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Abstract: Mosquito menace is a big concern to the human World. Many of the diseases caused by
mosquito are life threatening if not treated on time. Mosquito completes its life cycle in water. Hence a
suitable herbal application needs to be identified to eliminate mosquitoes in water itself. The aim of the
study was to identify plants suitable for such an herbal application and from within the families of such
plants three varieties were selected and the most suitable one was identified. The investigation mainly
based on the application of lower concentrations of leaf extract and thus yielding higher lethality rate
of mosquito larva especially Aedes species within a short duration. The mosquito repellent ability of the
three plants belonging to Lamiaceae family - Leucas aspera, Anisomeles malabarica and Mentha
piperita was conducted. The dried methanolic extract of Mentha piperita gave maximum percent
lethality of larva of mosquito Aedes aegypti. A combination of fresh methanolic extract of Leucas
aspera, Anisomeles malabarica and Mentha piperita showed maximum mortality rate of larva. All the
combination extract at different concentrations of both aqueous and methanolic extract exhibited an
average of LDa4o. The fresh agueous extract of Leucas aspera showed mortality rate lesser than that of
combination extract. The fresh methanolic extract of Leucas aspera and Mentha piperita also showed
good mortality rate of mosquito larvae.

Keywords: Aedes aegypti,, Lamiaceae, Leucas aspera, Anisomeles malabarica and Mentha piperita

INTRODUCTION

Plants play crucial role in
maintaining a sustainable environment.
Nowadays, Plant Kingdom is a very
interesting area of research for deriving
consistent and eco-friendly products. The
world is gradually turning to herbal
formulations which are effective against a
wide range of diseases and ailments. The

Lamiaceae plant family is one of the

largest families among the dicotyledons,
many species belonging to the family
being highly aromatic, due to the
presence of external glandular structures

that produce volatile oil.

In the present day scenario,
our planet is undergoing the threat of

global warming and climate change in a

SCIENCE CHRONICLE - An international peer reviewed multidisciplinary science journal Vol .8 No.1&2 (2018) 40



RESEARCH ARTICLE

drastic way. The global average surface
temperature had risen to 0.6 - 0.9°C
between 1906 and 2005 and the rate of
temperature increase has nearly doubled
in the last 50 years. This has resulted in
the increased transmission of mosquitoes
and other insect pests leading to their
extended spread over diverse geographic
ranges. The climate change has also
contributed the spreading of diseases like
Malaria, Yellow fever, Dengue fever,
Chikunguniya etc. To prevent
proliferation of mosquito borne diseases
and to improve quality of environment
and public health, mosquito control is

essential.

Aedes aegypti is a so-called
holometabolous insect. This means that
the insect goes through a complete
metamorphosis with an egg, larvae,
pupae, and adult stage. The adult life span
can range from two weeks to a month
depending on environmental conditions.
The life cycle of Aedes aegypti can be
completed within one-and-a-half to three
weeks. After taking a blood meal, female
Aedes aegypti mosquitoes produce eggs
and are laid on damp surfaces in areas
likely to temporarily flood, such as tree

holes and man-made containers like
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barrels, drums, jars, pots, buckets, flower
vases, plant saucers, tanks, discarded
bottles, tins, tyres, water cooler, etc. and a
lot more places where rain-water collects

or is stored.

The major tool in mosquito
control operation is the application of
synthetic insecticides such as
organochlorine and  organophosphate
compounds. . Chemicals larvicides could
be  carcinogenic,  mutagenic  and
teratogenic for humans. Natural products,
including plant extracts could be suitable
candidates  for  such alternative

approaches.

Hence in the present study, an
attempt has been made to screen and
evaluate the larvicidal properties of
medicinal  plants: Leucas aspera,
Anisomeles malabarica and Mentha
piperita. Extracts from plant sources have
demonstrated promising potential as
insecticidal or larvicidal agents. The use
of plant parts for insect control has
several appealing features, as these are
generally more biodegradable, less
hazardous, and rich storehouse of
chemicals of diverse biological activity
(Mudrigal, R. V. et al., 1979). In view of
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an increasing interest in developing plant
origin insecticides as an alternative to

chemical insecticide, this study was

MATERIALS AND METHODS

Materials: Studies were conducted in
three different medicinally important and
mosquito repellent plants Leucas aspera,
Anisomeles malabarica and Mentha
piperita, belonging to Lamiaceae family
and larvae of mosquito Aedes aegypti.
Methods: Three different plants were
cultivated in the same environmental
conditions (in vivo) through vegetative
propagation. Stem cuttings of Anisomeles
malabarica and Mentha piperita were
propagated in separate pots. Seedlings of
Leucas aspera were also planted. All the
three plants were watered twice daily and

the growth was observed regularly.

Phytochemical studies: Phytochemical
screening of extracts of the three
mosquito repellent plants were carried out
by the standard methods in order to
identify the diverse secondary metabolites
present in the leaf extracts of three plants.
Qualitative assay of Phenols, Tannins,
Flavanoids, Saponins and Alkaloids were

conducted.
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undertaken to assess the larvicidal
potential of the extracts from three

medicinal plants.

Test for Phenols (sodium hydroxide
test): Five milligram of each leaf extract
was dissolved in 0.5 ml. 20% sulphuric
acid solutions. Followed by addition of
few drops of aqueous sodium hydroxide
solution, it turns blue which indicates the

presence of phenols.

Test for Tannins: Ten millilitres of
freshly prepared 10% KOH was added to
1 ml. of each of the leaf extract and
observed for dirty white precipitate. Two
drops of 5% FeCls; was added to 1 ml.
extracts and observed for green

precipitate.

Test for Flavanoids: One millilitre of
NaOH was added to 3 ml. of each leaf
extracts and observed for yellow

colouration.

Test for Saponins (Foam Test): 0.5 mg.
of leaf extract was diluted with 20 ml.
distilled water and shaken well in a
graduated cylinder for 15 minutes. The
formation of foam to a length of 1 cm.
indicated the presence of saponins and
steroids.

SCIENCE CHRONICLE - An international peer reviewed multidisciplinary science journal Vol .8 No.1&2 (2018) 42



RESEARCH ARTICLE

Test for Alkaloids: One millilitre of HCI
was added to 3 ml. of each extract in a
test tube. The mixture was heated for 20
minutes, cooled and filtered. Two drops
of Wagner’s reagent was added tol cm?®
of the filtrate and observed for reddish

brown precipitate.

Quantitative Test for Phenols: The test
was conducted using Folin-Ciocalteau
reagent.

Pilot experiment: The preliminary study
was conducted in mosquito repellent
ability of the three selected medicinally
important plant leaf extracts by directly
applying into small plastic containing
mosquito larvae. The observations were
carried out in 1 hr., 3 hrs., 6 hrs., 12 hrs.
and 24 hrs.

Treatments: The  aqueous  and

methanolic leaf extracts of Leucas
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aspera, Anisomeles malabarica and
Mentha piperita were prepared. Both
fresh and sun dried leaf extracts at
different concentrations and combinations
were added to wide-mouthed beakers
containing  mosquito  larva.  The
percentage lethality of mosquito larva in
each beakers were analysed on the basis
of Probit Analysis (Finney, 1952).

Fresh methanolic leaf extracts
of Leucas aspera, Anisomeles malabarica
and Mentha piperita were prepared. The
leaves were washed thoroughly with
running water. One gram of each fresh
and sun dried samples were extracted
with distilled water and methanol solvents
in Soxhlet apparatus. The extract was
kept in containers in cool dry conditions
at 32+ 1° C. The experiment designed in
the following method by applying the

codes given below.

Solvent System | Leucas aspera Anisomeles Mentha piperita | Combination
malabarica

Fresh leaf in Lra Ara Mea LAMEea
Aqueous

Dried leaf in Lpa Apa Mpa LAMpba
Agueous

Fresh leaf in Lrm Arm Mem LAMEm
Methanol
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Dried leaf in Lowm

Methanol

Apwm

Mpm LAMbpwm

Burning ability: The author got the
inspiration to study the burning ability of
leaves of Anisomeles malabarica from an

article published in a magazine. In the

RESULTS AND DISCUSSION

As an alternative, the use of
plants as insect repellents dates back
more than 2000 years, and a wide range
of plants have been used to
mosquitoes (C. F. Curtis et al., 1990).

repel

Phytochemicals in  three

medicinally potent plants of Lamiaceae —

(L),
malabarica (L.) and Mentha piperita (L.)

Leucas  aspera Anisomeles

three selected varieties, the author tested
the burning ability of the other two plant

leaves also.

had
qualitatively and quantitatively.

shown differences -  both,

Phytochemical studies: Qualitative tests

for  Phenols, Tannins, Flavanoids,
Saponins and Alkaloids in three different
mosquito  repellent plants in three
different solvents revealed the presence of
those phytochemicals in them. The results

observed are represented in Table 1.

Table 1: Expression of Phytochemicals in Different Solvents

Sl. | Tests Solvent Leucas Anisomeles Mentha

No. (Extracts) aspera (L.) malabarica (L.) piperita (L.)
1 Phenols Aqueous ++ ++ ++

2 Methanol +++ +++ +++

3 Ethanol ++ +++ ++

4 | Tannins Aqueous + + +

5 Methanol ++ ++ +++
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6 Ethanol ++ ++ —
7 Flavanoids | Aqueous + + ¥

8 Methanol ++ + ++
9 Ethanol ++ ++ —
10 | Saponins Aqueous + + +
11 Methanol ++ + t
12 Ethanol + - n
13 Aqueous + + ++
14 |Alkaloids Methanol ++ ++ 4+
15 Ethanol - +++ ++

Number of ‘+” indicates the presence and strength of phytochmicals

Estimation of Phenols: Due to the peculiar
aroma of stem and leaves, the members of
Lamiaceae is considered as a group
containing valuable phytochemicals. The
aqueous, methanolic and ethanolic leaf
extracts were analysed for identifying the
presence of Phenols, Tannins, Flavanoids,
Saponins and Alkaloids. Anisomeles
malabarica is estimated to have high
phenolic content. Over the past few years,

investigations for phenolics compounds

in  medicinal herbs have gained
importance due to their high antioxidative
properties (Zhu et al., 2004).

Phenol estimation from the
fresh leaves of three different mosquito
repellent plants revealed that the phenol
content was higher in Leucas aspera
(17.2 pg/100 gm.) compared to others
(Table 2). In all the three the highest

values observed in methanolic extract.

Table 2: Phenol Content (ug/100 gm.)

SI. | Solvent Leucas aspera (L.) Anisomeles Mentha piperita (L.)
No. | (Extracts) malabarica (L.)

1 Agueous 17.2 4.84 4.82

2 Methanol 55.68 41.20 17.32
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3 Ethanol 34.92

29.16 9.20

Mosquito repellent capacity: Mosquito
Aedes sps. are responsible for different
diseases. Their life cycle is completed
through water only. So, the author
conducted the experiments to destroy the
larvae through the mosquito repellent

plants.

Pilot experiment: In the preliminary

studies conducted, Leucas aspera had

shown high mortality rate in the first hour
itself (60.32%) and in 24 hours, the
mortality rate was 100% (Table 3).
Anisomeles malabarica had shown low
mortality rate compared to the other to
plants in the initial period. Nearly
hundred percent mortality was observed
in  Mentha piperita (99.62%) and
Anisomeles malabarica (97.13%) after 24

hours.

Table 3: Percentage of Mosquito Larvae Mortality

Duration Leucas aspera (L.) | Anisomeles malabarica (L.) | Mentha piperita (L.)
1hr. 60.32 10.73 55.27
3 hrs. 79.54 24.36 62.71
6 hrs. 85.07 45.82 74.54
12 hrs. 9241 64.13 87.83
24 hrs. 100.00 97.13 99.62

Both fresh and sun dried leaf
extracts of the three different plants at
different concentrations and combinations
revealed significant variations in the
percentage of mortality. Alone and
combination of fresh and dried leaves of
the different plants in two different
solvents — aqueous and methanol — in

different concentrations (0, 0.5%, 1%,

SCIENCE CHRONICLE - An international peer reviewed multidisciplinary science journal Vol .8 No.1&2 (2018)

1.5%, 2%, 2.5% and 3%) had expressed a
dose dependent, duration dependent
variation in percentage of mosquito larvae

mortality.

The percentage of mortality in
fresh leaves in aqueous extract had shown
great variations among the treatments
along with the control. The highest

percentage of 40% observed in 3%
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aqueous in Leucas aspera within three
hours. The lowest value O observed in

control.

The percentage of mortality in dried leaves in
aqueous extract had shown a great variations
among the treatments along with the control.
The highest percentage of 25% observed in
3% aqueous in Leucas aspera and Mentha
piperita within three hours. The lowest

value 0 observed in control.

The percentage of mortality in
fresh leaves in methanol extract had
shown great variations among the
treatments along with the control. The
highest percentage of 75% observed in
3% methanol in Mentha piperita within
three hours. The lowest value 0 observed

in control.

The percentage of mortality in
dried leaves in methanol extract had
shown great variations among the
treatments along with the control. The
highest percentage of 100% observed in
25 % and 3% methanol in Mentha
piperita within three hours. The lowest

value 0 observed in control.

