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Abstract: Zinc oxide (ZnO) doped with erbium at different concentrations was synthesized by solid-state
reaction method and characterized by X-ray diffraction (XRD), scanning electron microscopic (SEM), UV-
absorption spectroscopy, photoluminescence (PL) study and vibrating sample magnetometer. The XRD studies
exhibit the presence of wurtzite crystal structure similar to the parent compound ZnO in 1% Er®** doped ZnO,
suggesting that doped Er3T ions sit at the regular Zn?t sites. However, same studies spread over the samples
with Er®* content>1% reveals the occurrence of secondary phase. SEM images of 1% Er®" doped ZnO show
the polycrystalline nature of the synthesized sample. UV-visible absorption spectrum of Er*" doped ZnO
nanocrystals shows a strong absorption peak at 388 nm due to ZnO band to band transition. The PL study
exhibits emission in the visible region, due to excitonic as well as defect related transitions. The magnetization-
field curve of Er®* doped ZnO nanocrystals showed ferromagnetic property at room-temperature.
Keywords: Erbium doped zinc oxide; Solid state reaction; X-ray diffraction; Photoluminescence; VSM:;
Room-temperature ferromagnetism
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Introduction

The promise of nanocrystals as a technological mate-
rial for applications including wavelength tunable lasers
[1], bioimaging [2], and solar cells [3] may ultimately de-
pend on tailoring their behavior by adding impurities
through doping. Impurities are reported to modify elec-
tronic, optical, and magnetic properties of bulk semi-
conductors. Dopants can strongly influence optical be-
havior. Although undoped nanocrystals are highly flu-
orescent with a color that depends on size, lasers based
on this emission are intrinsically inefficient. Several ap-
proaches can improve this situation [1], and one pos-
sibility is to incorporate dopants that provide carriers.
Dopants in nanocrystals lead to phenomena not found
in the bulk because their electronic states are confined
to a small volume. For example, n- or p-type dopants
can auto-ionize without thermal activation. This occurs
because a carrier inside the crystalline occupy one of the

confined electronic states, which increase in energy with
decreasing nanocrystal size [4]. Below a critical radius,
the confinement energy exceeds the Coulomb interac-
tion between the ionized impurity and the carrier [5],
which then automatically occupies a nanocrystal state.

The critical role that dopants play in semiconductor
devices has stimulated research on the properties and
the potential applications of semiconductor nanocrys-
tals [4]. Semiconductors doped with rare earth ions are
excellent phosphors of high efficiency and low degrada-
tion in addition to their unique physical and chemical
properties [6]. II-VI compound semiconductors have
been found to be unique host materials for doping of op-
tically active impurities which exhibit luminescence at
room temperature [7]. ZnO, an II-VI compound semi-
conductor with a wide band gap of about 3.4eV, is an
attractive material for applications in optical devices
such as blue-, violet-, and UV-light emitting diodes
(LEDs) and laser diodes (LDs). We have reported
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quantum confinement, influence of surfactant and tem-
perature on the morphology of nano ZnO [8]. In the
present paper, we report the influence of rare earth el-
ement erbium as dopant in ZnO.

The rare earth ion doped ZnO has the potential to be
a highly multifunctional material with coexisting semi-
conducting, electromechanical and optical properties.
The rare earth ions are better luminescent materials
because of the sharp and intense emission due to their
4f intra shell transitions. Elements of the lanthanide
series are characterized by a partially filled 4f energy
level, surrounded by full 5s and 5p orbitals. Shield-
ing effects of the 5s and 5p orbitals allow the Photo-
luminescence (PL) spectra of rare-earth ions to show
emission frequencies, which are relatively host indepen-
dent [9]. Among the lanthanides, erbium has attracted
significant attention due to its enormous potential in
various applications. The telecommunications industry
has taken advantage of the PL characteristics of Er3+
doped optical amplifiers for application in high band-
width data transmission lines [10, 11]. Although there
are a few reports in literature on rare earth doped com-
pounds, as bulk and nanostructures [12-16], their struc-
tural and luminescence properties are not very clear
due to the difficulties in doping procedures. Further
optimization of the procedures is needed for the de-
velopment of complete understanding of doping pro-
cesses. Present work is one such attempt in this direc-
tion. In this work, we are successful in doping erbium
in ZnO, which showed improved luminescence charac-
teristics. Compared to the conventional methods, the
solid-state reaction has advantage of its low cost, high
yield, and ability to achieve high purity in making oxide
nano powders [17].

