1. XRD patterns of ZnO:N, Zn0O:Ga and ZnO:N:Ga films, obtained from sol 1, sol 2 and sol 3. The films are
annealed at the temperatures of 300-600 °C. The two insets present the enlarged images of XRD peaks 100,
002 and 100 of the annealed ZnO based films at 500 and 600 °C.
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Fig. 2. XRD 002 peak of the sol-gel ZnO and ZnO:N films, annealed at 600 °C.

The average crystallite sizes are estimated by using the Scherrer equation on the (100), (002) and
(101) difraction peaks. The obtained results are presented in Fig. 3. The crystallites of undoped
ZnO and ZnO:N films grow greater with increasing the annealing temperatures. The greatest
crystallite sizes are determined for the nitrogen doped ZnO films (for all thermal treatments). An
increase in the crystallite sizes with nitrogen incorporation in ZnO structure is reported in literature
[22,23]. On the other side, it is seen that Ga incorporation suppresses the crystallite growth. The
crystallite sizes of Ga doped films are significantly smaller compared to those of undoped ZnO. A
possible explanation is that there are changes of internal and external strain energy due to Ga
impurities present in ZnO lattice matrix and oxygen defects [24] and/or Ga induces the increased
number of nucleation centers [25] It has been previously reported that ZnO:Ga thin films manifest
smaller grain size than undoped ZnO films [7,17].

(N, Ga) co-doped ZnO films also show considerable decrease of the crystallite sizes compared to
those of ZnO and ZnO:N (see Fig. 3a). It can be seen that the obtained values of the co-doped
samples despite the annealing temperatures are closed to that of ZnO:Ga films. The crystallite
sizes of ZnO:N:Ga films, deposited from sol 3 (smallest Ga addition) are higher than those of
Zn0:Ga films. Meanwhile, the co-doped ZnO films, derived from the sols 1 and 2 possess smaller
crystallite sizes. It suggests that to the Ga presence and its concentration has a significant effect on
the crystallite growth of (N, Ga) co-doped ZnO films. The annealing temperature influences
considerably the crystallite sizes of ZnO and ZnO:N films. For the co-doped ZnO films, there is a
slight tendency of increasing the crystallite sizes with raising the annealing temperatures.
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Fig. 3. The average crystallite sizes, determined from the (100), (002) and (101) difraction peaks for ZnO,
ZnO:N, Zn0:Ga and co-doped ZnO films (a). The evolution of the texture coefficients for the (100), (002) and
(101) difraction peaks with annealing temperatures are presented in figures b, c and d, respectively.
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The signal intensities from the XRD planes contain information on preferential or random growth
for polycrystalline thin films. The degrees of the preferential orientation of the three crystalline
planes 100, 002 and 101 for undoped, N doped, Ga doped and (N, Ga) co-doped ZnO films have
been estimated by calculating the corresponding texture coefficients (TC(hkl)). The texture
coefficients (TC) are determined using the JCPDS card 01-070-8070, taking in mind the standard
intensities for (100), (002), (101), (102), (110), (103), and (112) planes, respectively. A sample with
randomly oriented crystallites yields TC(hkl) = 1 or lower, while the larger this value, the larger
abundance of crystallites orientated at this (hkl) direction [26]. Furthermore, TC values between
0.00 and 1.00 indicate the lack of grains orientated in the certain direction. On the other hand, the
larger of texture coefficient deviates from unity, the higher will be the preferred orientation of the
film. The degree of the preferred orientation denoted by the XRD data calculations is presented in
Fig.3b,cand d.