Mentha piperita  exhibits
greater flavanoid content and Anisomeles

malabarica the least. Flavonoids exhibit

ISSN: 2319-6955

inhibition of mutagenicity induced by
chemical mutagens and have
anticarcinogenic, antioxidant and anti-
inflammatory activities (Miyazawa et al.,
2000). The methanolic extractof Mentha
piperita showed higher rate of Saponin
content whereas Anisomeles malabarica
and Leucas aspera showed medium

appearance.

The percentage of mortality in
combination of selected leaves both fresh
dried leaves in aqueous and methanol
extract shad shown great variations
among the treatments along with the
control. The highest percentage of 100%
observed in 2.5% and 3% methanol in
combination of fresh leaves within three
hours. The lowest value O observed in

control.

Mosquito repellent capacity
of three plants was conducted both in
aqueous and methanolic medium. The
experiments were conducted at 32 + 1° C.
Plant  products have been used
traditionally to repel and kill mosquitoes
in many parts of the world. Thousands of

plants

have been tested as potential sources of

insect repellents (King, 1954; Jacobson,
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1990). Repellent properties are reported
in Mentha piperita against Anopheles
annularis, Anopheles culicifacies and
Culex quinquefasciatus (Ansari et al.,
2000).

Percentage of mortality was
observed at different concentrations of
leaf extracts taken in methanolic and
aqueous medium. Methanolic medium
was taken because maximum extraction
of phytochemicals was observed in
methanol extract. Combinations of the
three leaves were also conducted.
Maximum effect was observed for dried
methanolic extract of Mentha piperita and
in  fresh  methanolic  extract of
combination of the three samples. It
showed a Probit value of 8.09. Dried
methanolic extract of combination of
three samples showed a Probit value of
5.39. Dried methanolic extract of
Anisomeles malabarica showed a value
5.00. Thus, we can infer that methanolic
extracts has given maximum lethality of
mosquito larva both in fresh and dried
leaves.85% lethality was shown by
Mentha piperita in the midst of 12 hours.
Within 24 hours, maximum mortality rate
was achieved. The dried aqueous extracts

of Mentha piperita and Leucas aspera

ISSN: 2319-6955

exhibited 20% and 15% lethality. This
refers that as dosage increased, mortality
rate also increased. The dosage criteria is
completely time dependent. As dosage is
increased, time required for attaining
maximum efficiency decreases. Extracts
of several plants - neem (Azadirachta
indica), basil (Ocimum basilicum), mint
(Mentha piperita) and lemon eucalyptus
(Corymbia citriodora) - have been
studied as possible mosquito repellents
and have demonstrated good efficacy
against some mosquito species (Sharma
et al.,, 1993; Ansari et al., 2000 ; Trigg
and Hill, 1996).

The average larval mortality
data were subjected to probit analysis for
calculating LC50, LC90, and other
statistics at 95 per cent fiducial limits of
upper confidence limit and lower
confidence limit (Reddy et al., 1992).

The rate of mortality of
mosquito larva in aqueous medium is high
for Leucas aspera at a concentration of
2.5% and 3.0%. In the case of dried
leaves extract in aqueous medium, both
Leucas aspera and Mentha piperita
exhibit maximum mortality rate at 2.5%
and 3.0% concentrations. The highest

percentage of 75% mortality was
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observed in 3% methanolic extract of
Mentha piperita within three hours.
Maximum efficiency of lethality was
observed in a dosage of 2.5% and 3.0% in
dried methanolic extracts of Mentha
piperita.

The highest percentage of
100% observed in 2.5% and 3% methanol
in combination of fresh leaves within one

hour. Fresh methanolic extracts of

CONCLUSION

The comparative studies were
conducted on  phytochemical and
mosquito repellent activity of three
medicinally potent plants - Leucas
aspera, Anisomeles malabarica and
Mentha piperita belonging to the family

Lamiaceae.

The members of Lamiaceae are known
for their aromatic peculiarities. The presence
of different phytochemicals is responsible for
this. The presence of these phytochemicals
was studied. Qualitative assay of Phenols,
Tannins, Flavanoids, Saponins and Alkaloids
were conducted. Leucas aspera, Anisomeles
malabarica and Mentha piperita exhibited

higher amount of Phenolic compounds. The
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ISSN: 2319-6955

combination of selected plant leaves
provide greater mortality within a short
time compared to dried methanolic
extracts. The larvicidal activity was
assessed by the procedure of WHO
(World Health Organization).
Burning ability: Among the three selected
varieties, the Anisomeles malabarica had
shown the burning ability of leaf of leaf
until the oil burns out in a lamp. The other

two just burned only for few minutes.

aqueous, methanolic and ethanolic extracts
responded to phenolic test. The presence
of Tannins was tested and Mentha
piperita showed higher rate of tannins
and Anisomeles malabarica the least.
Mentha piperita has maximum flavanoid
content whereas Leucas aspera and
Anisomeles malabarica have flavanoid
content less than that of Mentha piperita.
Anisomeles malabarica showed least
Saponin content, Leucas aspera showed
good responses but Mentha piperita had
maximum saponin content. Anisomeles
malabarica exhibited more alkaloid
content than Leucas aspera but Mentha

piperita had maximum alkaloid content.
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The quantitative estimation of
phenols was conducted. Phenols are
compounds known for repelling insects
and pests. Leucas aspera and Anisomeles
malabarica had higher phenolic content
than that of Mentha piperita.

The mosquito repellent ability
of the three plants was conducted. The
dried methanolic extract of Mentha
piperita gave maximum percent lethality
of mosquito larva. A combination of fresh
methanolic extract of Leucas aspera,
Anisomeles malabarica and Mentha
piperita showed maximum mortality rate
of larva. All the combination extract at
different concentrations of both aqueous
and methanolic extract exhibited an
average of LDso. The fresh aqueous
extract of Leucas aspera showed
mortality rate lesser than that of
combination extract. The  fresh
methanolic extract of Leucas aspera and
Mentha piperita also showed good

mortality rate of larva.

Time is a criterion in

analysing the mortality rate of mosquito
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larva. The dried methanolic extract of
Leucas aspera, Anisomeles malabarica
and Mentha piperita attained faster
mortality rate. The aqueous extract of
combinations also showed average probit
values. Because of these reasons, the
author concluded that methanolic extract
of combinations and Mentha piperita are
suitable for repelling mosquitoes even at
their larval stages.

Thus, the author suggests that herbal
products are the clean method for
controlling mosquitoes. These leaf extract
are proved to repel mosquitoes at lower
concentration itself. So, it is said to be eco-
friendly. This ability can be exploited in a
wide spectrum for controlling insect pests
by establishing herbal based products like
incense sticks, joss sticks, and benzoin
resin etc. The smoke from these products is
effective in repelling mosquitoes. Also, the
burning ability of fresh leaves of
Anisomeles malabarica can be exploited
for making mosquito coils with lesser
chemicals. This is beneficial not only for

man but also the whole environment itself
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Y,05:Eu* phosphor.

LuNbO4:xEu®*(x=0, 0.03, 0.1 and 0.15) red phosphors were prepared through a conventional solid state
method. Powder X-ray diffraction patterns and Raman studies confirm the monoclinic fergusonite phase
of Eu>* doped phosphors. In LuNbO4:xEu>*, overlap of host lattice emission spectra with the Eu®*
7Fy—°Lg transitions resulted in strong near UV excitation around 394 nm. Eu®>* ions give strong electric
dipole transition dominant red emission at ~613nm (dex=394nm) as it occupies a non-
centrosymmetric site in fergusonite LuNbO,4, and the emission intensity is double that of commercial

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Solid state lighting, the next generation lighting technology still
requires efficient, stable, intense narrow emitting red phosphors
that can be excited under near UV (~395nm) or blue light
(~465 nm) to meet high colour rendering index (CRI) and lumi-
nous efficacy [1]. Most of the current red phosphors are based on
Eu?* jons in different hosts like nitrides, silicates and oxides
whose emission is very broad and strongly depend on the local
crystal field of the surrounding ions in the lattice [1,2].
An undesirable consequence of this broad emission is deep red
emission to which the eye is insensitive. Tsao et al. have shown
that the maximum theoretical efficacy for a solid state lamp with
correlated colour temperature (CCT) of 3800 K and CRI of 85 is
400 Im/W [3]. This can be achieved with four monochromatic
sources around 459 nm (blue), 535 nm (green), 573 nm (yellow),
and 614 nm (red). This requirement generated a lot of interest in
Eu>* doped red phosphors as they have sharp intraconfigurational
5Dy —’F, transitions in ~610 nm red region and have f-f excitation
peaks in near UV (due to “Fo—°Lg transitions) and blue (due to
’Fo—°D, transitions) regions. Once excited, they relax via non-
radiative transitions to Dy states, from there only radiative return
to the ground state is possible (“F;). When Eu®" ions locate in a
non-centro symmetric site in a host lattice out of various 5D0—7FJ
transitions, Dy — ’F- elctric dipole (ED) transition dominates over
others [4]. As band gap between °Dy level and the highest
component of the ground state multiplet (“F;) is very high, they
can then give highly intense narrow red band emissions. So there

* Corresponding author. Tel.: +91 4712515311; fax: +91 4712491712.
E-mail address: padala_rao@yahoo.com (P.P. Rao).

0167-577X/$ - see front matter © 2014 Elsevier B.V. All rights reserved.
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is immense interest on Eu>* doped red phosphors for which the
narrower the red emission, the better will be the CRI [3,5,6].

In scheelite host compounds Eu>* doping usually give intense
4f-4f transitions. So scheelite based red phosphors have been
thoroughly investigated [7,8]. But fergusonite structure which can
be treated as a distorted scheelite structure has not yet been well
investigated for solid state lighting applications except a few studies
in LnNbO,4:Eu**Ln=Y, La, Gd [9]. Monoclinic fergusonite structure
having the general formula ABO4; can change to a tetragonal
scheelite structure depending on the temperature [10]. As in
scheelite structure the A-site cation is coordinated to 8 oxygen
atoms, but the B-site is not tetrahedrally coordinated to oxygen
atoms but have 6 oxygen neighbours [11]. In the isostructural series,
Lu* has the smallest ionic radius and because of this LuNbO,4 has a
dense packing of NbO, 3 units, which enables them as potential
hosts for thermal stability and narrow emission phosphors [12].
However, there is a sparse investigation on their luminescence
properties. In the present paper, an attempt has been made to study
their luminescence properties under near UV region for their
potentiality as a narrow red emission phosphor for the phosphor
converted white light emitting diode (pc-WLED) applications.

2. Experimental procedure

The powder samples of LuNbO4:xEu>* (x=0, 0.03, 0.1 and 0.15)
were prepared through a conventional solid state method. Stoi-
chiometric amounts of Lu,03, Eu,03 and Nb,0Os5 (All chemicals are
from Acros Organics with 99.9% purity) were weighed and
thoroughly mixed in an agate mortar using acetone as the mixing
medium. The homogeneous mixtures thus obtained were calcined
at 1300 °C for 6 h.
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X-Ray powder diffraction (XRD) analysis was performed with a
PANalytical X'Pert Pro diffractometer having Ni filtered Cu-Ko
radiation with a X-ray tube operating at 40 kV, 30 mA and 20
varied from 10 to 90° in 0.016° steps. Raman spectra were recorded
using a HR800 LabRAM confocal Raman spectrometer operating at
20 mW laser power equipped with a peltier cooled CCD detector.
Samples were excited using a He-Ne laser source having an
excitation wavelength of 632.8 nm and with an acquisition time
of 5 seconds using a 50 x microscope objective. The morphology
of powder particles was studied by a scanning electron microscope
(JEOL, JSM-5600LV) operated at 15 kV. The photoluminescence
data of the prepared samples were obtained using a Spex-
Fluorolog DM3000F spectrofluorimeter with a 450 W xenon flash
lamp as the exciting source.

3. Results and discussion

Structural characterisation: Fig. 1 shows the powder XRD
patterns of LuNbO4:xEu®>* (x=0, 0.03, 0.1 and 0.15) phosphors.
All the peaks can be indexed using the monoclinic fergusonite-
type structure with a space group I2/a (space group number 15).
As the ionic radius of Nb>* (0.64 A, CN6) is very low compared
with Eu®** (1.066 A, CN8), Eu>* is expected to replace Lu®*
(0.977 A, CN8) ions. No impurity peaks are observed with increase
in doping concentration so Eu®>* ions can effectively replace Lu>*
ions in LuNbO4:xEu>* phosphors. The morphology of the synthe-
sised particles was characterised by SEM. The SEM images of
LuNbO4:xEu®>* (Fig. S1 in Supporting information) show good
crystalline particles having 1-4 u size which are suitable for the
fabrication of solid state lighting devices.

Raman spectra of the phosphors were recorded to further
confirm the crystalline structure as well as any structural differences
with Eu®>* substitution. Based on the crystal structure data two
Nb-O symmetric modes, v, (singlet) and v, (doublet) and two Nb-O
antisymmetric modes v and v4 (both triplet) are observed (Fig. S2 in
Supporting information). The modes are observed at higher wave
numbers than that of the other rare earth ortho-niobates [13]. This
observation infers the closer packing of the NbO4”~ units as the
reduction of Nb-O distances to yield higher frequencies for smaller
rare earth ions. This type of stiff lattice is ideal for phosphor hosts
which reduce the nonradiative path ways which improves the
efficiency of phosphor.

