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Abstract: Nanocrystalline Zn;_,Gd,O (x=0, 0.02, 0.04, 0.06, and 0.08) ceramics were synthesized by
ball milling and subsequent solid-state reaction. The transmission electron microscopy (TEM)
micrograph of as synthesized samples revealed the formation of crystallites with an average diameter
of 60 nm, and the selected area electron diffraction (SAED) pattern confirmed the formation of
wurtzite structure. A red shift in the band gap was observed with increasing Gd** concentration. The
photoluminescence of nanocrystalline Gd** doped ZnO exhibited a strong violet-blue emission.
Concentration dependence of the emission intensity of Gd®" in ZnO was studied, and the critical
concentration was found to be 4 mol% of Gd**. The Gd*" doped ZnO exhibited paramagnetic

. . . . 3+ .
behavior at room temperature, and the magnetic moment increased with Gd™ concentration.
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1 Introduction

Zinc oxide is one of the most important semiconductor
materials with a direct wide band gap of 3.37 eV and a
large exciton binding energy of 60 meV at room
temperature which is much larger than that of GaN
(25 meV), and is proved to be important for blue/UV
optical devices [1]. In addition to larger exciton
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binding energy, the ability to grow the single crystal
substrates makes the material more promising. The
new perspectives of ZnO include blue/UV
optoelectronics, transparent electronics, spintronics,
and sensors [2,3]. In recent years, rare earth (RE)
doped oxide semiconductors (e.g., ZnO, SnO,) have
been the focus of numerous investigations because of
their short luminescence life time, cathodo-
luminescence, electro-luminescence, and possibility to
tune the emission properties with crystallite size [4—7].
Rare earth ions are used as activators since their
emission can be fine tuned with respect to the host
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lattice for the full color emission (white light). Ney et
al. [8] have reported a broad red emission in ZnO
single crystals by doping Gd**, which is attributed to
implantation induced disorder rather than Gd** related
transitions, and the emission intensity decreases with
increase of Gd** doping. Broad violet emission band
around 3.15 eV due to RE implantation in ZnO was
reported, which is assigned to the vacancy related
emission [9]. Doping of Gd** in ZnO exhibits radiative
transition around 318 nm due to transition between the
first excited 6P7/2 state and the 8S7/2 ground state, which
is similar to the cathode-luminescence spectra in Gd
doped GaN [10].

In addition to the photoluminescence (PL) studies,
numerous works have been reported on the magnetic
behavior of transition metal doped semiconductors
[11,12]. A theoretical prediction by Dietl et al. [13]
demonstrated that the Curie temperature can be
increased above room temperature in p-type
semiconductor based diluted magnetic semiconductors
(DMS). In fact, first-principles calculations show that
the ferromagnetic state of GaN is stable for various
doping elements, including V, Cr, or Mn, without any
additional carrier doping [14,15]. In rare earth
elements, the 4f electrons are localized, exchange
interactions are possible via 5d or 6s conduction
electrons, but the high orbital momentum leads to high
total magnetic moments (e.g., 8 uB per Gd atom).
Dhar et al. [16] have studied room temperature
ferromagnetism (RT-FM) coupling in Gd doped GaN
with a magnetic moment of 4000 uB per Gd atom,
which is very high when compared to its
intrinsic atomic moment of 8 uB per Gd atom. This
motivates us to study the luminescence and magnetic
properties of Gd*" doped ZnO. We found that the
photoluminescence of Gd** doped ZnO shows an
obvious intense violet-blue emission and paramagnetic
behavior at room temperature.

2 Experimental procedure

Solid-state reaction was employed for the preparation
of Zn,,,Gd,O (x=0, 0.02, 0.04, 0.06, and 0.08)
ceramic samples. The starting reagents used included
high purity ZnO (99.9%, Sigma Aldrich) and Gd,Os
(99.9%, Sigma Aldrich). The stoichiometric amounts
of starting materials were ball milled for 30 h and the
resultant powders were calcined at 1000 ‘C for 7 h
under ambient conditions. The heating and cooling

rates were maintained at 10 C/min. The powder
X-ray diffraction (XRD) patterns were recorded
on Phillips X’PERT PRO diffractometer with Cu
Ko radiation. The morphology of as synthesized
powders was studied using transmission electron
microscopy (TEM), recorded in JEOL-TEM 2010
with an accelerating voltage of 200kV. The
optical absorption measurements were performed
using JASCO-V-670 spectrophotometer. The room
temperature photoluminescence spectra were recorded
on a PTI (Photon Technology International)
fluorimeter with an Xe arc lamp of 60 W power. The
magnetic measurements were carried out using a
superconducting quantum interference device (SQUID,
Quantum Design MPMS-XL7).

