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ABSTRACT

We have fabricated undoped ZnO and Mn-doped ZnO thin films on glass

substrates using sol–gel spin coating method and investigated their structural,

optical, magnetic and magnetoresistance properties depending on the Mn

doping ratio. X-ray diffraction (XRD) patterns showed that all the films under

study are predominantly crystalized in a single-phase wurtzite structure.

Scanning electron microscope (SEM) images revealed that the films become

more homogeneous, continuous and pinhole-free coatings as the Mn content of

the films increases. Optical characterizations by UV–visible spectrometer indi-

cated that transmittance spectra of all films have a high transmittance above 85%

in visible region, while they show the absorbance spectra in 300–400 nm range.

In addition, it was observed that the optical energy band edges shift to red with

increasing Mn content, due to probably increasing the carrier concentration. The

refractive index and the dielectric constant are also affect by the Mn content.

Magnetic measurements by vibrating sample magnetometer showed that the

film magnetic properties change from diamagnetic to ferromagnetic as the Mn

content increases. Furthermore, it was found that the magnetoresistance mea-

surements support their magnetic behavior of the films.

1 Introduction

In recent years, transparent conducting oxide (TCO)

films have been the subject of intensive studies since

they have wide applications in optoelectronic devi-

ces. The most popular material in TCOs is tin-doped

indium oxide (ITO) which is used in commercials

due to its high conductivity, work function and

transparency in the visible spectral range. However,

although ITO films are probably the most useful

TCOs, they have some disadvantages such as the

scare of indium in the earth’s crust, high cost and

chemical instability. So, in order to find appropriate

alternative materials to ITO, the studies have been

focused on several metal oxides such as undoped and

doped CdO [1, 2], ZnO [3–6] and SnO2 [7]. Among
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them, one of the most remarkable metal oxides is zinc

oxide (ZnO), which is an n-type semiconductor hav-

ing a direct band gap of 3.37 and a large exciton

binding energy of 60 meV, high transparency, high

electron mobility, and high stability and biocompat-

ibility at room temperature [8–10]. Furthermore, ZnO

is a promising candidate material that can be used as

functional components in many devices such as

varistors, biosensors, piezoelectric devices, gas sen-

sors, solar cells, organic light-emitting diodes (OLED)

[11–13]. By adding different elements such as Al, Sn,

Cu, Co, Mn and Fe into ZnO, its properties such as

the band gap, electrical conductivity, the carrier

concentration and magnetic can be manipulated for

various applications [14–17].

In particular, when ZnO is doped by transition

metals (Mn, Cr, Co, Ni, Fe), it may exhibit the ferro-

magnetic property. Thus, the semiconductor metal

oxides having the ferromagnetic effect are called as

dilute magnetic semiconductors (DMS). In DMSs, the

substitution of non-magnetic component Zn ion by a

3d transitionmetal ion within ZnO crystal lattice leads

to the ferromagnetic behavior while retaining semi-

conducting properties as well [18]. Therefore, DMSs

have great potential applications in spintronics device

such as optoelectronics, sensors, spin-valve transis-

tors, spin light-emitting diodes, non-volatile memory.

Generally, in order to gain the ferromagnetic property,

ZnO nanomaterials are doped by Co, Mn and CoMn,

because the ionic radius of Co andMn is close to that of

Zn andhence they are easily incorporated into theZnO

lattice [14, 19]. It was also reported that a significant

transition from the diamagnetic state for undoped

ZnO to the ferromagnetic state for doped (Co, Mn, Fe)

ZnO, depends on the magnetic impurity concentra-

tion. This ferromagnetismeffect observedMn- andCo-

doped ZnO films has attracted the interesting of the

researchers from both scientific and technological

application point of view. In order to explain the

mechanism and origin of the magnetic properties of

DMSs based on ZnO, although several theoretical and

experimental studies have been made by different

methods and groups, there is no clear agreement

between them [18, 20, 21]. So, the ferromagnetism

effect still continues to be the subject of an extensive

discussion related to its mechanism.

Today there are several methods to synthesize

doped or undoped ZnO films, such as chemical vapor

deposition, electron beam evaporation, sputtering,

molecular beam epitaxy, pulsed laser deposition,

spray pyrolysis and sol–gel spin coating [22–26]. The

sol–gel spin coating technique is one of the easiest

ways to produce ZnO films on different substrates

and also offers many advantages compared to other

techniques such as excellent homogeneity, low cost,

thickness control and the possibility of coating vast

and complex surfaces and low-temperature process-

ing [27, 28].

