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The un-doped and Mn doped ZnO thin films, with oxygen rich stoichiometry, were deposited onto Si
(100) substrate using spin coating technique. The structural analysis revealed the hexagonal wurtzite
structure without any impurity phase formation. A consistent increase in cell volume with the increase
in Mn doping concentration confirmed the successful incorporation of bigger sized tetrahedral Mn2* ions
(0.83 A)in ZnO host matrix that was also endorsed by the presence of Mn 2ps); core level XPS spectroscopic
peak. Extended deep level emission (DLE) spectra centered at ~627 nm confirmed the presence of oxygen
interstitials. Moreover, the magnetic measurements of field dependent M-H curves revealed the origin
of ferromagnetic ordering from Mn-defect pair exchange coupling with oxygen interstitials in ZnO host

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Dilute magnetic semiconductors (DMS) have recently attracted
tremendous attention due to their possible applications in
spintronic devices as the charge and spin of electrons are accom-
modated into single material for interesting magneto-optical and
magneto-electric properties [1,2]. Soon after Dietl’s prediction
about the room temperature ferromagnetism (RTFM) in ZnO:Mn
thin films heavily doped with holes[3], a lot of research work was
started on ZnO based DMS. Wide band gap wurtzite phase ZnO is
a strong piezoelectric and electro-optic material which with tran-
sition metal doping can be used as a multifunctional material in
optoelectronics and spintronics [4,5]. There has been a consid-
erable interest in the fabrication of transition metal doped ZnO
thin films with RTFM for its implementation in spintronic devices
[6]. Numerous studies have therefore been carried out to grow
ZnO:Mn thin films due to large magnetic moment exhibited by
manganese (Mn) [7,8]. However, one of the main obstacles in creat-
ing high quality ZnO-based optoelectronic and spintronic devices,
is the unavailability of ferromagnetic ZnO:Mn thin films with sig-
nificant hole carriers concentration. The main reason behind the
difficulty in achieving the p-type conductivity is the presence of
structural defects like oxygen vacancies and zinc interstitials which
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are unintentionally introduced during thin film growth, making
ZnO inherently an n-type material. The RTFM in n-type ZnO:Mn
thin films is reported to be limited at lower temperatures [9]. Some
researchers have addressed this issue by reporting defect mediated
RTFM due to zinc and oxygen vacancies [10,11]. In spite of RTFM
in ZnO:Mn thin films reported by several groups [12-14], a non
ferromagnetic behavior has also been reported in polycrystalline
ZnO:Mn thin films at room temperature [15,16]. Subsequently,
some researchers reported the origin of ferromagnetism due to
impurity phases such as oxides of Mn and spinal phases (ZnMn;04)
[17]. Due to the controversial results indicated in literature, the
origin of ferromagnetism is still in debate and is a matter of great
concern. In addition, the lack of reproducibility of ferromagnetic
signal in ZnO:Mn thin films prepared with the same manganese
content and growth conditions put the question mark on the origin
of the ferromagnetism.

In view of controversial results about the origin of RTFM in
transition metal doped ZnO, the present paper aims to shed some
light on the origin of ferromagnetism in Mn doped ZnO thin films
grown by spin coating method. In view of Dietl’s prediction [3]
about the importance of holes in ZnO:Mn thin films, we report
the origin of ferromagnetism in oxygen rich ZnO:Mn thin films
to be due to Mn-defect pair ferromagnetic exchange coupling
with acceptors (oxygen interstitials). The investigation of ZnO:Mn
based DMS to optimize the synthesis and growth parameters of
Mn doped ZnO nanocrystalline thin films is useful for spintronic
applications.
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2. Experimentation