Photoluminescence studies: Excitation spectra of LuNbO,:xEu®+
(x=0.03, 0.1 and 0.15) phosphors shown in Fig. 2 have a broad

Fig. 1. Powder XRD patterns of LuNbO4:xEu®>* (x=0, 0.03, 0.1 and 0.15).

Fig. 2. Excitation (1em=613 nm) spectra of LuNbO4:xEu>* (x=0.03, 0.1 and 0.15)
phosphors.

Fig. 3. Excitation (le;m=396 nm) and emission (lex=266 nm) spectra of LuNbO4
host lattice.

charge transfer band around 268 nm. This band is due to charge
transfer (CT) from 2p orbital of oxygen ions to the empty 4d
orbitals of Nb®>* and to the 4f orbitals of Eu>* [13]. CT band
maximum of reported LaNbO4:Eu* is at ~271 nm [9]. CT band
maxima of LuNbO4:Eu®>* phosphors show a small blue shift in
comparison with LaNbO4:Eu* phosphors. The lower ionic radius
and higher electronegativity of Lu>* ions in comparison with La>*
can lead to stronger binding of oxygen ligand by the A-cations and
hence shifted to higher CT band energy [10]. The other sharp peaks
in the excitation spectra are due to intra-configurational f-f
transitions [4]. The highly intense “Fy—°Lg and “Fy—°D, transi-
tions in the excitation spectra have much importance as these
transitions match with the emission wavelengths of near-UV and
blue LED chips of pc-WLEDs. Excitation and emission spectra of
neat host lattice LuNbO, are given in Fig. 3. The NbOg’~ group
shows a broad emission around 396 nm under 266 nm excitation.
As the emission spectra of host lattice have spectral overlap with
the Eu®* 7Fy—°Lg transitions it seems that host lattice can
effectively transfer their absorption energy to activator ions and
can enhance the luminescence properties. This may be the reason
for highly intense 7Fy—°Lg excitation peaks in LuNbO4:xEu3*
phosphors.
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Fig. 4. Emission (lex=394 nm) spectra of LuNbO4:xEu>* (x=0.03, 0.1 and 0.15) and
commercial Y,05:Eu®>* phosphors.

The emission spectra of LuNbO4:xEu>* along with commercial
Y,05:Eu* red phosphors excited under 394 nm are shown in Fig. 4.
In LuNbO4:xEu®*, Eu™ is expected to replace smaller Lu®>* ions
(based on ionic size consideration and charge neutrality) in a C; non-
centro symmetric site and hence creates a large distortion around
Eu** ions [13]. As a result, ED transition will dominate over MD
transition and will result in narrow red emission and the asymmetric
ratio (intensity of °Do-’Fsfintensity of >Dy—’F;) will be high. For
LuNbO4:xEu>* phosphors the asymmetric ratio is ~5. With the
increase in Eu>* doping the emission intensity increases and reaches
a maximum for 10 mol% doping after that quenching of luminescence
is observed. The LuNbO4:0.1 Eu>** red phosphor gives 2.4 times
intense red emission than commercial Y-05:Eu®* red phosphor under
near-UV excitation. The fwhm of LuNbO,:0.1Eu>* phosphor is 3.9 nm
which is a very good characteristic for colour purity and improving
efficacy of LED. The obtained chromaticity coordinates (0.64, 0.34) are
comparable with NTSC standard.

4. Conclusions

In the present work, LuNbO4:xEu®>* (x=0.03, 0.1 and 0.15)
phosphors were prepared by the solid state reaction at 1300 °C.

These phosphors show intense red emission corresponding to
5Do—F, transition of Eu>* ion under 394 nm near-UV excitation.
The optimum Eu3* concentration is 10 mol% after that concentra-
tion quenching occurs. The emission spectra (dex=394 nm) shows
intense °Dy— ’F, transition around 613 nm having full width half
maxima ~4 nm. As the present narrow red emission phosphors
have better emission intensity in comparison with Y,03:Eu®™,
they might be a promising red phosphor for pc-WLEDs.
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Abstract A series of intense red emitting phosphors,
Cags_Zr,Mo;_,Si,0,:0.2Eu’" (x = 0.025, 0.05, 0.075,
0.1) that could be effectively excited in the UV region was
prepared by conventional high temperature solid state reac-
tion route. Structural, morphological and photolumines-
cence properties of the prepared samples were studied in
detail. The incorporation of Zr*" and Si** ions in CaMoO,
lattice maintained the powellite crystal structure. Lumines-
cence properties were optimized for 7.5 mol% of Zr*" and
Si** concentration. Emission intensities improved more than
twice in comparison with CaMoO,:Eu®". Life times of the
prepared samples improved and the quantum efficiency
enhanced to ~39 %. The improvement in emission intensity
and quantum efficiency is explained in terms of the local
distortion around the Eu®" ions resulting in improved
absorption in the UV region. The CIE color co-ordinates of
the red emission were in agreement with the values of the
standard red phosphors providing potentiality to be used in
phosphor converted (pc) white LEDs.

1 Introduction

A novel red phosphor material that can be effectively
excited in the near UV and visible region with good
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absorption and emission properties, good thermal and
chemical stability and high quantum yield is of great
demand in the solid state lighting applications particularly
in the development of pc-white LEDs [1, 2]. Molybdates
with powellite structure are reported as good host lattices
under near UV/blue excitation because of high chemical
stability, broad and intense charge transfer (CT) band
arising from MoQ, tetrahedron unit in the near UV region
and the capability of efficiently capturing radiation from a
GaN based LED [3]. Intra configurational f—f transitions of
trivalent europium (Eu®") ions resulting in the red lumi-
nescence are of technological importance [4]. CaMoOy:
Eu’" is a potentially attractive candidate as a superior red
phosphor because of its efficient absorbtion under near-UV
excitation, satisfactory chromaticity coordinates and
excellent stability [5]. Many works were reported on the
improvement of luminescent properties of CaMoO,:Eu®"
phosphors by various charge compensation using Li*, K™,
Na™ etc. and by codoping of ions like Bi** [6-8]. Quantum
efficiency of CaMoO4:Eu®" was reported to be 12.78 and
21-23 % via hydrothermal synthesis and sol-gel reaction
routes respectively [9, 10]. However, its red emission
intensity and quantum efficiency still needs to be improved
at the application point of view. As the luminescent per-
formance of Eu®" is deeply affected by the crystal field
factors such as structural distortion and symmetry, the
incorporation of slightly smaller ions like Zr*" and Si** in
place of Ca®" and Mo®" ions may result in some structural
adjustment enhancing the red emission. Substitution of the
Ca*" site with Eu®" ions results in a net positive charge. In
general, the positive charges can be compensated by either
cation vacancies or oxygen interstitials [11]. Substitution of
Zr*" in the Ca*" site creates a more positive charge effect
in the A site which alters the environment around the
luminescent Eu’" in turn affecting the luminescence
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behavior [12]. The equivalent substitution of Si** jon at the
Mo®" site compensates the valency of the crystal lattice. In
addition literature also shows that SiO, groups strongly
absorb excitation energy in the UV and near-UV regions
[13].

In the present work we made an attempt to enhance the
photoluminescence properties by substitution of Zr** and
Si** in CaMoO4Eu®" phosphors without altering the
crystal structure. In earlier reports Eu*t doping concen-
tration in CaMoQO, system is optimized as 20 mol% [14].
Thus we choose Cao,gMoO4:O.2Eu3Jr phosphors and Zr*t
and Si** were substituted in various concentrations and
accordingly Cao_g_erXMol_xSixO4:O.2Eu3Jr (x = 0.025,
0.05, 0.075, 0.1) phosphors were synthesized. The struc-
tural, morphological and photoluminescence characteriza-
tions of the prepared samples were carried out and the
results are presented in this paper.

2 Experimental

The phosphors Cag g_Zr,Mo I_XSixO4:0.2Eu3Jr (x = 0.025,
0.05, 0.075, 0.1) were prepared by a high temperature solid
state reaction route. CaCQOj3, ZrO,, MoOs, SiO, and Eu,05
(Sigma Aldrich, 99.99 %) were used as the starting materi-
als. Chemicals were weighed in the stoichiometric ratio and
then finely ground and mixed in an agate mortar. Mixing was
carried out in acetone medium with intermittent drying. The
procedure of mixing and subsequent drying was repeated
three times so as to obtain a homogeneous mixture. This
mixture was made into a pellet and then calcined on an
alumina plate at 1,200 °C for 6 h. The calcined pellet was
ground into fine powder for characterization.

The crystalline structure and phase purity of the sam-
ples were examined by recording XRD patterns using a
powder X-ray diffractometer (X’Pert Pro PANalytical)
operated at 40 kV/30 mA with a Ni filtered Cu-Ka radia-
tion (A = 0.15406 nm) in the 20 range from 10° to 90°.
The structure refinement of the XRD patterns was further
performed by the Rietveld analysis using the X’pert
Highscore plus program. Morphological studies of powder
particles were done by a scanning electron microscope
(JEOL, JSM-5600LV) operated at 15 kV. EDS spectra was
also recorded to identify the elements present. The exci-
tation and emission spectra were recorded on a Fluorolog
HORIBA fluorescence spectrophotometer with a Xe lamp
(450 W) as the excitation source. Luminescence life time
of the phosphors was recorded by the phosphorimeter
attached to Fluorolog®3 spectrofluorimeter. CIE chroma-
ticity coordinates was also calculated using software CIE
calculator. All the measurements were carried out at room
temperature.

@ Springer

Fig. 1 Powder X-ray diffraction patterns of Cagg_,Zr,Mo;_,Si,O4:
0.2Eu®* (x = 0.025, 0.05, 0.075, 0.1) and reference pattern (JCPDS
No. 29-0351)

3 Results and discussion
3.1 Structural studies

Powder X-ray diffraction patterns of the samples are given
in Fig. 1. All the samples were in good agreement with the
reported diffraction pattern of CaMoO, (JCPDS no.
29-0351; tetragonal powellite; space group 14,/a). No extra
peaks from impurities were observed and samples are
highly crystalline. The prominent peaks corresponding to
(112), (004), (200), (204), (220), (116) and (312) lattice
planes are observed.

Rietveld refinement of all the samples was carried out
using X’Pert Plus program. The starting model for the
refinement of the phases was taken from the reported
crystal structure of CaMoOy [15]. Ca, Eu and Zr are at (4b:
0, 1/4, 5/8) sites, Mo and Si at (4a : 0, 1/4, 1/8) sites and O
at (16f : x, y, z). With the increasing Zr** (Co-ordination
number CN = 8, Ionic radius: 0.84 A) and Si** (CN = 6,
Ionic radius: 0.4 A) substitution in place of Ca*t (CN = 8,
Ionic radius: 1.12 A) and Mo®* (CN = 6, Ionic radius:
0.59 10\) ions the lattice volume was found to decrease
indicating the incorporation of Zr** and Si*" ions into the
lattice [16]. The lattice volume was found to be 313.09,
313.03, 312.96 and 312.9 [A]S with increasing Zr* and
Si** ion substitution for x = 0.025-0.1 concentrations.
Further the shift in the XRD peaks towards the higher angle
side as shown in the inset of Fig. 1 clearly reveals the
substitution of smaller Zr** and Si*" ions into the lattice.
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Table 1 Variation of lattice

Sample x = 0.025 x = 0.05 x = 0.075 x=0.1
parameters, R-factors, and other
parameters obtained from Flat background 34.6601 35.05621 34.69736 36.93279
Rietveld analysis Coefficient 1 ~14.3386 —14.4442 —13.2699 —14.0883
Coefficient 2 14.05791 14.09839 13.04401 12.48639
Scale Factor 0.00004 0.00004 0.000038 0.00004
Lattice parameters
a[A] 5.2328(8) 5.231(1) 5.231(1) 5.230(1)
b [A] 5.2328(8) 5.231(1) 5.231(1) 5.230(1)
c [A] 11.434(2) 11.435(2) 11.436(2) 11.437(3)
Caglioti parameters
U 0.0054438 0.010239 0.012526 0.020061
v 0.005642 0.008045 0.005507 0.005478
w 0.000899 0.000375 0.001234 0.000659
Asymmetry parameter 0 0 0
Peak Shape 1 0.630373 0.720364 0.669939 0.820141
Peak Shape 2 0.004303 0.001124 0.002733 —0.00072
Residual parameters
Rexp (%) 13.66 13.65 13.82 13.54
Rp (%) 12.23 12.88 13.52 12.47
Rwp (%) 15.75 16.65 17.40 16.14
GOF 1.32 1.48 1.58 1.41

Fig. 2 Observed (points), calculated (continuous line) and the
difference (bottom line) powder X-ray diffraction patterns of
Ca0A7Zr0.1M00.9Si0A104:0.2Eu3+

Variation of lattice parameters, R-factors, and other
parameters obtained from Rietveld analysis of all the
samples are given in Table 1. The observed, calculated and
the difference powder diffraction profiles of a typical
sample is given in Fig. 2.

