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a  b  s  t  r  a  c  t

The  structural  and  photoluminescence  analyses  were  performed  on un-doped  and  Mn  doped  ZnO
thin  films  grown  on  Si  (1 0 0)  substrate  by  pulsed  laser  deposition  (PLD)  and  annealed  at  different
post-deposition  temperatures  (500–800 ◦C). X-ray  diffraction  (XRD),  employed  to study  the  structural
properties,  showed  an improved  crystallinity  at  elevated  temperatures  with  a  consistent  decrease  in the
lattice parameter  ‘c’.  The  peak  broadening  in  XRD  spectra  and  the  presence  of  Mn  2p3/2  peak  at  ∼640  eV
in  X-ray  Photoelectron  Spectroscopic  (XPS)  spectra  of  the  doped  thin  films  confirmed  the successful
incorporation  of Mn  in  ZnO  host  matrix.  Extended  near  band  edge  emission  (NBE)  spectra  indicated  the
reduction  in  the  concentration  of  the  intrinsic  surface  traps  in comparison  to the  doped  ones  result-
ing  in  improved  optical  transparency.  Reduced  deep  level  emission  (DLE)  spectra  in doped  thin  films
with  declined  PL  ratio  validated  the quenching  of the  intrinsic  surface  traps  thereby  improving  the
optical  transparency  and  the  band  gap,  essential  for  optoelectronic  and  spintronic  applications.  Fur-
thermore,  the  formation  and  uniform  distribution  of  nano-sized  grains  with  improved  surface  features
of  Mn-doped  ZnO  thin  films  were  observed  in  Field  Emission  Scanning  Electron  Microscopy  (FESEM)
images.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Dilute magnetic semiconductors (DMS) have attracted great
research interest due to their promising applications in spintron-
ics. In these materials, the charge and the spin state of electrons are
accommodated into a single material leading to interesting mag-
netic, magneto-optical and magneto-electric properties [1,2]. There
has been a considerable interest in the fabrication of semiconduct-
ing ZnO for a variety of applications because of their fascinating
properties. ZnO, with a direct band gap of 3.37 eV [3],  has been
found to be a useful candidate material for blue ultraviolet light
emitters/detectors, transparent high power electronics and piezo-
electric transducers. The low threshold for optical pumping and
large exciton binding energy (60 meV) [4,5] allow lasing action
in ZnO with extremely low pumping power at room tempera-
ture [6] and has been recognized as a promising photonic material
in the UV region [7].  The wide band gap of ZnO makes it trans-
parent in the visible range, which is maintained even at higher
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carrier concentrations, making ZnO a promising material to be used
as a transparent conductor. These favorable optical and electrical
properties allow ZnO to have wide applications such as transpar-
ent electrodes in flat panel displays and solar cells, thin film gas
sensors and ultraviolet detectors [8].  Additionally, the high solubil-
ity of various 3d transition elements in ZnO makes it suitable for
spintronic applications [9,10].  The biggest roadblock in processing
of a fully ZnO based device is the unavailability of highly p-type
conducting ZnO. The main reason behind the difficulty in achiev-
ing p-type conductivity is the presence of surface traps (native
defects) such as oxygen vacancies and Zn interstitials which are
unintentionally introduced during thin film growth process, mak-
ing un-doped ZnO inherently an n-type material. So, quenching of
surface traps by the incorporation of 3d transition element is essen-
tial for ZnO thin films to be used in optoelectronic and spintronic
applications.

In this paper, we  report the preparation and characterization
of un-doped and Mn  doped ZnO thin films with enhanced optical
transparency due to the quenching of intrinsic surface traps. The
wet  chemical method [11] was used to synthesize nano-crystalline
Mn-doped ZnO powders, which were later pelletized and sintered
for making PLD targets. To the best of our knowledge, this method

0169-4332/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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has not been used to prepare doped ZnO PLD pellets as the exten-
sive literature search shows the use of solid-state reaction as the
main method of preparation of doped PLD pellets. The powder
obtained from wet chemical method offers homogeneous doping as
compared to the powder obtained by solid-state reaction method.
The influence of post-deposition annealing and the dopant concen-
tration on the structural, compositional, photoluminescence and
morphological properties of the thin films is investigated and pre-
sented.