Mn doped ZnO thin films with wurtzite structure were syn-
thesized using spin coating technique. The Mn-doped ZnO thin
films were prepared for four different Mn doping concentrations
of 0, 2, 5 and 10 at.% hereinafter referred as SG0%, SG2%, SG5% and
SG10%, respectively. Zinc acetate dihydrate (90 mMol) and man-
ganese acetate tetrahydrate (2.9 mMol) were mixed along with
potassium hydroxide (280 mMol) at room temperature in an envi-
ronment of methanol (50 ml) for the preparation of SG2% sample.
The solution was continuously stirred using a magnetic stirrer for
3h at 52°C to get homogeneous mixing in solution. It was then
cooled toroom temperature and was allowed to age for 24 h. Similar
coating solutions for thin films of SG5% and SG10% were prepared
by the same procedure using suitable quantities of acetates and
solvents. The thin films of these solutions were coated on Si (100)
substrate at 3000 rev/min for 30 s using 6708D Desk-Top Precision
Spin Coating System. After deposition with spin coater, the thin
films were dried at 100°C for 5 min. The procedure from coating
to drying was repeated 5-8 times to reach the desired thickness of
~150 nm. The thin films were then annealed in air at 550°C for 2 h
to improve their crystalline quality.

The structural properties regarding the crystallinity of the thin
films were analyzed using SIEMENS D5005 Cu K, (1.504A) X-
ray Diffractometer (XRD). Near band edge (NBE) and deep level
emission (DLE) energy transitions in photoluminescence (PL) spec-
tra, obtained using Hd-Cd (325 nm, 10 mW) laser as an excitation
source, were used to study the variations in optical band gap and
structural defects with varying Mn doping concentration. Kratos
Axis-Ultra Spectrometer equipped with a focused monochromatic
Al-K, (1486.6 eV) X-ray beam (15 kV and 10 mA) was employed for
X-ray photoelectron spectroscopy (XPS) to identify the surface sto-
ichiometry and elemental oxidation states in Mn doped ZnO thin
films. Surface morphology of the thin films along with the quan-
titative analysis of elements was characterized using a JEOL JSM
6700 field emission scanning electron microscope (FESEM) coupled
with Oxford Instrument’s energy dispersive X-ray (EDX) System.
Furthermore, the field dependent magnetic characterization was
performed using Lakeshore 7404 vibrating sample magnetometer
(VSM) at room temperature to study the ferromagnetic ordering in
ZnO:Mn thin films.

3. Results and discussion
3.1. XRD analysis

The XRD spectra of Zn; _yMn,O thin films for different Mn doping
concentrations (x=0.00,0.02,0.05 and 0.10) are shown in Fig. 1. The
XRD profiles, showing hexagonal wurtzite structure, were matched
well with space group P63mc (no. 186) (ICSD # 82028) of wurtzite
ZnO and no signatures of any impurity or binary zinc-manganese
phase (including oxides of Mn and spinal phases) were observed.
So the occurrence of impurity phases such as the oxides of Mn and
spinal phase is ruled out in any of the doped samples. The texture
coefficient of ZnO:Mn thin films was estimated to determine the
preferred orientation of polycrystalline thin films using the formula
proposed by Barret and Massalski [18]. The (10 1) peak was found

Table 1
FWHM and cell volume of ZnO:Mn thin films.
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Fig. 1. XRD spectral profiles of un-doped and Mn-doped ZnO thin films.

