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Abstract

This work aims to study the solvent’s effect on the structural, morphological,
and optical properties of Mg-doped zinc oxide (MZO) thin films. The results
of the XRD analysis revealed that the 2-methoxyethanol solvent imparts a
preferential orientation to the MZO samples, following the (002) plane, with
a maximum value observed at 2% Mg. In contrast, the samples prepared using
methanol show no preferential orientation. SEM analysis corroborated that the
use of 2-methoxyethanol results in an orderly distribution of MZO crystallites.
The optical characterization indicated that the transmittance of MZO thin
films reached a maximum value of 90% for Mg concentrations ranging from
2% to 3%. At the same time, the refractive index showed its lowest value of
1.46. In contrast, the use of methanol as a solvent resulted in a maximum
transmittance of 80% at 4% Mg, accompanied by a minimum refractive index
value of 1.96.
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1. Introduction

For many years, the main applications of zinc oxide have been used in the chem-
ical and pharmaceutical industries. Nowadays, new avenues of research in optoe-
lectronics are arousing great interest in this material due to its multiple properties.
ZnO is a semiconductor with a large band gap (~3.37 eV), high bond energy (60

meV), and transparency in the visible and near-infrared range. It is considered a
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“twin” of GaN material [1], which makes it interesting for potential applications
in the fields of photovoltaics [2], light-emitting diodes for lighting [3], transparent
conductive oxides (TCO) [4], photonics or sensors [5]. It also has special proper-
ties from the II-VI family: hardness, exciton stability, piezoelectricity, and ther-
mochromicity... [6].

For the design and realization of ZnO-based devices, one of the major problems
in having an efficient TCO is finding adequate doping that offers the TCO mate-
rial both high conductivity and high transmittance. A concentration of carriers
with a value of 10" cm™ or more, and a band gap energy greater than 3 eV are
generally required for high conductivity and transmittance [7]. Fortunately, ZnO
thin films are a promising alternative to the commonly used ITO, which are non-
toxic and less expensive than ITO [8]. One of the major challenges of optimizing
the optical properties of ZnO is the incorporation of doping ions into the ZnO
lattice. Many researchers have reported that the optical properties of ZnO can be
modified by doping ZnO by elements from group II as Mg [9] [10]. In this case,
Mg-doped ZnO thin films are elaborated by two different solvents named 2-meth-
oxy ethanol and methanol to realize an enhancement of the optical properties of
TCO devices with affecting the lattice parameters, under the influence of differ-
ence electronegativity achieved by replacing Zn** ions by Mg**. The variation in
the optical properties of materials when changing solvents is influenced by two
crucial parameters: the dielectric constant and the boiling temperature. Under-
standing how these factors interact is essential for optimizing the performance of
optical materials in various applications. In this study, we focus on two solvents
that exhibit a significant disparity in these parameters: 2-methoxyethanol, with a
dielectric constant of 16.93 and a boiling temperature of 126.4°C, and methanol,
which has a dielectric constant of 32.35 and a boiling temperature of 64.7°C.

The primary objective of this work is to investigate how the differences in die-
lectric constant and boiling temperature between these solvents affect the optical
properties of ZnO when doped with group II elements. By comparing the effects
of these two solvents, we aim to gain insights into how solvent properties influence
doping efficiency and, consequently, the resulting optical characteristics. This re-
search could provide valuable guidance for selecting appropriate solvents in the
synthesis of optical materials, ultimately enhancing their performance in practical

applications.

