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a  b  s  t  r  a  c  t

The  crystallographic  and  optical  properties  of  Mn-doped  ZnO  nanoparticles  prepared  by a  sol–gel  process
have  been  investigated  by  X-ray  diffraction,  UV-visible  absorption  spectroscopy  and  cathodolumines-
cence  microanalysis.  X-ray  diffraction  reveals  that  the  nanoparticles  have  hexagonal  wurtzite  crystal
structure,  with  the lattice  constants  along  the  a-  and  c-axes  increasing  with  increasing  Mn  concentration
eywords:
nO
oping
andgap
athodoluminescence

from  0  to 2.4  at%.  For  all  Mn  concentrations  in  this  range,  the nanoparticles  are  essentially  free  of  native
point  defects  so that they  exhibit  only  band-edge  luminescence.  The  optical  bandgap  and  band-edge
emission  energies  for Mn-doped  ZnO  were  found  to  increase  in proportion  to the  lattice  constants.  The
direct correlation  between  the  bandgap  and  crystal  structure  suggests  that  the  band-edge  optical  prop-
erties  of  Mn-doped  ZnO  is predominantly  influenced  by  the  amount  of  Mn  atoms  substituting  Zn  on  the
lattice  sites.
. Introduction

The possibility of bandgap engineering and influencing physical
nd magnetic properties by alloying wide bandgap semiconductors
as provided a strong impetus to study doping effects on electronic
ompounds [1].  Advances in the synthesis of high-quality ZnO
anostructures are enabling device applications, in particular, light
mitters with nanoscale dimensions and ferromagnetic semicon-
uctors, yet the effect of transition metal doping on near-band-edge
ptical emission of ZnO is still a subject of considerable debate. Sev-
ral studies have focused on Mn  doping of ZnO; however, the results
n the open literature are contradictory. For example, the relation-
hip between the bandgap and Mn  content has been reported to be
inear [2,3], a second-order polynomial [4–6] and non-monotonic
7,8]. This makes the reproducibility of ferromagnetism in Mn-
oped ZnO a challenging problem since the magnetic behaviour
f the material is highly sensitive to its electronic structure [9,10].

A key issue with the growth of transition metal (TM)-doped
nO bulk and nanocrystals is the possible existence of secondary
hases [11,12], especially for specimens prepared by high tempera-
ure processes. Previous attempts of doping nanocrystals have been

raught with problems because dopants are frequently expelled
o the surface by the intrinsic process of self-annealing [13].
his makes TM-doped ZnO exhibit interesting properties but also
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contribute to wide discrepancies in reported optical properties of
ZnO nanoparticles. One way  to overcome this issue is to quantify
relationships between the core structure of nanoparticles and their
optical data. For this purpose, we  have prepared ZnO specimens
doped with Mn  in the concentration range from 0 to 2.4 at% and
evaluated the relationship between the optical bandgap and crys-
tal structure of the host material. It will be shown that the bandgap
of Mn-doped ZnO is directly correlated with the lattice constants
of the host material.

2. Experimental

2.1. Synthesis

The starting materials, Zn(CH3COO)2·2H2O (Aldrich, >99.0%), Na2CO3 (Aldrich,
>99.5%) and Mn(CH3COO)2·4H2O (Aldrich, >99%) were used without further purifi-
cation. The synthesis of undoped ZnO particulates was  conducted via the following
reaction.

Zn(CH3COO)2·2H2O + Na2CO3 → ZnCO3 + 2Na(CH3COO)

In a typical synthesis of undoped ZnO, 13.5 g of Zn(CH3COO)2·2H2O and 6.5 g of
Na2CO3 were separately dissolved in 50 ml of deionised water. The Na2CO3 solution
was  added into the Zn(CH3COO)2·2H2O solution to form white precipitates. The pre-
cipitates were separated from the supernatant using a centrifuge and further washed
with deionised water to remove reaction by-products until the salinity of the super-
natant becomes less than 100 ppm. The separated precipitates were dried in air at
60 ◦C and then heat treated at 350 ◦C for 1 h. For the synthesis of Mn-doped ZnO par-

ticulates, a mixture of up to 3 mol% Mn(CH3COO)2·4H2O in Zn(CH3COO)2·2H2O was
dissolved in 50 ml  of deionised water and then mixed with an aqueous solution of
Na2CO3, followed by the same procedure as for undoped ZnO. This synthesis method
resulted in ZnO nanoparticles, which undergoes an observable colour change from
white to beige with increasing Mn concentration.

dx.doi.org/10.1016/j.jallcom.2012.01.116
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ig. 1. XRD of pure and Mn-doped ZnO nanoparticles. Peak shifts of 0.059 and
.062◦ were observed for the (1 0 1) and (0 0 2) lines of 2.4 at% Mn-doped ZnO with
espect to pure ZnO. The inset shows an SEM image of ZnO nanoparticles.