When designing an optoelectronic device, like

OLED, in order to be able to adjust the efficiency of the

device, it is necessary to know the structural, electrical

and optical properties of the layers that make up the

structure. In particular, it is important to consider the

refractive index as a function of wavelength to predict

the photoelectric behavior of a device [29]. Also,

regarding the encapsulants for organic light-emitting

diodes (OLEDs), commercial applications require

materials with high refractive index, low birefrin-

gence, high optical transparency and long-term ultra-

violet light and thermal stability [30].

In this study, undoped ZnO and ZnO films having

different Mn doping ratios were fabricated using a

homemade sol–gel spin coating technique with our

own software. The detail of the experimental tech-

nique was published elsewhere [31]. Although the

structural, optical and electrical properties of undoped

andMn–ZnO thin films have been extensively studied

[9, 14], there are very limited reports on their magnetic

and magnetoresistance properties, which are impor-

tant parameters for spintronic devices such as spin-

OLED. Furthermore, the mechanism behind the mag-

netic ordering in dopedZnOfilms is still under debate.

Therefore, we have investigated the structural, optical,

magnetic and magnetoresistance (MR) properties of

the films depending on the Mn content and also the

relationship between their room temperature (RT)

ferromagnetism (FM) and MR. To our knowledge, the

room temperatureMR behavior is the first observation

forMn-doped ZnO films fabricated by the sol–gel spin

coating technique.We have also demonstrated that the

film properties significantly vary with their Mn con-

tent and especially there is a relation betweenmagnetic

and MR behaviors.

2 Experimental

In order to synthesis ZnO films, Zn(CH3CO2)2�2H2O

(zinc acetate dihydrate), methoxyethanol as solvent

and monoethanolamine (MEA) as a stabilizer were
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used. Firstly, zinc acetate dihydrate of 4.40 g was

dissolved in methoxyethanol of 40 ml at 60 �C
(centigrade degrees) and at 800 rpm stirring speed

for 10 min. Then, to this mixture, MEA of 1.22 g was

added dropwise and mixed for 2 h at 60 �C. For the

synthesis of Mn–ZnO, (CH3COO)2Mn�4H2O (man-

ganese (II) acetate tetrahydrate) was added in dif-

ferent molar ratios (0.1, 0.2 and 0.3 M) into and mixed

for 15 min. After all solutions were aged for 1 day at

room temperature, ZnO and Mn–ZnO films were

deposited on glass substrates using sol–gel spin

coating technique. The substrates were cleaned with

standard cleaning procedures and then kept in 30%

HCl (hydrochloric acid) solution for 2 h to obtain

extra clean surfaces. The deposition process was

carried out at a spin speed of 3000 rpm and a time of

60 s. To remove solvent and inorganic residues from

the deposits, they were dried in an oven preheated to

150 �C for 30 min.

The structural characterizations of the samples

were studied by Bruker AXS/Discovery D8 X-ray

diffractometer with Cu Ka (k = 0.15406 nm) radiation

for the diffraction angles 2h ranging between 30 and

100�. The surface morphology of the films was

examined by scanning electron microscope (SEM)

(Carl Zeiss/Gemini 300). The elemental composition

was determined by X-ray energy-dispersive spec-

trometer (EDX) equipped with SEM. The optical

properties were examined by using UV–Vis spec-

trophotometer (Flame, Ocean Optics) operated in

both absorption and transmittance mode. The mea-

surements were taken at the wavelengths ranged

from 300 to 800 nm with a resolution of 1 nm at the

room temperature.

The magnetic and magnetoresistance measure-

ments were taken at room temperature by vibrating

sample magnetometer (VSM, Microsense-EZ9) in the

magnetic fields varied between ± 20 kOe, which

were applied parallel to the plane of the thin films.

Magnetoresistance (MR) measurements were taken

using the Van der Pauw technique with a sample

holder of square shaped with four probes on its

corner. The magnetic fields (H) were applied

approximately parallel and perpendicular to the

direction of the current (I) flowing in the film plane to

measure the longitudinal and transverse magnetore-

sistance, respectively, as described in previous work

[31, 32]. In each case, the percentage change in the

resistance MR(%) as a function of the applied mag-

netic field was calculated by the relation

MR(%)={[R(H) - Rmin]/Rmin} 9 100, where R(H) is

the value of the resistance at any magnetic field and

Rmin is the value at the field where the resistance is

minimum.