2. Experimental details

2.1. Preparation of nanocrystalline Mn  doped ZnO powder

Nano-crystalline Mn  doped ZnO powder with wurtzite structure
was synthesized through a wet chemical method. The Mn-doped
ZnO powders were prepared for two different Mn  doping concen-
trations of 2 and 5 at.%, hereinafter referred as SP-2% and SP-5%,
respectively. The procedure for the preparation of SP-2% pow-
der is as follows: zinc acetate dihydrate (15.79 g), manganese
acetate tetrahydrate (0.52 g) and potassium hydroxide (12.96 g)
were mixed in 800 ml  of methanol. The solution was contin-
uously stirred, using a magnetic stirrer, for 3 h at 52 ◦C. The
solution was then cooled to room temperature and was  allowed
to age for 24 h to get precipitates. The fine precipitates were
removed by centrifugation and washed repeatedly with distilled
water to remove unreacted materials. The product was  dried in
an oven at 50 ◦C for 1 day. The zinc acetate dihydrate (Aldrich),
manganese acetate tetrahydrate (Aldrich), potassium hydroxide
(Baker), and methanol (Aldrich), in above mentioned preparation
procedure, were used as received. The SP-5% powder was  also
prepared following the same procedure using suitable quantities
of acetates and solvents. The un-doped and Mn  dope powders
of ZnO were then pelletized under a pressure of 10.5 metric
tons and sintered at ∼1000 ◦C for 12 h in air to get PLD tar-
gets.

2.2. Pulsed laser deposition (PLD) of thin films

The sintered pellets of Mn  doped ZnO were fixed on the gyrat-
ing target holder and ablated by second harmonic Nd:YAG laser
(532 nm,  26 mJ)  at a pulse repetition rate of 10 Hz. The substrate
holder was set to rotate at a speed of about 33 rpm to ensure
uniform thin film deposition. The thin films were deposited on Si
substrate for a constant ablation period of 90 min  in ultra high vac-
uum (10−6 Torr). The Si (1 0 0) substrates were sequentially cleaned
in ultrasonic bath with ethanol, acetone and de-ionized water, sep-
arately, at a temperature of 45 ◦C for 15 min  each, before being
mounted to the substrate holder in the PLD chamber. Deposited
thin films were annealed at different temperatures (500, 600, 700
and 800 ◦C) for 4 h in air.

The crystalline phase of thin films was analyzed using a SIEMENS
D5005 Cu K� (1.504 Å) X-ray Diffractometer (XRD). Near band
edge (NBE) energy transitions in Photoluminescence (PL) spec-
tra, measured using Hd–Cd (325 nm,  10 mW)  laser, were used to
study the variation in surface traps (intrinsic defects) and optical
band gap with dopant concentration. X-ray Photoelectron Spec-
troscopy (XPS) with Kratos Axis-Ultra Spectrometer, equipped with
a focused monochromatic Al-K� (1486.6 eV) X-ray beam (15 kV and
10 mA), was used to identify the surface stoichiometry and ele-
mental oxidation states of thin film samples. The morphology of
thin films was characterized using a Joel JSM 6700 Field Emission
Scanning Electron Microscope (FESEM).

Fig. 1. XRD spectra of polycrystalline SP-0% ZnO thin films annealed at different
temperatures (500–800 ◦C).

Fig. 2. XRD spectra of SP-2% ZnO thin films annealed at different temperatures
(500–800 ◦C).

3. Results and discussion

3.1. Structural analysis

The XRD spectra of ZnO thin films doped with different Mn  con-
centrations and annealed at 500–800 ◦C are shown in Figs. 1–3.  The
XRD peaks corresponding to (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0),

Fig. 3. XRD spectral profiles of SP-5% ZnO thin films annealed at different
post-deposition annealing temperatures (500–800 ◦C) showing the formation of
Zn2Mn3O8 impurity phases.
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Fig. 4. Variation in d-spacing in un-doped and Mn-doped ZnO thin films annealed
at  500, 600, 700 and 800 ◦C.

(1 0 3), (2 0 0), (1 1 2), (2 0 1) and (2 0 2) diffraction planes of wurtzite
ZnO are observed in 2� range from 20◦ to 80◦ for all thin film sam-
ples indicating polycrystalline nature. The obtained XRD spectra
matched well with the space group P63mc (186) (No. 36-1451) of
wurtzite ZnO structure.