It is seen that the highest TC values in (002) plane are observed for ZnO:N films for temperatures
above 400 °C. It is obtained TC (002) = 3.0 for ZnO:N film, treated at 600 °C, which is a clear
indication for texture and preferred growth. On the other hand, Ga doped ZnO films show the
highest TC values for (100), suggesting that Ga atoms would suppress the (002) plane growth and
the preferred orientation is changed to (100) plane. The ZnO:N:Ga films, deposited from sol 1 and 2
exhibit closer values for TC (100) and TC (002). ZnO:N:Ga (sol 3) films show higher values of TC (002)
comparing to ZnO:Ga and ZnO:N:Ga films, from sol 1 and 2. The estimated texture coefficients
show that nitrogen concentration in the N, Ga co-doped ZnO films effects considerably the
preferred orientation of the crystallites. The changes of preferred orientation due to the effect of N
and Cu co-doping in ZnO lattice are also reported [27]. It can be concluded that the crystallization
of Zn0:Ga and Zn0:N:Ga (sol 1 and 2) films is quite poor and the crystallites are more randomly
oriented.

The lattice parameters a and c¢ are estimated from the XRD data and the results are presented in
Fig. 4. The changes in the lattice parameters are mainly caused by impurities, lattice defects,
vacancies, deposition conditions and concentration of native imperfections in thin films. The ¢
values of undoped ZnO are higher compared to Ga doped and N, Ga co-doped ZnO films,
significantly lower c values are found for ZnO:Ga films. As Ga** holds a smaller ionic radius with
respect to Zn%, thus substitution of Zn* with Ga** at lattice sites could decrease the lattice
constant [28]. The lattice parameter c of the nitrogen doped ZnO films has interesting behaviour, a
very strong dependence on the annealing temperatures is revealed. For 300 and 400 °C treated
ZnO:N films, the c is increased, revealing the highest values among the studied sol-gel films. After
annealing at 500 and 600 °C, the c lattice constan drops to the values lower than those of undoped
Zn0, treated at these temperatures. The larger lattice constants can be attributed to the internal
tensile stress due to N atom incorporation in the ZnO lattice [13]. After the annealing, the structural
qualities of the ZnO:N films are enhanced and the defects states are possibly reduced. The
ZnO:N:Ga films possess lower c values, most probably due to the gallium doping. The highest ¢
parameter and much closer to thus of undoped films is observed for ZnO:N:Ga films, derived from
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sol 3, where is the smallest Ga concentration. These results suggest that ZnO:N:Ga (sol 3) and
undoped ZnO films have the lowest lattice stress, almost independent on the annealing
temperatures.
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Fig. 4. Lattice parameters a, ¢ and ratio c/a determined from XRD data for ZnO and doped ZnO films. The
standard lattice parameters are a = 3,24,890 A and ¢ = 5,20,490 A, c/a is 1,60,205 (according to the JCPDS card

01-070-8070).
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It is also found that the c/a ratio values are almost constant for ZnO and ZnO:N:Ga films and their
values are in a very good agreement with the standard value (1,60,205), which is close to the ideal
value for hexagonal cell c/a = 1.633. It is well known that the crystal structure of ZnO deviates from
the ideal wurtzite by the change in the ratio of the lattice parameters - c/a ratio. This observed
constant of the c/a ratio proves once more that the hexagonal structure practically does not
change upon co-doping with certain doping concentrations, on the other hand the single nitrogen
and gallium incorporations and the ZnO:N:Ga films (sols 1, 2) result in some distortion of the
wurtzite structure, more pronounced effect for the lower annealing temperatures. The deviations
from the ideal value are due to the microstrains and the concentration of defects in the crystal
lattice structure.

XRD analysis reveals that Ga concentration strongly influences on the crystallization behaviour,
crystallite sizes and texture coefficients. From Figs. 1 and 3, it can be seen that decreasing the
gallium component, the crystallization is enhanced and the biggest crystallite sizes among the co-
doped ZnO samples are estimated for ZnO:N:Ga films, derived from sol 3. The same tendency is
observed for TC values, where the Ga effect can be observed as for all texture coefficients of (100),
(002) and (101) reflections. Zn0:Ga and ZnO:N:Ga films, obtained from sol 1 and 2 show similar
values. On the other hand, the structural properties of the ZnO:N:Ga films (sol 3) is more
considerable influenced by nitrogen doping.

