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Abstract

Manganese-doped zinc oxide (Mn-doped ZnO) thin films were synthesized on soda lime glass substrates using the spray
pyrolysis technique at substrates temperatures of 400, 450 and 500 °C. Compositional, optical, structural, morphological and
electrical properties were studied with Rutherford Backscattering Spectrometry (RBS), Ultraviolet and Visible Spectroscopy
(UVS), X-Ray Diffraction (XRD) analysis, Scanning Electron Microscopy (SEM) and the Four Point method, respectively.
Mn-doped ZnO films show changes in transmittance and energy band gap when substrate temperature is increased. In the
same way, electrical resistivity measurements show changes with temperature, getting a minimum value at 450 °C. The
results were also compared with undoped ZnO thin films. They show that constant lattices, crystallite size and resistivity
increase with Mn doping. These variations are the result of the substitution of Zn by Mn ions during the incorporation of
Mn ions in the ZnO lattice. On the other hand, energy band gap values decrease when the samples were doped with Mn, due

to the s—d and p—d exchange interactions.

1 Introduction

Zinc oxide (ZnO) is considered one of the most important
semiconductors used for many applications in microelec-
tronics, optoelectronic devices, heat mirrors, transparent
electrodes, blue/UV light-emitter devices, etc. This is
because to its large band gap around 3.37 eV, its large exci-
ton binding energy of 60 meV and on its properties such as
high catalytic activity, chemical stability, piezoelectricity
and high-optical transparency in the visible region.

Photovoltaic energy is a promising source of energy that
could be used as a possible substitute for electrical energy
produced by conventional methods. For this reason, there is
a great interest to obtain semiconductor films, transparent
and cheap to be used in solar cells systems. ZnO is a trans-
parent semiconductor, which has great advantages over other
materials due to its high thermal stability, its low price and
its non-toxicity [1].

Different properties of ZnO-like optical absorbance, band
gap energy, resistivity, melting point or ferromagnetism can
be tailored by adding dopant ions into the film, making the
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material an ideal candidate for applications such as liquid
crystal monitors, piezoelectric sensors and blue light-emit-
ting diodes, among others [2, 3].

Some research groups has been working on doping ZnO
thin films with different elements, such as Mn, Al, Co, In to
modify the properties of the material [4—8]. In all the cases,
improvements in optical, electrical, magnetic and structural
properties have been reported. Doping ZnO with Mn facili-
tates its incorporation into its lattice because there is a mini-
mum difference between the ionic radii of Mn and Zn.

The main purpose of doping ZnO with Mn is to explore
the possibility of tailoring the electrical, optical and mag-
netic properties of ZnO thin films, and to evaluate or analyze
new applications in the areas of electronics, optoelectron-
ics, optical devices, among others. Mn-doped ZnO has the
potential to become a material in which the magnetic, semi-
conducting and optical properties might coexist. Another
application of Mn-doped ZnO is tuning the band gap to
produce UV detectors and light emitters [9].

ZnO thin films can be synthesized by physical (vapor
deposition, laser ablation, and sputtering) and chemical
techniques (spray pyrolysis, chemical vapor deposition,
sol—gel) [10, 11]. The spray pyrolysis method is a very
simple and low-cost process used to synthesize thin films
of any composition. The main equipment is composed by
an atomizer, precursor solutions, a substrate heater and a
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temperature controller. Within this process, the most rel-
evant is the generation of the aerosol and its transport to
the hot substrate, where the film growth occurs. A detailed
exposition of the process and the equipment used in the
spray pyrolysis technique, can be consulted in Ref. [12].

In the present study, Mn-doped ZnO thin films were
synthesized by the spray pyrolysis technique, using sub-
strate temperature of 400, 450 and 500 °C. The evalua-
tion of the effect of the Mn doping together with substrate
temperature on the ZnO microstructure, band gap, grain
growth and electrical properties is presented.

2 Experimental

Mn-doped ZnO (ZnO:Mn) thin films were deposited by
spray pyrolysis technique onto soda lime glass substrates.
The spraying solution was prepared by dissolving 10.97 g
of zinc acetate 2-hydrated in 250 ml of deionized water.
Until dissolution was completed, 50 ml of acetic acid was
added slowly under agitation and afterwards 700 ml of
ethanol was incorporated to the solution. Manganese chlo-
ride (0.05 M) was used to synthesize the Mn-doped ZnO
films. Depositions were performed for three substrate tem-
peratures: 400, 450 and 500 °C. The nozzle to substrate
distance was 30 cm. During the spraying process cycles of
3 s followed by short periods of 5 s without spraying, to
avoid the substrate cooling, were carried out.