3 Results and discussion

3.1 Structural characterizations

The X-ray diffraction patterns of undoped and Mn–

ZnO thin films are shown in Fig. 1 as well as glass

substrate. As seen from the figure, although the

substrate is amorphous structure, all the films have

almost sharp and narrow diffraction peaks, indicat-

ing that the films exhibit high crystallinity. The XRD

patterns confirmed that all the films are polycrys-

talline and predominantly exhibit hexagonal wurtzite

structure of ZnO. The diffraction peaks appeared at

the diffraction angles of about 31.6, 33.5, 36.4, 48.4,

57.4 and 61.1 degrees belong to (100), (002), (101),

(102), (110) and (103) planes of the ZnO structure,

respectively. The observed patterns are in good

agreement with JCPDS card No. 36-1451 [33] and the

reported results [15, 27]. Three main peaks from

(100), (002) and (101) planes of the wurtzite structure

are stronger than other peaks. After Mn doping, the

main peaks belonging to (100), (002) and (101) planes

occur at about the same diffraction angles again, as in

undoped ZnO, while the peak from (002) shifts

slightly to the smaller angle and (110) peak to the

Fig. 1 X-ray diffraction patterns of undoped and Mn–ZnO thin

films
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larger angle compared to undoped ZnO. Such chan-

ges can be expected because some Mn ions replace Zn

ions in the crystal lattice, as the radius of Mn ions

(Mn? 4: 0.056 nm, and Mn? 3: 0.062 nm) is smaller

than that of Zn (0.074 nm). The shift in the position of

some peaks to higher/lower angles with the Mn

dopant may arise from the compression/expansion

of the lattice parameters, respectively (see Table 1),

due to the size difference between the Zn and Mn

atoms. The peak broading may be considered as a

result of the overlap of the adjacent peaks at about

the same angular positions of some Mn oxides and

ZnO. Furthermore, in all the films with Mn doped,

the peaks coming from MnO2 and Mn3O4 were

detected. These were labelled in XRD patterns (in

Fig. 1) and indexed [34–36], but these peaks appear

as highly low intensities and hence Mn oxides can be

considered as a weak secondary phase in the main

compound. By calculating the area of each peak, the

fraction of Mn oxides in the crystal structure was

determined and found to be too much low. This

means that Mn ions could have highly incorporated

into the ZnO lattice and the Mn dopant seems not to

be a considerable impact on the crystal structure of

the ZnO samples. On the other hand, the reason of

the change in the integrated intensities of some peaks

is probably related to the fraction of the grains in a

(hkl) orientation in the crystal structure of the

samples.

Using the XRD data in Fig. 1, the lattice parameters

calculated according to the Bragg law are listed in

Table 1. As the Mn content increases, the parameter c

increases slightly, while a is almost constant within

the experimental errors. Average crystallite sizes of

the samples were determined from the full width at

half maximum (FWHM) of peaks in the XRD patterns

using the Debye–Scherrer formula (1) [14]:

D ¼ Kk
bcosh

; ð1Þ

where K is the shape factor (0.9), k is the wavelength

of the Cu Ka, b is the FWHM of the most intense peak

of the XRD spectrum, and h is the Bragg angle.

According to the Mn concentration in the solution,

the calculated crystallite sizes (D) and the determined

Mn content from EDX data are given in Table 1. As

expected, as the Mn concentration in the solu-

tion increases, the Mn content of the film increases.

As seen from the table, all samples have nanometric

grain size, which decreases with the increasing Mn

content of the film. This decrease in the grain size

may be due to the distortion produced by the foreign

impurities in the host ZnO crystal structure. Our

results agree with some reported studies [37].