3.2 Morphological studies

Typical SEM photographs recorded for Cagg_,Zr,Mo;_,
Si)CO4:O.2Eu3+ (x = 0.025, 0.05, 0.075, 0.1) powders are

given in Fig. 3. All the samples show particles in 5-8 p
size range. Some aggregation of particles is seen in the
SEM micrographs. EDS spectra of typical Zr*" and Si*"
substituted and un-substituted CaMo0Q,:0.2Eu>" samples
are given in the Fig. 4. The incorporation of zirconium and
silicon ions into the CaMoQO, matrix can be clearly
understood from the Fig. 4a when compared to the spectra
of un-substituted compound in Fig. 4b.

3.3 Photoluminescence studies

Photoluminescence excitation spectrum of the samples for
an emission at 615 nm is given in Fig. 5. The spectrum
includes a broad CT band from 250 nm to 350 nm assigned
to the redistribution of charge density from 2p orbit of O~
to 4d and 4f molecular orbit of Mo®" and Eu®™ [17].
Intense peaks at 395 and 465 nm corresponding to the intra
configurational 4f—4f transitions of Eu®" ions in the host
lattice, assigned to 7F0 — 5L6 and 7F0 - 5D2 transitions,
respectively [18]. With increasing Zr*" and Si*" concen-
tration, a slight red shift of the CT band and increase in
CTB intensity and subsequent increase in the intensity of
"Fy — °Lg transition is observed.

The emission spectra of Caov725Zr0,o75M00,925Si0,07504:
0.2Eu* phosphor under 395 nm excitation is shown in
Fig. 6. The spectrum includes weak orange emission
located at around 591 nm owing to the magnetic dipole
transition °Do—'F; which is usually insensitive to site

@ Springer
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Fig. 3 Scanning electron
micrographs of Cagg_Zr,Mo;_,
Si,04:0.2Ew’ a x = 0.025,

b x = 0.05, c x = 0.075,
dx=0.1

Fig. 4 EDS spectra of the representative samples. a Cag7Zrg 1 Mog 9
Sip.104:0.2Eu*, b CaggM004:0.2Eu®"

@ Springer

Fig. 5 Photoluminescence excitation spectra of Cagg_,Zr,Mo;_,Si,
04:0.2EusJr (x = 0.025, 0.05, 0.075, 0.1) for 615 nm emission

symmetries. Strong emission lines observed at 612 and
615 nm results from electric dipole transition Dy—'F,.
Since these transitions are usually parity forbidden, those
emission lines explains the occupancy of Eu®" ions in an
non centrosymmetric site [19]. High values of asymmetric
ratios (ratio of electric dipole to magnetic dipole transition
intensities) of about 12 show high color purity and better
occupancy of Eu*" jons in a more non centro symmetric
site. The inset of Fig. 6 shows the variation of emission
intensities with Zr** and Si** concentration. The increasing
emission intensity with increasing doping concentration of
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Fig. 6 Photoluminescence emission spectra of Cag725Zro725M00.925
SioA725O4:O.2Eu3+ under 395 nm excitation (Inset: variation in
luminescent intensities with Zr** and Si*' substitution)

Fig. 7 Photoluminescence emission spectra of Cag725Zro725M00 925
SioA725O4:0.2Eu3Jr under 300 nm excitation (Inset: variation in
luminescent intensities with Zr*+ and Si** substitution)

Zr*" and Si*" is due to the local distortion around the
luminescent Eu** ions which is able to lift the parity selec-
tion rule. Maximum intensity was observed for x = 0.075
concentration. With the substitution level greater than
x = 0.075 the Eu’ " ions becomes closer to each other due to
contraction in the lattice thereby quenching the emission.
Variation of emission intensity with Zr*" and Si*" substi-
tutions and their emisson profiles under 300 nm excitation
was also recorded (Fig. 7) to understand the influence of the
host lattice on the Eu®" emission. Increase in the emission

Fig. 8 Decay curves of Eu>" emission at 615 nm in Cagg_.Zr,Mo;_,
$i,04:0.2Eu’ (x = 0.025, 0.05, 0.075, 0.1) and CagsM00,:0.2Eu**
under 395 nm excitation

intensity with substituition shows that the host acts as a
sensitizer for the emisssion.

The decay curves for SDy—"F, transition (615 nm) of the
prepared phosphors under near-UV excitation are shown in
Fig. 8. All the decay curves can be fitted well with a single
exponential function given as;

I = A exp(—t/1)

where I, T and A are intensity, decay time and fitting
parameter respectively.

Assuming that only radiative and non radiative pro-
cesses are essentially involved in the depopulation of °D,
states of Eu’" jon, the quantum efficiency (1) can be
expressed as;

n = Arad/(Arad + Anrad) (1)

where A,,4 and A,.q are radiative and non radiative tran-
sition probabilities respectively. The emission intensity (I)
can be taken as the integrated (S) of >Do-"Fo_4 emission
curves as;

Ii—j = hcoi_in_jNi ~ Si—j (2)

where i and j are initial (°Dy) and final ("Fo_y) levels
respectively; fiw;_j is the transition energy, A;_; is the
Einstein’s coefficients of spontaneous emission and N; the
population of °Dy emitting level.

The experimental coefficient of spontaneous emission
(Ayj) can be calculated based on the relation

Ao = Aoi (Ioj/ Tor) (voi/ vy) 3)

Vo1 and vg; are the energy baricenters of the *Dy-'F; and
5D0—7Fj energy levels determined from the emission peaks
of Eu*" jon.
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Table 2 Life time and quantum efficiency of the samples

Sample Lifetime (ms) Efficiency (%)
x = 0.025 0.4911 32.35

x =0.05 0.5482 37.30

x = 0.075 0.5835 39.02

x=0.1 0.5548 32.57
CaMo00,:0.2Eu’" - 12.78 [ref 9]

Ag is the Einstein’s coefficients of spontaneous emis-
sion between *Dy, and 'F; energy levels.

In vacuum, the average refractive index (n) is 1.506 and
(Ao_1) vac = 14.65 s7! is considered. Then;

Ag_1 = n*(Ag_)vac ~ 505! (4)

The lifetime (1) of the °Dy states, A .q, Anraq are related
as;

Aot = 1/T = And+ Anrad (5)

Using equations (1, 2, 3, 4, 5) [20-24] quantum effi-
ciency values can be calculated. Lifetimes and the effi-
ciencies of the phosphors were calculated and tabulated
(Table 2).

The observation is that the luminescence decay time and
quantum efficiencies of red emission increases up to a
doping level x = 0.075 and further decreases. This trend in
variation of life time is in accordance with the trend in the
variation of the emission intensities. The optimized sample
showed high quantum efficiency of about 39 % which is
much higher than the reported values [9, 10]. Improvement
in the efficiency is attributed to the reducing lattice defects
decreasing the non radiative transitions which occurs
mainly due to the multiphonon relaxations [25].

The excitation and emission spectra of as prepared
CEl()'72521'0.0751\/[00_925Si()'()75()410.2,]_:‘41,13+ and Cao_gMOO4:0.2
Eu’" are shown in Fig. 9. The as prepared samples show
broader CT bands and more intense f—f transition peaks than
Cap sM00,4:0.2Eu". With the substitution of the Zr** and
Si** the bond length decreases and thus the covalency of the
bond increases resulting in the lowering of the CT energy.
This nephelauxetic (covalency) effect may be the reason for
the slight red shift in the excitation spectrum [26]. The
excitation intesity of the CTB as well as f—f transition is
improved as the Zr*" substituion creates a positive charge
effect in the A site. [12]. Simultaneous substitution of Sitt
ions maintains the charge neutrality of the lattice. The
absorption in the UV region is improved by the substitution
of Zr** and Si** ions into the lattice. Thus the distortion in
the A site symmetry and the red shift in the CTB leads to
intense red emission under 395 nm excitation. Our samples
showed enhanced emission intensities about two times than
that of Cag sM004:0.2Eu”" phosphor with high asymmetric
ratios. The enhancement of photoluminescence in these

@ Springer

Fig. 9 Excitation and the emission spectra of a Cag 725Zr¢.075M00 925
Sip 07504:0.2Eu>" b Cap sM00,4:0.2Eu’

phosphors is mainly attributed to combined effect of both
increased absorption strengths and the increased efficiency.

The CIE color coordinates of all four samples were
calculated to be (0.65, 0.34) using the software CIE Cal-
culator which is close to the NTSC standard values (0.67,
0.33) for a potential red phosphors. Thus with improved
luminescence intensities, high efficiencies and high asym-
metric ratio the developed phosphors are better candidates
as a potential red phosphor.

4 Conclusions

A series Cagg_,Zr,Mo;_,Si,04:0.2Eu’*" (x = 0.025, 0.05,
0.075, 0.1) phosphors which showed higher red lumines-
cence intensity and better quantum efficiency than the
CaMoO,4:Eu’" phosphors was prepared. The samples
exhibited strong absorption in the UV/blue regions
matching well with the output wavelengths of the UV and
blue LED chips. By Zr** and Si*" substitution in the Ca-
MoQ, system the emission intensity was found to enhance
for more than 2 times with high asymmetric ratio of ~ 12
showing high color purity. Variation of emission intensity
with respect to Zr*" and Si*' concentrations was also
studied and a concentration quenching was observed at a
substitution level of x = 0.075. The developed phosphors
could be better candidates for use in pc-white LEDs.
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Abstract Erbium doped tin oxide thin films (SnO;:Er)
were prepared by the sol-gel method using dip coating
technique. X-ray diffraction patterns showed a decrease of
crystallinity in the films with increase in erbium doping
concentration (0-5 mol%). Scanning electron microscopy
analysis revealed an inhibition of grain growth with in-
crease in erbium doping concentration. The film surfaces
were uniform with crack free appearance. X-ray photo-
electron spectroscopy revealed the presence of erbium,
oxygen, tin oxide in the SnO,:Er films. The resistivity of
the SnO,:Er films decreased and then increased with the
increase in erbium doping concentration. The optical
properties of the films have been studied from transmission
spectra. An average transmittance of 80 % in ultraviolet—
visible region was observed for all the films. Optical band
gap energy (Eg,p) of SnO,:Er films were observed to in-
crease with the increase in doping concentration. Photo-
luminescence spectra of the films exhibited an increase in
the emission intensity for (0-3 mol%) and decreased for
5 mol% erbium doping film. Such SnO,:Er films with wide
band gap and luminescence efficiency are applicable in
blue and ultraviolet optical devices, such as light-emitting
diodes and laser diodes.
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1 Introduction

Tin dioxide (SnO,) is a wide band gap semiconductor with
increasing use as a matrix in phosphorescent materials
[1, 2]. This conducting oxide is a well known functional
material, sensor, transparent conducting electrode, solar
cells, special coating for energy-conversion, low-emissivity
windows, and nanoelectronic devices [3]. The techno-
logical interest in rare earth luminescence reaches beyond
telecommunications to displays, laser materials, data stor-
age, radiation detection, and medical applications. Re-
cently, most of the interests in luminescent rare earth ions
have concentrated on Er* " due to its unique electronic and
optical properties.

Among the RE, Er’™ has high technological potential,
because this ion presents several emission ranges, from
visible to the infrared. In its threefold oxidation state, rare-
earth ions (RE3+) exhibit luminescence due to 4f core
transition, which is practically independent of host matrix
[4]. The combination of Er’* with wide band gap semi-
conductors like SnO, can contribute for technological in-
novation, leading to the creation of new opto-electronic
devices, such as electroluminescent mechanisms, solar
cells and posses very significant applications in optical
communication [5]. SnO,:Er films can also be used in
optical amplifiers and electroluminescent devices where
electron—hole energy is transferred to Er’ ™" ion.

However, the optical cross-sections for the intra-4f
transitions of Er in metal-oxide semiconductor are rather
small, typically on the order of 107" cm?. For this reason,
there is considerable interest in sensitising the Er’* ions by
adding into metal-oxide semiconductors like SnO,. Particle
size distribution plays a very important role in different
layers of solar cells. The ionic radius of Sn** is 0.690 and
Er** is 0.890 A in the same coordination. The difference
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between radius and charge of the Er>™ and Sn*™ lattice ions
makes difficult the ion incorporation into the SnO, lattice,
which leads to a low quantum efficiency in the lumines-
cence process [6]. To avoid this problem the matrix has
been used in the shape of nanoparticles, produced by the
sol-gel method.

Sol—gel fabrication has gained much interest because of
its simplicity, low processing temperature, stoichiometry
control and its ability to produce uniform, homogenous films
over large areas that can provide integration with other cir-
cuit elements [3]. In SnO,, oxygen vacancies act as donors
centers. Two donor levels associated with this center have
been reported, a shallow level at 30 meV below the con-
duction band and a deep level about 150 meV. Er’" is in-
corporated into SnO, lattice substitutional in Sn*" sites and
exhibits an acceptor like behavior in SnO,, leading to elec-
trical charge compensation, and resistive films [7].

In this study, we present the influence of different Er
doping concentration in SnO, films. The structural, elec-
trical and optical properties of SnO,:Er thin films were
examined in relationship with the variation in erbium
doping concentrations.