FTIR spectroscopy is applied as a supplementary study to XRD analysis. The absorption bands
(their shape, intensity, position) are influenced by crystalline structure, degree of crystallinity,
chemical composition, particle sizes, forms and film morphology [29]. The effects of Ga and N
additions as well as their co-doping on the structural bonding of ZnO films have been investigated
by FTIR spectroscopy. The spectra are recorded for ZnO:N, Zn0:Ga and ZnO:N:Ga films, treated at
different annealing temperatures (see Fig. 5), comparison with undoped ZnO films is also
discussed. Detailed FTIR study of undoped ZnO and ZnO:Ga films is previous reported [19], where
the gallium concentration varies and it is lower than the gallium doping used in this research.
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Fig. 5. FTIR spectra of the undoped ZnO, ZnO:N, Zn0:Ga and ZnO:N:Ga films, obtained from sol 1, sol 2 and
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Published in : Journal of Molecular Structure (2020), vol. 1206, 127773 -
DOI:10.1016/j. molstruc.2020.127773 wrL I EG E
Status : Postprint (Author’s version) université

FTIR analysis reveals few absorption bands related to OH stretching vibrations in the spectral
range 1000-4000 cm™ [30]. These bands around 3400 cm™ are well expresssed in the spectra of the
films, treated at lower annealing temperatures and they vanish after high temperature treatments
above 400 °C. It must be noted that for ZnO:N films, they are clearly manifested only for 300 °C
treated samples and for the higher annealing temperatures, the bands are almost missing.
Meanwhile, ZnO:Ga and ZnO:N:Ga films possess evident absorption features due to water
inclusions even after annealing at the highest temperature - 600 °C. The undoped ZnO films show
very weak bands associated with the stretching and bending vibrations of hydroxyl groups and
they disappear after the annealings at temperature above 400 °C [19]. The IR lines at 2960 and 2850
cm™ are assigned to C-H stretching modes [30]. The absorption features at 2340 cm™ are due to
atmospheric CO; [31]. The 1550 and 1440 cm™ lines are associated with asymmetric and symmetric
stretching vibrations of (COO") groups [32]. The IR band at 1020 cm™ (appearing for all samples,
especially after high temperature treatments) is related to the native oxide on the silicon substrate
used [33].

The spectral part from 350 to 1000 cm™ is the fingerprint region, where metal oxides generally
exhibit characteristic absorption bands due to metal-oxygen vibrations. The characterestic IR
absorption bands of gallium oxides are reported to be located: at 690 -621 cm™ - Ga-O bonding
[30]; at 457, 652 cm™ related to Ga,0O bending mode [30] and at 680 cm™ - Ga-O stretching
vibrations [34]. The absorption bands of Ga-0 bonding in GaOsoctahedra can be found at 466, 478,
572 and 667 cm™ and Ga-0 bending and stretching vibrations of GaO, tetrahedra appear at 630,
656 and 730 cm™ [35,36]. Other reported IR peaks are located at 613 and 459 cm™ (assigned to Ga-
0-Ga and Ga-0 vibration of f-Ga,0s) and at 650 and 480 cm™ (due to a-Ga,0s) [37]. It is known that
some of the characteristic IR bands of ZnO are also appeared at these frequencies. The nitrogen
incorporation in ZnO is reported to be manifested by a vibrational mode at 886 cm™ (related to
substitutional hydrogen at oxygen site bound to the lattice Zn site) [38]. The modification of the
absorption bands of hydroxyl group vibrations can be associated with nitrogen doping and new
broad bands at 3020 cm™ or at 3146 cm™ can be recognezised as N-H mode [39,40]. The
observation of modifications of the C-H, O-H and N-H bonds can also be used an evidence for
nitrogen doping [39].