2. Experimental Method

The samples are undoped and Mg-doped ZnO thin films were prepared on glass
using a sol-gel process followed by spin coating. A homogenous solution was pre-
pared by dissolving zinc acetate dehydrate [Zn(CH;00),-2H,0] as a starting ma-
terial and the 2-methoxyethanol (C;HsO,) was used as the solvent with monoeth-
anolamine (MEA) as the stabilizer. The zinc precursor solution was prepared with
the MEA stabilizer at a ratio of 1:1. The Mg content was taken at 0%, 1%, 2%, 3%,
4%, and 5% using magnesium acetate [Mg(CH;COO)-2.4H,0] as a doping element.
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The same procedure is redone, but with the methanol solvent to study the effect
of the solvent on the optical properties of these samples. Each film layer was de-
posited using a spin coater operating at 3000 rpm for 30 seconds, after cleaning
ultrasonically glass substrates in acetone and rinsed in deionized water. After, the
films were air-dried at 150°C. This process of drying was repeated 10 times for
each film. Finally, the films were annealed at 500°C for one hour as illustrated in

the following diagram.

Zinc acetat (ZnAc) 2-methoxy-éthanol

1 ]

l Stirring for 1h

White Solution

After 1h under 60°C i

Transparent Solution
pH=:

!
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5 solutions with l conc(e;nltr;nn;n:1 (;/::/Mg).
differentsMg | 2 —/————— LT o
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Spin coating Drying at 150°C for 20 Annealing at 500°C
deposition minutes (repeated 10) for 1 hour

The same procedure is repeated using methanol as the solvent, except that dur-
ing the drying step, we maintain a temperature of 80°C for 20 minutes.

Films were analyzed using an X-ray diffraction (XRD, D/Max-2400) to analyze
their crystal structure. A scanning electron microscope (SEM, JSM-6701F) was
used to explore the morphological surface. The transmittance spectra of the UV-
visible light passing through the films were measured by a UV-visible spectropho-
tometer (Lambda35 UV/VIS) to study the optical properties of the studied sam-
ples.

3. Result and Discussion

3.1. Structural and Morphological Characterizations

X-ray diffraction was used to determine the crystal’s structure, the crystal’s orienta-
tion, and the crystal size. Figure 1 shows that the samples of ZnO doped with Mg
elaborated with two different solvents namely 2-methoxy-ethanol and methanol

crystalized with wurtzite structure and exhibit tree peaks characteristic of ZnO
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correspond to (100), (002), and (101) peaks. Except, the samples prepared by 2-
methoxy-ethanol showed more intense peaks with the appearance of secondary

peaks compared to those synthesized with the methanol solvent.
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Figure 1. (a) X-ray pattern of Mg-doped ZnO thin films deposited on glass substrates by sol-gel at various percentages elaborated
2-methoxy ethanol solvent; (b) X-ray pattern of Mg-doped ZnO thin films deposited on glass substrates by sol-gel at various
percentages elaborated by methanol solvent.

To analyze the orientation of the crystallites for each solvent, the texture coef-
ficient TC (hkl) for each diffraction peak was calculated following this equation
[11]. To analyze the orientation of the crystallites for each solvent, the texture co-
efficient TC (hkl) for each diffraction peak was calculated following this equation

[11], the results of the calculations are shown in Table 1.

o(hkl) (1)

Table 1. Texture coefficient of Mg doped ZnO thin films deposited on glass substrate by
sol-gel elaborated with two different solvents: 2-methoxy ethanol and methanol.

Mg concentration 0% 1% 2% 3% 4% 5%

TC (002) 2-methoxy ethanol 1.28 1.47 2.16 1.92 0.71 0.93

TC (002) methanol - 0.891 1.11 0.96 1.36 1.11

We note that the texture coefficient of all the samples prepared by methanol sol-
vent is around 1, which confirms that the crystallites have a disordered distribution.
Since the preparation with 2-methoxyethanol gave a texture coefficient greater than
2 for 2% Mg. We can conclude that the elaboration with 2-methoxyethanol gives
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the crystallites a better crystallinity compared to the samples prepared by methanol.
Indeed, the methanol has a boiling point equal to 64.7°C, it evaporates quickly leav-
ing a disorder in the distribution of crystallites, while 2-methoxyethanol has a larger
boiling point equal to 126.4°C. In this case, evaporation takes place slowly, giving
the crystallites enough time to have a preferred orientation. R Bekkari et al [12]
indicated that in the solvents with a low boiling point, the evaporation is faster and
forces the material to develop in other directions and generally behaves like an
amorphous material.