Experimental

Zn0O nanopowder doped with erbium was prepared
by solid-state reaction method to study their structural
and optical properties. The chemicals used in the ex-
periment are ZnO (99.9% pure), EraO3 (99.9% pure)
and LIOH.H0 (99.9% pure) brought from Merck com-
pany. The samples were prepared by thoroughly mix-
ing EroO3 and ZnO powders. Slurry was made with
Lithium hydroxide (LiOH) solution and ethanol in a
beaker and dried in an oven. LiOH is an inorganic and
water soluble compound. In the present study, LiOH
was used as a heat transfer medium, when ZnO doped
with erbium. After drying, the mixture was ground for
45 min and sintered in air at 900°C. Samples were made
in batches of approximately 5 g for different concentra-
tions of erbium (1%, 2%, 4%, 6%, 8%, and 10%) (Table
1).

Table 1 Samples of ZnO doped with different con-
centrations of erbium
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Total
Sample .
. weight
(%, Er  ZnO  Er Li  Temp. .
Ambiance  of the
doped (%) (%) (%) (C)
sample
ZnO)
(s)
1 98.7 1 0.3 900 Air 5
2 97.7 2 0.3 900 Air 5
4 95.7 4 0.3 900 Air 5
6 93.7 6 0.3 900 Air 5
8 91.7 8 0.3 900 Air 5
10 89.7 10 0.3 900 Air 5

Measurements for all the samples were carried out at
the same time and in the same setting of the instru-
ment. The crystal structure of the synthesized sample
was studied by using X-ray diffractometer (XRD) em-
ploying Cu-Ka radiation. The surface morphology and
the grain size were estimated by employing a scanning
electron microscope (SEM). PL excitation spectroscopy
was done using Perkin Elmer spectrometer to study the
available energy states and allowed transition between
states. The magnetic hysteresis (M-H) loop was mea-
sured by using vibrating sample magnetometer (VSM).

Results and Discussion

Determination of lattice parameters from XRD

The XRD pattern of undoped and 1% erbium doped
ZnO is shown in Fig. 1. The analysis of the diffraction
peaks of both undoped and 1% erbium doped ZnO, re-
vealed the presence of hexagonal wurtzite structure of
bulk ZnO with lattice constants a = b = 2.8348 A,
c=52478 A and a = b = 2.8366 A, ¢ = 5.2492 A,
respectively. Diffraction peaks corresponding to reflec-
tions peaks of (100), (002), (101), (102), (110), (103),
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Fig. 1 XRD patterns recorded from undoped and 1% Er®*
doped ZnO.

(200) crystal planes, which are consistent with standard
JCPDS data of ZnO (Card No. 89-1397). It is suggested
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that the wurtzite structure is unchanged when the con-
centration of erbium in ZnO is minimum.

The XRD peaks of the increasing concentration (4%,
6%, 8%, and 10%) of erbium in ZnO showed the pres-
ence of extra phase related to EroO3z in addition to
the wurtzite phase of ZnO (Fig. 2). The peaks in the
diffraction pattern of doped samples are slightly shifted
as compared to undoped ZnO. This shows that small
variation in the lattice parameters occurs as the Er3™
concentration increases. The nanocrystals exhibited
changes in relative intensities and crystallite size with
changes in the doping concentration of erbium. The
difference in band gap between the bulk and nanocrys-
tals, calculated using the formula AE, = E} — Eb =
h?/8a%*(1/me + 1/my,), was found to increase slightly
from 5.71 x 107* eV to 6.93 x 10~* eV as the concen-
tration of erbium in ZnO was increased (Table 2). The
c¢/a ratio of Er3* doped ZnO increased from1.60 to 1.62
and the cell volume was found to increase from 23.749
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Fig. 2 XRD pattern of undoped and Er®" doped ZnO at
different concentrations. Peaks corresponding to secondary
phase appearing in the samples with Er3T content>1% has
been marked by “*”.