The XRD spectra shown in Fig. 2, for sintered pellet and annealed
thin films with 2 at.% Mn  doping, do not show any impurity phases.
However, diffraction peaks corresponding to spinal structures of
Mn doped ZnO are observed in the pellet and thin films of SP-5%
samples indicating the formation of impurity phases (marked by *)
at higher doping concentrations as shown in Fig. 3. The observation
of similar phases in pellets and corresponding thin films confirms
the ability of PLD to maintain the stoichiometery of the material
from the pellet to the thin film. The secondary phases are identified
as the spinal structure of Zn2Mn3O8 having space group Pmn21
(31) (No. 32-1472). The signatures of manganese acetate are not
observed in our samples indicating the absence of any un-reacted
Mn in the thin film samples.

The texture coefficient of the thin films was calculated to deter-
mine the preferred orientation of the polycrystalline thin films
using the formula proposed by Barrett and Massalski [12]. The
(0 0 2) peak was found to have the highest texture coefficient indi-
cating the preferred orientation of the films along this plane. Hence,
the parameters such as diffraction peak shift, average crystallize
size, peak width and lattice parameter ‘c’ were estimated for this
diffraction peak.

Highly textured (0 0 2) peak, centered at about 34.42◦ (char-
acterizing the hexagonal wurtzite structure), was  found to shift
towards smaller/larger angles for Mn  doped thin films in compari-
son to un-doped ones indicating the increase/decrease in d-spacing
as is evident from Fig. 4. The peak shift in XRD spectra, obtained at
different temperatures, reveals the substitution of Mn  in its differ-
ent oxidation states [13]. The peak shift towards smaller angles for
SP-2% samples annealed at 500 and 600 ◦C suggests the increase
in d-spacing due to the substitution of Zn2+ ions (0.60 Å) by larger
sized Mn2+ ions (0.66 Å) in ZnO. However, the decrease in d-spacing
for SP-5% samples might be due to the substitution of Zn2+ ions by
the Mn  ions of smaller radii (Mn4+ and Mn3+ ions have ionic radii
of 0.53 and 0.58 Å, respectively) in ZnO host matrix [14]. A general
trend observed in Fig. 4, for both the doping concentrations, is the
decrease in d-spacing with the increase in annealing temperature
pointing to the increase in the relative amount of Mn4+ or Mn3+

ions as compared to that of Mn2+ ions.
The variations in peak width (FWHM) of (0 0 2) diffraction peak,

with the increase in Mn  doping concentration for different anneal-
ing temperatures, are shown in Fig. 5. The un-doped ZnO thin

Fig. 5. Variation in diffraction peak width as a function of Mn  content and post-
deposition annealing temperature.

film sample (SP-0%) exhibits a narrow FWHM compared to the SP-
2% and SP-5% samples. The peak broadening in doped samples is
attributed to the incorporation of Mn  at the substitutional sites
of Zn. The average crystallite size, estimated from FWHM of the
diffraction peaks using Scherrer formula, was  calculated to be 20,
23 and 26 nm for SP-0%; 9, 14 and 21 nm for SP-2% and 14, 22 and
22 nm for SP-5% samples annealed at 600, 700 and 800 ◦C, respec-
tively. The reduced values of the lattice parameters indicate the
deterioration in crystallinity of ZnO thin films due to Mn  doping.
The decrease in average crystallite size due to Mn  content is also
reported in literature [15,16]. However, in our case the average
crystallite size increased with annealing temperature for un-doped
and doped samples as observed by other researchers as well [16,17].