2 Experimental procedure

The SnO, solution was prepared by dissolving 8.37 g of
SnCl,:2H,0 in 100 ml of absolute ethanol. This mixture was
stirred and heated at 83 °Cfor 2 hin aclosed vessel. Then the
vessel was opened, and the solution was again stirred and
heated until the solvent was completely evaporated. The final
result was a powder, to which 50 ml of absolute ethanol was
added. The final SnO, solution was then stirred and heated
for 2 h at 50 °C. An appropriate quantity of erbium trichlo-
ride hexahydrate (ErCl;-6H,0) was dissolved in the pre-
pared SnO, solution. The doped mixture was finally stirred
and heated at 50 °C for 2 h. SnO,:Er films were deposited on
quartz substrate and was prepared using the sol-gel dip-
coating technique. The deposited layer was then dried in air
at 150 °C for 30 min after each dipping. Then, the SnO,:Er
films were annealed at 450 °C for 30 min to assure the
crystallization of SnO, and then to 500 °C for 120 min in
order to activate the Er’" ions in the matrix. To obtain a
satisfactory film thickness for practical application, the
above cycle (dipping—drying—heating) was repeated several
times (eight coatings).

Crystallization phase of the SnO,:Er films were char-
acterized by X-ray diffraction using X-ray diffractometer
(Model—PW 1710 PHILIPS). The surface morphology of
the films was investigated by using scanning electron mi-
croscope (Model—JSM 5600LV JEOL). XPS spectra was
recorded using a monochromatic Al Ko (1486.6 eV)
source and a MAC-2 electron analyzer (RIBER system
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model-FCX 700). The electrical property of SnO,:Er films
were determined by four-point probe measurements with a
Keithley 6200 source meter and a cylindrical four-point
probe head. The spectral transmittance of the films was
recorded as a function of wavelength (300-900 nm) using
JASCO V-550 UV-Vis spectrophotometer. The film
thickness and optical band gap values were determined
using Swanepoel’s envelope method [Swanepoel 1983].
Photoluminescence (PL) spectra were recorded by using
SPEX—Fluorolog F112X spectrometer.

3 Results and discussion
3.1 X-ray diffraction studies

The X-ray diffraction pattern of sol-gel derived SnO,:Er
films deposited on quartz substrates annealed in air at
500 °C are shown in Fig. 1. The XRD patterns revealed
that all the SnO,:Er films posses tetragonal structure with
orientation along (110), (101) and (211) reflections (JCPDS
No. 41-1445). In addition to these planes, the planes such
as (200), (220), (002), (310), (112) were observed in the
undoped SnO, film. No characteristic peaks of impurities,
such as erbium oxide or other mixed tin oxide phases were
observed.

The crystallite size ‘D’ of SnO,:Er films were calculated
using Scherer’s formula [8].

D= ki (1)
~ B Cos0

where D is the crystallite size, § is the full width at half-
maximum (FWHM) of the most intense diffraction peak, A

Intensity(a.u)

20 30 40 50 60 70
20 (degrees)

Fig. 1 XRD patterns of SnO,:Er films for different erbium concen-
trations. (@) 0 mol% (b) 1 mol% (c) 2 mol% (d) 3 mol% (e) 5 mol%
Er
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is the X-ray wavelength (1.5406 A) and 0 is the Bragg
angle. The grain size in SnO; film (22.27 nm) decreased to
6.98 nm for 5 mol% SnO,:Er film. Table 1 shows the
FWHM, crystalline size, band gap energy and thickness of
SnO,:Er thin films. The lower grain size increase the effi-
ciency of solar cells like dye based solar cells. The re-
flections in the XRD pattern became broader and the
intensity decreased with increasing the Er concentration.
This indicates reduced grain size and a lower extent of
crystallisation in the SnO,:Er films (Fig. 1). Broadened
peaks indicate the nanosizing of the grains. This may be
due to the disorder caused by the substitution of Er’™
having an ionic radius (0.890 A) greater than Sn*"
(0.690 A). It can also be observed (Fig. 1) that the intensity
of the diffraction peaks decreased, the corresponding
FWHM of the peaks increased with increase in the Er
concentration. This indicates deterioration of crystallinity
in the films with increase in the doping concentration.

From the XRD spectra, interplanar spacing (d) was
calculated. All the d-values are slightly smaller or higher
than those of the bulk, which indicates a distortion in the
unit cell structure compared to that of bulk materials. The
distortion in samples is evaluated as,

_d—d,

(8]

Ad

x 100 (2)

where d and d, are the d-spacing values of the film and
bulk, respectively [3]. This lattice distortion contributes to
lattice strain. The values of lattice distortion in the samples
are given in Table 2. The lattice parameters are calculated
using the equation

I R+i2 P

3.2 Surface morphology studies

Figure 2 shows SEM micrographs of SnO,:Er thin films for
different erbium doping concentrations (0-5 mol%) an-
nealed at 500 °C. The surface of all films are continuous,
smooth, uniform and without micro-cracks. The PL prop-
erties of the films depend on the surface morphology. The
micrograph of undoped SnO, film shows bigger grains
compared to that of SnO,:Er films. The micrographs indi-
cate nearly spherical structures. When erbium was added as
a dopant, the micrograph shows a different appearance,
showing the effect of dopant in the host matrix. The images
reveal the formation of nanocrystalline materials and show
the randomly oriented nanoparticles with variable sizes. In
1 mol% SnO,:Er films, large number of particles can be
observed in the micrographs. When the erbium doping
concentration increased (5 mol%), it was observed that the
particle size decreased and small pores were observed. This
shows the effect of increasing erbium doping concentration
on the SnO; film. The presence of pores directly affects the
optical properties, since pore size and particle distribution
can significantly contribute to increasing optical losses due
to scattered light in the inter-grain region. This result
agrees well with the XRD analysis mentioned above.
Hence, the surface morphology of the films, strongly de-
pend on the concentration of doping ions.

3.3 XPS studies

X-ray photoelectron spectroscopy is a surface analysis
technique that can be used for compositional and chemical

— =" 4 (3) states analysis. Figure 3 shows XPS spectrum of undoped
d? a? c? SnO, and Figs. 4, 5, and 6 shows the XPS spectra of SnO,
where‘d’ is the interplanar distance, (hkl) are the miller ~ ‘Er films (1-5 mol%). XPS spectrum of undoped SnO,

indices, a and c are the lattice constants. The calculated
values are given in the Table 2. The lattice constants for
tetragonal SnO, film are reported in JCPDS standard data
a=47382 A and c¢=23.1871 A (JCPDS card no:
041-1445). The lattice parameters increased with erbium
doping concentration. The distorted structure and charge
imbalance in SnO,:Er films can result in the formation of
internal strain and oxygen vacancy [9].

confirms the presence of Sn 3d, O 1S and C 1S states with
binding energies (BE) at 484.13 & 493.9, 530 and 284 eV
respectively. The BE analysis of SnO,:Er films revealed
that Er 4d, Sn 3d, C 1s and O 1s signals were observed near
169, 487 & 494, 284 and 531 eV, respectively.

Carbon is ubiquitous and is present on all surfaces for
XPS analysis. It is common practice to use the carbon C 1s
peak at 285.0 eV as a reference for charge correction

Table 1 FWHM (B rad), crystallite size (nm), band gap (eV) and thickness (nm) of SnO,:Er films for different erbium concentrations

Erbium concentration (mol%) FWHM (B rad)

Crystallite size D (nm)

Band gap (eV) Thickness (nm)

0 0.0061 % 0.0078 222 £0.023 3.921 £ 0.064 468 + 1.49
1 0.0113 £ 0.0113 14.19 £ 0.031 3.99 £ 0.0219 602 £+ 0.73
2 0.0141 £ 0.0141 10.07 £ 0.027 4.04 £ 0.0272 606 £ 0.89
3 0.0181 &+ —0.0181 7.85 £ 0.0149 4.09 £ 0.058 627 = 1.12
5 0.0203 = —0.0203 6.98 £ 0.0817 4.175 £ 0.0745 690 £ 0.58
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Table 2 d- spacing, lattice

parameters of SnO,-Er films for Er concentration (mol%) Ad(110) Adgio1) Adepy) Lattice parameters (nm)
different erbium concentrations a c
0 0.0031 0.0159 —0.123 4.731 3.196
1 0.4408 0.0073 0.3880 4.717 3.197
2 0.0037 0.0082 0.2530 4.734 3.184
3 0.2802 0.3371 0.0174 4.740 3.202
5 0.0079 —0.013 0.0018 4.749 3.204

Fig. 2 SEM micrographs of SnO,:Er for different erbium doping concentrations. (a) 0 mol% (b) 1 mol% (c¢) 2 mol% (d) 3 mol% (e) 5 mol% Er

@ Springer



J Mater Sci: Mater Electron

Fig. 3 XPS spectra of undoped
SnO, film

Intensity(a.u)
Z- }’- @

T T T T T
165 170 175 180

Binding Energy(eV)

Fig. 4 XPS spectra of Er 4d in SnO,:Er films for different erbium
doping concentration. (a) 1 mol% (b) 2 mol% (c) 3 mol%
(d) 4 mol% (e) 5 mol% Er

(Fig. 4). The peak of C 1s spectra at 285.0 eV is assigned
to C—C and C-H hydrocarbon bonds.

The normalized 4d spectra of Er (1-5 mol%) in SnO,:Er
films are given in Fig. 5, showing a characteristic spectral
feature near 169 eV. Such feature is attributed to the 4d
levels in Er’" forming peaks through an interaction with
the unfilled shell [10]. The shape of the BE spectra of
erbium is an indicative of the oxidation state of Er in the
material. The existence of the peak near 169 eV for all the
cases, suggests that the oxidation state of Er in SnO,:Er
films did not change markedly during the dip coating
process. In SnO,:Er films, all the samples show the binding
energy of Er 4d (Fig. 5) in the region of 169.2-169.7 eV,
indicating that all erbium detected was in a trivalent state
(Er *T). The BE slightly shift to higher value for 5 mol%
Er in SnO,:Er films. Report suggest that this shifting to
higher binding energies may be due to the presence of

C
b
El
©
E a
‘»
c
2
£
T T T T T T T T T
520 525 530 535 540 545
A

Fig. 5 XPS spectra of O 1S of SnO,:Er films for different Er doping
concentrations. (a) 1 mol% (b) 2 mol% (c) 3 mol% (d) 4 mol%
(e) 5 mol% Er

Intensity(a.u)

480 490 500
Binding Energy(eV)

Fig. 6 XPS spectra of Sn 3d in SnO,:Er films for different Er doping

concentrations. (a) 1 mol% (b) 2 mol% (c) 3 mol% (d) 3 mol%
(e) 5 mol%
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Fig. 7 Variation in conductivity with different erbium concentrations
in SnO,:Er films

nanoparticles with smaller sizes (<10 nm) [11]. These re-
sults are in good agreement with the results obtained from
XRD. The peak energy and peak shape of Er 4d, Sn 3d and
O 1s peaks are consistent with other studies [12, 13]. We,
therefore, conclude that the incorporation of Er into SnO,
samples essentially preserves the Er*™ state, forming effi-
cient emission centers. At a low doping concentration of
Er, we observe the lower intensity peak of the Er 4d state.
Spectral multiplets at ~ 169 eV with essentially the same
features as shown in Fig. 5 were observed in the 4d pho-
toemission spectra obtained from the erbium state of 4f;,/
Er’* [10]. Hence, we suggest that the SnO,:Er films grown
by sol gel dip coating method are basically stoichiometric,
which is one of basic requirements for a solar cell, where
these materials act as a metallization mask to electroless
metal plating solutions.

100

80 +

1.00E+014

60 -

40 +

Transmittance(%)

(@hv)ieVicmy

20 1

by e
0.00E+000 +<T T T T T T
36 38 40 42 44 46 48 50
Energy (h®)
o++~—T—r71r+r7r—V+vr—Vvr—VrT"TTrrvr T TT7T°

250 300 350 400 450 500 550 600 650 700 750 800
Wavelength(nm)

Fig. 8 Transmittance spectra of (a) 0 mol% (b) 1 mol% (c) 2 mol%
(d) 3 mol% (e) 5 mol% Er thin films (inset hv vs. (athv)? graph)
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Figure 6 shows the narrow scan XPS spectra of the O 1s
state for samples deposited with different Er concentra-
tions. The binding energies of O 1s are 531.8, 531.4, 531.3
and 529.5 eV for SnO,:Er films (1-5 mol%) respectively.
Generally, the O 1s peak observed in the region
529-531 eV has been attributed to lattice oxygen. Ghuang
et al. [14] attributed the peak around 530.7-531.6 eV to
oxygen in non-stoichiometric oxides in the surface region.
They observed chemisorbed O, on the metal surface in
530-530.9 eV and surface oxides and hydroxides in
529.6-531.0 and 533.3 eV binding energy regions, re-
spectively. On the basis of these observations, the O 1s
peak observed in the region 529.5-531.8 eV for SnO,:Er
thin films can be attributed to lattice oxygen and chemi-
sorbed oxygen. The intensity of oxygen peak increased for
1-3 mol% Er doping. This shows the presence of oxygen
vacancies in the film, which can enhance the PL emission.
When the doping concentration increased to 5 mol% Er,
the intensity of oxygen peak decreased and the peak shifted
towards low binding energy region. This can be due to Er
doping in SnO, lattice, which can lead to change in oxygen
vacancy, formation of tin interstitials, lattice strains etc.