to have higher texture coefficient indicating the preferred orienta-
tion of the thin films along this plane. Hence, the parameters such
as diffraction peak shift, lattice parameters and lattice volume of
ZnO:Mn thin films have been estimated for this peak. The lattice
parameters, listed in Table 1, were estimated using the plane-
spacing equation for hexagonal wurtzite structure of ZnO and the
Bragg’s equation. Highly textured peak centered at ~36.2° (char-
acterizing the hexagonal wurtzite structure) was shifted toward
smaller angles (indicating increasing d-spacing) with the increase
in Mn doping content (refer Table 1). This peak shift suggests the
incorporation of larger sized (0.83 A) tetrahedral Mn?* ions at the
substitutional lattice sites of ZnZ* (0.74A) ions [19] resulting in
increased interlayer spacing (d-spacing). In addition, the diffraction
peak broadening (increase in FWHM) with increase in Mn content
can be attributed to the decrease in average crystallite size and/or
to the strain induced from the incorporation of Mn ions at Zn ion
sites (size mismatching). The average crystallite sizes of the sam-
ples, determined from the FWHM of the diffraction peak centered
at ~36.2° using Scherer formula, were estimated to be 17.01, 8.81,
7.01 and 6.17 nm for SGO0%, SG2%, SG5% and SG10%, respectively.
The lattice parameter ‘a’ and cell volume increased consistently
with the increase in Mn content, as seen in Table 1, while the trend
in variation of lattice parameter ‘c’ was inconsistent. The cell expan-
sion reflects the incorporation of larger Mn2* cations (0.83 A) at the
substitutional sites of Zn2* (0.74 A), without any degradation in the
wurtzite crystal structure of host ZnO matrix.

3.2. PL analysis

PL spectra of un-doped and Mn doped ZnO thin films exhibit
two emission bands in UV and visible (mostly in yellow spec-
tral region) regions, as shown in Fig. 2. The UV emission peak,
centered at ~376-384 nm (3.24-3.30eV) for different Mn doping
concentrations, originates from the radiative exciton recombina-
tion corresponding to the NBE exciton emission of the wide band
gap ZnO.The intensity of the UV emission peak (refer Fig. 2) strongly

Sample name Center of peak FWHM d-Spacing (A) Lattice parameter a (A) Lattice parameter c (A) Cell volume (A3)
SG0% 36.264 0.008554 2.4752 3.2489 5.2049 47.579
SG2% 36.261 0.016541 2.4754 3.2493 5.2047 47.588
SG5% 36.248 0.020784 2.4763 3.2509 5.2018 47.609
SG10% 36.209 0.023618 2.4788 3.2534 5.2062 47.722
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Fig. 2. PL emission spectra of un-doped and Mn doped ZnO thin films.

depends on the Mn content and decreases with the increase in Mn
content that might be attributed to some non radiative recombina-
tion processes [20].

The UV emission peak shifts toward the shorter wavelength side
(blue shift) from 383.6 to 375.9 nm with the increase in Mn content,
asisevident from Fig. 2. The observed blue shift in UV emission peak
is a result of increased optical band gap of ZnO host matrix. The
increased optical band gap (blue shift) is attributed to the reduced
average crystallite size [21] of Mn doped ZnO thin films as estimated
and discussed in XRD results Section 3.1.

The DLE spectra, which strongly manifest a polycrystalline
structure of ZnO, is due to structural defects such as Zn vacancy
(Vzn), oxygen vacancy (V,), interstitial zinc (Zn;) and interstitial
oxygen (O;) [22]. From Fig. 2, it is evident that the structural defects
are significantly reduced with the increase in Mn content as indi-
cated by the marked decrease in the DLE peak intensity centered
at about 624-633 nm. The relative contributions of different native
defects in DLE spectra can be evaluated by the estimation of rela-
tive intensities of the deconvoluted peaks. The deconvoluted DLE
peak was found to be fitted, mainly, by two peaks centered at about
~627 and 736 nm. The peak at ~736 nm is the second order reflec-
tion of the UV peak. The deconvoluted DLE spectral peak centered
at ~627 nm is attributed to the presence of O;. The presence of
0; (acceptor defects) and the absence of DLE emission peak cor-
responding to oxygen vacancy in all the thin films indicate that
the oxygen is not self-interstitial rather our samples are oxygen
rich. The oxygen rich stoichiometry of the samples is also veri-
fied by EDX results, discussed later in Section 3.4. Among all the
doped thin films under investigation, SG5% was found to have max-
imum concentration of O; (66.5%). The presence of O;, due to oxygen
rich stoichiometry in all thin film samples, in turn is favorable to
exhibit p-type conductivity due to the activation of acceptor states,
as isreported in our previous study [23]. The activation of acceptor
states for hole formation is responsible for an enhancement in RTFM

in this sample, as discussed later in Section 3.5, that is consistent
with the Dietl’s prediction [3] of holes mediated ferromagnetism
in Mn doped ZnO thin films. The reduced value of acceptors (0;) in
SG10%(34%)indicates the increased carrier concentration of donors
(electrons) which in turn suppressed the ferromagnetic ordering
for this sample, as discussed later in Section 3.5.

