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a b s t r a c t

ZnO has become promising versatile member in semiconductor technology due to its well-known per-
formance in electronics, optics and photonics. In present investigation we have reported the impact
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of manganese incorporation on electrical optical and structural properties of spray deposited ZnO thin
films. The study of X-ray diffraction suggests that the films are nanocrystalline in nature having hexagonal
wurtzite type crystal structure. The electrical resistivity measurement shows films are semiconducting
and it decreases with increase in doping percentage. Optical absorption studies show that the band-gap
energy is decreased from 3.45 to 2.64 eV as the doping percentage was increased from 0 to 5 at.%. The
scanning electron micrographs (SEM) of doped ZnO thin films shows network of nanotubes. The H2S

s is a
lectrical properties sensing behaviour of film

. Introduction

Oxide semiconductor films have been extensively investigated
nd have received considerable attention in recent years due to
heir attractive properties such as low toxicity, high conductivity,
igh transmittance in visible region, and high infrared reflectance
nd distinguish performance in electronics, optics and photonics
1,2]. In contrast to nonoxide semiconductors, the oxide semicon-
uctors have many advantages. Their wide band gap makes them
ransparent and also suitable for applications with short wave-
ength. They can be easily grown at low temperature even on

plastic substrate and are ecologically secure and long lasting
esides being near to the ground cost. ZnO is a semiconductor mate-
ial of II–VI compound of the periodic table whose ionicity resides
t the border line between covalent and ionic semiconductor. Zinc
xide films have found extensive applications in heterojunction
olar cells [3,4], gas sensors [5,6], varistors [7], a phosphor for
olor displays [8], heat mirrors [9], piezoelectric devices [10] and
ultilayer photo-thermal conversion systems [11], light emitting

iodes (LEDs), laser diodes (LDs) [12,13], etc. The large exciton
inding energy of 60 meV and wide band-gap energy of 3.33 eV
t room temperature make ZnO a promising photonic material

or applications such as light emitting diodes, laser diodes and
V photodiodes [14–18]. In addition, ZnO is one of the environ-
entally friendly bio-safe and biocompatible material, and can be

sed directly for biomedical applications without coating materi-
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als, and the impurity-doped ZnO nanocrystals emitting visible light
are expected to be appropriate materials for flat panel displays,
florescence labels for biological imaging, and so on [19]. Due to
these versatile properties and wide applications of the ZnO, it is
one of the most important materials for future research and appli-
cations.

Low resistive zinc oxide films have been achieved by doping
with different group III elements like aluminum, boron, gallium and
indium or with group VII elements like fluorine [20]. The awareness
in doping ZnO is to discover possibility of tailoring its electrical,
magnetic and optical properties [21–25]. The doping of transition
metal elements into ZnO offers a feasible means of fine tuning the
band gap to make use as UV detector and light emitters. Many tech-
niques can be employed to deposit of ZnO thin films which includes
molecular beam epitaxy (MBE) [26], thermal evaporation [27], rf
sputtering [28,29], chemical vapor deposition [30–32], pulsed laser
deposition [33–35], magnetron sputtering [36], sol–gel technique
[37], spray pyrolysis [38,39], etc. Out of these techniques, chemical
spray pyrolysis technique has received attention due to its sim-
plicity and consequent economics aspect as it does not require
high vacuum equipments, and another attractive point is the pos-
sibility of production of large-area films. It has several advantages
such as simplicity, safety and low cost of the equipments and raw
materials. In this technique, a starting solution containing a sol-
uble salt of the cation of interest is sprayed by means of a nozzle

assisted by a carrier gas over a hot substrate. When the fine droplets
arrive at the substrate, thermal decomposition takes place to pro-
duce desired thin film. The quality and the physical properties of
the films depend on the various process parameters, such as sub-
strate temperature, molar concentration of the starting solution,
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Table 1
Optimized preparative parameters for deposition of Mn doped ZnO thin film.

Spray parameter Optimum value

Concentration of Zn-acetate 0.1 M
Concentration Mn-acetate 0.1 M
Solvent Distilled water
Substrate temperature 573 + 5 K
Carrier gas Compressed air
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changing the wurtzite structure. It may be due to small doping per-
centage of Mn in ZnO. The average crystallite size, d was estimated

Table 2
Comparison of observed crystallographic data of ZnO thin film with standard JCPDS
(79-0208) card.