ZnO:N films reveal strong and broad absorption features around 400 cm™, which vary in shape and
position with a shifting from 397 cm™ (300 °C) to 407 cm™ (600 °C). These bands are assigned to Zn-
O stretching vibrations [38]. The IR lines at 420 and 522 cm™ are attributed to the stretching
vibrations of Zn-0 in ZnO wurtzite structure [41]. The band at 660-670 cm™ is due to Zn-0 bonding
[38]. The broad band at 969 cm™ can be related to the deformation bands of C=0 [42]. ZnO:Ga films
exhibit considerably broader and weaker main absorption bands compared to those of undoped
ZnO and ZnO:N films. They are located around 400 cm™ (for all temperature treatments) assigned
to characteristic stretching Zn-O bonds [38]. The low intensities and the broadness of these
absorption features can be an indication of the reduced crystallization and the nanocrystalline
nature of the films [43], a conclusion supported by XRD analysis. The weak lines at 660-670 cm™
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and a broad band at 969 cm™ are also seen. The weak lines at 740 cm™ can be related to Ga-0
stretching vibrations [35]. The broadness and splitting, observed for the main absorption bands in
Zn0:Ga films may have contribution of the Ga-0 bonding.

FTIR spectra of ZnO:N:Ga films, obtained from sol 1 present a stronger and sharper main
absorption bands with increasing of the annealing temperatures. This band is shifted from 397 (300
°C). to 403 cm™ (600 °C). The highest thermal treatment provokes an appearance of some new
peaks at 360, 380 and 440 cm™. Other IR lines at 470, 525 and 590 cm™ are observed. ZnO:N:Ga
films (sol 2) have their main absorption feature at 404 cm™ with weaker lines at 420, 445, 465, 525,
616, 665 and 960 cm™. Similar features are detected for ZnO:N:Ga films (sol 3) films as their main
absorption bands are the strongest. The observed IR lines are assigned to Zn-0 vibrations [44,45],
the influence of Ga incorporation is observed in the band shapes. It is interesting to mark the weak
absorption band at 841 cm™ appeared in the spectra of 600 °C annealed ZnO:N and ZnO:N:Ga films
(derived from the sol 2 and sol 3) can be proprosed to be related to nitrogen doping effect [38].

FTIR analysis reveal that nitrogen doping affects the absorption features (ZnO:N films). Obvious
changes occur in the infrared transmittance spectra with gallium incorporation (ZnO:Ga films). The
co-doping with N and Ga exhibits more complex influence, but the bands positions and shapes are
changed and new absorption bands appear. The IR main line of ZnO:N (300 °C), ZnO:Ga (all
annealing temperatures) and ZnO:N:Ga (sol 1, sol 2 for 300 and 600 °C) films vary from a broad
single band to the splitting in doublet or three-band superposition. This can be resulted from new
bondings due to dopant or from different geometrical shapes of particles [46]. The other possible
explanation of this band splitting is ascribed to the variation of the oxygen defect density [47]. The
higher the splitting degree, the higher is the oxygen defect density.

The transmittance and reflectance spectra of the sol-gel ZnO, Zn0O:Ga and ZnO:N:Ga films have
been measured in the spectral range of 240-1800 nm and their dependence on the thermal
treatments is given in Fig. 6. As it has been reported previously [19,20], the transmittance of
undoped ZnO films reveals a decrease after high temperature treatments. The change of the film
transparency can be related to the light scattering induced by the greater crystallites and the
crystallite boundaries of the annealed ZnO structures. The spesific excitonic absorption of the
undoped ZnO films is found around 340 nm [48]. These features are better expressed after 500 and
600 °C annealing. These features are due to the excitonic absorption of ZnO. The excitonic peak of
bulk ZnO is located near 373 nm. The excitonic peaks disappear in the transmittance spectra of
Zn0:Ga and ZnO:N:Ga films. Excitonic peaks are not seen in the transmittance spectra of Zn0:Ga
and ZnO:N:Ga films which may be related to the poor crystallinity of these films.