To obtain the atomic elemental concentrations of
the samples and the films’ thickness, RBS analysis was
performed. The experiment was conducted in the 3MV
Pelletron accelerator of the Instituto de Fisica, UNAM.
Alpha particles coming from a beam of 3 MeV and 1 mm
of diameter collide with the elements that compose the
sample and scatter at an angle of 167°. After collision,
backscattered alpha particles were measured with a sur-
face barrier detector. The RBS spectrum is formed by the
analog signals that leave the detector and is processed by
a multichannel analyzer. The SIMNRA code [13] was used
to simulate and analyze the RBS spectra.

XRD analysis was used to study the structural proper-
ties of the ZnO:Mn films. The analysis was carried out
in a Bruker D8 Advanced Diffractometer, using the Cu
k, radiation. Absorbance and transmittance studies of
the samples were performed at room temperature with
an Agilent HP 8453 UV-Vis spectrophotometer in the
300-1000 nm range. The morphology of the samples as
well as the particle size of the materials were conducted
using a Scanning Electron Microscope FEG JEOL JSM-
7800. Resistivity measurements were carried out with a
Jandel Multi Height Microposition probe equipment, using
the four-points probe method.
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3 Results and discussion

3.1 RBSresults

In a Rutherford Backscattering experiment, alpha particles
used as projectiles, collide with the elements that form the
sample. When a collision between a projectile and a nucleus
takes place, the projectile transfers part of its energy to the
atom of the sample, losing energy. In the same way, when
the projectile moves across the material, it interacts with the
electrons of the atoms that compose the material and loses
part of its energy. The energy loss is related to the stopping
power of the projectile. If the stopping power of the alpha
particles is obtained and the energy loss of the projectiles is
measured directly from the RBS spectrum, then the thick-
ness of the film (X) can be calculated with Eq. 1 [14].

] M

where AFE is the energy loss of the alpha particles in the ele-
ments that compose the film and [€] is the stopping power
of the alpha particles when they interact with the atoms of
each element in the sample.

Table 1 shows the thickness of the ZnO films deposited
by spray pyrolysis and doped with Mn, for the substrate tem-
peratures (400, 450 and 500 °C). The results indicate that
the materials synthesized at 400 and 450 °C have almost the
same thickness; nevertheless at 500 °C the thickness of the
sample is increased.

Figure 1 shows a RBS spectrum of a Mn-doped ZnO sam-
ple. The spectrum shows a thin film composed by Zn, O and
Mn and a substrate compose with Si and O.

The spectra of the different samples presented in this
study look similar to the one displayed in Fig. 1. The main
differences observed come from variations in heights of Zn
and the O peaks, which are directly related with their con-
centrations in the films. The concentration of the elements
that compose the film were obtained using the SIMNRA
code [13].

RBS results also show that stoichiometry of the films are
related to the temperature of the substrate, resulting the most
stoichiometric film the one deposited at 450 °C. Figure 2
shows that the atomic concentration of Zn presents a mini-
mum value for the sample deposited at 500 °C; nevertheless

Table 1 RBS ZnO thin films’
thickness measurements for
different substrate temperatures

Substrate tem- Thickness (nm)
perature (°C)

400 74+4
450 69+3
500 105+5
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Fig.2 Zinc and oxygen atomic concentrations versus Substrate Tem-
perature for Mn-doped ZnO films

the behavior is opposite in the case of O concentration. This
behavior can be related to the results of Table 1, where the
thickness of the films are depicted. It seems that the thick-
ness values are related to the stoichiometry of the materials,
producing a decrease in thickness as the film becomes more
stoichiometric. In this way the different layers that compose
the more stoichiometric samples tend to grow in a more sta-
ble and order way, creating thinner films.

RBS spectra analysis also showed the presence of Zn
traces into the soda lime substrate, indicating the diffusing
of Zn atoms into the matrix. The major and deeper traces of
Zn in matrix were observed when the film was deposited at

the higher temperature (500 °C). This is an expected result
since a higher temperature in the system tends to move the
atoms inside the material, easing their diffusion through the
matrix.

