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Abstract: Mn,Zn;_O thin films (x = 0%, 1%, 3%, and 5%) were grown on corning glass substrates
using sol-gel technique. Single-phase hexagonal wurtzite structure was confirmed using X-ray
diffraction. Raman analysis revealed the presence of Mn content with an additional vibrational
mode at 570 cm~!. The surface morphology of the samples was observed by scanning electron
microscopy which suggested that the grain size increases with an increase in Mn concentration.
The optical bandgap increases with increasing Mn concentration due to a significant blueshift in
UV-visible absorption spectra. The alteration of the bandgap was verified by the I-V measurements
on ZnO and Mn-ZnO films. The various functional groups in the thin films were recorded using
FTIR analysis. Magnetic measurements showed that Mn,Zn;_,O films are ferromagnetic, as Mn
induces a fully polarised state. The effect of Mn?* ions doping on MnyxZn;_,O thin films was
investigated by extracting various parameters such as lattice parameters, energy bandgap, resistivity,
and magnetisation. The observed coercivity is about one-fifth of the earlier published work data
which indicates the structure is soft in nature, having less dielectric/magnetic loss, and hence can be
used as ultra-fast switching in spintronic devices.
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1. Introduction

In recent years, ZnO-based metal oxide semiconductors have drawn significant at-
tention due to their versatility and tuneable optical, electrical, and magnetic properties.
These materials can be synthesised in different physical forms such as nanoparticles, single
crystals thick, and thin films [1-5]. Among these, thin films form an important and useful
structure for various applications such as gas sensors, optoelectronic devices, transparent
electrodes for solar cells, and as a catalyst [6-9]. It is also being considered as a potential
candidate in the new frontiers of research such as spintronics [10]. Diluted magnetic semi-
conductors (DMSs), generally obtained by substituting a small amount of transition metal
(TM) in oxide semiconductors, are expected to show ferromagnetism at room temperature
due to the interaction between the spins of the carriers and the localised moments of TM
impurities [11-13]. The ferromagnetic behaviour of TM-doped ZnO thin films has been
extensively studied due to their potential to control both spin and electric charge which
makes these materials suitable for spintronic applications at or above room temperature.
In particular, Mn can be used as a transition metal dopant for obtaining ferromagnetic
ordering due to its high magnetic ordering [14,15]. However, very few reports studied
the influence of Mn?* doping on magnetic properties in detail [16-18]. Gallegos et al.
have studied structural, electronic, and magnetic properties of ZnO and Mn-doped ZnO
theoretically by first-principles calculations based on density functional theory (DFT) [19].
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Hexagonal wurtzite crystal structure of ZnO with Zn?* and O?~ ions tetrahedrally
coordinated and stacked along c-axis alternatively exhibit large exciton binding energy
(60 meV) and high optical transparency (3.3 eV). Mn-doped ZnO has been reported recently
by many researchers for showing electrical, magnetic, and optical properties simultane-
ously [20-23]. MnsZn;_,O shows room temperature ferromagnetism which makes it a
promising candidate for spintronic applications. However, there are few reports emphasis-
ing the ferromagnetic and electrical properties of the Mn-doped ZnO thin films. TM-doped
ZnO thin films have been synthesised by various deposition techniques such as spray pyrol-
ysis, reactive ion-assisted evaporation, molecular beam epitaxy, RF magnetron sputtering,
chemical vapour deposition, and sol-gel [24-29]. Among these, the sol-gel technique is the
simplest and most cost-effective method that enables the formation of different structures
by changing the experimental conditions using the same composition of the material [30].

In this work, we investigated the effect of Mn?* ions doping in ZnO thin films. We
varied the manganese concentration in ZnO films from 0% to 5%. The structural, mor-
phological, optical, and magnetic properties were explored in these thin films using X-ray
diffraction (XRD), Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), UV-visible spectrometer, and vibrating sample mag-
netometer (VSM), respectively. The present investigation has revealed that crystallite size
and optical bandgap increase with the increase in Mn concentration in ZnO thin films.
Room temperature ferromagnetism was observed in Mn-doped ZnO thin films, which
can be a potential candidate specifically for spintronic applications. I-V measurements
demonstrated that the energy separation between the uppermost layer of the valence band
and unoccupied states in the conduction band increases with Mn doping in ZnO thin films.