The value of lattice parameter ‘c’ decreased with an increase in
annealing temperature, as seen in Fig. 6. This decrease in lattice
parameter is attributed to zinc vacancies [18] which are produced
in large number at elevated temperatures [19]. Theoretical inves-
tigations, by Khalid et al. [18], have confirmed the reduction in
lattice parameter due to zinc vacancies. Furthermore, during the
annealing of ZnO coated silicon wafer, ZnO atoms of the films are
arranged by the thermal energy which leads to a reduction in the
tensile stress. A compressive stress will be generated by silicon
when substrate temperature drops from annealing temperature to
room temperature during the cooling cycle of the annealed sam-
ple. The compressive stresses of silicon and ZnO film will cancel
out each other. However, for very high (700–800 ◦C) annealing

Fig. 6. Variation in lattice parameter ‘c’ of SP-0%, SP-2% and SP-5% samples with
annealing temperature.
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Fig. 7. Room temperature PL emission spectra, consisting of near band edge and
deep level emission bands, of un-doped and Mn  doped ZnO thin films annealed at
600 ◦C.

temperatures, the compressive stress will be higher than the tensile
stress [20] ultimately reducing the lattice parameter of the crystal.

Fig. 6 shows that at a fixed annealing temperature of 500 ◦C the
lattice parameter ‘c’ in doped samples is higher than that of the un-
doped sample. This could be due to the incorporation of 0.66 Å sized
tetrahedral Mn2+ ion at the substitutional sites of 0.60 Å sized Zn2+

ion [21] leading to a tensile stress in thin films. The tensile stress,
indicated by increase in lattice parameter ‘c’, in the ZnO thin film
can also be attributed to the zinc and oxygen interstitials [22,23].
At higher temperature of 700 and 800 ◦C, the trend is reversed, i.e.
the doped samples have smaller lattice parameter as compared to
un-doped samples that may  be attributed to the incorporation of
smaller amount of Mn2+ ions at the substitutional sites of Zn2+ at
elevated temperatures. This observation will be further explained
on the basis of XPS results in Section 3.3.

3.2. Photoluminescence analysis

The room temperature PL analysis was carried out to study the
effect of Mn  content and the annealing temperature on the struc-
tural defects and the band gap energy of ZnO thin films. PL spectra
of un-doped and Mn  doped ZnO thin films exhibit two  emission
spectra in UV (at ∼380 nm)  and deep level (mostly in the green and
partly in the yellow and red spectral regions) bands. In our case,
the UV band emission, centered at ∼380 nm,  is originated from the
exciton recombination corresponding to the near band edge (NBE)
exciton emission of the wide band gap ZnO. This recombination
takes place through an exciton–exciton collision process at room
temperature [24]. While the deep level emission (DLE) spectrum
[25–27], which strongly manifests a polycrystalline structure [28]
of ZnO, is due to a high density of native defects such as zinc vacancy
(VZn), oxygen vacancy (VO), interstitial zinc (Zni) and interstitial
oxygen (Oi). The contribution of native (due to zinc and oxygen)
and foreign (due to manganese) defects on PL spectrum can be eval-
uated by the estimation of relative intensities of the deconvoluted
peaks.

Fig. 7 shows the typical room temperature PL spectra of un-
doped and Mn  doped thin films annealed at 600 ◦C. It may  be noted
that similar spectral features were observed for samples annealed
at other temperatures. The deconvolution of broad DLE peak was
used to estimate the relative contribution of native and foreign
defects. The DLE spectrum in green and yellow region for SP-0%,
was deconvoluted into three peaks centered at 491.9, 545.8 and
652.1 nm (deconcoluted peaks are not shown), which are attributed
to the contribution from a singly ionized VZn (31.8%), VO (41.6%) and

Fig. 8. Variation in PL ratio (ratio of DLE to UV emission peak intensities) as a
function of Mn concentration at different annealing temperatures.

Oi (24.4%) respectively. Strong DLE spectrum for un-doped sample
indicates the increased concentration of native (zinc and oxygen
vacancy) defects in comparison to doped ones. For doped samples,
the DLE emission spectrum can be attributed to both native (intrin-
sic) and foreign (extrinsic) defects. Mn  related (foreign) defects
were estimated to be the dominant defects in SP-5% samples as
the contribution from native defects (zinc and oxygen vacancies)
was  relatively low. The emission in the range of 420–470 nm is
reported to be due to the presence of Mn  ions in ZnO host matrix
[29]. Mn  related extrinsic defects (with deconvoluted DLE peak at
about 428–434 nm)  were dominant in SP-5% thin films. Their con-
tribution in SP-2% thin films was  negligible. This could be attributed
to the formation of spinal phase of Zn2Mn3O8 in SP-5% thin films.