Sample Mn doping
(at.%)

h k l Standard data Observed data

2� (degree) d (Å) 2� (degree) d (Å)

A 0 100 31.619 2.827 31.589 2.820
101 36.100 2.486 36.157 2.481

B 1 100 31.619 2.827 31.518 2.831
101 36.100 2.486 36.102 2.500

C 2 100 31.619 2.827 31.645 2.812
102 47.367 1.917 47.320 1.919

D 3 100 31.619 2.827 31.606 2.822
101 36.100 2.486 36.134 2.486

E 4 100 31.619 2.827 31.627 2.825
101 36.100 2.486 36.098 2.497
Solution flow rate 8 cm3 min−1

Nozzle Glass
Nozzle substrate distance 25 cm

pray rate, type and pressure of the carrier gas and the geometric
haracteristics of the spray system.

Recently, much attention has been paid to optical, electrical
nd magnetic properties of nanostructured semiconductor thin
lms doped with functional impurities because of their potential
pplications in optoelectronic devices [40–44]. Since ZnO has wide
and-gap energy, its nanocrystals are appropriate host materials for
he doping of transition metal ions and rare-earth which are opti-
ally and magnetically active [45–48]. ZnO thin films have been
repared and studied for various p-type and n-type doping ele-
ents like Al, Ba, Ga, In, Cu, I, Co, Li, Mn, etc. But no significant data
ere published on optical, structural and electrical properties of

nO films doped with Mn. The main objective of the present work
as focused on the structural, optical, and electrical properties of
n doped ZnO thin films doped with Mn grown by spray pyrolysis.

. Experimental

.1. Preparation

Mn doped zinc oxide films were deposited on to glass substrates by means of
pray pyrolysis technique. The glass substrates on which the films were prepared
laced on a surface of substrate heater. The atomization of the solution into a spray
f fine droplets was carried out by spray nozzle, with the help of compressed air
s carrier gas. During the course of spray, the substrate temperature was moni-
ored using a chromel alumel thermocouple, and was kept constant at 573 ± 5 K.
o achieve Mn-doping, Mn-acetate was added to the solution of zinc acetate. The
n doping was varied from 0 to 5 at.% in ZnO thin film. The resulting solution was

prayed on to preheated substrate. To optimize the different deposition parameters
uch as substrate temperature, spray rate, concentration of zinc acetate, several tri-
ls were done. It was found that films deposited at temperature lower than 573 K are
owdery and less adhesive. The optimum concentration of zinc acetate solution was
ound to be 0.1 M. The film deposited at higher concentration (>0.1 M) are nonuni-
orm and powdery. It was observed that for lower spray rate films are uniform and

irror like. The optimized spray rate was found 8 cm3 min−1. All these optimized
reparative parameters are given in Table 1.

.2. Characterization

Characterization is an essential part of all investigations. Before designing any
evice, a complete and deeper understanding of the properties and performance
f material must be known. In present work the characterization was done to
nvestigate electrical, optical and structural properties. The thickness of film was
etermined by weight difference method and it is of the order of ∼130 nm. The
tructural characterization of Mn doped ZnO films was carried out by analyzing
he X-ray diffraction pattern obtained using Philips PW 1710 diffractometer using
u-K� radiation of wavelength 1.5405 Å. The two point dc probe method of dark
lectrical resistivity is used to study the variation of resistivity with temperature.
ptical absorption spectra of the films were recorded using an UV-VIS-NIR spec-

rophotometer model Hitachi-330. The wavelength range was between 300 and
00 nm. This data was further analyzed for estimation of band-gap energy of film.
he film morphology was examined using a (JSM 61000) scanning electron micro-
cope (SEM).

. Results and discussion
.1. XRD studies

The crystal structure and orientation of Mn-doped ZnO thin
lms were investigated from X-ray diffraction patterns (Fig. 1). It

s found that films are nanocrystalline in nature having hexagonal
Fig. 1. XRD patterns of Mn doped ZnO thin films (A) 0 at.%, (B) 1 at.%, (C) 2 at.%, (D)
3 at.%, (E) 4 at.%, and (F) 5 at.%.