2. Experimental Procedure

The sol—gel technique was employed for the synthesis of 0%, 1%, 3%, and 5% Mn,Zn; _,O
thin films. Zinc acetate dihydrate [Zn(CH3COO),-2H,0, SRL-76205] and manganese ac-
etate dihydrate [Mn(CH3;COO),-2H,0, SRL-78017] from SRL with purity > 99% were used
as the zinc, and manganese sources, respectively, and 2-mithoxyethanol (DME-GRM8601,
Himedia, Maharashtra, India) [C3HgO»,] and mono-ethanolamine (MEA-GRM10183, Hime-
dia) [CoHyNO] were used as the solvent and stabiliser, respectively. All the chemicals were
of analytical grade and used without further purification. In addition, 0.5 M zinc acetate
dihydrate was used as a starting material. The Zinc precursor was weighed on the 6-digit
accuracy weighing balance with the four parts of the same quality mass. The manganese
acetate dihydrate as a dopant was added to them, and the atomic mole ratio of dopant Mn
to Zn was varied at different concentrations of 0%, 1%, 3%, and 5%, respectively. These
four mixtures were then dissolved at room temperature in four amounts in a homogeneous
mixture of MEA and DME solution. The MEA served as a stabiliser. The molar ratios
of MEA to zinc acetate were maintained at 1:1. A homogeneous, and clear solution was
obtained by stirring the final mixture vigorously at 70 °C for 2 h using a magnetic stirrer.
Further, it was held for aging at room temperature for one day to receive the desirable sol.
For thin film deposition, the corning glass substrates (5 x 5 cm?) were cleaned first with
de-ionised water by ultrasonication for 5 min, followed by ultrasonication in isopropanol
alcohol for 10 min. The cleaned substrates were then coated with a homogeneous solution
using a spin coater at 3000 rpm and 30 s time interval. After first spinning, the substrates
were preheated at 300 °C for 5 min to evaporate the solvent in the films. The spin-coating
and preheating processes were repeated 20 times for the formation of uniform thin films.
The estimated thickness of the films at present conditions was around 10 um [31]. These
coated films were annealed at 500 °C in the muffle furnace under an air atmosphere for 2 h
and then cooled to room temperature.

The structural properties of the films were investigated at room temperature by
using Miniflex 600 X-ray diffractometer from Rigaku with monochromatic Cu K« radiation
(A = 1.5418 A) at 40 kV and 15 mA in the diffraction angle (26) range of 20°~60°, with a step
size of 0.02° and a scanning speed of 5°/min. We used Match software, available online,
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for the phase analysis of XRD data. The Raman spectroscopic analysis was performed at
room temperature to investigate the vibrational modes using Enspectr Raman spectrometer
in the range 150-800 cm ! using a green laser source with a power of 300 mW and a
wavelength of 532 nm. The surface morphology of the films was studied using scanning
electron microscopy (SEM; JSM-IT200) at 10,000 magnification. For obtaining the SEM
images, a thin gold layer (~30 nm) was coated on the film surface. The samples were then
mounted on the SEM holders. The Fourier transform infrared (FTIR; Thermo Scientific
NICOLET iS50, ABX) transmittance measurements were performed in the range from
400 to 4000 cm ™! with a resolution of 2 cm~!. UV-visible spectrophotometer was used
to measure the optical absorption and transmittance spectra, and optical bandgap was
derived using Tauc’s plot of transmission spectra on T90+ UV-vis spectrometer. The
magnetic measurements performed by vibrating sample magnetometer (VSM-Cryogenic
Ltd., London, UK) were used to obtain saturation magnetisation, coercivity, and remanence.
The magnetic field was applied parallel to the film plane surface (in-plane geometry). I-V
measurements were performed using Palmsen4 with applied voltage from £5 V. Prior to
measurements, silverpoint contacts were made on the top surface of the films.