3 Results and discussion

Figure 1 shows the powder XRD patterns of Zn;_,Gd,O
(x=0, 0.02, 0.04, 0.06, and 0.08) ceramics calcined at
1000 ‘C for 7 h. In the case of Gd doped ZnO, the
XRD patterns reveal the presence of single phase
wurtzite structure (JCPDS Card No. 36-1451) with a
space group of P6smc. Surprisingly, no diffraction
peaks of Gd,O; are observed in these XRD patterns
implying the incorporation of Gd*" into the dopant site.
The Gd®" ions are successfully incorporated into ZnO
ceramics, and the peaks are broadened with increasing
Gd** content. The relative peak intensity of diffraction
peaks decreases with the increasing Gd’" content.
This decrease can be attributed to the decreasing
crystallinity due to reduction of crystallite size and/or
the difference in the ionic radius of Gd** (0.93 A) and
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Fig. 1 XRD patterns of Zn; ,Gd,O (x=0, 0.02, 0.04,
0.06, and 0.08) nano-ceramics.
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Zn*" (0.74 A). A marginal systematic variation in the
peak positions of (100), (002), and (101) planes to
lower angles is observed due to the substitution of
diluted quantity of the Gd®" ions. However, a slight
anomaly in the peak position of the (101) plane for x=
0.02 to higher angle may be attributed to the internal
compressive micro stress due to the substitution of
Gd** [17]. The crystallite sizes of all the synthesized

samples were calculated from diffraction peak
broadening using Scherrer’s equation:
D= 0.944 D
L cost

where D is the average crystallite size, f is the full
width half maximum (FWHM) of XRD peak in radian,
@ is the position of the diffraction peak, and A (1.5418 A)
is the wavelength of X-ray radiation used. The
evaluated crystallite sizes of all the samples are shown
in Table 1. The crystallite size reduces reasonably with
increasing Gd*" content. The morphology of as
synthesized ZnO and Zn;_,Gd,O (x=0.04) ceramic
powders are shown in Figs. 2(a) and 2(b), respectively.
It can be seen that most of the particles are in a narrow
size range except for few particles with an irregular
shape and agglomeration. The agglomerates observed
might be due to the calcination process. In the TEM
analysis using dispersed powders, the particles show
nano-sized nearly spherical morphology, with an
average size of 60 nm. The selected area electron
diffraction (SAED) pattern showing concentric rings
implies polycrystalline nature of the nano-ceramic
powders as shown in the inset of Fig. 2(b). All the
observed diffraction rings could be attributed to the
ZnO wurtzite structure consistent with the XRD
patterns shown in Fig. 1.

The absorption of a photon, leading to excitation of
an electron from the valence band to the conduction
band, is associated with the band gap energy. The
optical absorption spectra of ZnO and Gd*" doped ZnO
ceramic samples are shown in Fig. 3. It can be seen
that with the increase in Gd** dopant concentration, the

Table 1 Average crystallite size, band gap energy, and
magnetic moment of Zn,_,Gd,O (x=0, 0.02, 0.04, 0.06,
and 0.08) samples

Composition Crystallite Band gap Magnetic
X size (nm) energy (V)  moment (emu/g)
0 54 3.42 —
0.02 53 3.25 0.0791
0.04 46 3.14 0.1758
0.06 44 3.12 0.8290
0.08 41 3.05 1.4568

- il 3
Fig. 2 TEM micrographs of (a) pure ZnO and (b)

Zn;_,Gd,0 (x=0.04) nano-ceramics with the inset
showing the corresponding SAED pattern.
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Fig. 3 Optical absorption spectra of Zn; Gd,O (x=0,
0.02, 0.04, 0.06, and 0.08) samples.

peaks shift towards higher wavelength region.

