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Abstract: The co-precipitation process is used to create various compositions of the bulk sample of Zni«GdxO (x = 0,
0.02, 0.04, 0.06, 0.08, and 0.1). The current study examines the morphological and structural characteristics of Gd-doped
ZnO thin films. By using an electron beam approach, the required coatings were deposited onto extremely clean glass
substrates. The production of the hexagonal wurtzite single phase of ZnO, which exhibits a strong (002) peak with a peak
shift towards lower angle, was discovered by X-ray diffraction. It was discovered that the films' crystallite sizes shrank as
the Gd content rose. Calculations have been made for the lattice constant, cell volume, atomic packing fraction, and surface
density. Zni1xGdxO thin films' microstructural characteristics, crystallite size, and lattice strain were computed. Zn1-xGdxO
thin films' microstructural characteristics, crystallite size, and lattice strain were computed. The details of the alterations in
microstructural parameters in relation to Gd concentration were then covered. Zni«GdxO’s Zn-O bond lengths and bond
angles were established and have since changed. The turnability of microstructural parameters recommend ZnixGdxO
samples in various applications in electronic devices.
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1 Introduction

Wide band gap (3.37 eV) with high exciton binding energy (60 meV), low dielectric constant, good chemical stability, high
electrochemical coupling coefficient, high thermal conductivity, and UV protection are just a few of the intriguing
characteristics of ZnO [1-3]. ZnO films have a wide range of applications due to their high refractive index and high
transmittance in the visible and infrared spectrum ranges. Due to their distinctive electrical, magnetic, and magneto-optical
features, diluted magnetic semiconductors (DMS) have recently gained attention [4, 5].

By adjusting the lattice parameters, microstructural parameters, and energy gaps in relation to the concentration of
transition metal (TM), their structural, electrical, and optical properties can be changed [6, 7]. The creation of repeatable
long-range ferromagnetism (FM) in materials with a large bandgap-DMS remains a significant barrier, however, to the
creation of spintronic devices that operate above room temperature [7, 8]. Some experimental experiments have
demonstrated that rare earth (RE) doping of metals, such as doping GaN with the ion Gd**, can enhance the ferromagnetic
characteristic [9]. This encourages researchers to dope metal oxide materials with RE metal ions for spintronics
applications. Due to its scintillation and optical devices instead of other luminescent and magnetic materials, Gd** is of
particular interest [10—12].

Compared to ZnO doped with transition metals, Gd-doped ZnO can create FM that is stronger. This difference may be
caused by a disputed interaction between localised 4f electrons and host electrons. The crystal defect caused by the rare
earth doping of ZnO has been implicated in ferromagnetism [13, 14]. The benefits of Gd-doped ZnO are numerous.
Because holes in 4f Gd are more active than electrons, it has been claimed that Gd ions doped into ZnO increase hole
conductivity [15]. Additionally, it has been discovered that Gd doped ZnO possesses an enormous magnetic moment at
ambient temperature [16] that can be exploited to create ZnO-based spin electrical devices. The domains of light-emitting
displays, catalysis, drug delivery, and optical storage are thought to have substantial promise for Gd doped ZnO
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nanoparticles [17].

In our work, we prepared ZnixGdxO (x = 0, 0.02, 0.04, 0.06, 0.08 and 0.1) thin films on a glass substrate with a fixed
thickness (200 nm). Morphology of the films has been investigated by various structural parameters e.g., Lattice constant,
Cell volume, Atomic Packing Fraction and surface density have been calculated. The microstructural parameters,
crystallite size and lattice strain of Zni1xGdxO thin films were calculated. The analysis indicates that the Zni1xGdxO thin
films were uniformly distributed with smooth grain boundaries. Comparison of these parameters of all ZnO films with
different dilute Gd content leads to in-depth understanding of various physical properties that depends on surface
morphology and structural parameters for varies applications.