3. Results and Discussion

The X-ray diffraction pattern of ZnO and Mn-doped ZnO samples annealed at 500 °C
are shown in Figure 1. It is confirmed from the XRD pattern that all the films showed
a single crystalline phase with no additional impurity of Mn metal and oxides. From
the diffraction peaks, it is clear that all the samples showed a wurtzite structure with
(002) preferred orientation which matches with the JCPDS file No. 79-206 for ZnO. The
Mn-doped samples also showed other reflection planes at (100) and (101) of negligible
intensity. The crystallite sizes of all the samples were determined using Debye-Scherrer

formula [32].
kA

- Bcosb

where k denotes the Scherrer constant of proportionality and can be considered to be 0.9,
A denotes the wavelength of the incident X-ray radiation and for CuKa, A = 1.5418 A,
B corresponds to the full-width half maxima of interested peak, and 6 is the Bragg angle. It
is observed that the crystallite size increased from 36.2 nm to 51.1 nm for an increase of
5% Mn in ZnO thin films. This can be attributed due to the large ionic radius of Mn, as
compared with Zn causes the grain size to increase. The lattice parameters 4 and c of the
wurtzite structure of ZnO can be calculated using the relation in [33].

)
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A
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For the (002) plane, the lattice parameters were observed to be a = 3.245 A and
¢ = 5.227 A which is similar to the reported work [33,34]. We observed that the lattice
parameters increase with the Mn doping in ZnO thin films. Table 1 shows the lattice
parameters obtained for ZnO thin film and 5% Mn-doped ZnO thin film samples.
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Figure 1. XRD pattern of ZnO and Mn-doped ZnO thin films.

Table 1. Cell parameters and energy bandgap of undoped ZnO thin film and 5% Mn-doped ZnO

thin film.
Parameters ZnO Thin Film ZnO:Mn:5% Thin Film
a="b(A) 3.245 3.253
c(A) 5.227 5.223
c/a 1.6108 1.606
Volume (A3%) 47.67 47.86
Crystallite Size (nm) 36.2 51.1

A comparison of our experimental results with the first-principles calculation simu-
lated data shows that ZnO bond length practically was not affected by the incorporation of
the Mn atom. The obtained results of a comparison of the cell parameters reflect that the
Mn-doped ZnO had a small change with respect to the ZnO system, which is in accordance
with the DFT calculations [19]. The parameter a increased about 0.3% (from 3.12 A to
3.13 A), while the ¢ parameter was reduced 0.6% from first-principles calculations [19],
whereas our experimental results show that 4 increased about 0.25%, and ¢ parameter was
reduced 0.07%.

Figure 2 shows the scanning microscope images of all the deposited thin films. It is
clearly visible from the SEM spectra that the films were uniformly deposited on the corning
glass substrates, and the grain size increased with the increase in Mn concentration in the
ZnO films.
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Figure 2. Scanning microscope image of Mn-doped ZnO thin filmsMnyZn;_,O: (A) 0%; (B) 1%;
(C) 3%; (D) 5%.

The Raman spectra demonstrate the effect of Mn concentration on the vibrational
and microscopic properties of Mn,Zn;_O thin films. Figure 3 shows the Raman peaks
at 570 cm~! which corresponds to A1(LO) mode due to the generation of Zn vacancy
to be filled with Mn dopant. A significant redshift was observed in the Mn-doped ZnO
thin films as the ZnO wurtzite Al vibrational mode occurred at 580 cm~! which could
be the result of oxygen vacancy and zinc interstitials defect states. The peak centred at
1092 cm ! corresponded to the glass substrate and C-C vibration mode present in the
organic radical (CH3COO—) of Mny,Zn;_,O thin films, respectively. It can further be
related to the combination of Raman scattering and luminescence [35-37]. From Figure 3,
it is obvious that the characteristics modes centred at 570 cm~! and 1092 cm ! were sharp
and intense.