The relation between the absorption coefficient and
the incident photon energy can be calculated by the
following equation [18]:

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

where « is the absorption coefficient, Av is the
photon energy, 4 is a constant, and E, is the optical
direct band gap. It is known that the optical band gap
of the Zn;_,Gd,O ceramic samples has a direct optical
transition. The corresponding direct band gaps of the
pure ZnO and doped samples have been evaluated by
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fitting and extrapolating the linear portion of (ahv)’
vs. (hv) plot to a =0 as shown in Fig. 4. The band
gap energy (E,) values are given in Table 1. Liu et al.
[19] have observed blue shift in Gd doped ZnO
quantum dots with reducing size of particles. In our
case, it is seen that £, values decrease with increasing
Gd content. In general, the band gap of nanoparticles
blue-shifts with decrease in size; however, here,
despite a reasonable decrease in size, the band gap is
red shifting (Table 1). This is possibly due to the
systematic inclusion of the Gd impurities in the ZnO
structure inducing the formation of new recombination
centers lowering the band gap energy. In addition, this
red shift of gap energy may also be due to the increase
in carrier concentration with Gd*" doping.
Photoluminescence is a sensitive non-destructive
technique to investigate the intrinsic and extrinsic
defects in semiconductors. The room temperature PL
emission spectra of pure ZnO and Gd doped ZnO
samples are shown in Fig.5 with an excitation
wavelength of 325nm from Xe lamp source. All
samples exhibit a multimode superimposed broad
emission bands with peak at 420 nm and a weak band
at 550 nm. The multimode peak is de-convoluted and
found to have four peaks centered around 398, 420,
445, and 468 nm. The wavelength range of the broad
multimode peak spans the violet and blue regions of
the visible spectrum leading to a dominant bi-chromic
visible emission. Similar kind of broad violent—blue
emission extending from violet to blue with a distinct
peak at 420 nm was reported in rare earth implanted
ZnO samples [9]. The 420 nm peak corresponds to the
near band-edge (NBE) emission of ZnO. The NBE
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Fig. 4 (ahv)® vs. () plots for Zn,_,Gd,O0 (x=0,

0.02, 0.04, 0.06, and 0.08) samples.

emission is attributed to the radiative recombination of
a hole in the valence band and an electron in the
conduction band [20]. The strong PL emission at
420 nm is well corroborated with the previous report
on ZnO quantum dots [21]. The origin of the visible
luminescence from ZnO 1is greatly controversial,
especially for the violet-blue emission around 400 nm.
The Zn vacancies and surface defects are the main
structural defects that occur in ZnO semiconductor
during their preparation. It is believed that they
generate trapping centers in the band gap leading to
luminescence in the visible wavelength region.
Recently, Zeng et al. [22] reported that the violet-blue
emission can be interpreted by the transition of
extended zinc interstitials (Zn;) states lying below the
conduction band minima. Here, we observe a broad
and strong violet-blue emission band even in pure
Zn0O due to radiative recombination. The broadening of
violet-blue emission peak could be attributed to
hybridization of various defect states induced by the
non-equilibrium ball milling method of preparation
and size distribution. In addition, a much weaker peak
is located at 550 nm which is attributed to the surface
defects from oxygen vacancies or Zn; [23]. Vanheusden
et al. [24] found that oxygen vacancies are responsible
for the green luminescence in ZnO. Oxygen vacancies
occur in three different charge states: the neutral
oxygen vacancy ( V), the singly ionized oxygen
vacancy ( 'V, ), and the doubly ionized oxygen vacancy
(V.") of which only V. can act as the so called
luminescent center [25].