2 Experimental

The co-precipitation technique of Zn (NOs3)2.6H20 with the appropriate amount of Gd (NOs)3.6H20 to make the required
doping percentage dissolved in 50 ml of distilled water was used to make different compositions of bulk samples of Zni-
xGdxO (x =0, 0.02, 0.04, 0.06, 0.08, and 0.1). In deionized water, zinc and gadolinium nitrates are dissolved and stirred for
1 hour. The NH4OH solution was added dropwise till the PH of the solution had reached 9. This mixture was stirred for 2
hours at room temperature and, consequently, filtered. The precipitate was dried for 4 hours at 80 degrees Celsius.

The precursor underwent thermogravimetric analysis (TGA) using a Shimadzu 50. A polycrystalline powder was obtained
by calcining the material at 450 °C for two hours, as determined by TGA analysis. Using the electron beam gun approach,
different Zn1-xGdxO thin films of equal thickness were evaporated under a vacuum of around 10-6 Pa. A quartz crystal
FTM6 monitor was used to regulate the evaporation rate and film thickness. Throughout the production of the sample, the
deposition rate was kept constant at 2 nm/s approximately. A film with a composition that is nearly identical to the bulk
starting material can be created at such a low deposition rate.

Zn1xGdxO powder and thin films' structural characteristics were examined using X-ray diffraction (XRD; Shimadzu X-ray
diffractometry 6000, Japan) and Cu-K radiation with a wavelength of 0.15418 nm. Step scan modes with a 2 range
between 5 and 70°, a step size of 0.02°, and a step period of 0.6 s were used to gather the intensity data. As an internal
standard, pure silicon (Si 99.9999%) is employed. Energy-dispersive X-ray (EDX) spectrometer energy-dispersive analysis
of X-ray (EDAX) is used to determine the composition of the produced polycrystalline particles. The morphology of the
films was examined using scanning electron microscopy (SEM), and several structural parameters, such as the lattice
constant, cell volume, atomic packing fraction, and surface density, were calculated.

3 Results and discussion

To research the thermal behaviour of precursor materials, one of the most important thermal analysis techniques is TGA.
As depicted in Fig. 1, TGA was performed at temperatures ranging from ambient temperature to 700 °C. According to this
number, a weight loss of almost 17% was connected to the three phases that came after the first, which happened until
361°C and was caused by the elimination of water that had been adsorbed on the material's surface. The complete
crystallisation of zinc oxide from its amorphous state may be responsible for the second weight loss of approximately 7%
that happened between 361°C and 450°C. The oxidation of residual chemicals causes the third weight loss, which amounts
to 2%.
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Fig. 1: Thermogravimetric analysis of the precursor.
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3.1 Energy-dispersive analysis X-ray (EDAX) spectra

EDAX can be used to locate peaks that correlate to the movie's constituents. The more concentrated an element is in the
spectrum, the higher its peak appears. In Fig. 2 EDAX data illustrates the Zn and Gd atoms present in the prepared
Zn0.94Gdo.0sO film. The purity of the film sample is confirmed by the lack of additional components in the spectra.
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Fig. 2: Energy-dispersive analysis of X-ray spectra Zno.96Gdo.04O thin film.
3.2 XRD analysis

Figure 3 displays the X-ray diffraction patterns of the as-deposited ZnO and the Gd-doped ZnO in the ZnixGdxO thin
films. Thin Zn1xGdxO film patterns were compared to typical JCPDS data. The hexagonal wurtzite ZnO structure (JCPDS
01-1136) is properly indexed to all of the diffraction peaks, demonstrating that the doping of Gd has no effect on the
crystal structure of ZnO. The production of the Zni1«GdxO solid is confirmed by the XRD pattern's lack of Gd traces or any
other impurity phase diffraction peaks. Additionally, Fig. 3 demonstrates that when Gd concentration rises, the intensity of
the favoured orientation (002) plane peaks weakens and shifts towards lower values of the diffraction angle (see Fig. 4)
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Fig. 3: X-ray diffraction patterns of polycrystalline ZnixGdxO thin films.
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Since the ionic radii of Gd** ions are greater than those of Zn?" ions (r = 0.074 nm), the peak position has shifted by
0.0938. Additionally, as seen in table 2, the full width at half maximum (FWHM) increases with increasing Gd content.
This behaviour suggests that the crystallite size and, consequently, the crystalline quality of the thin films have decreased.
Scherrer's formula can be used to determine the crystallite size (D) [18, 19]:

0.91
- B cos6 (1)

The difference between the sample's integral X-ray peak profile width and a standard (silicon) is given by, f =
VBZ,s — B%, and L is the incident wavelength

Table 2 demonstrates that as the Gd concentration rises, the D values fall. The formation of oxygen vacancies with Gd
ions, which lower the lattice properties and produce a significant tensile stress, is what causes the drop in crystallite size
[20]. Additionally, the Gd dopant's inclusion prevents the ZnO particles from adhering together, which reduces the average
crystallite size [21].
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Fig. 4: Diffraction angles as a function of Gd concentration for ZnixGdxO thin films.

Table 1: Morphological parameters of Zni.xGdxO thin films.

Conc. X % a(A) c(A) c/a V (A)3 € €

0 3.01524 5.07987 1.68473 39.9969 0.00048 0.03321
2 3.01609 5.09155 1.68813 40.1115 0.00076 0.03558
4 3.01865 5.101 1.68983 40.2542 0.00161 0.03751
6 3.02122 5.10688 1.69034 40.3691 0.00246 0.0387
8 3.02379 5.11276 1.69085 40.4844 0.00332 0.0399
10 3.02636 5.11763 1.69102 40.592 0.00417 0.04089

3.3 The lattice parameters

The plane spacing equation can be used to determine the lattice parameters 'a' and 'c' of the wurtzite structure of ZnO and
Gd-doped ZnO films [22].

1 4(h®+hk +k? +£2
Z. "3 2 3)
Where a & c are the lattice parameters, d is the interplanar distance and (hkl) are the Miller indices with the first-order

approximation (n = 1) for the (100) plane and using the Bragg equation nA = 2dy;,sinf The lattice parameter ‘a’ and ‘c’
is obtained from the relations.

a?

© 2023 NSP
Natural Sciences Publishing Cor.



%4 NS ) 5

Using the first-order approximation (n = 1) for the (100) plane and the Bragg equation, nd = 2d;,sin0, the lattice
parameters a and c, the interplanar distance d, and the Miller indices (hkl), The relations are used to derive the lattice

parameters "a" and "c."
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= ‘(\/5 sin6199) " sin6go2 (4)
The quality of the ZnO thin films is shown by the values of the lattice parameters "a" and "c," which are in good agreement
with the benchmark values for ZnO single crystals (a = 3.250 and ¢ = 5.207). As strong markers of compressive stress in
the films, the values of the lattice parameters "a" and "c¢" are lower than those of bulk doped films [23]. Table 1 shows that
the lattice parameters "a" and "c" rise when the Gd concentration of Zn1-xGdxO increases. The geometry of ZnO and Gd
doped ZnO wurtzite structures is fairly excellent, as seen by the lattice parameter c/a ratio, which is almost equal to 1.6.
Table 1 contains the values of the lattice parameters "a," "c¢," and c/a.

a

[oooL]

Fig. 5: Unit cell of ZnO.

3.4 Atomic Packing Fraction (APF)

It is defined as the portion of volume occupied by constituent particles in a crystal structure. It is an indivisible amount that
is perpetually smaller than unity. Using the formula [24], the atomic packing fraction (APF) for hexagonal was computed.

2ma

=305 (5

where "a" and "c¢" are lattice parameters [25]. The findings indicate that the APF declines with Gd content, which might be
because there are less voids in the samples. The APF of hexagonal ZnO in bulk is around 75%, however in this study, the
APF of the Zn1xGdxO film is more than 75%, suggesting that the APF in the nanocrystals is a little higher than that in the
bulk material. Size effects in nanocrystalline thin films are responsible for this. The APF in Zni1xGdxO films decreases as
Gd concentration increases, showing consistent Gd ion substitution in the zinc sites of the ZnO structure [26]. Table 2
contains the atomic packing fractions (APFs) of the Zni1xGdxO films.

Table 2: Crystallite size, lattice strain, dislocation density, X-ray density, packing factor and surface energy respectively
for Zn1xGdxO thin films.