Figure 2 shows the SEM images of undoped ZnO

and Mn–ZnO films as well as their cross-section

pictures in the insets. In Fig. 2a, for undoped ZnO

films, the surface is homogeneously coated by ZnO

and has a uniform grain size distribution and the

mean grain size is about 55 nm, which is in agree-

ment well with the value (58 nm) found from the

XRD data. Figure 2 b, c and d shows the surface

pictures of Mn–ZnO thin films produced from the

solutions containing 0.1, 0.2 and 0.3 M Mn, respec-

tively. As seen from the figure, Mn–ZnO films have

similar surface morphology that becomes more

homogeneous and smooth compared to the surface of

undoped ZnO film, which is associated with a

decrease in the crystallite size with increasing Mn

dopant. From the cross-section images in the insets,

the thicknesses of samples were determined for

undoped and Mn-doped ZnO films and are given in

Table 1. Note that the thickness of the Mn-doped

films (600 to 650 nm) is smaller than that of undoped

ZnO (700 nm). These discrepancies in the surface

morphology and thicknesses can be explained by the

differences in the ionic radius of Zn and Mn ions. The

Mn ions with smaller radius than Zn ions can place in

spaces between ZnO nanoparticles. Thus the Mn

Table 1 Results calculated

from XRD, SEM and EDX

data

Mn concentration in solution (M) Mn content in

Mn–ZnO films

(EDX)

Lattice parameters Crystal size

D (nm)

(XRD)

Thickness

(nm)

(SEM)
a = b (nm) c (nm)

Undoped—ZnO NA 0.328 0.501 58 700

0.1 M—Mn–ZnO 6.09 0.327 0.513 55 625

0.2 M—Mn–ZnO 10.02 0.328 0.513 51 600

0.3 M—Mn–ZnO 13.19 0.327 0.507 46 650
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doping may increase the disorder in the ZnO films,

which also affect its crystallinity [37].

Figure 3a shows the recorded EDX spectrum for

undoped ZnO thin films. The presence of Zn and O in

the studied energy range confirms the formation of

ZnO thin films, which contains 44.95 wt% Zn and

55.05 wt% O. The EDX spectra for Mn–ZnO thin films

obtained for three different Mn concentration values

are shown in Fig. 3b–d. The EDX spectra detected the

incorporation of Mn into the crystal structure of ZnO

films. The presence of Mn in addition to Zn and O in

the investigated energy range indicates the formation

of Mn–ZnO thin films. The Mn content of the films

prepared from the solutions of 0.1, 0.2 and 0.3 M

concentrations was determined to be 6.09 wt%, 10.02

wt% and 13.19 wt%, respectively, which are also

available in Table 1.

3.2 Optical properties

The optical properties of metal oxide films are affec-

ted by several factors such as nature, substrate,

crystallinity, the film thickness and the amount of

dopants. These factors also influence the electrical

properties of the films. In order to investigate the

optical properties of the films, the absorbance and

transmittance measurements were taken in the

wavelength range of 300–800 nm by UV–Visible

Light Spectrometer (Ocean Optics). Figure 4a and b

shows the transmittance and absorbance spectra of

undoped and Mn–ZnO thin films, according to the

Mn content. As seen from Fig. 4b, the transmitting

edge for all the films increases rapidly in the wave-

length range of 300–400 nm and then reaches the

transmittance values of about 80–90% in the visible

region. As the Mn content of the film increases, the

Fig. 2 SEM images of a undoped, b 0.1 M, c 0.2 M, d 0.3 M, Mn–ZnO thin films. The insets are cross sections of undoped ZnO and

Mn–ZnO
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transmittance values decrease. The optical transmit-

tance is closely related to the doping concentration,

which is associated with the carrier concentration in

Mn-doped ZnO films (Table 1). The decrease in the

transmittance with Mn doping concentration may be

due to the increased scattering of photons by crystal

defects (oxygen vacancy and grain boundaries)

causing to the doping, difference in thickness and the

Fig. 3 EDX spectra of a undoped, b 0.1 M, c 0.2 M and d 0.3 M, Mn–ZnO thin films. The elemental composition shows the percentage

weighted (wt%) ratios for Zn, O and Mn in the films

Fig. 4 Transmittance (a) and b absorbance spectra of undoped ZnO and Mn-doped ZnO thin films
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surface roughness of the samples. The addition of Mn

ions into Zn2? sol solution increases the number of

nucleation sites, resulting in higher grain boundary

density [38]. In turn, this increases the scattering of

light and hence reduces the optical transmittance of

the films [39–41].