3.2 Structural properties of Mn-doped ZnO thin
films

The crystalline structure of the deposited ZnO thin films
doped with Mn and synthesized at 400, 450 and 500 °C,
were conducted by XRD analysis. The results, which are
depicted in Fig. 3, show the undoped and Mn-doped ZnO
films. The diffractograms show that the undoped and Mn-
doped films are polycrystalline with a hexagonal wurtzite
structure [15] and their growth orientation is along c-axis in
all cases. The peaks positions are indexed to (100), (002),
(101), (102), (110) and (103) [16]. An important observation
is that after Mn-doping, any extra diffraction peak coming
from Mn phases was observed, which means that during
substitution of Zn by Mn ions in ZnO, the wurtzite structure
maintained unchanged.

XRD results also show that our material grows along the
(002) orientation, which is the peak with major intensity in
the difractograms. This behavior is due to the low surface-
free energy of (002) plane. The increment of (002) peak with
temperature can be explained as the atoms tend to migrate to
positions with lowest energy, produced by the higher kinetic
energy, increasing film growth at c-axis orientation. This
result was remarked by Mahmood et al. [17] and Marotti
et al. [18]. It has also been reported that ZnO films prepared
with isopropanol or ethanol solvents exhibit high intensity
of the (002) diffraction peak, making this material important
for applications in optoelectronics [19].
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Fig.3 XRD patterns of the undoped and Mn-doped ZnO thin films
deposited at 400, 450 and 500 °C
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When comparing these XRD patterns with the ones of
the undoped ZnO films published in a previous work [20],
the following results can be summarized. An observation
of (002) peak reveals that when the substrate temperature
increases, the diffraction intensity of (002) peaks of the
Mn-doped ZnO films becomes weaker, relative to those
of the pure ZnO. This fact indicates that as temperature
is increased, the orientation of the undoped ZnO sample
along (002) direction was disturbed when Mn was incor-
porated. This behavior is especially observed at 500 °C.
It might be possible that at this temperature the Mn atoms
act as obstacles (traps or dispersion centers) when ZnO is
growing along (002) direction, resulting in a deterioration
of the film crystallinity. This fact has been reported in
many works [21, 22], independently of the film’s prepara-
tion method. The comparison of the XRD patterns also
shows that the peaks of the Mn-doped films are a little bit
shifted to lower angle compared with the undoped ZnO
films. According to Baghdad et al. [6], this shift could
be a consequence of micro-strain in the structure, due to
vacancies, stacking faults and interstitials.

The observed lattice constants for hexagonal ZnO:Mn
were calculated from XRD patterns of Fig. 3 and by
Eq. (2). The results are shown in Table 2. In this table, a
comparison of the ZnO:Mn and undoped ZnO lattice con-
stants presented in a previous work [20] is shown.

1 3 (W + hk + k? P
2 "a <—> ta @
(ki)

The data of Table 2 show that lattice constants for the
Mn-doped ZnO films presents a slightly increase compared
to the undoped ZnO particles for all the substrate tem-
peratures. During the incorporation of Mn?* ions to ZnO
films, the lattice constants for the Mn-doped films enhance
as Mn?* radius (0.74 A) is a little bit larger than the Zn**
(0.67A) and tends to expand the lattice parameter. This
behavior has been reported by other groups independently
of the method used to prepare the Mn-doped ZnO thin
films [5, 22, 23].

As well as the lattice constants, XRD patterns give
information of the average crystallite size (D). This quan-
tity was obtained with the Scherrer’s formula [24] for the
ZnO films doped with Mn:

kA
b= pcos@ 3)

where k is the shape factor (0.9), 4 is the wavelength of the
Cu K, fis the full width at half maximum (FWHM) of the
most intense peak of the XRD spectrum and 0 is the Bragg
angle.

The data show that the average crystallite size of the
Mn-doped ZnO increase with substrate temperature, as has
been observed by Ahmed in his work [23], indicating that
temperature eases the nucleation of the crystallites during
the synthesis process. The crystallite size values are 30.02,
32.76 and 35.91 nm for the substrate temperature of 400, 450
and 500 °C, respectively.