A3 to 24.706 A3 (Table 2) as the concentration of er-
bium increased. The anion-cation bond length or the

nearest neighbor distance was calculated to be 0.376 for
all the concentrations of erbium in ZnO (Table 2). The
iconicity of oxygen has played a major role in bond-
ing, where the depleted d electrons of Zn would have
formed a charge cloud around oxygen in bond forma-
tion. Hence, Er®* doping has not influenced the nature
of bonding, which is predominantly ionic in nature.

Determination of dislocation density from XRD

In materials science, dislocation is a crystallographic
defect or irregularity within a crystal structure. The
presence of dislocations strongly influences many of
the properties of materials. Crystalline solids exhibit
a periodic crystal structure. The positions of atoms
or molecules occur on repeating fixed distances, de-
termined by the unit cell parameters. However, the
arrangement of atom or molecules in most crystalline
materials is not perfect. The regular patterns are inter-
rupted by crystallographic defects. The movement of
dislocation is impeded by other dislocations present in
the sample. Thus, a larger dislocation density implies
a higher hardness. It is also known that above a cer-
tain grain size limit (~20nm) the strength of materials
increases with decreasing grain size.

The dislocation density (4) in the sample was deter-
mined using expression,

0 =158 cosf/4aD

where ¢ is dislocation density, § is broadening of diffrac-
tion line measured at half of its maximum intensity (in
radian), 0 is Bragg’s diffraction angle (in degree), a is
lattice constant (in nm) and D is particle size (in nm).
The dislocation density (0) was found to increase from
0.33x 105 m~2 t0 0.36 x 1015 m~2 for 4% to 8% erbium
doped ZnO in the (100), (002) and (101) orientations.
This value increases to 0.5 x 101 m~=2 to0 0.6 x 101° m~—2
when the concentration is increased to 10% (Table 3).

Table 2 Crystalline size and difference in band gap between nano and bulk and lattice parameters of Er

doped ZnO
Concentration of Averagj;e .Difference Lattice constants Cell Anion-cation
. crystalline in band gap c/a volume bond length
erbium (%) ) -3
size (nm) (AEy, eV) a (A) a (A) (AY) (1)

4 65 0.0005711 3.2604 5.2232 1.602 23.749 0.37988

6 63 0.0006076 3.2660 5.232 1.602 23.873 0.37988

8 62 0.0006274 3.2605 5.232 1.605 24.707 0.40800

10 59 0.0006928 3.2600 5.296 1.625 24.746 0.37630
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Table 3 Dislocation density and specific surface
area of Er doped ZnO
Dislocation Density (x 1015 m~2) Specific
Concentration y surface
of Erbium (%) area
(100) (002) (101) (m2/g)
0.3359 0.3607 0.3717 16.465
6 0.3353 0.3601 0.3710 16.988
8 0.3358 0.3564 0.3614 17.262
10 0.5943 0.3562 0.6670 18.140

Determination of specific surface area from
XRD

Specific surface area is a material property of solids
which measures the total surface area per unit of mass,
solid or bulk volume, or cross-sectional area. It is a
derived scientific value that can be used to determine
the type and properties of a material. It has a particu-
lar importance for adsorption, heterogeneous catalysis,
and reactions on surfaces. Specific surface area of the
material can be determined using the expression,

S=6x10/D,-p

where S is the specific surface area, D, is the size of
the particle and p is the density of ZnO 5.606¢g/cm?.
The specific surface area (S) of erbium doped ZnO
nanocrystals was found to increase from 16.47m?.g~!
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to 18.10m?-g~! as the concentration of erbium in ZnO
increased from 4% to 10% (Table 3).