Conc. x % | Corrected B | D (nm) € 6x 10-4 (nm)-2 | p(g/cm3) | P S (cm2/g)
0 0.1971 44 0.0028 52 6.7573 71.7739 | 20.2
2 0.2258 38 0.0032 68 6.738 71.6295 | 23.2
4 0.2488 35 0.0035 82 6.7141 71.5575 | 25.6
6 0.2702 32 0.0038 97 6.695 71.536 | 27.9
8 0.2875 30 0.0041 110 6.676 71.5144 | 29.8
10 0.3067 28 0.0044 125 6.6583 71.5072 | 31.8
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3.5 Volume of unit cell and X-ray density

The unit cell volume was computed using the equation [27]
V= g a’c 6)

Here the lattice parameters a and c. The values of the unit cell volume are provided in Table 1, and it is discovered that the
unit cell volume rises with rising Gd concentration, which can be attributed to the rise in lattice parameters a and c. This
implies that the Gd ions have relocated to the structure's available zinc sites.
The number of unit cells in the particle is calculated from the equation [28]

4

N=—5 (7

3TL’W

The X-ray density of ZnO sample was calculated by using the formula [29]

nm

P=ny ®)

NV

Where M is the sample's molecular weight, n is the number of atoms per unit cell, and p is the X-ray density The Avogadro
number is NA, while the unit cell's volume is V. With increasing Gd content in Zn1xGdxO nanoparticles, the X-ray density
rises. This might be caused by an increase in sample molecular weight and unit cell capacity. The unit cell volume
increases and the X-ray density falls as the Gd content rises. In the ZnO structure, this implies that Gd ions reach the Zn
sites [30].

3.6 Specific surface area

It is a solids attribute that can be used to identify a material's nature and properties. It is defined as the total surface area of
a material per unit of mass. The measurement method affects the results found for a particular area. The particle size
provided by [31] can be used to compute the specific surface area.

__ 6x108

)

Dx p
The specific surface area decreases with iron incorporated as shown in Table 2.

From this study, the dislocation density (8) and crystallize size of estimated samples are calculated by using following
equation:

1 (10)
D2
Any material's dislocation density determines the quality of its films and its defect structure. The number of dislocations
per unit length or per unit area of the desired samples is the standard definition of the dislocation density. As Gd is added
to the ZnO matrix in the current work, the dislocation density steadily rises, revealing the defect structure. The formulas c
=((c-co) €)100% and a =((a-a,) a)100% can be used to compute the strain in both the c- and a- axis directions. The data are
given in Tables 2 and 1, respectively, for § and “ec, &.”.

5=

The lattice strain (&) can be calculated from Stoke and Wilson Eq. [32]

— Bstrain

€= 4tanb (1 1)
Where, K is the shape factor, which is a constant taken as 0.94 A is the wavelength of the X-ray radiation (A=1.5416 A), 0
is the Bragg’s angle in degree and f is the full width at the half maximum (FWHM) of the prepared films. The crystallite
size decreases with increasing Gd incorporation, but the lattice strain increases. Both trend of D and € may attribute to the
change in the lattice size with Gd substitution by Zn because the ionic radius of Gd (Gd**: 0.094 nm) is slightly smaller the
ionic radius of Zn (Zn**: 0.074 nm) for the same coordination number (four-fold coordination). The observed decrease in D
and increases in lattice strain can be attributed to the combined effects of I the host ZnO crystal's lattice distortion caused
by the substitution of smaller ionic-sized iron atoms [33] and (ii) the obstruction of crystal growth caused by the
development of a thin layer of Gd-O-Zn on the surface of the doped samples as a result of the presence of too many iron
ions in the precipitation solution [34].
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3.7 Bond length and bond angle

Different atoms all combine with each other and become stable. This bonding is achieved by forming bonds. There are
different types of bonds, namely ionic or electrovalent bonds, covalent bonds and coordinate bonds. This in turn indicates
that each bond is associated with a specific property. Bond length describes the distance between the nucleus centers of
two bonded atoms in equilibrium. The stronger the attraction between the bonded atoms, the smaller the bond length.
However, the larger the atomic size, the longer the bond length. Bond angle refers to the angle between two bonds, that is,
the angle between two orbitals that contain a pair of bonding electrons around the central atom of a complex molecule or
ion.

