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The novel HfO, nanoparticles have been synthesized using sol-gel method. The samples were characterized by X-ray powder diffraction,
scanning electron microscopy with elemental analysis, Fourier transform infrared spectrometer, UV-visible spectroscopy. The XRD
patterns revealed the transition of cubic to monoclinic phase and calculated particle sizes are 34.92 and 35.66 nm in cubic phase and
increase in molar concentration increased the size to 60.31 and 60.33 nm. The optical band gap energy decrease with increasing

oxides.

| |
| |
| |
| molar concentrations. We expect that this sol-gel method may be extended to the preparation of nanostructures of other kinds of metal |
| |
| |
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INTRODUCTION

Nanostructured materials have a lot of important applications
in various fields because of their unique properties. Semi-
conductor nanoparticles have received much attention because
of their special properties in comparison with those of bulk
materials [1-3]. In particular, inorganic compound hafnium
oxide (HfO,) is an important group II-IV semiconductor with
a wide band gap (5.7eV) [4]. Hafnium dioxide is a material
with a number of technologically attractive properties such as
high melting point (2758 °C), high dielectric constant (= 30),
high chemical stability and high neutron absorption cross
section [5]. It often plays an important role in the continuous
down-scaling of integrated circuits since new insulating mate-
rials with a high dielectric constant are being researched to
replace SiO, as a gate dielectric. In terms of structural charac-
teristics, hafnium oxide exists in three polymorphic structures,
namely monoclinic (m-HfO,) at low temperature, tetragonal
(t-HfO,) above 2050 K and cubic (c-HfO,) at around 2803 K.
Each structure has different applications. In past years researchers
have been fascinated with nanoparticles structure. Materials
with their enormous potentials found in different ways of uses
for example semiconductor, optics, magnetic data storage, cata-

lysis ceramics and nano composites. Hafnium oxide has high
refractive index and laser damage thresholds [6]. In previous
years many ways prepared nanoparticles like, cobalt, platinum,
germanium and gold have been embedded into the hafnium
oxide matrix to develop the interfacial and electrical properties
of semiconductor-metal-oxide devices [7].

Many different ways have been reported for the produced
metal oxides nanoparticles. We designed an experiment to
synthesize europium doped HfO, nanoparticles, using a sol-
gel method. In the sol-gel method, the chemical reaction is
comparatively simple, low-cost and non-toxic compared to
other synthetic methods includes solvothermal [8], hydro-
thermal [9], non-hydrolytic synthesis [10]. The techniques of
precipitation method has many advantages, including low cost
and good composition process [11]. The possibility of using
HfO, as a high —k-dielectric [ 12] in capacitor devices in memory
board such that dynamic random access memory (DRAM)
applications stimulated a scientific and technique interest in it
[13]. The obtained HfO, NPs were characterized by X-ray diff-
raction (XRD) and Fourier transform infrared (FTIR) spectro-
scopy. The optical properties were studied by UV and photolu-
minescence. The morphology and size of the HfO, NPs were
evaluated by scanning electron microscope (SEM).
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EXPERIMENTAL

Hafnium chloride (purity 98 %) was purchased from Alfa
Aesar South Korea. Sodium hydroxide was procured from
spectrum in India. All the above mentioned chemicals are of
Research grade that can be used without futher purification.

Synthesis of hafnium dioxide (HfO,) nanoparticles: The
synthesis of HfO, NPs were by sol-gel method using hafnium
tetrachloride (HfCL;) and NaOH was added slowly into a NaOH
0.2,0.4, 0.6 and 0.8 M aqueous solution of HfCl, and allowed
to vigorous stirring using for 3 h. Finally white coloured preci-
pitate was containing hafnium hydroxide was obtained. The
Hf(OH), precipitated was washed thoroughly with distilled
water and centrifuged at 3000 rmp for 20 min to remove the
residuals. The process was repeated several times until the
precipitate was free from any trace of impurities. The obtained
Hf(OH), precipitate was dried in an air hot oven at 100 °C for
1 h and further calcined at 500 °C for 2 h resulting in the
formation of hafnium dioxide (HfO,) nanoparticles.