.2. Characterisation

The morphology and optical properties of the nanoparticles were investigated
sing a FEI QUANTA 200 scanning electron microscope (SEM) fitted with a GATAN
ono CL3 spectrometer system for cathodoluminescence (CL) measurements. The

L  signal was  dispersed by a 1200 lines/mm grating, collected by a parabolic mirror
nd detected with a Hamamatsu R943-02 Peltier cooled photomultiplier tube. All CL
pectra were converted from wavelength to energy space, and corrected for the over-
ll  detection response of the CL spectroscopy system. Crystal structure identification
f the particulates was  determined by high-resolution X-ray diffraction (XRD) on a
iemens D5000 X-ray diffractometer using the Cu K� radiation (� = 0.15406 nm). For
ptical bandgap measurements, nanoparticles were deposited on a glass substrate.
iffuse reflectance and transmission optical data were collected using a Perkin-
lmer UV-vis spectrophotometer fitted with an integrating sphere coupled to an
riel Cornerstone 260 1/4 m Monochromater. This setup is insensitive to direc-

ional reflection from the substrate and provides reproducible averaged response
f  the nanoparticles. The concentrations of Mn  in the nanoparticles were measured
y  X-ray Photoelectron Spectroscopy (XPS), which was conducted at the Soft X-ray
pectroscopy beamline of the Australian Synchrotron.

. Results and discussion

SEM images of pure and doped ZnO nanoparticles reveal nearly
pherical shape with dimensions in the range 100–250 nm (inset,
ig. 1). XRD patterns of the pure and Mn-doped nanoparticles reveal

 single hexagonal wurtzite structure, with two  strong peaks ZnO
0 0 2) and (1 0 1) at approximately 34.5◦ and 36.3◦, respectively.
he presence of Mn  dopants (up to 2.4 at%) does not influence the
hape and crystal structure of the nanoparticles; however, XRD
eak shifts are discernible. The concentration range in this study is
ell below the equilibrium Mn  solubility limit in bulk ZnO (∼12 at%

14]) to prevent surface segregation in the nanoparticles. Mn  ions
ntroduced as dopants at levels up to 2.4 at% shift the diffraction
eaks to lower angles, indicating that the unit cell expands to
ccommodate the ions. This result is illustrated in Fig. 1, which
hows peak shifts of 0.059◦ and 0.062◦ in the ZnO (1 0 1) and (0 0 2)
iffraction lines, respectively, for 2.4 at% Mn-doped ZnO. Such a
hange is expected since Mn  is known to substitutionally replace Zn

n the lattice [15] and has a larger ionic radius than Zn (0.80 Å com-
ared with 0.74 Å for the ions in the tetrahedral symmetry). This
hange to the unit cell dimensions is in agreement with previous
bservations in Mn-doped ZnO bulk [4,6] and nanostructures [16].
Fig. 2. Plot of (  ̨ · h�)2 versus h� for ZnO nanoparticles (see text for details). Intercept
of the extrapolated lines near the absorption onset with the x-axis indicates the
bandgap of 3.22 and 3.29 eV for pure and 2.4 at% Mn-doped ZnO, respectively.

The XRD peaks were fitted with Pearson VII analytical functions,
yielding the angular positions. The lattice parameters (a and c)
were derived based on Bragg’s law and the d spacing for hexagonal
crystals, which yield

sin2 �

�2
= h2 + hk + k2

3a2
+ l2

4c2

where � is the diffraction angle, (h k l) the Miller indices, and a and
c are the lattice constants of ZnO.

Optical absorption (UV–visible) measurements reveal a clear
shift in the absorption onset in nanoparticles doped with Mn.  The
optical bandgap was  derived based on the Tauc relationship for
direct bandgap semiconductors [17]:

 ̨ = A
(hv − E)1/2

hv

where  ̨ is the absorption coefficient, E the bandgap and A a con-
stant. Bandgap was  obtained by extrapolating the linear region near
in the absorption onset in a plot of (  ̨ · h�)2 versus h� (Fig. 2) which
shows the bandgap increases from 3.22 to 3.29 eV with an increase
in Mn  concentration from 0 to 2.4 at%. This accords with the
anticipation that the bandgap would increase with increasing Mn
concentration due to the band continuum and Mn  forming chemical
bonding states with ZnO [3,18].  Since the size of the nanoparti-
cles is significantly larger than the ZnO Bohr radius of 2.34 nm
[19], no quantum size effects are expected. This bandgap expan-
sion is accompanied a notable reduction in the optical transparency
of the nanoparticles. The total transmittance in the visible region
is greater than 80% for the undoped nanoparticles but decreases
sharply to ∼35% for 2.4% Mn-doped ZnO. This is due to midgap
absorption, which has been attributed to the internal d–d transition
of Mn  ions [3].