Fig. 8 shows a marked decrease in the ratio of DLE  to UV emission
peaks (PL ratio) with increasing Mn  concentration. As the DLE peak
is associated with the intrinsic surface traps (defects), the relative
decrease in DLE emission peak indicates the quenching of intrin-
sic surface traps at higher Mn  doping concentration. At the same
time, the increase in UV emission peak intensity (at ∼380 nm)  for
doped samples, as seen in Fig. 7, reveals the improved optical trans-
parency which is essential for transparent high power electronics
and transparent conductive thin films [30]. This indicates that the
controlled Mn  doping of ZnO can enhance the optical properties
of ZnO for applications in optoelectronics, in addition to its usual
application in the field of spintronics.

The deconvoluted DLE peak at about 500 nm for SP-5% sample
(not shown here) indicates the contribution of intrinsic defects
related to VZn, which are calculated to be 30%, 27% and 13% at
annealing temperatures of 500, 600 and 700 ◦C, respectively. No sig-
natures of Zni were observed at 800 ◦C for SP-5% sample. For SP-2%
samples, the maximum contribution towards the structural defects
is attributed to the doubly ionized zinc vacancies, which show a
deconvoluted DLE emission peak at about 463 nm.  The concentra-
tion of Zn vacancies was calculated to be 71%, 50%, 45% and 61% at
annealing temperatures of 500, 600, 700 and 800 ◦C, respectively.

The shift of UV emission peak as a function of annealing temper-
ature for SP-5% samples was  estimated and is shown in Fig. 9(a). It
was  observed that the UV peak shifts towards longer wavelength
(i.e. shorter energy from 3.28 eV to 3.27 eV) for SP-5% thin films with
an increase in temperature. Similar behavior was observed for SP-
0% (3.24–3.0 eV) and SP-2% (3.28–3.27 eV), which is in agreement
with the results reported by Wang et al. [31]. This red shift can be
partially explained by the shrinkage of the energy band gap with an
increase in particle size [32]. The increased particle size due to grain
growth at higher annealing temperatures will result in larger num-
ber of atoms in the particle causing the greater splitting of energy
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Fig. 9. UV peak shift, in PL emission spectra, of SP-5% thin film (a) with annealing temperature and (b) with Mn concentration.

levels resulting in the shrinkage of the energy band gap. The grain
growth at higher annealing temperatures was also consistent with
our XRD results. Moreover, the contribution of intrinsic and extrin-
sic defects with the increase in annealing temperature, can also lead
to the shrinkage of the energy band gap of ZnO.

The samples annealed at a given temperature, however, show
the UV emission peak shift towards the shorter wavelength (blue
shift) side with the increase in Mn  content, as is evident from
Fig. 9(b) which exhibits the trend for two extreme annealing tem-
peratures used. The observed blue shift in UV emission peak with
Mn  doping can be attributed to the observed decrease in average
crystallite size of Mn  doped ZnO leading to broadening of energy
band gap, which is consistent with XRD results.

3.3. Compositional analysis

The compositional analysis of ZnO thin films was performed
using XPS by investigating the Zn 2p, Mn  2p and O 1s core level
spectra. The binding energies were calibrated by the adventitious
carbon C 1s peak (284.6 eV). The main XPS spectra of ZnO exhibit a
core level binding energy peak of Zn 2p3/2 located at 1022.0 eV,
as shown in Fig. 10.  The Zn 2p3/2 spectrum exhibits slightly
asymmetrical features indicating the possibility of existence of
multi-component Zn. A Gaussian peak fitting was performed to
analyze the electronic/oxidation states of Zn. The deconvoluted
peaks of Zn 2p3/2 of SP-0%, SP-2% and SP-5% annealed at 700 ◦C
are shown in Fig. 10.

The deconvoluted peaks of Zn 2p3/2 of SP-0% annealed at 700 ◦C,
shown in Fig. 10(a), are centered at 1020.4, 1022.2 and 1023.2 eV.
The peak centered at 1022.2 eV represents the Zn2+ ions in stoichio-
metric ZnO [33] while the peak at 1023.2 eV might be related to the

native zinc vacancies which have been observed in the materials
annealed at elevated temperatures [34]. The lower energy peak at
1020.4 eV is attributed to the loss in the number of oxygen ions in
nano-crystalline ZnO [33]. It will reduce the charge transfer from
zinc to oxygen thus increasing the shielding effect of the valence
electrons in Zn ions which decreases the binding energy of the
core electrons in the Zn ion. Thus, the deconvoluted XPS peaks at
lower and higher energies in un-doped samples verify the presence
of native zinc and oxygen vacancy defects which is also inferred
through the PL analysis.