Characterization of the samples: Structural analysis was
carried out using X-ray diffractometry using CuK, radiation
(A =1.5406 A) operated at 40 kV and 30 mA in the wide angle
region of 20 range from 30° to 70°. Morphology and micro-
structure were identified by scanning electron microscope
(SEM Philip XL 30). Formation of HfO, in wurtzite phase
and available molecular bonds were investigated by the FTIR
absorption spectrum. To investigate the optical properties of
these nanoparticles, the absorbance spectra of the samples were
obtained using UV-visible spectrometer (model: Lambda 35,
make Perkin) in the wave length range 300 to 1000 nm using
quartz cuvettes at room temperature. The photoluminescence
(PL) spectrum of the HfO, nanoparticles dissolved in methanol
has been measured using a spectrophotometer in the range of
4000 to 400 cm™, (F-2500 FL Spectrophotometer, Hitachi). The
electrical conductivity study is carried out by using (Keithley
2636 B source meter).

RESULTS AND DISCUSSION

Structural studies: The crystal structure of hafnium oxide
nanoparticles sample with different molar concentrations are
shown in Fig. 1. The peak positions are in good agreement
with the standard HfO, (JCPDS: 53-0560). The XRD spectra
of powder sample calcinated at0.05M have four well resolved
peaks at 20 = 30.3°, 35.2°, 50.5°, 60.2° and 74.8°, which are
indexed as reflection from (111), (002), (002) and (113) planes,
respectively and these peaks are indexed corresponding to the
cubic phase of HfO, NPs. However the molarity increased from
0.1 M, the intensity of the peak also increased, due to impro-
vement of cubic crystal nature. At the molarities (0.15-0.2 M)
six well resolved peaks at 20 = 31.6°, 34.1°, 35.8°, 41.0°,
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Fig. 1. XRD patterns of hafnium oxide (HfO,) nanoparticles for various
molarity concentrations

45.4° and 50.4° which indexed as reflection from (011), (111),
(002), (112), (220) and (113) planes are observed respectively.
These indexed peaks are correspond to pure monoclinic phase
HfO,which was observed and also well matched with sterdeged
pattern (JCPDS No. 78-0049).

The crystallite size has been inferred from 26 and the full
width at half maximum (FWHM) of (111) diffraction peaks
on the basis of the Scherrer’s relation:

D-_~ €]
BcosH
where D is the average crystallite size (A), K is the shape factor
(0.9), A is the wavelength of X-ray (1.5406 A) at CuK,
radiation, 0 is the Bragg angle and f is the corrected the line
broadening of the nanoparticles [14].

The calculated crystal size increases with increase of
molarity (0.05-0.1 M) and then double time increase in crystal
size for higher molarity (0.15-0.2 M). It means that the increase
showed at higher molar concentration observed with decrease
in FWHM of the peak It is also evident from Table-1.

The lattice constants a = b = ¢ were calculated using the
following formula used for cubic systems [15]:

a

d=\/h2+k2+l2 2)

where d is the lattice spacing, a, b and c are the lattice constants,
h, k and I are the miller indices, 0 is the angle of corresponding
peak and A is the wavelength of X-ray used (1.5406 A). The

TABLE-1
STRUCTURAL PARAMETERS OF HfO, NANOPARTICLES

Molarity (M) 20 (°) Crystal&tren;lze ) ]?;;lgcla (t)llgrlllﬂzgls:;zy Microstrain (€) conI;ta:;;ltcs e( A) Crystal structure
0.05 30.32 34.97 8.177 0.0013 5.14 Cubic
0.10 30.33 35.06 8.133 0.0010 5.13 Cubic
0.15 31.63 60.31 2.744 0.0006 4.88 Monoclinic
0.20 31.65 60.33 2.746 0.0006 4.85 Monoclinic
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lattice constant showed an increase with increase of molarity
(0.05-0.1M), which is due to improvement of crystallinity in
cubic phase. At increased higher molarities (0.1-0.2 M) the
lattice crystal decreased which means the crystal transforms
from cubic to monoclinic phase.