Fig. 3 shows the normalised CL spectra of ZnO nanoparticles
doped with various contents of Mn.  These spectra were acquired
under identical electron beam conditions (10 keV, 3.8 nA) at 80 K;
under such excitation conditions the CL signal from the speci-
mens was observed to be stable during prolonged irradiation. All

nanoparticles exhibit only near-band-edge (NBE) emission. The
absence of commonly observed deep-level emissions in the region
of 2.1–2.5 eV, characteristic of points defects which are common
with bulk ZnO [20]. This is remarkable because it suggests that the
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Fig. 3. Normalised CL spectra (beam energy 10 keV, current 3.8 nA, temperature
80  K) of the near-band-edge emission of ZnO nanoparticles doped with different
levels of Mn,  showing a blue shift with an increase in Mn concentration from 0 to
2.4  at%. (For interpretation of the references to colour in this figure legend, the reader
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anoparticles are essentially free of native point defects, despite
he introduction of Mn  ions. This is also indicative of the success of
he doping scheme. Mn  doping does not change the shape of the
mission profile; however, the CL emission profile of the nanopar-
icles with ≥1% Mn  is slightly broadened due to structural disorder
nduced by the substitution of Mn  ions. A clear shift in the NBE emis-
ion is discernible: Mn  doping blue shifts the emission from 3.25
o 3.32 eV with an increase in Mn  concentration from 0 to 2.4 at%,
eflecting the change in the exciton energy observed in the optical
bsorption measurements. The amount of the blue shift (80 meV) is
he same as that of the optical bandgap. The CL intensity was found
o decrease drastically with increasing Mn  concentration, with the
ntegrated intensity being reduced by more than two orders of

agnitude as the Mn  concentration increases from 0 to 2.4 at%.
imilar quenching of luminescence has been observed previously
n nanocrystals and bulk ZnO [5,21,22]. The mechanism of quench-
ng is, however, not clear but is most likely due to the creation of a
eep donor level, which provide efficient competitive channels for
on-radiative recombination via the dopant Mn  3d levels [23].

Previously reported relationships between the bandgap and the
n doping content have shown drastic variations from linearity

3] to non-monotonicity [7].  Such discrepancies are likely due to
he fact that not all Mn  ions are expected to substitute Zn ions
nd only a fraction of them is incorporating into the ZnO lattice.
he notable differences in the effect of Mn  doping suggest that the
icrostructure of Mn-doped ZnO and the distribution of Mn  in the

ost material are different depending on the synthesis method and
rowth modes. Rutherford backscattering (RBS) measurements of
puttered Mn-doped ZnO thin films showed only 25% of Mn  atoms
ubstituting for Zn sites in the lattice while the rest was  present in
ther forms [12]. On the other hand, the band-edge optical prop-
rties are mainly affected by the fraction of substitutional Mn  ions.
lthough no secondary phases in the nanoparticles have been found
y XRD, any Mn-rich precipitates would be too small to be detected

y this technique. To elucidate the above intuitive idea, we have
lotted the bandgap as a function of the lattice constants a and

 (Fig. 4). A systematic increase in the bandgap with the a- and
Fig. 4. Variation of the optical bandgap as a function of lattice constants a and c for
Mn-doped ZnO nanoparticles, showing linear relationships with both parameters.

c-axis lattice constants can clearly been envisaged. We  found the
following empirical relationships:

Eg = 121.6a − 36.22 eV

Eg = 66.36c  − 31.27 eV

where Eg is the bandgap energy at 300 K, a and c are in nm.
The bandgap blue shifts in proportion to both lattice parameters,
demonstrating a direct correlation between the crystallographic
structure and the optical bandgap. This correlation also indicates
that the optical bandgap is predominantly influenced by Mn  ions
substituting Zn on the lattice sites and thus can be considered
as a measure of the Mn  amount being incorporated into the ZnO
host lattice. Viswanatha et al. [7] suggested that the expansion of
the bandgap of Mn-doped ZnO with increasing Mn  concentration
was  due to the presence of MnO, which is a larger bulk bandgap
(4.2 eV) than that of ZnO. The correlation between the structural
and optical properties, however, rules out the possibility of this
superposition, but supports the continuum band model for Mn-
doped ZnO [3,18].  Recently it has been shown that ferromagnetism
in transition metal-doped ZnO may  emerge from metallic clusters
rather than ions being distributed within the host matrix [11]. Fur-
ther investigations are needed to understand the ferromagnetic
behaviour of the system completely.

In conclusion, we have prepared high-quality ZnO nanoparti-
cles doped with Mn  by the sol–gel technique. A systematic study
of the structural and optical properties showed that the bandgap is
directly correlated with the lattice parameters for Mn  concentra-
tions in the range from 0 to 2.4 at%. The bandgap is found to follow
the relationships Eg = 121.6a − 36.22 eV and Eg = 66.36c − 31.27 eV,
where a and c are a- and c-axis lattice constants, respectively. This
correlation suggests the bandgap depends predominantly on the
substitutional fraction of Mn  in ZnO.
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