The Zn 2p3/2 peak for SP-2% sample, as shown in Fig. 10(b),
was  deconvoluted with two peaks centered at about 1019.51 and
1021.21 eV. The peak corresponding to Zn2+ ions in stoichiometric
ZnO, normally observed at about 1022 eV, shifted to the lower bind-
ing energy of 1021.21 eV. This shift in binding energy is due to the
partial substitution of Zn in ZnO lattice by Mn2+ ions and Zn–Mn
bonding structure [35]. In addition, the different bonding states of
the elements in the surface will result in a shift in the binding energy
towards lower value. Since the electro negativity of Mn  (� = 1.55) is
smaller than that of O (�O = 3.44) [36], Zn atoms bonded to the Mn
atoms will contribute to shift in the binding energy of Zn 2p3/2 peak.
Furthermore, the reduced average crystallite size, which broadens
the peak, also contributes to the shift in the binding energy towards
the lower energy side [33] that is consistent with our XRD results.

Fig. 10(c) shows the deconvoluted peaks of Zn 2p3/2 peak of SP-
5% sample annealed at 700 ◦C. The deconvoluted peaks are centered
at about 1020.64, 1022.34 and 1023.16 eV. Earlier, the PL analysis
has established that the concentration of structural defects for SP-
5% thin films are lower than that of un-doped ones so the peak shift
towards the higher binding energy value due to VZn is ruled out
in this case. The deconvoluted peak centered at about 1023.16 eV

Fig. 10. XPS core level spectra of Zn 2p3/2 peak, deconvoluted with Gaussian peaks, for (a) SP-0%, (b) SP-2% and (c) SP-5% thin films annealed at 700 ◦C.
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Fig. 11. Mn 2p core level XPS spectra, deconvoluted using Gaussain peak fitting, of
SP-2% and SP-5% thin film samples annealed at 800 ◦C.

is attributed to the Zn in Zn2Mn3O8. This is because the atoms of
higher positive oxidation state (Mn4+ in Zn2Mn3O8 phase) exhibit
a higher binding energy due to extra columbic interaction between
the photo-emitted electron and the ion core. The appearance of this
phase is also confirmed from our XRD results.

Fig. 11 reveals that the binding energies of Mn  2p3/2 for SP-2%
and SP-5% ZnO thin films are centered at about 640.4 and 642.4 eV
showing that the Mn  ions in the films are mainly in the chemical
states of Mn2+ and Mn4+ [36,37] respectively, which is also con-
sistent with the peak shift observed in XRD spectra. Moreover, the
binding energy of Mn  2p3/2 shifts towards the lower energy side
in comparison to commercial MnO  powders (640.7 eV), which is
related to the incorporation of Mn2+ ions into the lattice sites of
Zn in ZnO [38]. The concentration of Mn2+ in SP-2% thin films, cal-
culated from the relative area under the curves of deconvoluted
peaks of Mn  2p3/2, reduced from 28.5 to 21.5% with the increase
in annealing temperature. The reduction in concentration of Mn2+

ions with the increase in annealing temperature could result in the
contraction of ZnO lattice ultimately leading to a reduction in lattice
parameter, as is evident from the analysis of XRD results.

The asymmetric O 1s XPS peak was deconvoluted with peaks
centered at about 531.0, 532.1 and 532.8 eV respectively for the
thin films annealed at 800 ◦C as shown in Fig. 12.  However, the
peak centered at ∼530 eV was also observed for thin films that were
annealed at lower temperatures. The results are almost similar to
that of Chen et al. and Wang et al. [39,40], who attributed this peak
to the O2− ions on the wurtzite structure of the hexagonal Zn2+

ion array. Based on these reports, the lower energy peak of oxygen
spectrum is attributed to Zn–O bonds [41] which are dominant in
the thin films annealed at lower temperatures.