The Zn—O bond length L is given by [35]

2 2
L= (a— +c(5u) ) (14)
3 2
where a and c are lattice parameters, u is the positional parameter in the wurtzite structure and measures the amount which
each atom gets displaced with respect to the next [36]. and u is given by
a? 1

u= E + Z (1 5)
While the stated Zn-O bond length in the unit cell of ZnO and adjacent atoms is 1.9767, the Zn-O bond length computed
according to this work ranges from 1.8665 to 1.8759. The estimated and actual bond lengths are in good agreement,

supporting the findings of the current investigation. Table 3 provides the bond length value.

In additional, there are three types of second-nearest neighbors, which designated as b; (one along the direction), b, (six of
them) and b; (three of them) with the bond lengths, shown in Fig. 6 are calculated as [38]

b; = c(1-u) (16)
b, = \/a% + (uc)? (17)
by = &+ G - u)2e? (18)

The second-nearest neighbours are less distant when the Gd doping concentration rises. The higher occupancy of the
dopant is to blame for this. Table 3 shows how the second-nearest neighbour varies with Gd doping concentration. It's
interesting to note that for Wurtzite geometry, the two distances, bz and bs, are equivalent. The bond angles are given by,

-1
_ T -1 c 1\2
a=_+cos [1+3(;)(—u+§) ]
1] c\? 21"
B = 2sin [§+4(;) (—u+5) ]
The estimated bond angles match the reference value (= 109.47) exactly. For the best scenario, the ratio between and is

one. However, regardless of the Gd doping concentration, the ratio for Gd doped ZnO nanoparticles is 1.03. Table 3
displays each of the evaluated values.

(19)

(20)

Table 3: The Values of Positional parameter, bond length and bond angle for undoped and Gd doped ZnO.

Conc. x% 4 bA) | b'@A) | b/A) | bA a () BO
0 0.3674401 | 1.866548 | 3.213322 | 3.546217 | 3.546217 | 111.1472 | 107.7444
2 0.366968 1.868436 | 3.223115 | 3.547936 | 3.547936 | 111.2548 | 107.6302
4 0.366733 1.870705 | 3.230296 | 3.551308 | 3.551308 | 111.3085 | 107.5731
6 0.3666626 1.8725 3.234375 | 3.554434 | 3.554434 | 111.3246 | 107.5559
8 0.3665923 1.874298 | 3.238461 | 3.557566 | 3.557566 | 111.3407 | 107.5388
10 0.3665689 1.875963 | 3.241664 | 3.560631 | 3.560631 | 111.3461 | 107.5331
© 2015 NSP
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3.8 Scanning Electron Microscopy (SEM)

The surface morphologies of the films are shown in Fig. 6. In general, the size of the nanoparticles is homogenous, but
variable concentrations result in porous granular surfaces. Figure 6(a) illustrates how the size of the nanoparticles almost
forms a sphere. The size of the nanoparticles shrank into smaller cluster grains as the Gd concentration was raised, as
illustrated in Fig. 6. (b-e).

Fig. 6: SEM micrographs of Zni1-xGdxO thin films with (x =0, 0.02, 0.04, 0.06 and 0.08mol.).

4 Conclusions

In this study, the bulk sample of Zn1.xGdxO was prepared using the co-precipitation process in various compositions (x = 0,
0.02, 0.04, 0.06, 0.08, and 0.1) before being deposited as thin films using the electron beam approach on extremely clean
glass substrates. In-depth research was done on the structural and morphological characteristics of thin Gd-doped ZnO
films. The films demonstrate the emergence of the intense (002) peak in the hexagonal wurtzite single phase of ZnO, with
the peak shifting towards a lower angle. With increasing Gd concentration from 0 to 0.1, it was discovered that the
crystallite size of the films fell from 44 nm to 28 nm. Based on the structural modification, which further improves upon
Gd-doping, the changes in the Bond length and Bond angle of the prepared films were discussed. For the first time, the
second-nearest neighbour distances for Gd doped ZnO nanoparticles were computed. Microstructural characteristics'
turnability suggests using Zni1-xGdxO samples for a variety of electronic device applications.
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