As light passes through a material, it is absorbed to

an extent depending on the nature of substance and

its thickness. The absorbance of the material is

inversely related to its transmittance. Figure 4b

shows the absorbance spectrum of undoped and Mn–

ZnO thin films. Especially in the UV region

300–400 nm, the absorbance changes significantly

with the Mn content. In this region, all samples have

a varying ultraviolet absorption edge. Beyond this

point, the absorbance remains almost constant. As the

Mn doping concentration increases, contrary to the

transmittance, the absorbance increases, compared to

the undoped ZnO, and the absorbance edge shifts to

red. This is attributed to the changes in the mor-

phology, particle sizes and band gaps of the films

[42, 43] and also is thought to be from more photon

absorption because of the introduction of Mn defects

into the forbidden band [44].

The absorbance coefficient (a) is defined as a

measure of the change in energy as the light passes

through the film and it determines how far the light

with a particular wavelength can penetrate into the

material before absorbing and is calculated according

to Eq. (2) [45]:

a ¼ 2:303xAð Þ
t

; ð2Þ

where t is the film thickness and A is the absorbance.

The a values calculated for a wavelength of 600 nm

are listed in Table 2. Figure 5a shows the variation of

the absorption coefficients (a) for undoped ZnO and

Mn–ZnO thin films with the wavelength. As expec-

ted, the absorption coefficient increases with

increasing the Mn content, which is consistent with

the corresponding absorbance in Fig. 4b.

In order to better understand the optical properties

of the films are required to study some parameters,

which are the extinction coefficient and the refractive

index. The extinction coefficient is defined a measure

of the light lost per unit volume due to scattering and

absorption, while the refractive index refers to the

relative velocity of the passing through a material.

The extinction coefficient (k) can be found by Eq. (3)

[46]:

k ¼ ak
4p

; ð3Þ

where k is wavelength. The k values calculated for a

wavelength of 600 nm are given in Table 2. The

change of the extinction coefficient with the wave-

length is given in Fig. 5b for undoped ZnO and Mn–

ZnO thin films. It is clearly seen that the extinction

coefficient increases and a red shift was observed in

the small wavelength ranges ([ 400 nm) with the

increase in Mn doping.

The fundamental absorption edge (Eg) of the films

is in the wavelength range of 250–350 nm and can be

attributed to a direct band gap, where the absorption

coefficient (a) can be correlated to the optical band

gap (Eg), as described in the Tauc equation (4) [47]:

ahm ¼ Bðhm� EgÞ1=2; ð4Þ

where B is a constant of proportionality and ht is the
photon energy. This equation indicates a linear

dependence of (ahm)2 on the photon energy (hm). The
plots of (ahm)2 versus energy (hm) are shown in Fig. 6

for undoped ZnO and Mn–ZnO thin films. As seen

clearly in the inset, the extrapolation to the energy

axis of the straight line zone of (ahm)2 versus energy

(hm) plots gives the Eg values for each sample

(Table 2). As the Mn doping ratio increases, the

optical band gap shifts to red (to lower energies)

compared to that of undoped ZnO, that is, from

3.41 eV for undoped ZnO down to 3.35 eV for the Mn

doping ratio of 0.3 M. This indicates that the Mn

doping reduces the band gap of ZnO. This result is

also confirmed by the increase in the carrier concen-

tration with increasing Mn content and similar to that

of MnO2–ZnO nanomaterials [48]. It was reported

that the presence of impurities in ZnO leads to the

decrease in its energy band gap [49]. Thus, the

decrease in the energy band gap facilitates the tran-

sition of the electron from the valence band to the

conduction band. Therefore, it can be concluded that

the electron flow becomes more in Mn–ZnO samples

compared to undoped ZnO [50]. In addition, it was

also reported that the decrease in band gap with

increasing Mn content can be attributed to structural

morphology, particle size and surface microstructure
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[43] and s–d and p–d interactions leading to band gap

bending [51, 52].

In order to obtain more information about the

optical properties of the samples, their refractive

indices were studied. The refractive index (n) was

calculated using the relation [45, 53, 54] as follow:

R ¼ ðn� 1Þ2 þ k2

ðnþ 1Þ2 þ k2
; ð5Þ

where k is the extinction coefficient, and R is reflec-

tance and R ? A ? T = 1. The change of the refrac-

tive index with the wavelength is given in Fig. 7 for

undoped ZnO and MnZnO thin films.