The calculated average crystallite size was obtained from the Scherrer relation
(2) associated with the (002) peak for each solvent (Table 2).

0.94

Derystatiice = ﬁTs(H) (2)

Table 2. Crystallite size of Mg-doped ZnO thin films deposited on glass substrate by sol-
gel elaborated with two different solvents: 2-methoxyethanol and methanol.

Mg concentration 0% Mg 1% Mg 2% Mg 3% Mg 4% Mg 5% Mg
D (nm) (2-methoxy ethanol)  33.52 65.6 80.70 75.5 35.66 35.66

D (nm) (methanol) - 356 4291 53.679 5342 3582

The crystallite size for samples prepared with the 2-methoxyethanol reaches a
maximum value of 80.70 nm at 2% Mg and it begins to decrease. For the samples
elaborated with the methanol solvent, the crystallite size varied slightly between
35 nm and 53 nm, which in all cases remains much smaller than those obtained
with 2-methoxyethanol. This difference in size can be attributed to the difference
in the dielectric constant and the boiling point of the two solvents. Indeed, the
values of these magnitudes are (32.35°C, 64.7°C) for methanol and (16.93°C,
126.4°C) for 2-methoxyethanol. In this context, D.P. JOSHI et al. [13] have shown
that the larger the dielectric constant is, the smaller the crystallite size is.

The lattice parameters a and c are calculated by the equation:

1 4 12
%:Q(hz'Fhk"rkz)‘i‘c—z (3)

In the case of the 2-menoxyethanol, the lattice parameters a and ¢ decrease sim-
ultaneously with increasing Mg concentration up to 3% Mg, then they increase
(Figure 2).

This result may be due to the occupation of the substitutional sites by Mg atoms
for concentrations ranging from (1% to 3%) Mg, under the influence of a large
difference in the electronegativity between the Zn** (1.65) and Mg** (1.31) ions.
While, the re-increase results of occupying the substitutional sites by Mg atoms
[14]. On the other hand, the parameter “¢” in the case of methanol solvent under-
goes a remarkable variation and reaches a minimum value of 3% Mg. Conversely,

the parameter “a” increases and reaches a maximum value at the same percentage

of doping. This phenomenon can be explained by the presence of an intern stress
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during the insertion of Mg into the structure of ZnO. Indeed, the samples, pro-
duced by methanol, with a low boiling temperature, have a poor crystallinity and
are more likely to contain more constraints than the ones elaborated by 2-meth-

oxy-ethanol.
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Figure 2. (a) Lattice parameters versus different concentrations of Mg-doped ZnO films deposited on glass substrates by sol-gel
elaborated with 2-methoxy ethanol solvent; (b) Lattice parameters versus different concentrations of Mg-doped ZnO films deposited

on glass substrates by sol-gel elaborated with methanol solvent.

Table 3 shows that these constraints reach their maximum at 3% Mg with a
significant value of 5.4GPa to compare with 2.4 GPa for ZnO: Mg produced by 2-

« »

methoxy-ethanol, which causes an extremum of lattice parameters “a” and “c”.

Table 3. Stress of Mg-doped ZnO thin films deposited on glass substrate by sol-gel
elaborated with two different solvents: 2-methoxyethanol and methanol.

Mg concentration 0% Mg 1% Mg 2% Mg 3% Mg 4% Mg 5% Mg
0(GPa) (2-methoxyethanol) -0.33 1.55 2.33 2.42 1.38 0.95
o0 (GPa) (methanol) - 0.4 3.95 5.4 3 0.72

Some additional characterizations of SEM (scanning electron microscopy) are
essential to obtain more detailed and precise information on the grains’ size, shape,
or distribution. The SEM images of the MZO samples prepared by 2-methoxy-
ethanol (Figure 3(a)) show that the samples had a nanoscale crystalline micro-
structure with a uniform and dense distribution. It was also observed that the
grain size increased from a concentration of 1% Mg to 3% Mg. On the other hand,
the MZO samples prepared by methanol (Figure 3(b)) present nanowires of dif-
ferent orientations and shapes, presenting the agglomerations of grains. As has
already been reported, this difference in morphology can be attributed to the dif-
ference in the dielectric constant and the boiling point between methanol and 2-
methoxyethanol. The thermal decomposition of zinc acetate to form ZnO nuclei

is more spontaneous in solvents with a high dielectric constant [15].