In the present study, the PL intensity increases with
Gd doping and reaches a maximum for the critical
concentration of 4 mol% of Gd. Beyond the critical
concentration, the emission intensity gradually
decreases (Fig.5). Similar emission quenching has
been reported in alkali doped ZnO nanorods [26]. The
optical transition that is responsible for Gd** emission
is °P;—%S,), (4f—4f transition), so the incorporation of
Gd** could improve the emission intensity of rare earth
ions. Murmu et al. [27] have also observed this for
green emission with red shifting of emission peak of
Gd doped ZnO single crystals measured at low
temperature. Moreover, trivalent Gd** ions act as a
charge compensator to enter the surrounding of Zn>"
ions. In this case, excess doping perhaps causes
quenching of luminescence. Lopez et al. [28] reported
that the oxygen vacancies might be sensitizers for the
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Fig. 5 Photoluminescence emission spectra of H (kOe)

Zn_,Gd,0 (x=0, 0.02, 0.04, 0.06, and 0.08) samples.
Inset is the representative de-convoluted multimodal peaks
for pure ZnO.

energy transfer to the rare earth ion due to the strong
mixing of charge transfer states, resulting in highly
enhanced luminescence. However, excess oxygen
vacancies in the host would inevitably destroy the
crystallinity, which leads to quenching of the
luminescence. Therefore, we firmly believe that the
characteristic strong violet-blue emission in ZnO
ceramics results from the band edge emission and the
associated defects by virtue of doping and high energy
ball milling. With conventional growth methods, to
obtain a prominent emission, the as-grown ZnO
usually requires some additional treatment, such as
surface modification and annealing. The varying
violet-blue emission intensities confirm that the Gd**
ions are successfully incorporated into the ZnO
ceramics.
Figure 6 shows the M vs. H magnetization
measurements carried out at 300 K for the Zn;_.Gd,O
(x=0.02, 0.04, 0.06, and 0.08) nano-ceramic powder
samples. Pure ZnO displays diamagnetic behavior (not
shown here). The curves show no hysteresis at room
temperature for the studied samples. From the XRD
and TEM results, no impurity phases are detected, so
spurious ferromagnetic like signal is ruled out.
Recently, Dakhel ef al. [17] reported ferromagnetism
in Gd doped ZnO nanocrystalline powders prepared by
co-precipitation technique. There are reports on
ferromagnetism (FM) and antiferromagnetism in Gd
doped ZnO. In our case, typical feature of
paramagnetic behavior have been observed for all Gd**
concentrations. Paramagnetism is expected to arise
from the exchange interaction of magnetic moments
mediated by the defects in doped nanoceramics.
Similar paramagnetic behavior was reported for

Fig. 6 Magnetization (M) as a function of applied
magnetic field (H) of Zn,_,Gd,O (x=0.02, 0.04, 0.06, and
0.08) samples at 300 K.

transition metal doped ZnO and SnO, [29-33].
Adhikari et al. [34] observed the absence of
ferromagnetic and antiferromagnetic ordering in Gd
doped SnO, nanoparticles. They also identified that
with increasing Gd content, size of the particles
decreases and due to which the surface spin effects
lead to enhanced Gd—O-Gd interactions. The magnetic
moment (M) of the gadolinium doped samples
increasing linearly with increasing Gd®" content is
given in Table 1, which demonstrates substitution of
Gd’" ions replacing the Zn®" sites in the wurtzite lattice.
The values of magnetic moment are much less than the
actual moment of 8 uB per Gd atom. The observed
paramagnetic behavior might be due to random
distribution of the Gd*" ions in ZnO giving rise to
formation of some sort of weak interaction depending
on composition and distance between the magnetic
dopants, thereby influencing the strength of direct or
indirect coupling among the magnetic ions. Our
observation of paramagnetism in Gd doped ZnO is
well supported by the recent theoretical report
using density functional theory which predicts
“paramagnetic” ground state for wurtzite ZnO lattice at
room temperature based on the distance between the
magnetic ions [35].

4 Conclusions

Single phase nanocrystalline Gd** doped ZnO ceramics
was successfully synthesized by solid-state reaction.
The morphology of the as prepared samples were
nearly spherical in shape with an average diameter of
60 nm from the TEM results. Red shift in band gap
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observed with increasing Gd®* was attributed to the
increase in carrier concentration by Gd** doping.
Strong bi-chromic violet-blue visible emission was
observed, and the emission intensity increased with
Gd** doping until it reached a critical concentration of
4mol% of Gd’". The magnetic measurements of Gd
doped ZnO exhibited paramagnetism at room
temperature.
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