As seen clearly from the figure, as the Mn content

increases, the refractive index increases compared to

that of the undoped ZnO. This increase may be due to

the fact that Mn is injected into the matrix in the host

material (ZnO), forming atom clusters and increasing

the impurities. In addition, the spectral behavior of

the refractive index can be studied in two regions:

First, the abnormal distribution region at k\ 350 nm

where the refractive index shows high values and

second, the normal distribution region at k C 350 nm

where the refractive index decreases rapidly and then

remains almost constant. The most ideal refractive

index value in the abnormal distribution region is

obtained when the frequency of the incident photon

is equal to the plasma frequency of the oscillating

electric dipoles. In this region, the binding of elec-

trons in thin films to the oscillating electric field

occurs [55, 56]. The decrease in refractive index at

normal region is due to a decrease in optical surface

dispersion, polarizability and optical losses which

may be due to reduction in surface roughness and

enhancement in carrier concentration [57].

Figure 8a and b shows the real and imaginary parts

of the optical dielectric constant of undoped ZnO and

Mn–ZnO thin films, respectively. The real (er) and

imaginary (ei) parts of the optical dielectric constant

were calculated using formulas (6) and (7) given in

[23], respectively:

er ¼ n2 � k2; ð6Þ

ei ¼ nk; ð7Þ

Table 2 Optical parameters calculated at a wavelength of 600 nm from the optical data of undoped ZnO and Mn–ZnO thin films

Mn concentration in

solution (M)

Carrier concentration (9

1018) cm-3

Bandgap

(eV)

Absorption

coefficient (a)
Extinction

coefficient (k)

Refractive

index (n)

Dielectric

constant

er ei

Undoped ZnO 1.93 3.41 0.00040 0.02 1.66 2.76 0.06

0.1 M—Mn–ZnO 2.02 3.39 0.00115 0.05 1.89 3.53 0.20

0.2 M—Mn–ZnO 2.10 3.38 0.00116 0.06 1.88 3.58 0.21

0.3 M—Mn–ZnO 2.35 3.35 0.00139 0.07 1.96 3.85 0.26

Fig. 5 The variation of the absorbance (a) and extinction

(b) coefficients with the wavelength for undoped ZnO and Mn–

ZnO thin films

Fig. 6 Band gaps of undoped ZnO and Mn–ZnO thin films
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where n is the refractive index, and k is the extinction

coefficient. The real part of the dielectric constant

indicates how much the speed of light slows down in

a material, while the imaginary part relates to the

dielectric material, which absorbs energy from the

electric field due to dipole motion. Both the real and

imaginary parts of the dielectric constant increase

with the increase in the Mn doping ratio. As seen

from the figure, the real part values, which indicate

the transparency of thin films, are higher than the

virtual [58] and represent strong interactions between

photons and electrons in the 300–400 nm range [59].

3.3 Magnetic and magnetoresistance
characteristics

Figure 9 shows the magnetization (M) curves as a

function of magnetic field applied (H) between ± 20

kOe at room temperature for undoped ZnO and Mn–

ZnO thin films. As seen from the figures, undoped

and less (\ 0.2 M) doped Mn–ZnO films show pre-

dominantly diamagnetic behavior, while more Mn-

doped ([ 0.2 M) films exhibit an explicit ferromag-

netic ordering. As the Mn content increases, the

shape of M–H curve changes from diamagnetic to

ferromagnetic. The magnetization of Mn-doped

(more than 0.2 M) ZnO films tends to increase as the

applied field increases. For 0.2 M, the magnetization

reaches to the non-expected saturation value in the

low magnetic fields (\ 5 kOe), while for 0.3 M, the

larger fields ([ 10 kOe), compared to 0.2 M, are

required to obtain the saturation magnetization.

Although the presence of the ferromagnetism at RT

in some semiconductor oxide nanomaterials includ-

ing undoped ZnO was reported in previous work

[37], some researchers reported the absence of RTFM

for undoped and Co-, Mn- and CoMn-doped ZnO

materials. Several mechanisms were proposed to

explain the origin of the ferromagnetism in DMSs.

According to the literature, magnetic cations, free

charge carriers and oxygen vacancy defects have

been suggested to play an important role on the

magnetic origin of oxide DMSs [18, 20, 21, 60]. In our

samples, the carrier concentration that is one of the

ferromagnetism mechanisms in DMSs increases with

Fig. 8 a Real part, b imaginary part of dielectric constants versus

wavelength of undoped ZnO and Mn–ZnO thin films

Fig. 9 The magnetization curves of undoped ZnO and Mn–ZnO

thin films

Fig. 7 Refractive index of undoped ZnO and Mn–ZnO thin films
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increasing Mn dopant (Table 1) and may be a

responsible for the ferromagnetic effect. However, it

should be known that the exact mechanism of

intrinsic ferromagnetism in TM-doped DMSs is still

under debate.