DOI: 10.4236/msce.2024.1212005

72 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2024.1212005

A. El Hamidi et al.

Acc.V SpotMagn Det WD Exp b 2um
500kV 20 35000x TLD 53 1 Zn0 1 Mg

AccV SpotMagn Det WD Exp |—| 1 um
500 kv 20 80000x TLD 52 1 Zn0 3 Mg

Acc.V SpotMagn Det WD Ex|:;r |—| 1 um
500kv 20 80000x TLD 48 1 Zn05 Mg

(a)

DOI: 10.4236/msce.2024.1212005 73 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2024.1212005

A. El Hamidi et al.

(b)
1% Mg = MiZO, 3% Mg = M;ZO, and 5% Mg = MsZO.

Figure 3. (a) SEM images of Mg-doped ZnO films deposited on glass substrate by sol-gel
at various concentrations of Mg elaborated with 2-methoxy ethanol solvents; (b) SEM images
of Mg-doped ZnO films deposited on glass substrate by sol-gel at various concentrations of
Mg elaborated with methanol solvent.

3.2. Optical Properties

Figure 4 shows the optical transmission spectra of MZO films at various percent-
ages prepared with two different solvents in the range of 300 - 1000 nm.

For the methanol solvent, the transmittance of the MZO samples decreases
upon the introduction of Mg, then increases to a value of 80% at a Mg concentra-
tion of 4%. An opposite phenomenon is observed with the use of 2-methoxy-
ethanol. In this case, the transmittance increases, reaching a maximum value of
over 90% at 3% Mg, which corresponds to a high texture coefficient of 1.96. Con-
versely, for samples prepared with methanol, the M4ZO sample also exhibits a
relatively high texture coefficient of 1.26. Consequently, we believe that the evo-
lution of transmittance is linked to crystallinity, particularly to the preferential
orientation of the samples along the (002) plane.

From the transmittance spectra, the optical gap E; was deduced of the MZO
films, by applying the following equation:

a(hv)=A(hv-E, )% (4)
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where ais the absorption coefficient, and A is a constant. Figure 5 shows the evo-

lution of the optical band gap as a function of Mg concentration for methanol and
2-methoxyethanol solvents.
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Figure 4. (a) Transmission spectra vs. wavelength for Mg-doped ZnO films deposited on glass substrate by sol-gel at various
concentrations of Mg elaborated with 2-methoxy ethanol solvent; (b) Transmission spectra vs. wavelength for Mg-doped ZnO films
deposited on glass substrate by sol-gel at various concentrations of Mg elaborated with methanol solvent.
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Figure 5. (a) Band gap versus different concentrations of Mg-doped ZnO films deposited on glass substrates by sol-gel elaborated

with 2-methoxy ethanol solvent; (b) Band gap versus different concentrations of Mg-doped ZnO films deposited on glass substrates
by sol-gel elaborated with methanol solvent.

For the methanol solvent, the band gap increases, reaching a maximum value of
3.33 eV at 4% Mg. In contrast, the maximum value for the 2-methoxyethanol sol-
vent occurs at 3% Mg, with a value of 3.35 eV. It is noteworthy that the energy of
the optical band gap varies similarly for both solvents, with a displacement of the
maximum at 4%. The refractive index n (1), is related to reflectance, transmittance,
and extinction coefficient & (1) by [16].
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- 4(1-T
n= 2-T T # —k? (5)
T T
where kis the extinction coefficient (k= al/4n) and T'is the transmittance.
Figure 6, Figure 7 show the refractive index 2 (1) and extinction coefficient &
(1) of MZO thin films at different percentages of Mg doping prepared with two