The gallium doping leads to an improvement of film optical quality [7,19]. The thermal procedures
affect very slightly the transmittance and reflectance of the sol-gel derived ZnO:Ga films, the
transmittance is 88-90% and the reflectance is 10-13% for the spectral range of 450-800 nm.
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Fig. 6. Transmittance and reflectance spectra of Zn0O:Ga and ZnO:N:Ga thin films, obtained from sol 1, sol 2
and sol 3. The studied films are thermally treated at different temperatures, ranging from 300 to 600 °C. The
solid lines represent transmittance and the dotted lines - reflectance, respectively. The inset figures show
the transmittance in the spectral range 450-900 nm in dependence of the annealling temperatures.
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The annealing temperatures do not modify significantly the transmittance and reflectance spectra
of the N and Ga co-doped ZnO films as it is shown in Fig. 6. For all thermal treatments, it can be
observed that the Zn0O:Ga and ZnO:N:Ga films, obtained from sol 1 and 2 possess the best
transparency with average transmittance above 88%. ZnO:N:Ga sol 3 films exhibit a slightly lower
transmittance (average transmittance 82-86.4%, depending on the annealing), but still their film
transparency is enhanced comparing to undoped ZnO films (average transmittance 78-83%,
depending on the annealing). This can be assigned to the smoother surfaces of co-doped ZnO
compared to the rougher ZnO morphology (SEM micrographs presented below) and XRD analysis
reveals greater crystallites for undoped ZnO films, respectively higher light scattering. The
crystallites sizes of ZnO:Ga and ZnO:N:Ga films are considerably smaller. Fig. 7 presents the
comparison of the transmittance and reflectance spectra of sol-gel undoped ZnO, Zn0O:Ga and
ZnO:N:Ga films, treated at 600 °C. It must be pointed out that undoped ZnO films change the
transmittance with thermal treatments and their transparency is worsening with increasing the
annealing temperatures. The doped and co-doped ZnO films have no such optical behaviour. On
the other hand, the reflectance of ZnO films is increased with annealing. The reflectances of
Zn0:N:Ga films, obtained from sol 3 have the lowest values from 7.6 to 9.3%, while the other co-

doped ZnO films shows average reflectance in the range of 11-13% for the spectral range 450-900
nm.

100 100
% 600°C Z"=G” Sol N:Ga,Soll %
1 e \:G : S |
80- o il - 80
T 701 . - 70
a0 (60 &
g 7 r0 5
g s0- 50 &
B 4 L g
E 40+ 40 g
& 30 Zn0:Ga F30 S
20 B L 20
1 3¢ T ITAARE YW
RE T P M T L Py
0——S—— T T T T T 0
300 400 500 600 700 800 900 1000
Wavelength [nm]

Fig. 7. Comparison of the transmittance and reflectance spectra of ZnO, Zn0O:Ga and ZnO:N:Ga films,
annealed at 600 °C for the spectral range 240-1000 nm.

Fig. 7 clearly indicates that Ga doping induces the improved transparency as ZnO:Ga and ZnO:N:Ga
(sol 1, sol 2) films reveal the highest transmittance in the visible spectral range. The lowest Ga
content results in lower transparency of ZnO:N:Ga (sol 3) films, but still better than compared to
pure ZnO films.
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The optical band gaps, E,, of the sol-gel films are estimated from the transmittance
spectrophotometric data and the results are presented in Fig. 8. A number of factors can influence
on optical band gap, including grain sizes, lattice parameters and bond lengths, film crystallinity
and crystal imperfections presence of impurities and/or other defects, lattice strain and stress
[49,50]. Itis known that gallium introduction could enhance the optical band gap and such band
gap widening is reported in literature and it is explained with the Burstein -Moss effect (i.e. shift of
the Fermi level caused by an increased conduction electron concentration) [7,51]. The nitrogen
doping in ZnO is found to reduce the optical band gap, probably due to the existence of Zn-N
bonds having smaller ionocity of Zn-0 bonds [52,53].
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Fig. 8. Dependence of the optical band gap values of ZnO, ZnO:Ga and ZnO:N:Ga films on the annealing
temperatures.