X-ray line broadening—Williamson-Hall Tech-
nique

Williamson and Hall (W-H) plot is a classical
method to obtain qualitative information of anisotropy
in broadening peaks. Williamson and Hall [18] as-
sumed that both size and strain broadened profiles are
Lorentzian. Based on this assumption, a mathematical
relation was established between the integral breadth
(8), volume weighted average domain size (D, ) and the
microstrain (g) as follows:

Beos@/X=1/D, + 2(2sin6/\)

The plot of (Scosf/A) versus (2sinf/\) gives the
value of the microstrain from the slope and domain
size from the ordinate intercept. If the points in the
W-H plot are scattered, i.e., if (Gcosf/)) is not a
monotonous function of (2sinf/\), the broadening is
termed as anisotropic. The W-H plot of erbium doped
Zn0 is shown in Fig. 3. It is observed that the line
broadening is not a monotonous function of the diffrac-
tion angle, indicating the anisotropic of the line pro-
file. The strain value extracted from the W-H linear fit
(Fig. 4) is 0.001 for all the samples.
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Fig. 3 Williamson-Hall plot for 4%, 6%, 8%, and 10% Erbium doped ZnO at different deformations.
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Fig. 4 Williamson-Hall linear fit of 4%, 6%, 8%, and 10% erbium doped ZnO.

Morphological study

The SEM technique was employed to explore the size
and distribution of particles in the materials. The im-
ages of 1% Er®* doped ZnO are shown in Fig. 5. It
can be found that the sample synthesized through solid
state reaction route crystallites are closely packed and
have smaller sizes. The crystallites are nearly spherical
shaped. The estimated particle size was 60 nm.

Optical studies

The interest in erbium doped ZnO stems from their
possible use as fluorescence labels and as phosphor ma-
terials. For this the light emission characteristics of the
prepared sample was studied using photoluminescence
excitation spectroscopy. The PL spectrum of 1% Er3+
doped ZnO with Aeze; = 528 nm is shown in Fig. 6.
The PL spectrum exhibits strong near-band-edge emis-
sion at 381-394nm with a full width at half maximum
about 11 nm. The PL peaks from 381 to 394nm derive
from the quantum size effect. Broad emission peak at
478 nm can be ascribed to the mediated defect levels in
the band gap such as oxygen vacancies which is a native
defect of ZnO [19]. Oxygen vacancy acts as radiative
center in luminescence process.

UV/Visible spectrum of 2% Er®** doped ZnO is
shown in Fig. 7. The absorption spectrum of Er3+
doped ZnO shows pronounced shoulder at 388 nm, cor-
responding to the energy band gap of 3.2eV. A strong

Fig. 5 SEM images of 1% Er®*T doped ZnO.

UV absorption band at 388 nm is assigned to the ZnO
band-to-band transition. The decrease in band gap
from 3.37eV (bulk ZnO) to 3.2eV is due to the effect
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of the dopant, behaved as a substitutional impurity lo-
cated in the lattice position of ZnO.
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Fig. 7 UV/Visible spectrum of 2%Er®*" doped ZnO.

Electrical studies

The variation of resistivity with temperature for un-
doped ZnO and 1% Er3* doped ZnO is shown in Fig. 8.
The resistivity measurements were taken from room
temperature (303K) to 463K. It is observed that for
undoped and 1% Er3* doped ZnO, the resistivity de-
creases as the temperature increases. The variation of
resistance with temperature is marked in three regions
in the resistivity-temperature plot. Initially the resis-
tivity decreases very sharply from 303-320K, it is lower
in the shallow region from 320-340K, and steady de-
crease beyond 345K for undoped ZnO. For 1% Er3*
doped ZnO, the resistivity decreases rapidly from 300-
322K, and it almost reaches a steady state in the range
322-362 K, and a rapid decrease from 362-382K and a
gradual decrease beyond 382K is observed. This anal-
ysis indicates the increase in conductivity of both un-
doped and 1% Er*t doped ZnO. This is due to the
negative temperature coefficient of resistance of Er3*
doped ZnO semiconductor, in which the occupancy of
the conduction band goes up due to increase in tem-
perature. Thus, 1% Er3* doped ZnO can be used in
the temperature range 362-382K for rapid current con-
ducting device fabrication.
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Fig. 8 Resistivity variance with temperature for undoped
1% Er doped ZnO.