Figure 6 shows the narrow scan XPS spectra of Sn 3d
states for the samples deposited with various Er concentra-
tions. The spectra show well-resolved doublets due to the Sn
3ds,, and Sn 3d3, components corresponding to binding
energies of 487.6,485.57,487.41 eV & 495.9,494.01,495.7
and 494.7 eV for SnO,:Er films (1-5 mol%) respectively.
The binding energy of Sn 3ds, is attributed to the Sn*"
bonding state, which agrees well with the previous report
[15]. When the doping concentration increased to 5 mol% Er
in SnO,:Er films, only one peak at 494.7 eV was visible in
the spectra. The shift in binding energy curve of SnO; is due
to the change in its chemical bonding. The binding energy of
Sn 3d;s,, shifted with respect to the other samples. This is an
indication that the chemical environment was changing due
to the incorporation of more dopant concentration (5 mol%
Er) in SnO, compared to that with 0—4 mol% Er. Similar
studies have shown that the chemical bonding and surface
states of the SnO, gets modified due to the effect of incor-
poration of more dopant [16, 17]. The gap between the Sn
3ds/> and Sn 3ds; levels (8.4 eV) closely corresponds to the
O in SnO; and Sn in SnO,, respectively [18].

3.4 Electrical property

Figure 7 shows the variation in conductivity of SnO,:Er
films with increase in Er doping concentration. It was ob-
served that the conductivity decreased with increase in Er
doping concentration. This behaviour may be related to
grain boundary scattering and charge compensation in
SnO,:Er films with the increase in erbium doping con-
centration. An decrease in crystalline size would be
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strongly related to a increase in resistance for free elec-
trons, because of higher grain and grain-boundary scatter-
ing. The presence of Er’* and Sn*" in SnO,:Er films were
confirmed from the XPS results. The difference in valence
state of the ions leads for the charge compensation. The
undoped SnO, presents n-type conduction and the increase
in Er-doping concentration induces more electron trapping
in the material, which increases the film resistivity. Elec-
trical conductivity of SnO,:Er films may become low due
to the presence of a large amount of small grains. This is
evident from the SEM micrographs. Besides, XRD studies
have shown that the introduction of the dopant inhibits the
grain growth. This decreases the electronic mobility af-
fecting conductivity in films [9]. Also, it must be men-
tioned that the solubility-limit has been overcome, creating
scattering centers inside the nanocrystallites which de-
crease the mobility. Being a wide band gap SnO,:Er films,
posses band gap in the range 4.00-4.18 eV, is transparent
to radiation with the wave length for the region of max-
imum solar intensity. The conductivity could be changed
within wide limits, from 10* up to 10" ohm™! cm™"'. This
property permits SnO,:Er films to be used in solar cell
fabrication as frontal layer in SIS structures [19].

3.5 Optical properties

The optical transmission spectra of SnO,:Er thin films
annealed in air at 500 °C are shown in Fig. 8. The average
transmittance of the films decreased from 95 to 80 %, when
the doping level increased from 0 to 5 mol%. The inter-
ference pattern seen in the transmittance spectra is the
evidence for homogeneous and uniform films. It can be
seen that the increase in percentage of Er dopant shows

Fig. 9 PL spectra of (a) 1 mol% (b) 2 mol% (c) 3 mol% (d) 5 mol%
Er in SnO,:Er films (inset energy level diagram of SnO,:Er films)

mild shift towards shorter wavelength region. The decrease
in transmittance of SnO,:Er films with the increase in
dopant concentration may be attributed to the increase in
surface roughness. The grain boundaries in polycrystalline
films can cause increase in scattering leading to decreased
transparency. A nanocrystalline material contains a high
concentration of grain boundaries compared to the case of a
bulk material. These properties are of considerable im-
portance for electrical transport, optical, and mechanical
properties [20-23].

The fundamental absorption, which corresponds to
electron excitation from the valence band to the conduction
band, can be used to determine the nature and value of the
optical band gap. The excitation of electron from valence
band to conduction band by absorption of photon energy
can occur in two ways usually either in direct or indirect
transitions. The optical band gap of semi-conductor mate-
rials can be deduced from transmission measurements us-
ing Tauc’s relation [3].

(ahv) = A(hv — Eg)l/2

where hv is the photon energy, o the absorption coefficient
corresponding to frequency v, Eg is the optical band gap, A is
a constant. The Eg values of SnO,:FEr films were obtained by
extrapolating the linear portion of (ahv)? versus hv plots to
intercept the photon energy axis (inset—Fig. 8). The plots of
(ohv) % as a function of energy (hv) for SnO,:Er films tend
asymptotically towards a linear section, which shows that the
investigated films have a direct optical band gap. The cal-
culated Eg values are given in Table 1. The values lie in the
range 4.00-4.18 eV for the SnO,:Er films prepared with
different doping concentrations. (Table 1: band gap and
thickness of SnO,:Er films for various Er doping concen-
trations). The thickness of the SnQ, films increased with the
increase in Erbium doping concentration. Similar studies of
change in thickness were reported for fluorine doped SnO,
films [24]. The Eg for the undoped SnO, film is4.00 eV and it
isincreased to4.18 eV for 5 mol% of the SnO,:Er films. This
slight shift in band gap is due to size effect. In the quantum
confinement range, the band gap of the particles increases,
resulting in the shift of the absorption edge to lower wave-
length as the particle size decrease. Such SnO,:Er films with
wide and direct band gap are applicable in blue and ultra-
violet (UV) optical devices, such as light-emitting diodes and
laser diodes.

3.6 Photoluminescence property

Rare earth oxides and its compounds have been investi-
gated most frequently because of their unique lumines-
cence properties due to their stability and emission
quantum yields. If rare-earth ions can be doped into

@ Springer
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semiconductor nanoparticles, then band gap excitation may
result in efficient energy transfer and hence intense lumi-
nescence could be observed. This is particularly true if
through quantum confinement, the band gap state is reso-
nant with an excited state of the rare-earth ion, therefore,
semiconductor nanoparticles doped with rare-earth ions are
of considerable interest. SnO, is an ideal host material to
dope Er’" ions. In addition, SnO, has advantages of large
exciton binding energy, which may influence Er’" ion re-
lated emission.

Figure 9 shows the PL spectra of SnO,:Er films an-
nealed in air at 500 °C for various erbium doping con-
centration. The excitation wavelength used in this study is
290 nm. There are several emission peaks in the SnO,:Er
films that correspond to the erbium transitions. In this
study, the emission peaks of Er in SnO,:Er films were
obtained at 550 (2.25 eV), 615 (2.01 eV), 678 (1.82 eV)
and 714 nm (1.73 eV). For 1 mol% Er in SnO,:Er film,
low intense peak at 714 nm and a broad peak at 615 nm
were visible. When the doping concentration increased to
2 mol% Er in SnO,:Er film, the intensity of the peak at
714 nm increased and broad peak at 550 and a small peak
at 678 nm were also visible. For 3 mol% Er doping, the
intensity of the peaks increased and for 5 mol% Er doping,
intensity of the peaks decreased.

When excited, the SnO, host absorbs the energy and
transfers its energy to Er’" ions, which thus emit photons
at various wavelengths. The displayed emission bands of
the Er’" ion demonstrate the existence of the energy
transfer from the host to the active ion. The increase in the
ion concentration promotes the energy transfer process,
increasing the emission of the erbium ions. The incorpo-
ration of Er’" creates the oxygen vacancies because the
charge of the Er and Sn ion has to be compensated in the
lattice in the form of oxygen vacancy. The presence of
oxygen vacancy is evident from the XPS results. At the
same time, the oxygen vacancy might act as the sensitiser
for the energy transfer to the Er’™ ion [25]. The Er’ " ion
has a 4f;; electron configuration. Since the f—f absorption
transitions in Er’" ions are parity forbidden, and SnO, is a
direct-band-gap semiconductor, the number of carriers
excited through f—f transitions in Er’" ions is much less
than those excited through band-gap excitation of SnO,
[26]. Thus, the Er**" emission comes mainly from radiative
recombination of the large amount of trapped carriers ex-
cited from SnO, host [27].

The 550 nm green emission bands in SnO,:Er films
correspond to the energy level (Fig. 9) of Er for 4S3,2—4I 1572
optical transitions, and the 615 nm red emission bands
correspond to the *For, = Tyspp optical transitions re-
spectively. The emissions in SnO,:Er films are due to the
same transitions from the two levels *Ss/, and *Fy, to the
ground level 4115,2. The green emission (4S3/2—4115/2), being
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observed due to Er’™ concentration might have originated
from the excited state absorption mechanism. For a low
Er’" concentration (1-3 mol%), energy transfer rarely
occurs between excited ions. The 4F9/2 level can only be
populated from the *Ss;/, level through multiphonon re-
laxation [28]. The increase in the red luminescence with
increased Er’™ concentration must, therefore, result from
an energy transfer between excited ions.

The orange emission observed at 678 nm might be due
to the involvement of interstitial oxygen or due to recom-
binations from the conduction band and shallow donor
levels to the energy levels near the top of the valence band
[29]. A broad peak observed at 714 nm for the films may
be due to other crystal defects which are formed during the
growth of samples.

We can observe that the emission intensity of the
SnO,:Er film increases as the doping concentration of Er
changes from 1 to 3 mol%. When the Er doping concen-
tration exceeds 3 mol%, the PL intensity diminishes. The
high Er concentration will decrease the luminescence ef-
ficiency by energy transfer processes due to ion—ion in-
teractions. This observation confirms the entry of erbium
into the lattice of SnO, which was also evident from the
XRD spectra which showed low crystallisation. This be-
havior may be also related with decrease of particle size
with increasing of Er concentration. The quenching
mechanism is thought to be a cross-relaxation process be-
tween two closely placed Er* ™ ions [30]. The short distance
between ions results in enhanced luminescence quenching
probability. Accordingly, the emission intensity degrades
while the Er concentration exceeds. Hence, at higher Er
doping concentration, the luminescence efficiency will be
low due to the lower degree of crystallization and higher
defect density. This agrees with the XRD results. The
broadening of the luminescence peaks observed in the PL
spectra is due to the introduction of oxygen vacancies for
charge compensation. This is evident from XPS spectra of
O IS where the intensity of oxygen peak increases
(1-3 mol%) and decreases for 5 mol% Er. When the Er*t
concentration increases, the coordination around the Ert
active ions can change causing short-range disorder in the
lattice [31-33]. The defects or vacancies would greatly
enhanced energy transfer from the band edge to the defect
states responsible for the visible emission. Hence, the im-
provements in visible emissions are attributed to the en-
hanced defects and vacancies caused by Er’™ dopants.

4 Conclusion
SnO,:Er thin films for different erbium doping concentra-

tions (0—5 mol%) were prepared by dip coating technique.
The structural studies show that as the Er concentration
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increased, the crystallinity of the films decreased. The
optical transmittance for the films were in nearly 80 % and
posses a wide band gap finding wide applications in LED.
SEM micrographs shows that the particle size decreased
with increase in dopant concentration. XPS spectra shows
the presence of Er 4d, Sn 3d, C 1S and O 1S states. The
SnO,:Er thin film with 3 mol% of Er dopants has the
strongest PL intensity, while the PL intensity decreased for
the SnO,:Er thin film containing 5 mol% Er. The relative
luminescence intensity decreased with increasing Er’"
concentration is mainly attributed to structural defects,
oxygen vacancies and surface states. All the results pre-
sented in this work indicate that SnO,:Er obtained by the
sol-gel method is a promising host in the development of
rare earth-doped transparent conducting oxides for laser
and amplifier applications.
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Homogeneous and transparent Mn doped ZrO, thin films were prepared by sol-gel dip coating method. The films
were annealed in air atmosphere at 500 °C. The X-ray diffraction pattern of the undoped ZrO, thin film revealed a
mixed phase of tetragonal and monoclinic ZrO, with preferred orientations along T(111) and M(—111). Grazing
Incidence X-ray Diffraction of Mn doped ZrO, thin films reveals the introduction of Mn interstitial in ZrO, which
stabilize the mixed phase of ZrO, into tetragonal phase. Atomic force microscope image shows the addition of
catalyst (Mn) which stops isotropic agglomeration of particles, instead of anisotropic agglomeration that
occurred resulting in growth of particles in certain direction. Average transmittances of >70% (in UV-vis region)
were observed for all samples. The optical band gap decreased from 5.72 to 4.52 eV with increase in Mn doping
concentration. The reduced band gap is due to the introduction of impurity levels in the band gap, by incorpora-
tion of the metal ions into the ZrO, lattice. The d-electron of Mn (tg level) can easily overlap with the ZrO,'s
valence band (VB) because t,g of Mn is very close to VB of ZrO,. This overlap caused a wide VB and consequently
decreases the band gap of ZrO,. The photoluminescence (PL) spectrum of undoped zirconia thin film exhibits an
intense near band edge emission peak at 392.5 nm (3.15 eV) and weak emission peaks at 304 (4.07 eV), 604 nm
(2.05 eV) and 766 nm (1.61 eV). Additional PL peaks were observed for Mn doped ZrO, located at around 420,
447 (blue), 483 (blue) and 529 (green) nm respectively. These peaks were due to the redox properties of various

valence state of Mn in ZrO,. The prepared Mn doped ZrO, thin films can be applied in optical devices.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Zirconia (ZrO;) is widely used as an essential material in the optical
fields including broadband interference filters and active electro-optical
devices, due to its excellent optical properties, such as high refractive
index, large optical band gap, low optical loss and high transparency
in the visible and near infrared region [1,2]. It has wide band gap and
short wavelength photoluminescence (PL) emission property [3].
Zirconia can be used as diluted magnetic semiconductor (DMS) material
[4] with suitable magnetic material dopant such as Mn. DMS are a class
of materials, in which magnetic dopants replace native cations in
ordinary semiconductors [5]. The replaced magnetic ion couple with
extended electrons in the semiconductor band, and this coupling results
in various interesting properties like magneto-optical and magneto-
electrical effects [4]. DMS are very interesting materials subjected to
their promising applications to spintronics (spin + electronics). Com-
pared with the traditional charge-based semiconductor technology, the
semiconductor-spintronics paradigm is advantageous in using both the
charge and spin of electrons at the same time, which has been considered
to be a solution to the current silicon-based semiconductor's dilemma [6].
The spintronics-based device has been considered to be more powerful,

* Corresponding author. Tel.: +91 471 253 1053; fax: +91 471 253 0023.
E-mail address: jolly2jolly@gmail.com (K. Joy).