3.3. XPS analysis

The compositional analysis of ZnO:Mn thin films was performed
by investigating the Zn 2p, Mn 2p and O 1s core level XPS spectra
after calibrating their binding energies by adventitious C 1s peak
(284.6eV) as a reference. The stoichiometery of ZnO:Mn thin films
calculated from the relative area under curve of the zinc and oxygen
peaks, after a Shirley background subtraction by non linear least
square fitting using mixed Gauss-Lorentz function, is found to be
oxygen rich with Zn/O <1 for all the thin films.

The typical Zn 2ps, core level XPS spectrum of SG10% is shown
in Fig. 3. The asymmetric Zn 2p3); peak of zinc in the elemental
as well as oxide forms usually consists of two peaks centered at
~1021.5and ~1022.4 eV respectively [24]. In our case, the main XPS
spectrum of SG10% exhibits, upon deconvolution using Gaussian
function, core level binding energy peaks of Zn 2p3, at ~1020.4 eV
and ~1021.8 eV (refer Fig. 3(a)). The lower energy peak centered at
~1020.4 eV is attributed to the 0%~ jons in the wurtzite structure
of the hexagonal Zn?* ion array i.e. the oxide form of Zn in ZnO
[25], while the peak centered at ~1021.8 eV is attributed to the
metallic zinc. Higher intensity of lower energy peak suggests that
the majority of Zn atoms in ZnO host matrix are in Zn?* state. The
deconvoluted peaks are found to shift toward the lower binding
energy values as compared to the values reported in literature [26]
which can be attributed to the partial substitution of lattice by Mn2*
ions in ZnO and Zn—Mn bonding structure [27]. Since the electro
negativity of Mn () =1.55) is smaller than that of O (x, = 3.44) [28],
Zn atoms bonded to the Mn atoms will contribute to the shift in
the binding energy of Zn 2p3,. Furthermore, the reduced crystallite
size which broadens the peak also contributes to the shift in binding
energy toward lower energy side [25]. Similar trends were observed
for other thin film samples.

Fig. 3(b) shows Mn 2p core level XPS spectrum of SG10% sample
fitted with deconvoluted peaks centered at ~640.3 and ~654.0 eV
estimated using Gaussian peak fitting. It can be seen from Fig. 3(b)
that each main peak has satellite peak on the higher binding energy
side. Similar spectra were obtained for all other samples. The first
peak centered at ~640.3 eV confirms the presence of Mn?* in the
host ZnO lattice [29]. The contribution of this peak, estimated from
therelative area under curve, increases with the increase in Mn con-
tent which in turn validates the enhanced concentration of Mn?*
in higher doped samples.

Fig. 3(c) shows the asymmetric O 1s peak of SG10%, decon-
voluted with peaks centered at ~529.8, 531.3 and 531.9eV
respectively. Similar spectral features were observed for all other
thin film samples. The lower energy peak is attributed to the 02~
ions in the wurtzite structure of the hexagonal Zn2* ion array which
can be attributed to Zn—0 bonds [30]. The contribution of oxy-
gen in Zn—O0 bonds estimated from the relative area under curve
of peak at ~529.8 eV was observed to be 47, 55, 80 and 49% for
SG0%, SG2%, SG5% and SG10% thin film samples, respectively. Max-
imum value (80%) in SG5% reveals an enhanced concentration of
oxygen in Zn—0 bonding that in turn indicates minimum concen-
tration of V, in SG5%. This was further validated by estimating the
relative contribution of V, (donor defects) from the relative area
under curve of the peak centered at ~531.3 eV; and was found to
be 33, 23, 7 and 45% for SG0%, SG2%, SG5% and SG10% samples,
respectively. Moreover, the component of binding energy cen-
tered at ~531.9 eV is associated with the presence of chemisorbed
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Fig. 3. Deconvoluted core level XPS spectra of (a) Zn 2p3; (b) Mn 2p, and (c) O 1s of SG10% sample.