ZnO
== ZNO:Mn:1%
Zn0O:Mn:3%
= ZN0:Mn:5%

Intensity (a. u.)

250 500 750 11o'oo 1250
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Figure 3. Raman Spectra of MnyZn;_,O thin films deposited for different Mn concentrations an-
nealed at 500 °C.

The presence of functional groups such as Mn-O, Zn-O, and -OH was observed us-
ing Fourier transform infrared spectra (FTIR) measurements, as shown in Figure 4. The
incorporation of Mn in ZnO was confirmed by the variation in the peaks’” position and
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their intensity. The band in the range of 400-600 cm~! corresponded to the stretching
vibration of the Zn-O and (Zn, Mn)-O. The OH vibrational mode due to absorption of water
molecules at the sample surface occurred at absorption band around the wavenumber
3400 cm~!. The peak at 2250-2400 cm ! corresponded to CO, modes. The absorption peak
at 1540 cm~! corresponded to antisymmetric stretching mode C=O bonding. The antisym-
metric stretching mode of Mn-O vibration mode occurred at wavenumber 880 cm ™! [33].
The observed FTIR results are in good agreement with the earlier reported works [38,39].
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Figure 4. FTIR spectra for Mn,Zn;_,O thin films with different Mn doping concentrations (inset:
FTIR spectrum of corning glass substrate).

The UV-visible absorption spectra of Mn,Zn;_, O thin films were taken in the wave-
length range 300-900 nm. It is observed that all the films were transparent with small
absorption in the visible region of the electromagnetic spectrum and the absorption peaks
show redshift with the addition of Mn dopant. Figure 5A reveals the corresponding trans-
mittance spectra of the deposited films. It is clear from the transmittance spectra that the
films had smooth reflecting surface which can be attributed to low scattering loss at the
surface and also due to the appearance of interference fringes that originated from the light
reflected between air-film and film-substrate interface. The decrease in transmittance with
increasing Mn concentration can be attributed due to the formation of lattice defects at
ZnO interstitial sites. In order to achieve the optical bandgap of deposited thin films, we
used Tauc’s plot analysis [40—42] as follows:

ahv = A(hv — Eg)" @)

where « is the absorption coefficient which depends upon the thickness of the film, # is the
Planck constant, A is proportionality constant, and n = 1/2 for direct bandgap semicon-
ductors. The absorption coefficient can be estimated by using [43],

=l

where T is the transmittance and d is the film'’s thickness. The Tauc’s plot for all the films is
shown in Figure 5B, and the optical bandgap was determined by extrapolating the graph
on the energy axis, as shown by the dashed line in Figure 5B. It was observed that the
bandgap increased from 3.23 eV to 3.28 eV with increasing Mn doping concentration. The
blueshift in the bandgap can be attributed to the replacement of Zn?* ions by Mn?* ions in
the ZnO lattice, causing the energy separation between the uppermost layer of the valence
band and unoccupied states in the conduction band [44]. Further, Shaaban et al. reported
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that the bandgap of Mn-doped ZnO thin films is increased since the bandgap of MnO
(4.2 eV) is greater than that of ZnO [45]. The bandgap also increases with the increase
in particle size which can be explained as the bulk defects induce a delocalisation of the
conduction band edge and create vacancies in electronic energy causing a blueshift of the
absorption spectra [46].
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Figure 5. UV-visible spectra of MnyZn;_O thin films: (A) transmittance spectra as a function of
wavelength; (B) (achv)? as a function of photon energy (hv) for different Mn concentration samples.