0040-6090/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.tsf.2013.10.164

endurable, non-susceptible to radiation damage, and energy efficient
than semiconductor-based one [7,8]. Also the ternary nature of the DMS
provides a possibility of tuning band parameters by varying the composi-
tion of the material [9]. The band structures of ZrO, are highly dependent
on chemical microstructures, particularly the crystal phases, crystallite
sizes and nature of defects [10-12]. Theoretically, the valence band of
Zr0, is formed mainly by O 2p states with some admixing of Zr 4d states,
and the conduction band is constructed primarily of Zr 4d states admixed
with some O 2p states. ZrO, is an active, photon absorber and photon cat-
alytic among wide band gap (Eg) metal oxides. It has two direct band to
band transitions at 5.2 and 5.79 eV [1]. Lattice defects usually introduce
extrinsic energy levels between bands and which reduce band gap [13].
It has been observed that doping with 3d metals reduce the E, of semicon-
ductors by forming inter band-gap localized levels [ 14]. The dopant atoms
are ionized and, for the case of n-doping, the associated electrons occupy
the bottom of the conduction band, in the form of an electron gas or
conduction electrons. In principle, the optical band gap can be larger or
smaller than the one of the undoped host crystal. A widening occurs,
since the lowest states in the conduction band are blocked; the well-
known Moss-Burstein effect. In our previous studies, we found that Al
doped in ZrO, a blueshift was observed in the absorption edge [2]. Garcia
and Azorin et al. [15,16] observed a decrease in the band gap of metal-
doped ZrO, which was due to the incorporation of metal ions in the
Zr0; lattice produce localized energy levels in the energy gap. Therefore,
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it would be worthy to investigate the doping effect on the optical proper-
ties of Mn doped ZrO,.

In our previous studies [1], we observed that a phase transition from
tetragonal to monoclinic in ZrO, when it was annealed at 500 °C.
Jerome Chevalier et al. [17] reported that during phase transition the
large stress is induced in the films which would destroy the material
thoroughly. A traditional solution to the problem is the introduction of
trivalent or divalent cations such as Y>*, S *, Sm>*, and Ca? ™, which
stabilize the high-temperature phases to room temperature. Recently,
the study showed that, ZrO, can be stabilized to room temperature by
the introduction of Mn cations [6]. In monoclinic ZrO,, Zr is coordinated
with seven O atoms, while the coordination number is changed into six
by the introduction of Mn interstitial. In conclusion, the Mn interstitial
can stabilize the m-ZrO, into tetragonal phase.

The size of ionic Mn is small when compared to ionic Zr. By introduc-
ing extrinsic dopant Mn, the defect environment is changed, whether
the Mn atom substitutes the zirconia atom or it occupies the interstitial
site. Redox properties vary with the valence state of Mn, which caused
the change in oxygen vacancy concentration. Changes in defect environ-
ment are, therefore, vital in achieving viable applications of ZrO,. The
dopant Mn ions (3d5 configuration) participate actively in order to
create very efficient luminescence centers in ZrO,. This system has
several points of interest, especially oxygen ions in the zirconia struc-
ture have high mobility and its redox properties vary with the valence
state of Mn. The emission can be situated in blue, green and yellow-
orange or red regions depending on the host lattice and co-activator
ions [18,19]. Thus Mn doped ZrO, luminescent materials have wide
applications in electroluminescent flat panel displays, color plasma
display panels, fluorescent lamps, cathode ray tubes, etc.

The chemical states of dopants, which influence the optical properties
and microstructures of the metal-doped ZrO,, may be changed during the
preparation process. Pure and doped ZrO- films have been prepared
by various techniques such as chemical vapor deposition (CVD), spray
pyrolysis, reactive RF sputtering, and sol-gel technique [20].

The sol-gel process is one of the most practical solution—-deposition
methods of preparing oxide thin films [21]. The basis of the technique is
to coat a substrate with a precursor solution containing the requisite
metal components in the required proportion, because of solvent evapo-
ration and/or chemical reactions, transforms to a gel layer. The organic
components of the gel are then eliminated by various heat treatments,
to form the desired crystalline thin film. The main advantage of the sol-
gel process is, it has the ability to form inorganic structures at relatively
low temperature. Moreover, incorporation of dopant is easy by this
technique.

In the present study, Mn-doped ZrO, thin films with 0-20% molar con-
centrations were prepared by sol-gel method. The aim of this investiga-
tion is to find, the influence of Mn?*, Mn3®* and Mn** incorporation
and annealing on the structure, optical and luminescence properties of
Zr0, thin films.

2. Experimental procedure

In this study, inorganic precursor route was chosen for the fabrication
of nanocrystalline transparent zirconia thin films. Zirconium oxychloride
octahydrate (ZrOCl, - 8H,0) (Zigma-Aldrich 99.5%) was used for the prep-
aration of the precursor solution [22]. The mixture of 2-butanol and etha-
nol (in the ratio 1:1) was used as the solvent. A homogeneous solution of
zirconium oxychloride octahydrate (2 wt.%) was prepared by mixing
1 mol of zirconium oxychloride octahydrate in 1/3 of the total volume
of mixed 2-butanol and ethanol. The solution was stirred for 45 min
using magnetic stirrer. The water for hydrolysis and nitric acid for oxida-
tion of ratio, water: HNOs: acetylacetone = 20: 0.4: 3 were then added to
the salt-alcohol solution. Manganese as a dopant was added in the form
of manganese acetate [CH3(COO),Mn-4H,0] with three different Mn/Zr
ratios: 0, 4, 8, 12, 16 and 20 mol% were added with the rest of
2-butanol and ethanol mixed with the required amount of acetylacetone,

then they were added to the solution under vigorous stirring in a
controlled manner. The stirring was continued for another 90 min to
get a clear transparent sol solution. The precursor solution thus prepared
was heated at 60 °C and deposited on clean quartz substrates using a
locally-built dip-coating apparatus. The dip coating parameters were op-
timized as 10 cm/min lifting speed and 90° vertical lifting. The dip coated
films were dried at room temperature and prefired at 150 °C. This process
of coating and drying was repeated for 9-coatings (9-cycles) to obtain
films of appropriate thickness (>170 nm) suitable for X-ray diffraction
(XRD) analysis. The doped ZrO, films were calcined at temperatures
500 °C for 1 h in air, for crystallization. The dip-coated films were then
cooled down to room temperature. Structural and optical characteriza-
tions of these annealed films were then performed.

Crystalline phase of the Zirconia thin films was characterized by XRD
using the X-ray diffractometer (Model-PW 1710 PHILIPS) that have K-
Alpha 1 wavelength of 1.54056 and continuous scan type with scan
step size of 0.0668. The surface morphology of the deposited films on
the nanometric scale is monitored by AFM (Digital Instruments
Nanoscope E, Siz N4 100 p cantilever, 0.58 N m™ ! force constant) mea-
surements in contact mode. Silicon tip with a radius of curvature 10 nm
and cantilevers with a nominal spring constant 0.1 N m~ ! was used.
Optical transmittance was studied using a spectrophotometer (Model-
JASCO-V550). Emission spectra were recorded by using a Perkin-
Elmer Fluorescence Spectrometer (Model-LS55) with a 40 W Xenon
Lamp as the excitation source and 2.5 nm excitation and emission slit
width.

3. Result and discussion
3.1. Structural studies

Fig. 1(a)shows the XRD pattern of the undoped ZrO, thin film (9-coat-
ing) annealed at 500 °C in air. The XRD pattern revealed a mixed phase of
tetragonal and monoclinic ZrO, with preferred orientations along T(111)
and M(—111). The structural analysis of Mn (4 to 16 M%) doped ZrO,
films was done by Grazing Incidence X-ray Diffraction (GIXRD) Fig. 1(b)
to detect the metallic Mn characteristic peaks in addition to the ZrO,
peaks. The GIXRD pattern revealed only the tetragonal structure of ZrO,
with preferred orientation along T(111) plane. No metallic Mn character-
istic peaks have been detected from the GIXRD. In the Mn-Zr-0O system,
no ternary compounds or complex manganese zirconium oxides have
been reported. The GIXRD pattern also shows that the position of
T(111) diffraction peak shifts towards higher angle and changes in lattice
constants (c) for the Mn doped films, which indicates the changes in
stress in the films. The results also show the presence of stabilized tetrag-
onal ZrO, in the Mn doped zirconia film [23]. The introduction of Mn in-
terstitial in ZrO, restructures the monoclinic cell into an analogous
tetragonal cell [6] and stabilizes the mixed phase of ZrO, into tetragonal
phase.

The grain size (D) of the nanocrystalline films were calculated from
the FWHM of XRD using Scherrer equation [24]

D = K\ /Bcosd (1)

where D is the grain size, K = 0.9 a correction factor, (> the full width at
half maximum (FWHM) of the most intense diffraction peak, \ the
wavelength of X-ray and 6, the Bragg angle. Table 1 summarizes the
diffraction angle, crystallite size, FWHM, and lattice parameter of
undoped and Mn doped Zirconia thin films. The particle sizes were
found to increase with increase in Mn doping. This is due to the agglom-
eration of the grains of DMS materials (here ZrO,) around the dopant.
Generally the addition of a catalyst stops isotropic agglomeration of
particles; instead anisotropic agglomeration occurs resulting in growth
of particles in certain direction [25]. The change in stress of the films is
owing to the change in boundaries between grains [26]. These results
agree with our AFM images in Fig. 2(a-d).
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Fig. 1. (a) XRD pattern of undoped ZrO, thin films annealed at 500 °C. (b) GIXRD pattern of
4%, 8%, 12%, 16% and 20% Mn doped ZrO, thin films annealed at 500 °C.

The lattice parameter of the Mn doped ZrO, thin films was found to
be less than that of the pure ZrO, thin film (Table 1). This may due to the
smaller size of ionic Mn (Mn**, Mn>* and Mn 27 ions have ionic radii
of 0.53, 0.58 and 0.66 A respectively), as compared to ionic Zr (ionic
radius 0.80 A for Zr*™). Thus Mn ions can be easily replaced by the Zr
atoms at the lattice. Similar results were also observed by Lijavardi
et al. in Mn doped ZrO, [23]. They reported that, there was a decrease
in lattice parameters for Mn>* and Mn* ™ states. Lijavardi et al. doped
Mn with different chemical states into ZrO, to understand the changes
in microstructures. The stabilization of tetragonal phase and decrease
in c-parameters are the proof of the incorporation of Mn ions inside
the ZrO, crystal lattice.

3.2. Surface morphology studies

Fig. 2 shows the 2-dimentional AFM images of the Mn doped ZrO,
films annealed at 500 °C. The scan size is 1 um x 1 um. The surfaces of

Table 1

all the films are crack free. The characterization of the film surfaces
were evaluated by average roughness parameter (R,) arithmetic aver-
age of the absolute distances of the surface points from the mean
plane, root mean square (RMS) roughness the standard deviation of
the surface from mean plane, within the sampling area and skewness
(Ska) which measures the lack of symmetry of the surface profile
about its mean plane. It can be seen that grains grown around the par-
ticle like a ring formation in the case 4% Mn doped thin films (Fig. 2a).
When the Mn dopant increased to 8%, the particles started to coalesce
and incomplete nucleation step with irregular growth rate of the grains
began. The overall surface yielded a non-uniform and spongy morphol-
ogy. The fine-microstructure of the grains increased, when the Mn dop-
ants increased to 12%. The grains were nearly spherical in shape. The
addition of a catalyst stops isotropic agglomeration of particles, instead,
anisotropic agglomeration occurred resulting in growth of particles in
certain direction [25]. When the concentration of Mn increased to
16%, the grains were clearly seen. The film consists of grains with non-
uniform grain size. The grains were arranged closely, and clear bound-
aries between neighboring grains were observed.