oxygen within the ZnO host matrix. The presence as well as vari-
ations in the area under curve for this component may be, in part,
related to the variation in oxygen interstitials [31] which is consis-
tent with our PL results.

3.4. Morphological studies

Fig. 4a shows the FESEM micrograph exhibiting the cracks in
the thin films after annealing. The cracks in the thin films are pos-
sibly due to different expansion coefficients of Si and ZnO, which
increases the surface roughness of the thin films. The typical EDX
spectrum of SG5% with elemental compositional analysis, shown
in Fig. 4b, exhibits the presence of Mn, though at lower atomic
percentage as compared to the doping concentration. The EDX
quantitative measurement shows 2.01at.% Mn in SG5% sample
while the actual doping concentration was 5 at.%. The EDX anal-
ysis showed that the amount of Mn incorporation increased with
the increase in Mn concentration and also revealed the dominance
of oxygen in all the samples exhibiting oxygen rich stoichiometry
of thin films as observed in XPS results as well.

3.5. VSM analysis

Fig. 5 reveals the dependence of magnetization (M) with applied
magnetic field (H) for ZnO:Mn thin films. The field dependence
of magnetization at room temperature for un-doped and Mn-
doped ZnO thin films is studied in the magnetic field range of
0-3000G. The actual magnetic signal of all the doped thin films
was determined by subtracting the contribution of Si substrate and
diamagnetic signal of un-doped ZnO from the raw data. The typi-
cal magnetization of all the doped thin films is strongly dependent
on Mn doping concentration, as shown in Fig. 5. The M-H curve

i ' ¥
AMNL SEI 5.0kV X800 10um W

Element Weight % Atomic %o
OK 300 5602
MnK 295 2.01
ZnL 7316 4197
Totals 100.00

ull Scale 253 cts Cursor: 0.000 keV

Fig. 4. FESEM micrograph, along with EDX spectra showing elemental concentra-
tion, of SG5% sample.
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Fig. 5. Field dependent M-H curves of un-doped and Mn-doped ZnO thin films.

of SG0% shows the diamagnetic behavior while the M-H curves of
SG2% and SG5% exhibit RTFM with the exception of SG10% in which
the paramagnetic phase is dominant (refer Fig. 5). The diamagnetic
behavior of SGO% samples also suggests that the ferromagnetic sig-
nal in SG2% and SG5% is solely due to the presence of Mn ions in
ZnO host matrix. The values of saturation magnetization and coer-
cive field corresponding to SG2% and SG5% are 11.97 wemu and
13.70G, and 15.15 pemu and 82.22 G, respectively. These values
along with the shape of M-H curve suggest the presence of weak
ferromagnetism, soft magnetic phase, in SG2% and SG5% samples.
The maximum value of saturation magnetization was achieved for
SG5% sample but it is much smaller than the reported value of Mn2*
state [10]. The reduced value of saturation magnetization might
be attributed to the direct Mn-Mn anti-ferromagnetic exchange
coupling between the neighboring Mn atoms that reduce the fer-
romagnetic signal.