Fig. 12. O1 s core level XPS spectrum, deconvoluted with three peaks centered at
531.0, 532.1 and 532.8 eV, of SP-5% thin film annealed at 800 ◦C.

The higher binding energy peak (at 532.1 or 532.8 eV) is usually
attributed to the chemisorbed or dissociated oxygen or hydroxyl
(OH) species on the surface of the ZnO thin film, such as CO3,
adsorbed H2O or O2 [42]. The component at the medium binding
energy (531.0 eV) is associated with the O2− ions that are in oxygen
deficient regions within the ZnO matrix and is related to actual O
1s contribution of the samples. The presence as well as the changes
in the intensity of this component may  be related, in parts, to the
variation in the concentration of oxygen vacancies [43]. The calcu-
lation of the concentration of oxygen vacancies showed a reduction
from 60% for un-doped samples to 35% in doped samples annealed
at 800 ◦C. The reduction in this component also verifies the PL emis-
sion spectrum that showed a reduction in the native defects with
Mn  incorporation.

3.4. Morphological studies

The surface morphologies of the Mn  doped ZnO thin films, all
annealed at 600 ◦C, are shown in Fig. 13.  Different morphologies
of Mn  doped ZnO thin films at different Mn  concentrations are
observed. The surface features of SP-0% thin film reveal the pres-
ence of rod like structures. For SP-2% sample, the film consists of
agglomerated grains and hence grain boundaries cannot be dis-
tinguished clearly. However, regular grains can be seen clearly in
SP-5% thin films having uniform size distribution in the range of
about 85–95 nm.  The value of grain size is larger than that cal-
culated from XRD. Higher grain size might be attributed to the
migration of grain boundaries causing the coalescence of smaller
grains at higher annealing temperature. Furthermore, the surface

Fig. 13. FESEM micrograph showing the surface morphology of (a) SP-0%, (b) SP-2% and (c) SP-5% thin films annealed at 600 ◦C.
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Fig. 14. FESEM micrograph showing the surface morphology of SP-5% sample annealed at (a) 600 ◦C, (b) 700 ◦C and (c) 800 ◦C.

topography of ZnO thin films becomes smoother with increase in
Mn content, as Mn  incorporation causes regular grain size resulting
in the formation of more uniform thin films [43].

Fig. 14 shows the changes in surface morphologies of SP-5% thin
films with the annealing temperature. Clearly distinguished grains
are observed on samples annealed at 600 and 700 ◦C with slight
increase in the grain size. With further increase in the annealing
temperature to 800 ◦C, the grain size appears to be similar but with
a dense packing due to coalescence of neighboring grains.

4. Conclusions

Nanocrystalline ZnO and ZnO:Mn powders were successively
prepared by a simple wet chemical method using zinc and man-
ganese acetates as precursors instead of commonly used solid-state
reaction method. The powders were then pressed and sintered to
make target pellets for PLD. The thin films of ZnO and ZnO:Mn,
grown by PLD and annealed at different temperatures, showed
interesting structural, optical, compositional and morphological
properties. The XRD spectra showed the improved crystalline qual-
ity of the thin films at elevated annealing temperatures without any
degradation in the wurtzite structure of ZnO. A reduction in aver-
age crystallite size and the peak broadening of the doped samples
pointed to the successful incorporation of Mn  in ZnO lattice. Fur-
thermore, the detailed analysis of XPS core level peaks of Zn and Mn
illustrates the presence of Zn2+, Mn2+ and Mn4+ ions in the wurtzite
structure of ZnO thin films. The FESEM revealed the existence of
well-defined nano-sized (85–95 nm)  grains in Mn doped thin films
with improved film quality and smoother surface features at ele-
vated temperatures. One of the major findings from the PL spectra
is the marked decrease in PL (DLE to UV emission peak) ratio with
the significant increase in the intensity of near band edge UV emis-
sion peak at higher Mn  doping concentrations indicating thereby
the quenching of surface traps and enhanced optical transparency.
The controlled Mn  doping of ZnO therefore leads to the enhance-
ment in the optical transmission properties of ZnO thin films which
is desirable for its applications in optoelectronics, in addition to its
usual application in the field of spintronics.
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