The optical band gap values of ZnO:Ga and ZnO:N:Ga films are higher than those of undoped ZnO
films. XRD study shows that the crystallite sizes of the ZnO based films diminished with gallium
doping thus the quantum size can play an important role in the increasing of the band-gaps [54].
The lattice stress can also contribute to the larger band gaps of co-doped ZnO films as it is known
that when the stress is tensile in nature, it exibits blue shift of E, (optical band gap increases) and
respectively the compressive stress results in red shift of E; Ref. [55]. The results of the optical band
gap reveal that ZnO and ZnO:N:Ga films (sol 3) have closer values, remaining the similar tendency
of the tensile stress change (closed values of lattice parameter ¢) although their crystalite sizes are
very different. The co-doped ZnO films possess optical band gaps influence by Burstein -Moss
effect, crystallite sizes and lattice stress. The calculated values of E; for ZnO, Zn0O:Ga and ZnO:N:Ga
films are in the range of the reported data for ZnO based nanostructures [24,56].

The morphological microstructure study of ZnO and ZnO:N:Ga films, annealed at 600 °C is
performed by FESEM technique. The film morphology has been analysed using different
magnifications. SEM micrographs of the sol-gel undoped ZnO film (see Fig. 9), reveal an interesting
surface with irregular fibre-like and wrinkle network structure (magnification 10X and spatial
resolution of 3 um). The width of the wrinkes (Fig. 9a) is 270-440 nm. In closer observation (Fig.
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9b), ZnO surface looks porous with irregullar grains in shapes and forms. The grain sizes vary
roughly from 30 to 100 nm. Similar wrinkled network morphology has been reported by other
researchers for sol-gel spin-coated ZnO films [57,58].

b) MAG: 80000 x HV: 15.0 kV_WD: 10.0 mm

Fig. 9. Plane view SEM migrographs with different magnifications of undoped ZnO film, thermally treated at
600 °C.

Fig. 10 presents SEM micrographs of ZnO:N:Ga films, obtained from the three sols and annealed at
600 °C. It can be clearly observed that the gallium and nitrogen co-doping considerably modifies
the film morphology. The film morphologies of ZnO:N:Ga films, obtained from sol 1 and sol 2
possess closed packed grained structures with no wrinkles or fibers despite the resolutions used
(magnification 10X and spatial resolution of 3 um). Meanwhile, a wrinkle-like microstructure has
been found for ZnO:N:Ga film, derived from sol 3. The observed film morphology is quite differing
from that of the undoped ZnO, presented in Fig. 9. The wrinkles, in the case of ZnO:N:Ga film,
deposited from sol 3 are much thinner with greater density than the corresponding wrinkled
network of ZnO film. The micrograph at the higher magnification of ZnO:N:Ga (sol 3) exhibits
grained morphology with very fine grains and randomly distributed bigger particles. The size of the
smaller grains are in the range of 10-23 nm (with different shapes and sizes) and the greater
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particles are at the rate up to 70 nm. The film morphologies of ZnO:N:Ga (sol 1) and ZnO:N:Ga (sol
2) look very similar - grained structures, close packed with no clear grain boundaries. The particles
sizes vary from 11 to 32 nm (for ZnO:N:Ga film, obtained from sol 1) and 8-11 nm (for ZnO:N:Ga (sol
2)), but it must be noted that the grains size is diffucult to determine as the sharpness of the grain
boundaries diminishes.

MAG: 10000 x HV: 15.0 kV WD: 10.0 mm

Y] MAG: 80000 x_HV: 15.0 kV WD: 10.0 mm

e

[9| MAG: 10000 x HV: 15.0 kV WD: 10.0 mm

MAG: 80000 x HV: 15.0 KV WD: 9.8 mm

Fig. 10. Plane view SEM migrographs with different magnifications of a) ZnO:N:Ga 1, b) ZnO:N:Ga 2 and c)
ZnO:N:Ga 3 films, thermally treated at 600 °C. The artifact seen in the higher magnification image of
ZnO:N:Ga 2 film should be ignored.