According to the bound magnetic polaron (BMP) model, bound
electrons in the defect states can couple with Mn ions and cause
the ferromagnetic regions to overlap, giving rise to long range
ferromagnetic ordering in the thin films [11]. In accordance with
the BMP model, the magnetization of the system originates from
the regions of correlated and isolated spins. The magnetization
that arises from correlated spins is ferromagnetic (Mgy ), whereas
the magnetization that is due to the uncorrelated spins is para-
magnetic (Mp) [11]. If specific intrinsic point defect of ZnO has
the main contribution toward the ferromagnetism in ZnO:Mn thin
films, it should have the same trend as that of M-H curves shown
in Fig. 5. The trend of variation in O; concentration is consistent
with the trend of M-H curves in doped thin films. The concen-
tration of oxygen interstitials was estimated to be maximum for

SG5% and minimum for SG10% (refer to PL analysis in Section 3.2)
that is consistent with the ferromagnetic trend shown in Fig. 5 in
which the saturation magnetization for SG5% was observed to be
maximum. The O; (acceptors) might have strong correlated spins
and can form extended molecular orbits around the defect site,
which couple ferromagnetically. Moreover, the probable indirect
Mn-0-Mn exchange coupling led by the O; might also be the pos-
sible reason for stabilizing long range RTFM in ZnO:Mn thin films.
So based on the above discussion, it can be concluded that max-
imum concentration of O; in SG5% is responsible for correlated
spins leading to enhanced RTFM in this sample, while the minimum
concentration of O; in SG10% sample might not be sufficient to over-
come the uncorrelated spins of isolated Mn atoms and therefore
retains the paramagnetic phase. The increased value of satura-
tion magnetization and maximum concentration of O; (acceptor
defects) in SG5% (refer to PL analysis in Section 3.2) validates the
acceptors (holes) induced RTFM that is in accordance with Dietl’s
prediction.

Furthermore, in SG10%, the decreasing average distance
between the adjacent Mn atoms due to increased concentration of
Mn (10 at.%) will favor super exchange Mn-Mn interaction, which
is believed to be anti-ferromagnetic [32] due to overlapping of Mn
d-states with the valence band. As the anti-ferromagnetic energy
is lower than the ferromagnetic one due to the reduced distance
between the adjacent Mn ions, most of Mn atoms should be anti fer-
romagnetically coupled at the relatively higher Mn concentrations
(10at.% Mn). Due to the direct anti-ferromagnetic exchange cou-
pling and competitions between d-shells of adjacent Mn ions, the
ferromagnetic signals exhibited due to indirect exchange coupling
are suppressed in SG10%.
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4. Conclusions

Oxygen rich nanocrystalline ZnO:Mn thin films were pre-
pared through a relative simple spin coating technique. The
solutions for spin coating of thin films were prepared through
wet chemical route by mixing suitable quantities of zinc acetate
dihydrate, manganese acetate tetrahydrate, potassium hydroxide
in an environment of methanol. The XRD measurements revealed
the nanocrystalline nature of ZnO:Mn thin films with a consistent
increase in lattice parameter ‘a’ and cell volume with the increase
in Mn doping concentration. The cell expansion in Mn doped
nanocrystalline thin films confirmed the successful incorporation
of larger sized (0.83 A) tetrahedral Mn?2* ions at the lattice sites of
Zn?* jons (0.74A) in ZnO host matrix. The detailed XPS analysis
of Zn 2p, Mn 2p and O 1s core level spectra revealed the incorpo-
ration of Mn2* at the lattice sites of Zn with marked decrease in
oxygen vacancies in higher doped samples. NBE emission spectra
in PLrevealed the UV peak shift toward the shorter wavelength side
with increasing Mn concentration resulting in enhanced optical
band gap. Extended DLE spectra showing the signatures of oxygen
interstitials (acceptors) in yellow emission band endorsed the hole
induced RTFM in ZnO:Mn thin films. The maximum contribution
of O; in SG5% favored Mn-defect pair indirect exchange coupling
resulting in RTFM. Their increased concentration conferred the ran-
dom distribution of Mn ions with uncorrelated spins leading to
dominant paramagnetic phase in SG10%. The controlled Mn dop-
ing in ZnO thin films therefore led to RTFM and enhanced optical
transmission properties in ZnO thin films.
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