3.3 SEM results

Figure 4 shows SEM micrographs of the surface morphol-
ogy and grain size of the Mn-doped ZnO films at substrate
temperature of (a) 400 °C, (b) 450 °C and (c) 500 °C. From
the micrographs a total coverage of the substrate with ZnO
grains can be appreciated. The SEM images reveal that the
particles of all the samples are of nanometer size and that
their density, size and shape are clearly dependent on sub-
strate temperature. Particles change from a small spherical-
like form at 400 °C to a flake-like form at 500 °C. It can be
noticed in Fig. 4a that the film is a combination of rounded-
like particles and amorphous material, which indicates that
400 °C is the minimum temperature necessary to form the
ZnO film. At lower temperature, the material is practically
amorphous. XRD results showed in Fig. 3 agree with the
shape of the particles presented in Fig. 4, since narrower
peaks correspond to samples with rounded shape particles.
In our case, the sample deposited at 400 °C presents the
narrower diffraction (002) peak and shows rounded-like
particles. As deposition temperature increases to 450 °C,
the FWHM of the (002) peak increases and the particles
starts to lose its roundness. At 500 °C, the FWHM of (002)
increases again and the shape of the particles changes com-
pletely, until becoming a flake-like shape.

J-Image code was used to measure the size of the particles
of the films. A tendency of increasing the particle size with
substrate temperature is observed. The average particle size is
71.28 nm for the films synthesized at 400 °C; meanwhile the
samples deposited at 450 °C and 500 °C show average particle

Table 2 Comparison of lattice

Substrate tempera- a (nm) ZnO ¢ (nm) ZnO a (nm) ZnO:Mn ¢ (nm) ZnO:Mn
constants of Mn-doped ZnO ture (°C)
(ZnO:Mn) and undoped ZnO
(ZnO) films [20],. prepared at 400 0.3357 0.5444 0.3362 0.5449
:z“;‘ggr f,‘tc‘” e ranging from 400 450 0.3365 0.5431 0.3368 0.5443
500 0.3372 0.5439 0.3375 0.5448
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Fig.4 SEM micrographs of ZnO:Mn films prepared at (a) 400, (b)
450 and (c) 500 °C

size of 128.75 nm and 180.01 nm, respectively. Based on these
results, we can assume that substrate temperature could be used
for tailoring the size of the particles that form the Mn-doped
ZnO0 thin films.

ZnO:Mn (400°C)
ZnO:Mn (450°C)
ZnO:Mn (500°C)
undoped ZnO

® % ) =
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300 350 400 450 500

Wavelength (nm)

Fig.5 Variation of absorption with wavelength of undoped and Mn-
doped ZnO films

When comparing these micrographs with the ones of the
undoped ZnO thin films, reported in a previous work [20],
we observed that the incorporation of Mn to the films allows
the nucleation and the formation of the grains that compose
the ZnO films.

3.4 Optical properties

Optical absorption spectra of undoped and Mn-doped ZnO
films measured at room temperature is observed in Fig. 5.
The results show that the undoped ZnO thin film presents
lower absorption in the visible range of the spectrum and
that absorbance increases after Mn doping. This behavior
has been observed by Shinde et al. [25] and may be a con-
sequence of the introduction of Mn defects states within
the forbidden band, leading to the absorption of incident
photons.

It is also observed that the position of the absorption
spectra in the Mn-doped ZnO film deposited at 500 °C is
slightly shifted to longer wavelength. Kim et al. [26] have
worked with ZnO films doped with Co and have reported a
similar behavior. They assume that this shift is due to the
absorption of higher-energy photons that produce activation
of “spd” exchange interactions and “dd” transitions. They
also resported in their work that this response of the mate-
rial, led the enhancement of ferromagnetic properties.

Transmittance spectra of Mn-doped ZnO thin films
deposited at different substrate temperature in the spectral
range of 300-1100 nm is displayed in Fig. 6. The films are
highly transparent, above 80%, in visible region. The maxi-
mum transparency is observed for the sample deposited at
500 °C, where almost a 100% of transmittance is detected.
Figure 6 also shows an absorption edge around 360 nm due
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Fig.6 Optical transmittance spectra of the Mn-doped ZnO films

to band gap absorption. This increment of transmittance with
temperature is due to a decrease in optical scattering [17],
which is related with an increase in the grain size of the
materials and the reduction in density of grain boundaries in
the films. This fact can be confirmed with the results previ-
ously presented in Sect. 3.3, where average particle size was
obtained. The results show that an increase in grain size is
related to a temperature increment.