Table 2 shows the average roughness, RMS and surface skewness of
Mn doped ZrO, thin films annealed at 500 °C. The RMS value of the
surface roughness was calculated from the AFM data. The RMS values
increased with the increasing dopant concentration (from 4 to
16 mol%) from 6.5 to 14.2 nm. The higher value of RMS in Mn doped
film is attributed to island coalescence [27]. This leads to larger grain
size (Table 1). Also the increase in roughness may be due to the different
kinetics of the dopant atoms and the host atoms on the film surface and
increasing grain size of the films. Hence, we conclude that, as crystalline
size increase, the surface roughness also increases, which is in good
agreement with the earlier reported results [28,29]. The rough surface
enhances light scattering, hence, the transmittance of the films de-
creases. This agrees with the results obtained from the transmittance
spectra (Fig. 3). The higher value of Sy, for the film is attributed to
more asymmetric surface [1]. It can be seen that the Sy, increased
with increase in Mn contents. From these results, the increase in Sy of
Mn doped ZrO, films with increase in Mn results more asymmetric sur-
face. Due to this effect, the interference fringes of the transmittance
spectrum (Fig. 3) were deteriorated [30].

3.3. Optical studies

Fig. 3 depicts the optical transmission spectra and direct band gap of
undoped and Mn doped ZrO, thin films annealed at 500 °C. The
undoped films have an average transmittance of 80% in the visible
range with defined interference fringes. This exhibited that the film is
more homogeneous [1]. By doping Mn in the ZrO, films, the average
transmittance of the films decreased and the absorption region of the
transmittance spectra shift towards higher wavelength region.

Kreibig and Genzel [31] reported that when metals are doped in thin
films they can change the medium and the interference conditions of
the films. The thickness and refractive index of the films were calculated
from Swanepoel's method [32] and is given in Table 3. With the increase
in Mn doping concentration, the refractive index increased which in
turn reduced the transmittance and thickness of the films. Ruan et al.
and Sasanka Deka et al. [33,6] reported an absorption at 420 nm

Crystalline phase, diffraction angle, FNVHM, crystallite size, and lattice parameter of undoped and Mn doped ZrO, thin films.

Thin film samples Crystalline phase Diffraction angle 26 (°)

FWHM 26 (radian) Crystallite size (nm) Lattice Parameter (c) A

Undoped T(111) 30.29

M(—111) 28.64
Mn 4% T(111) 30.54
Mn 8% T(111) 30.52
Mn 12% T(111) 30.44
Mn 16% T(111) 30.65
Mn 20% T(111) 30.58

0.013 10.3 5.19
0.011 12.2

0.0102 14.06 5.03
0.0083 17.24 5.06
0.0062 22.84 5.07
0.0059 25.71 5.09
0.006 25.89 5.09
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Fig. 2. AFM (1 pm x 1 um) image of (a) 4% (b) 8% (c) 12% and (d) 16% Mn doped ZrO, thin film annealed at 500 °C.

(2.94 eV) in the optical spectra of Mn doped ZnO. This was due to the
spin forbidden A$(S) — T3(G) transition of Mn? in a tetrahedral envi-
ronment [34]. The similar results were observed in this Mn doped ZrO,
thin films. In conclusion, the absorption in the visible region 400 to
500 nm for the Mn doped ZrO,, was due to the presence of Mn.

Optical spectra are the most often adapted method to experimental-
ly determine the band structures and band gaps of films. An approxi-
mate functional dependence of o on the energy of the incident photon
hv is given by the expression [35,36].

The band gap (E,) values were obtained by extrapolating the linear
portion of (athv)? vs hv plots to intercept the photon energy axis
shown in the inset of Fig. 3. From the figure the optical band gap de-
creased from 5.72 to 4.52 eV with increase in Mn doping concentration,
shown in Table 3. The observed decrease in the energy gap, may be due
to the combined effect of the quantum confinement effect manifested
by the increase in the ZrO, crystalline size with the presence of defects
such as oxygen vacancies and changes in the carrier concentration. Due
to these changes there was a change in electronic levels between the
valance and conduction band of ZrO,.

The addition of Mn interstitial not only provides magnetic moment
to ZrO, but also free carriers which would shift the Eg to higher energy
[6]. The reduced band gap is due to the impurity levels that are intro-
duced into the band gap by the incorporation of the metal ions into
the ZrO, lattice [37]. The change in the lattice parameter (c) (Table 1)
is due to the incorporation of the metal ions into the ZrO, lattice. The
band gap being directly proportional to inter atomic separation,
although it is also possible that the additional states are being

Table 2

introduced by the dopant presence [38]. Theoretically, the valence
band of ZrO, is mainly composed of occupied O 2p states and the con-
duction band is the unoccupied de-generated Zr 4d states (lower band
Zr 4d x?-y? and z? and the higher band Zr 4d xy, yz and zx) [39]. The
undoped ZrO, thin films have a direct band edged at 5.72 eV. The ob-
tained band gap energy in the investigated tetragonal ZrO, film indicat-
ed a direct transition, from O 2p to lower lying Zr 4d x?>-y?and z? states
[1]. The decrease in band gap in the Mn doped metal oxides [34] is due
to strong sp—-d interactions of Mn with the host matrix. The d orbitals of
the magnetic atoms would split into higher double-degenerated e or-
bitals and lower triple-degenerated t,g. Mn-t,g orbitals hybridize with
neighbor O 2p [6]. The d-electron of Mn (t,g level) can easily overlap
with the ZrO,'s valence band (VB) because t,, of Mn is very close to
VB of Zr0O,. This overlap causes a wide VB and consequently decreases
the Eg of ZrO,. The above results show that the band gap in the Mn-
doped ZrO, decreased with increasing dopant concentration. This con-
centration effect on the band gap is attributed to the formation of impu-
rity bands arising from an overlap of the electron wave function at
impurity levels [40]. At these points, it should be noticed that the
band gap of magneto optical materials such as ZrO, can be easily
tuned by simply changing the concentration of Mn doping in ZrO,
thin films.

3.4. Photoluminescence studies

Fig. 4 shows the photoluminescence (PL) spectra of the undoped and
Mn doped ZrO, thin films annealed in air at 500 °C. The PL spectrum of

Average roughness (nm), root mean square roughness (nm) and surface skewness of Mn doped ZrO, thin films.

Thin film samples Average roughness (R,) (nm)

Root mean square (RMS) roughness (nm) Surface skewness (Ska)

Mn 4% 53
Mn 8% 71
Mn 12% 94
Mn 16% 135

6.5 1.1
10.7 19
1291 2.6

14.2 29
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Fig. 3. Transmittance spectra and direct band gaps of undoped, 4%, 8%, 12%, 16%, and 20%
Mn-doped ZrO; thin films annealed at 500 °C.

undoped zirconia thin film (Fig. 4a) exhibits an intense near band edge
emission peak at 392.5 nm (3.15 eV) and weak emission peaks at 304
(4.07 eV), 604 nm (2.05 eV) and 766 nm (1.61 eV). The energy gap of
tetragonal ZrO, phase is greater than 5.5 eV. Monitoring the 390 nm
emission band [41] has revealed that the excitation at 243 nm
(5.11 eV) produced a large intensity. The excitation band at 243 nm
corresponds to energy near the energy gap of ZrO, tetragonal phase
and has been assigned to grain boundary defect states, that are an
inherent aspect of the nanocrystallinity [21].

The intense zirconia emission peak at 392 nm in the ZrO, thin film
can be due to the ionized oxygen vacancies (F and F- centers) from
the conduction band. Generally UV emission can arise as a result of
the radiative recombination of a photo generated hole with an electron
occupying the oxygen vacancy [3].

Usman Ilyas et al. [42] reported that in their Mn doped ZnO thin
films, the lower ionic size of Mn**, and Mn> ions (have ionic radii of
0.53, and 0.58 A) than the ionic radius of Zn?>* (0.60 A) Mn*™, and
Mn3* can substitute in Zn?* lattice of ZnO. The similar result was
obtained in the present study such as shift in XRD peak, red shift in
transmittance and PL spectra. This may be due to the smaller size of
Mn ion (Mn**, Mn®* and Mn?* ions have ionic radii of 0.53, 0.58 and
0.66 A respectively), as compared to Zr ion (ionic radius 0.80 A for
Zr* ™). From these observations, it is concluded that various states of
Mn were substituted in Zr** lattice.

From Fig. 4(b-e) when the Mn dopant increased, the UV lumines-
cent intensity was suppressed and red shifted. In our earlier reported
studies [1], we observed that the decrease in PL intensity with increas-
ing grain size. It can also be due to the decrease in oxygen vacancy
with increasing grain size. When Mn was doped in the ZrO, film, the in-
corporation of cation Mn“* ions is more favorable than other cations
such as Mn®>* and Mn? " ions. It is due to the increasing order of the
ionic radii of Mn**, Mn®* and Mn? " ions of ionic radii 0.53, 0.58 and
0.66 A.Ling Gao et al. [43] reported that according to the defect reaction

Table 3
Thickness, refractive index and energy band gap of undoped and Mn doped ZrO- thin
films.

Thin film Samples

Thickness (nm)

Refractive index

Energy band gap (eV)

Undoped 270 2.11 5.72
Mn 4% 212 213 5.69
Mn 8% 200 217 5.59
Mn 12% 190 218 5.44
Mn 16% 185 2.20 5.14
Mn20% 177 222 442

the increase of Min concentration in ZrO, films increases the oxidation of
Mn2* to Mn®>* and Mn**. Doping with cations (Mn** ions) with a
valence similar to Zr** can suppress the oxygen vacancies in the crystal
lattice due to the charge balance. Hence the UV emission intensity
decreased.

An additional emission peaks in the range of 350-550 nm have been
observed in the prepared Mn doped ZrO, thin films. The PL peaks were
located around 392(UV), 420, 447 (blue), 483(blue) and 529(green) nm
respectively. These peaks were due to the redox properties of various
valence state of Mn in ZrO,.

The blue emission in the wavelength range of 440-500 nm
arised from the singly ionized associated oxygen vacancy defects
(AOD + centers) [44]. From the observations, we conclude that the
AOD™ centers formed by the substitution of Mn?* along with Mn**. At
the temperature of 500 °C, the oxidation is low when compared to the
high temperature. It is noted that, the associated oxygen vacancies have
been created due to Mn?* doping, and it is more dominant than that of
temperature effect. So, the blue emission increases with the increase of
the Mn doping. The green emission 529 nm is due to the 3d orbital elec-
trons in the Mn 2" ion relax radiatively from the “T;(%G) excited state to
the ®A;(°S) ground state [45]. At these points, it should be noticed that
this type of luminescent materials can be applied in electroluminescent
flat panel displays, color plasma display panels, fluorescent lamps, and
cathode ray tubes. With Mn doping in ZrO, film, the emission peak at
304 (4.07 eV) has been suppressed. In our previous studies [2,3], when
the ZrO, thin films doped with Al and annealed at high temperature,
the intensity of this (4.07 eV) peak increased, which is related to the
trapped positive charge in the metal dioxide. In Mn doping in ZrO, film,
due to the redox properties of various valence states of Mn in ZrO,, the
amount of trapped positive charges changed.

4. Conclusion

Homogeneous and transparent undoped and Mn doped ZrO, thin
films were prepared by sol-gel dip coating method. The XRD pattern of
the undoped ZrO, thin film revealed a mixed phase of tetragonal and
monoclinic ZrO, with preferred orientations along T(111) and
M(—111). In monoclinic ZrO,, Zr is coordinated with seven O atoms,
while the coordination number was changed into six by the introduction
of Mn interstitial, which can stabilize the m-ZrO, into tetragonal phase.
The RMS values were increased with the increasing dopant concentration
(from 4 to 16 mol%) from 6.59 to 14.23 nm, it may be due to the different
kinetics of the dopant atoms and the host atoms on the film surface and
also increasing grain size of the films. An average transmittance of >70%
(in UV-vis region) was observed for all samples. The optical band gap de-
creased from 5.72 to 4.52 eV with increase in Mn doping concentration.
The reduced band gap is due to the impurity levels that are introduced
into the band gap by the incorporation of the Mn ions into the ZrO, lattice.
The PL peaks were observed for Mn doped ZrO, located at 420, 447 (blue),
483 (blue) and 529 (green) nm, due to the redox properties of various
valence states of Mn in ZrO,. Doping with cations (Mn*™ ions) with a
valence similar to Zr** can suppress the oxygen vacancies in the crystal
lattice due to the charge balance. This resulted in the decrease of intensity
in UV-emission with increasing Mn doping. Thus Mn doped ZrO, mate-
rials can find wide applications in optoelectronic devices, electrolumines-
cent flat panel displays, color plasma display panels, fluorescent lamps,
cathode ray tubes, etc.
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