type structure. XRD Pattern shows that all the doped films have
(1 0 0) as the preferred orientation. The XRD spectra was changed
due to doping, the peak intensity of (1 0 0), (1 0 1) and (1 0 2) crys-
tal plane was increased remarkably. The Mn inclusion into the ZnO
improves the orientation, as the peak intensity increases with dop-
ing %. The comparison of XRD data with the standard JCPDS data
is shown in Table 2. For 5 at.% doping of Mn the spectra shows
(0 0 2) peak, which means that the orientation perpendicular c-axis
appears. However the (1 0 2) orientation is observed for higher dop-
ing %. Its evident from the XRD data that there are no extra peaks
due to manganese metal, manganese oxides or any zinc manganese
phase, indicating that the as-synthesized samples are single phase.
The Mn ion was understood to have substituted the Zn site without
102 47.367 1.917 47.360 1.976

F 5 100 31.619 2.827 31.680 2.823
002 34.335 2.609 34.378 2.612
101 36.100 2.486 36.112 2.481
102 47.367 1.917 47.388 1.929
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Fig. 2. Variation of grain size (nm) with Mn doping (%) in ZnO thin films.
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Fig. 3. Variation of log (�) vs. 1/T × 103 (K−1) for Mn doped ZnO films.

y using the by Debye-Scherrer’s equation [49],

= �

ˇ cos �
(1)

In this equation, � represent the wavelength of the X-ray radi-
tion, ˇ the full width at half maximum of the diffraction pick (in
adians) and � the maximum scatter angle. Fig. 2 shows variation
f grain size of ZnO with Mn-doping %. It is found that as the doping
ercentage increases, grain size increases from 17 to 41 nm.

.2. Electrical properties

The two point dc-probe method for measuring the dark resis-
ivity shows that the film prepared are semiconductor in nature. It
as observed the resistivity decreases as the Mn doping percentage

ncreases from 0 to 5 at.%. Fig. 3 shows the variation of logarithm
f electrical resistivity (log �) with reciprocal of temperature (1/T)
or ZnO films having different doing percentage of dopant Mn. The
ecrease in resistivity is due to rise in the free electron concentra-

ion with Mn-inclusion in the ZnO lattice which increases the donar
oncentration. The low electrical resistivity in TCO’s (transparent
onductive oxide) films is due to high electron concentration comes
rom the impurities doping and from non-stoichiometry. The Mn
elong to third group element, Mn2+ atoms will substitute zinc and
Fig. 4. Variation of activation energy of ZnO with Mn doping %.

act as donor. The mechanism of doping with transition elements
(3d-ions) such as Mn2+ depends on the substitution between Mn
and oxygen vacancies. The resistivity of film was decreased from
2.64 × 102 to 0.45 × 102 �-cm as Mn doping in ZnO is increased
from 0 to 5 at.% concentration. The thermal activation energy was
calculated using the relation,

� = �0 exp
(

E0

KT

)
(2)

where � is resistivity at temperature T, �0 is a constant; K is
Boltzmann constant. The activation energy decreased from 0.34 to
0.22 eV as the percentage of Mn doping increases from 0 to 5 at.%.
The variation of activation energy with Mn doping is shown in Fig. 4.

3.3. Optical properties

The optical absorption of the undoped ZnO and Mn doped ZnO
thin films was determined by the spectrophotometer within the
wavelength range of 300–800 nm. The typical room temperature
absorbance spectra for undoped ZnO and different concentration of
Mn doped ZnO are shown in Fig. 5. It shows the variation of relative
absorbance (˛t), t being the film thickness, with wavelength. The
nature of optical transition involved for the nanocrystalline film,
can be determined by considering the dependence of ˛ on hv using
equation,

˛ = A(h� − Eg)n

h�
, (3)

where h� is the photon energy, Eg is the band-gap energy, A and n
are constants. For allowed direct transitions n = 1/2 and for allowed
indirect transitions n = 2. The plots of (˛h�)2 vs. h� were shown in
Fig. 6. The band gap Eg is determined by extrapolation of the linear
portion of the plot to the energy exists. It is found that the band-gap
energy is decreased from 3.45 to 2.64 eV as the doping percentage
is varied from 0 to 5 at.%. We observed red shift in the band gap
due to Mn doping in ZnO. The decrease in Eg for increasing Mn
content may also be due to the s-d and p-d interactions giving rise
to band gap bowing and it has been theoretically explained using
second-order perturbation theory [50].