The optical band gap value was calculated with the
absorption coefficient (a), obtained from the transmission
spectra. The variation of the absorption coefficient with pho-
ton energy (hv) obeys Tauc relation. Equation 4 [27] calcu-
lates the optical band gap for an allowed direct transition:

1
(ahv) = A(hv - E,) 2 @)

where E, is the optical band gap and A is a constant related
to the refractive index of the material.

To obtain the optical band gap values of the materials,
the linear part of the plots of (ahv)? versus hv to a=0 must
be extrapolated. The extrapolation for the three substrate
temperatures is shown in Fig. 7.

The evaluated band gap energies of Mn-doped ZnO films
synthesized at 400, 450 and 500 °C are depicted in Fig. 8.
The results indicate that the band gap energy is dependent
upon the growth temperature and shows a blue shift as sub-
strate temperature increases, approaching a value of 3.27 eV
for 500 °C. Blue and red shifts of the energy gap as a func-
tion of the growth temperature have been reported by other
groups. For instance Bentes, et al. [28] and Zhao et al. [29]
reported a red shift of the energy band gap as temperature
increases; meanwhile Shan et al. [30] and Khalig, et al. [17]
observed the opposite, which is consistent with the results
that were found in this work. The possible mechanisms that
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Fig.7 Energy band gap of ZnO:Mn thin films prepared at different
substrates temperatures

can cause the changes in energy band gap are variation in
crystallinity, changes in density of impurities, defects, quan-
tum size effects and crystallite dimensions.

In our case crystallite dimensions might be the mecha-
nism behind the measured changes in optical band gap
as crystallite size varies with temperature as is shown in
Table 2. This result is corroborated by the group of Ben-
ramache [31] and Marotti, et al. [18]. In both cases, they
observed variations in crystallite size and optical band gap
as a function of substrate temperature. Hafdallah, et al. [32]
attribute the blue shift in optical band gap, when substrate
temperature is increased, to an improvement in the film
crystallinity.
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Fig.8 Optical band gap of Mn-doped ZnO thin films prepared at dif-
ferent substrate temperatures
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Fig.9 Optical band gap of undoped (ZnO) [20] and Mn-doped ZnO
(ZnO:Mn) thin films prepared at different substrate temperatures

The incorporation of Mn to the ZnO films produces a
decrease in the band gap energy for all the substrates tem-
peratures, as is observed in Fig. 9. The red shift in the energy
band gap of ZnO when Mn is incorporated to the film is due
to the s-d and p-d exchange interactions. The s—d interac-
tions give place to a negative correction to the conduction
band energy; meanwhile the p—d interactions give rise to a
positive correction to the valence band energy, leading to
a narrower band gap [33]. This narrowing in the band gap
is attributed to many body effects on the conduction and
valence bands and can be originated from electron inter-
action and impurity scattering. Similar results has been
reported by several research groups, such as Modal et al.
[34] and Shinde et al. [25].

When comparing with other studies, we found that
the optical band gap values do depend on the preparation
method of the ZnO doped with Mn. The values go from
2.78 eV [35] to 3.252 eV [22] for ZnO:Mn films deposited
with the solvothermal synthesis and the sol-gel method,
respectively. In our case, the optical band gap value is closer
to the values obtained when the films are synthesized by
sol—gel method.

3.5 Electrical results

The resistivity values of the Mn-doped ZnO films are pre-
sented in Fig. 10. The resistivity shows a maximum value
of 40.05 % 1072 Qcm for the 400 °C film, then the resistiv-
ity decreases and reaches a minimum value of 4.86x 1072
Qcm for the sample synthesized at 450 °C, and finally the
resistivity increases up to 23.3x 107> Qcm for the sample
growth at 500 °C. The behavior of increasing and decreasing
electrical resistivity of ZnO with deposition temperature has

Substrate temperature (°C)