In order to support the magnetic behavior findings,

we have studied the resistance of the films as a

function of the magnetic field. The obtained MR

curves are given in Fig. 10. The inset in the fig-

ure corresponds to the MR curve of undoped ZnO

film. As seen from the inset, for this film, a measur-

able MR value was not detected up to the maximum

magnetic fields (20 kOe) applied in our laboratory,

that is, the MR values do not almost vary with

increasing magnetic field for both parallel and per-

pendicular configurations, but there are fluctuations.

The similar behavior was also observed for the Mn–

ZnO films produced from the solutions with less than

0.2 M. This is an expected result for non-magnetic

materials, in which a small change (like 1%) in the

resistivity may be observed in very high magnetic

fields (like 5–10 tesla). The MR values increase with

increasing magnetic field when H is both parallel and

perpendicular the current (I) through the film plane.

This effect is known as ordinary magnetoresistance

(OMR) [61]. The main figure in Fig. 10 shows the

magnetoresistance curves of Mn–ZnO film grown

from the solution with 0.3 M Mn. In the figure, the

above curve belongs to the longitudinal MR (H par-

allel to I) and the bottom curve is for the transverse

MR (H perpendicular to I). As seen from the figure,

for 0.3 M, the MR value increases with increasing

magnetic field for the parallel configuration (longi-

tudinal—L), while it decreases for the perpendicular

configuration (transverse—T). This indicates that the

film has an anisotropic magnetoresistance (AMR)

effect. In our samples, the shape of the MR curve is

similar to the MR curves observed in the Co-doped

ZnO films [62, 63] rather than those in ferromagnetic

metals such as Ni, Co, Fe and their alloys [32, 64]. For

Co-doped ZnO films, the MR becomes negligibly

small at the temperatures over 50–100 K and there

are only considerable MR values at temperatures

below 20 K, while our Mn-doped ZnO films show

MR values of about 3% for longitudinal and 5% for

transverse measurements at room temperature. It can

also be seen that the magnetoresistance of the films

does not saturate even in the maximum magnetic

fields (± 20 kOe) and there are two peaks on each MR

curve as a result of hysteresis, one corresponding to

increasing field and the other to decreasing field. The

position of these peaks on the MR curves corresponds

closely the coercive field on the hysteresis loops.

Therefore, it can be concluded that the MR behaviors

of the films support their magnetic characteristics.

4 Conclusion

Undoped ZnO and Mn–ZnO films have been pre-

pared sol–gel spin coating method, and their struc-

tural, morphological, optical, magnetic and

magnetoresistance properties were characterized by

XRD, SEM, UV–Vis spectrometer, VSM and HEMS,

respectively. It was observed that all films are pre-

dominantly crystallized in hexagonal wurtzite ZnO

structure and three main peaks from the (101) (100)

and (002) planes of the wurtzite structure appear in

the XRD patterns as well as other peaks in the larger

diffraction angles, but the main peaks are stronger

than others. The addition of Mn to ZnO reduces the

grain size of the films and increases the carrier con-

centration. All Mn-doped ZnO films have similar

surface morphology that becomes more homoge-

neous and smooth compared to the surface of

undoped ZnO film. The transmittance values of all

the films are above 85% in visible region, while they

have the absorbance values below 2% in 300–400 nm

range. Using the results calculated from UV–Vis

measurements, it was found that the band gap of the

films decreases with increasing Mn content. Also, the

Mn doping rises the refractive index and real and
Fig. 10 Magnetoresistance curves of undoped and 0.3 M—Mn–

ZnO films. L longitudinal, T transverse

  438 Page 10 of 14 J Mater Sci: Mater Electron          (2023) 34:438 



imaginary values of dielectric constant, compared to

those of undoped ZnO films. The VSM measure-

ments showed that undoped ZnO films have a dia-

magnetic behavior, while the Mn-doped ZnO films

show a transition from diamagnetic to ferromagnetic,

as the Mn content increases. Furthermore, it was

found that the Mn-doped ZnO films have an aniso-

tropic MR value of about 5% and the MR behaviors of

the films support their magnetic characteristics. The

MR results might be a route to explain the mecha-

nisms that are a responsible for the ferromagnetic

effect in DMSs.
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