It is found out that the grain and crystalite sizes are different, determined from FESEM and XRD
studies. It is well known that the crystallite size is suggested to be the size of a coherently
diffracting domain and is not necessarily to be the same as the particle size. On the other side, the
XRD peak can be widened by defects and internal stress, and respectively the crystallite size
calculated by Scherrer equation is smaller than the actual value [59]. For all studied films, the grain
sizes are greater than the values from XRD estimation (Fig. 3), nevertheless the tendency is
remained.
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The wrinkle network is seemed to be dependent on both Ga and N doping, as it appears for
ZnO:N:Ga film, obtained from sol 3. Previous SEM investigation [19] manifests that the wrinkle
microstructure for the undoped ZnO film disappears with the galluim doping. The wrinkle
formation of the sol-gel films has been induced by several possible reasons: 1) the increase in
volumetric stress in the films and evaporation of the solvent [60], 2) lack of hydroxyl (or alkoxy)
groups in the sols [60] or 3) release of mechanical stresses developed during densification and heat
treatment of the films [61,62]. FTIR analysis exhibit very weak and broad absorption bands for the
undoped ZnO films due to the stretching vibrations of hydroxyl groups (at 3300-3500 cm™) after
300 °C annealing, which vanished completely at the higher annealing temperatures [19,20]. In
contrast to Zn0O:Ga and ZnO:N:Ga films, where the absorption lines due to hydroxyl groups are
detected even after the highest annealing (600 °C, Fig. 5).

The surface micrographs clearly manifest that the two dopants change the film structure and
morphology, the wrinkle network is surpressed, closed packed grained structures are developed.
The ZnO:N:Ga film morphologies are smoother than the undoped ZnO surface, which can
explained their improved film transparency. The transmittance of ZnO:N:Ga (sol 3) film, annealed
at 600 °C (Fig. 7) is worsened compared to the other ZnO:N:Ga films, derived from sol 1 and 2 and
this can be related to the rougher wrinkle network.

4. Conclusions

The sol-gel technology has been successfully applied for depositing ZnO:N, ZnO:Ga and co-doped
ZnO:N:Ga thin films. ZnO based films are obtained by the spin coating on Si and quartz subtrates.
The structural, morphological and optical properties of the sol-gel ZnO:N:Ga thin films with
different nitrogen and gallium concentrations are characterized. XRD studies of the single doped
and (N, Ga) co-doped ZnO films reveal that the films crystallize in the hexagonal wurtzite crystal
phase with no impurity fractions. The ZnO:N films manifest improved crystalization wth stronger
and sharper XRD lines compared to undoped ZnO. The gallium incorporation in ZnO deteriorates
the film crystallinity. The crystallization of ZnO:N:Ga films diminishes comparing to undoped ZnO
and ZnO:N films. Crystallite sizes, texture coefficients and lattice parameters for all studied films
have been determinined and compared. The obtained results proposes that ZnO:N:Ga 3 and
undoped ZnO films have the lowest tensile lattice stress values almost independent on the
annealing temperatures. (N, Ga) codoped ZnO films show a considerable decrease of the crystallite
sizes compared to those of undoped ZnO and ZnO:N. FTIR study shows that Ga and N affects the
absorption bands shapes and positions. Zn0O:Ga and ZnO:N:Ga films exhibit high transparency
across the visible spectral range and their transmittance is improved compared to undoped ZnO
films. It has been found that the optical band gap of ZnO:Ga and ZnO:N:Ga films are enlarged than
those of undoped ZnO. The FESEM micrographs clearly manifest that nitrogen and gallium co-
doping significally modifies the film morphology, the wrinkle network of undoped ZnO films is
surpressed and closed packed grained structures are observed. The ZnO:N:Ga film surfaces look
more uniform and smoother compared to ZnO. The film morphology features can explain the
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transmittance difference of ZnO and ZnO:N:Ga films, obtained from the synthesized sols with
different nitrogen and gallium concentrations.
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