Fig. 10 Resistivity values of the Mn-doped ZnO thin films as a func-
tion of the substrate temperature

been reported by several authors. In those cases, the low-
est value of resistivity is presented at different temperature,
such as 300 °C [36, 37], 340 °C [38], 415 °C [39], 425 °C
[40] or 450 °C [41], depending on the dopant element. In
their works the authors explain this behavior using several
theories. For instance Castafieda et al. [39] assumed that
this behavior is a consequence of an increase of carrier con-
centration due to the formation of point defects; Tapatee
Kundu, et al. [36] showed that the decrease in resistivity is
controlled by intrinsic defects produced at high temperature;
Benramache et al. [38] explained that this behavior in resis-
tivity is due to the increase of the potential barriers because
the doped atoms are segregated into the grain boundaries;
meanwhile Navid Najfi et al. [41] and Muruganantham et al.
[42] proposed that the increase and decrease in resistivity
has its origin during film deposition, as the number of Zn
and O atoms can change, getting a maximum or minimum
amount of them. In this way, oxygen vacancies are created
in the lattice when the amount of Zn atoms increases in
the film, giving free electrons to the film. These electrons
increase the charge carrier concentration, and as a conse-
quence, the electrical resistivity decreases. This effect might
be happening in our case, and can be corroborated in Fig. 2,
where O concentration diminishes at 450 °C and increases at
400 and 500 °C, following the same behavior as resistivity.

A comparison of the variation of electrical resistivity with
substrate temperature of Mn-doped ZnO and pure ZnO films
is depicted in Fig. 11. The resistivity values show that the Mn-
doped and undoped films follow the same behavior in variation
of resistivity; indicating that this tendency does not depend
upon Mn-doping, but it is inherent to ZnO preparation when
ethanol is used. This can be confirmed since in a previous work
[43] ZnO thin films were prepared using methanol instead of
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Fig. 11 Resistivity of the undoped (ZnO) [20] and Mn-doped ZnO
(ZnO:Mn) films as a function of the substrate temperature

ethanol and the electrical results look completely different.
Figure 11 also shows that for all the substrate temperatures,
the resistivity values on the Mn-doped ZnO films are greater
than the ones of the undoped films, especially for the sample
deposited at 400 °C.

Electrical properties of thin films depend on several param-
eters, such as defects, impurities, grain size, grain boundaries
and growing conditions. The increase in resistivity of Mn-
doped ZnO films has been observed by several groups inde-
pendently of the techniques used during preparation of ZnO
thin films. For instance, Shinde et al. [25], showed that the
increase in resistivity may be due to nanocrystalline nature of
the films. Han et al. [44] and Rusu et al. [5] also documented
this increment, arguing that a small quantity of Mn below the
solubility limit in ZnO increases resistivity as it reduces the
carrier concentration. In the case of electrical properties, oxy-
gen vacancies play an important role, as their increment influ-
ences the resistivity of ZnO thin films. When ZnO thin films
are doped with Mn atoms, these atoms have a tendency of
accumulating in the grain boundaries, contributing the oxida-
tion process. This fact tends to decrease the oxygen deficien-
cies, increasing the resistivity of the films as has been observed
by Motevalizadeh et al. [21].

4 Conclusions

Mn-doped ZnO films were prepared using the spray pyrol-
ysis technique at 400, 450 and 500 °C. Optical, electrical
and structural studies were performed to the ZnO films.
The results reveal an increment in transmittance with tem-
perature, which can be due to a decrease in optical scatter-
ing, related with an increment in the grain size of ZnO and
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the reduction in density of grain boundaries in the films.
The energy band gap of the films shows a dependence with
substrate temperature, with a blue shift for higher tempera-
tures, and a value of 3.27 eV for 500 °C. In the case of
the resistivity, it shows a maximum value at 400 °C, then
it reduces considerably at 450 °C and increases again at
500 °C. The ZnO films show small variations in the lattice
parameters when they are doped with Mn. This variations
are due to the incorporation of Mn ions into the ZnO lat-
tice and the substitution of Zn by Mn ions. When compar-
ing the results of Mn-doped ZnO with undoped ZnO, the
band gap decreases when Mn is incorporated to the films,
due to the s-d and p-d exchange interactions. Increments in
the resistivity values are present when ZnO is doped with
Mn. Due to this resistivity behavior, the material seems
to be an ideal candidate for applications as gas sensors.
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