different solvents in the range of 380 - 1500 nm.
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Figure 6. (a) Refractive index for different concentrations of Mg-doped ZnO films deposited on glass substrates by sol-gel elaborated
with 2-methoxyethanol solvent; (b) Refractive index for different concentrations of Mg-doped ZnO films deposited on glass
substrates by sol-gel elaborated with methanol solvent.
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Figure 7. (a) Extinction coefficient for different concentrations of Mg-doped ZnO films deposited on glass substrates by sol-gel
elaborated with 2-methoxyethanol solvent; (b) Extinction coefficient for different concentrations of Mg-doped ZnO films deposited
on glass substrates by sol-gel elaborated with methanol solvent.

These optical constants exhibit an exponential decrease with increasing (A1),
therefore, we have grouped in Table 4, Table 5 their values for A = 600 nm, to

cipher their evolution with Mg concentration.
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Table 4. Refractive index values determined for A = 600 nm of Mg doped ZnO thin films
deposited on glass substrate by sol gel elaborated with two different solvents: 2-methoxyethanol
and methanol.

Mg concentration 0% 1% 2% 3% 4% 5%
n (2-methoxy ethanol) 2.04 1.56 1.55 1.46 1.9 2.66
n (methanol) - 2.30 2.23 2.1 1.96 2.01

Table 5. Extinction coefficient values determined for 1 = 600 nm of Mg doped ZnO thin
films deposited on glass substrate by sol-gel elaborated with two different solvents: 2-
methoxy ethanol and methanol.

Mg concentration 0% 1% 2% 3% 4% 5%
k(1072 (2-methoxyethanol) 5 2.7 2.7 2.2 4 7
k(1072) (methanol) - 13 11 8.7 4 6

These results show that the refractive index increases as soon as the Mg is intro-
duced, taking values greater than n= 2 recorded for undoped ZnO, then decreasing
at 4% Mg taking a minimum value of 1.96. The increase can be caused by a disorder
in the structure, changes in stochiometry, or the creation of internal tension caused
by the increase in polarizability [17] [18]. This behavior contrasts with MZO sam-
ples prepared by 2-methoxyethanol, which makes the refractive index take a mini-
mum going up to 1.46 for 3% Mg. This proves that the elaboration of MZO thin
films with 2-methoxy ethanol solvent gives the samples better transparency com-
pared to those prepared by methanol solvent. It can be concluded that the choice of
solvent can modify the optical properties of ZnO-doped Mg. The extinction coeffi-
cient takes high values in the case of methanol for the percentages 1%, 2% Mg, and
3% Mg compared to the undoped ZnO, then it decreases taking a minimum value
of 0.04 at 4% Mg. This increase is mainly due to the increase in absorption. While
with the 2-methoxyethanol, & (1 = 600 nm) achieved its minimum value of 0.022 at
3% Mg. It can be concluded that the best TCO obtained, is the one of MsZO and
M,ZO0 prepared by 2-methoxyethanol solvent.

4. Conclusion

Mg-doped ZnO nanocrystalline thin films have been prepared by sol-gel method
with two different solvents named 2-methoxyethanol and methanol. Structural
characterization using X-ray diffraction for the samples elaborated with 2-meth-
oxyethanol has been reported as a preferential orientation according to the (002)
plan taking a maximum value of 2% Mg. While, the samples prepared by methanol
solvent show no preferential orientation, which confirms that the crystallites have
a disordered distribution. These results are corroborated by SEM analysis. The
optical studies exhibit that the elaboration of MZO samples highly improves the

optical transmission, which reaches a maximum value of 90% for (2% to 3%) Mg.
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Accompanied by a minimum value of refractive index (1.46) lower than the un-

doped ZnO (2). Whereas, with the methanol solvent an opposite phenomenon to

that obtained using 2-methoxyethanol is registered, reaching a maximum value of

80% at 4% Mg in transmittance, accompanied by a minimum value of refractive
index (1.96).
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