3.4. Thermo emf studies

The temperature difference between the ends of sample causes

transport of carriers from hot to cold end and thus create field which
gives thermal voltage. The variation of thermo emf with temper-
ature difference for Mn doped ZnO films is shown in Fig. 7. From
thermo emf measurement it was observed that the polarity of ther-
mally generated voltage at the hot end is positive indicating that
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Fig. 5. Plot of optical absorption (˛t) vs. wavelength for Mn doped ZnO films.
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ig. 6. Plot of (˛hv)2 vs. hv for ZnO films having different Mn doping percentage.

lms are of n-type. Increase in thermo emf with increasing dop-
ng percentage is attributed to the decrease in electrical resistivity
aused by increase in grain size and carrier concentration.

.5. SEM studies

Fig. 8 shows the scanning electron micrographs for undoped
.e. 0 at.% doped and Mn-doped ZnO thin film. It shows that the

urface roughness of the film increases with doping. The noo-
le like structure is observed which may be future application

ike nanotubes. This structure becomes more prominent in doped
lm. A dopant can influence the growth kinetics during deposi-
Fig. 7. Variation of thermo emf with temperature difference for Mn doped ZnO thin
films.

tion process which affects the grain structure. These images reveal
that the high density nanowires or nanotubes were aligned to the
substrate to form net like structure. All the nanotubes are exhibit-
ing a smooth surface throughout their lengths. Some interesting
morphologies, flower-like ZnO nanostructures composed of ZnO
nanorods, were seen in sample (A) and (D). It was clearly seen
that the several nanorods are accumulated on a single nucleation
site through their bases and make the flower-shaped morphol-
ogy.

3.6. H2S gas sensing

The easiest way to study the gas sensor is by simply measuring
the DC resistance of the sensing element as a function of tem-
perature with and without gas in the surrounding atmosphere.
Nanostructured materials have been widely used to produce new
semiconductor gas sensors because of enhanced activity provided
by their inherently large surface area [51]. The gas sensitivity (s)
is defined as the ratio of the resistance of the sensor in air (Rair)
to that in the test gas (Rgas). For gas sensing characterizations, the
sensor elements were placed in a 1000 cm3 gas chamber. Doping
of ZnO produces the electronic defects and increases the influence
of oxygen on the conductivity of the films. Thus an oxygen ion acts
as a trap to electrons from the bulk of the films. The electrons are
taken from ionized donors through conduction band and the den-
sity of majority charge carriers at the gas–solid interface is reduced.
This leads to the formation of a potential barrier for electrons
with increasing the oxygen ions density on the surface the fur-
ther oxygen adsorption is inhibited. Thus at the junctions between
ZnO grains, the depletion layer and potential barrier affects the
value the electrical resistivity. This value is strongly dependent on
the concentration of adsorbed oxygen ions of the surface. Fig. 9
shows H2S gas sensitivity plots for Mn doped ZnO thin films for
400 ppm gas concentration. The sensitivity increases with increase
in the operating temperature showing maximum in the tempera-

ture range 355–361 K. As doping percentage increases the sensing
temperature decreases slightly towards lower temperature side.
The maximum sensitivity increases from 2.1 to 6.37 with Mn dop-
ing. It is well known that sensitivity of the sensor strongly depends
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Fig. 8. SEM micrograph of Mn doped ZnO thin films: (A) 0 at.%, (B

o
d
a
M

Fig. 9. Plots of H2S gas sensitivity for Mn doped ZnO thin films.
n the grain dimensions of the sensing material. This is probably
ue to Mn doping the grain surface improved which provides more
rea for gas absorption, as the nanotubes are well developed with
n doping % in ZnO.
) 1 at.%, (C) 2 at.%, (D) 3 at.%, (E) 4 at.% and (F) 5 at.% doping.

4. Conclusions

The good quality Mn doped ZnO thin films were deposited
on to glass substrate with the help of spray pyrolysis technique.
The impact of manganese inclusion on structural, optical and
electrical properties was studied. Mn doped ZnO thin films are
nanocrystalline in nature with hexagonal type crystal structure
having (1 0 0) as a preferred orientation. The electrical resistivity
of ZnO film decreases with Mn doping percentage. The activa-
tion energy is changed from 0.34 to 0.24 eV with Mn doping.
The optical absorption studies shows that band-gap energy is
decreased from 3.45 to 2.64 eV as the doping is increased from
0 to 5 at.%. The rise in thermo emf with doping percentage is
attributed to decrease in electrical resistivity. The SEM studies
show the noodle like structure which may be future applica-
tion in nanotubes. This structure becomes more prominent in Mn
doped ZnO film. The sensing behaviour for H2S shows more sen-
sitivity for higher Mn doping % with little decrease in operating
temperature.
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