The magnetic hysteresis loop of the Mn,Zn;_,O thin films is shown in Figure 6. The
graph demonstrates that with the addition of Mn concentration (1%, 3%, and 5%), the
films became ferromagnetic in nature. The ZnO film is observed to be nonmagnetic, in
agreement with the null magnetic moment, due to a deficiency of unpaired electrons. With
the increase in Mn dopant in ZnO films, the ferromagnetism increased which may be due
to the increase in oxygen vacancies, resulting in a bound magnetic polaron [17,18]. The
introduction of Mn in the ZnO induced a magnetic moment. This is due to five unpaired
3d electrons in the outermost shell. Our experimental findings are consistent with the
behaviour of the density-of-states calculations [19].
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Figure 6. Magnetic hysteresis loop of MnyZn;_,O thin films.

The magnetic saturation, coercivity, and remanence of the Mn,Zn;_,O thin films
are tabulated in Table 2. The saturation magnetisation increased with the increase in Mn
concentration in ZnO thin films. A closer look into the magnetism of the undoped ZnO and
Mn-doped ZnO reveals that the undoped ZnO had an equal number of spin-up and spin-
down states. When Mn was incorporated into ZnO, a difference of five electrons between
the states appeared in the Mn—ZnO system. This caused an increase in a magnetic moment
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of 5 g, as obtained through DFT calculation [19]. We observed the coercivity to be one-fifth
of reported data [16]. This implies that our studied thin films were much softer magnetically
which indicates much lower dielectric/magnetic losses. The observed coercivity can be
correlated to much narrower ferromagnetic linewidth, indicating much smaller Gilbert
damping and hence can be used as faster magnetically switching devices [47]. Our results
were compared with previous reported works in Table 3.

Table 2. Magnetic properties of Mn-doped ZnO thin films at different concentrations of 0%, 1%, 3%,
and 5%.

Saturation Magnetisation

R
Sample Name emanence

(x10—3 emu/cc) Coercivity (Oe) (x10—5 emu/cc)
ZnO Non-magnetic - -
ZnO:Mn:1% 0.50 9.90 3.55
ZnO:Mn:3% 0.74 9.95 5.3
ZnO:Mn:5% 1.03 10.75 11.5

Table 3. Comparison of observed parameters with other studies in the literature for 5% Mn-doped ZnO thin films.

S. No. Parameters Present Work Reported Work References
1. Crystallite size (nm) 51.1 42 [17,22]
2. Optical bandgap (eV) 3.28 3.22 [23]
3. Saturation magnetisation 1.03 x 1073 emu/cc 11—26 x 1074 emu/ g [18,22]
4. Coercivity (Oe) 10.75 50.5 [16]

Figure 7 represents the I-V measurements of undoped and Mn-doped ZnO thin films
with an applied voltage of £5 V. It is observed from the plot that for a specific voltage
with the increase in Mn doping, the current decreased which corresponded to an increase
in resistivity. This is consistent with the increase in bandgap with the increase in Mn
concentration, as the energy separation between the uppermost layer of the valence band

and unoccupied states in the conduction band increased with Mn doping in ZnO thin
films [44,48].
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Figure 7. I-V plot of Mn,Zn;_,O thin films.



Surfaces 2021, 4 276

4. Conclusions

We successfully fabricated MnsZn;_O thin films on the corning glass substrates by
sol-gel technique. The structural analysis ratified the wurtzite structure of ZnO films with
preferred orientation along the c-axis. The crystallite size and grain size were observed to
increase with increasing Mn concentration. The UV-visible analysis revealed a blueshift
with an increase in Mn dopant which may be due to oxygen vacancy and zinc interstitials
defect states. The optical bandgap increased with the increase in Mn concentration. The
increase in bandgap was verified through I-V measurements, with an increase in resistance
in Mn-ZnO films. Typical ferromagnetic behaviour was observed for Mn,Zn;_,O thin films
due to five unpaired 3d electrons in the outermost shell. Enhancement of magnetisation in
Mn-doped ZnO thin films indicated its potential applications in spintronic devices. The
low coercivity makes them suitable for magnetically ultrafast switching devices.
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