The Arrhenius plots that display the logarithm of
kinetic constant (InK) against inverse temperature of
undoped and 1% Er®*t doped ZnO is shown in Fig. 9.
Arrhenius plots are used to analyze the effect of temper-
ature on the rates of chemical reactions. For a singly-
rate limited thermally activated process, an Arrhenius
plot gives a straight line, from which the activation en-
ergy can be determined. Activation energy can be con-
sidered as the height of the potential barrier or energy
barrier separating two minima of potential energy of the
reactants and products of a reaction. For a chemical re-
action to proceed at a reasonable rate there should exit
an appreciable number of molecules with energy equal
to or greater than the activation energy. The activa-
tion energy calculated from Arrhenius plots of undoped
Zn0 and 1% Er?* doped ZnO, increased from 0.77eV
to 1.16 eV. The increase in activation energy in 1% Er3+*
doped ZnO is due to the increased reaction rate and the
effective collision per unit volume between the ZnO and
erbium molecules.

Magnetic study

The significance of magnetism in non-magnetic mate-
rials has been focused extensively [20]. Multiple nanos-
tructures of either organic or inorganic systems have
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3.4

been reported to show magnetic properties in the ab-
sence of magnetic elements [21-25], and even the sug-
gestion of magnetism as a universal feature at the
nanoscale has been proposed [26]. Sundaresan et al.
[27] have shown that nanoparticles of metal oxides of
non-magnetic materials, such as CeOs, AlsOz, ZnO,
Iny O3 and SnOs, exhibit room-temperature ferromag-
netism. The present study focuses on the effect of rare
earth ion Er3* on the magnetic behaviour of ZnO at
room- temperature. Erbium is one of the rare earth
ions, which has more than a half-filled 4f electron shells.
Magnetization of 6% erbium doped ZnO, as a function
of magnetic field, measured at room-temperature, us-
ing VSM is shown in Fig. 10. The magnetization curve
shows hysteresis, indicating a ferromagnetic ordering
at room temperature. The coercivity measured from
the plot is 386.55 G (0.038655 T) and the retentivity
is 5.2524 x 1072 emu/g (5.2524 A/m) and the suscep-
tibility calculated from the plot is 0.01237. The origin
of ferromagnetism may be due to the exchange inter-
actions between unpaired electron spins arising from
oxygen vacancies at the surface of the nanoparticles.
Sundaresan et al. [27] suggested that all metal oxides
in nanoparticulate form exhibit room-temperature fer-
romagnetism. In general, the magnetic semiconducting
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system can be characterized by delocalized band elec-
trons, which can be described by extended states. The
magnetic ion, on the other hand, is characterized by lo-
calized 3d or 4f shells. The localized magnetic moments
associated with the magnetic ions and their interaction
with the host semiconductor determines the magnetic
properties. The interaction responsible for the desired
magnetic behavior is s, p-f in the case of rare earth
magnetic ions. Thus, erbium doped ZnO is observed to
show dilute magnetic semiconducting behavior.
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Conclusion

In the present investigation, synthesis of Er3* doped
Zn0O by solid state reaction method seems to be an
efficient, inexpensive and easy method. The structural
characterization of the sample explored by XRD, shows
polycrystalline structure with average crystalline size of
63nm and ZnO has become zinc erbium oxide as the
concentration of erbium in ZnO was increased. W-H
plot generated for all the concentrations of erbium in
7Zn0O showed that the broadening is highly anisotropic.
Anisotropic line broadening of erbium doped ZnO was
explained in terms of dislocation induced strain broad-
ening and the dislocation density was found to be of
the order of 10 m™2. UV /Visible absorption analysis
of Er3* doped ZnO reveals the decrease in energy band
gap of doped ZnO nanocrystals and created more de-
fective sites on the ZnO surface. The increased surface
defects are capable of absorbing more visible light. The
emission peak at 387nm observed from the photolumi-
nescence study shows the improved luminescence char-
acteristics of the Er>* doped ZnO. Electrical investiga-
tion showed an increase in conductivity of undoped and
1% Er?t doped ZnO. Activation energy calculated from
Arrhenius plot increased for 1% Er®** doped ZnO in
comparison with undoped ZnO. The observed hystere-
sis in the M-H behavior showed the presence of room
temperature ferromagnetism (RTFM) in the rare earth
ion doped ZnO nanocrystals.
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