The structural parameters are calculated from the follo-
wing equations [16]:
. BcosO

Microstrain: 1 3)
. . . 1
Dislocation density: 0= o “4)

The lattice defects like microstrain and dislocation density
showed a decreasing trend with increasing from molarity which
may be due to the improvement of crystallinity as well as the
high orientation along (111) direction (Fig. 1).

Optical study

Evaluation of band gap energy: The optical behaviour
of hafnium oxide nanoparticles were studied by UV absorption
spectroscopy. The UV absorption spectrum of the hafnium
nanoparticles as shown in Fig. 2. The absorption edge was
found at shorter wavelength in the UV region at 210 nm. The
absorption co-efficient is calculated using the formula:

2.303A
o=
l
where, A is the absorbance and / is the path length. The value
of optical band gap is determined from the absorption spectra
using the Tauc relation [17],

ohv = A(hv — E)"

where, o is the absorption coefficient, A is the constant having
separate value for different transitions, hv is the photon energy
and E, is the band gap energy. The value of n depends upon
the nature of transition. The values of n for allowed direct,
allowed indirect, forbidden direct and forbidden indirect transi-
tions are 1/2, 2, 3/2 and 3, respectively. The band gap energies
are found to be a negative number for n = 2, 3/2 and 3 and
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Fig. 2. Optical absorption spectra of hafnium oxide (HfO,) nanoparticles
at various molarities

hence the relationship fitting to the HfO, is n = 1/2, which
confirms the allowed direct transition. Fig. 3 shows the curves
of (athv)? versus hv for pure HfO, nanoparticles prepared at
different molarities. The E, values were obtained by extrapola-
ting the straight line portions of the graph to the X-axis. The
measured energy band gaps from these plots are represented
in Table-2. From this table, it can be observed that the E, values
varied from 5.9 to 6.2 eV for pure HfO, nanoparticles prepared
at optimized temperature [18].
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Fig. 3. Optical band gap spectra of hafnium oxide (HfO,) nanoparticles at

various molarities

TABLE-2
VARIATION OF ABSORPTION EDGES AND ENERGY BAND
GAP OF HfO, NANOPARTICLES AT VARIOUS MOLARITY

Molarity (M) Band gap energy (eV)
0.05 6.2
0.10 6.1
0.15 6.0
0.20 5.9

The energy band gap of semiconductors tends to decrease
as the molarity is increased. An increased inter atomic spacing
decreases the potential seen by the electrons in the material,
which in turn reduces the energy band gap.

Functional group analysis of hafnium dioxide nano-
particles: The FTIR spectra of synthesized sample at calci-
nation temperature of 500 °C in different molarities (0.05-0.2
M) of hafnium dioxide are as shown in Fig. 4. The observing
at FT-IR spectra it’s clear the presence of HfO, nanoparticles.
The spectra were taken in the range 4000-400 cm™. While
main peaks at 777, 541,433 cm™ due to the formation of Hf-O
bonds and in which the range of IR (800-400 cm™) are photon
modes of crystalline hafnium [19]. The absorption band at 1575
cm’ corresponds to the H-O-H bending vibration of adsorbed
water. The characteristics absorption bands at 1415 cm™ are
assigned to Biden ate carbonate symmetric stretching [20].

Surface morphological analysis: Fig. 5(a-d) gives the
SEM micrographs of the surface of hafnium dioxide nanopar-
ticles prepared at different molar concentrations. The surface
morphology of the HfO, nanoparticles is observed. But, the
grain size could not be viewed clearly. From Fig. 5(a,b) one
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Fig. 4. FTIR spectra of hafnium dioxide (HfO,) nanoparticles at various
molarities

can find that, the microstructure consisted of many plate shaped
crystalline particles. The microstructure formed is found to

255.0

'
L

Number of particles (%)

be uniform and compact which are interconnected by grains.
These results suggested that the size of the grains is large at
low concentration; less than 0.1 M. Further, it is reduced, when
the molarity concentration is increased. There by the best
uniform surface morphology is identified at 0.2 M. However,
the overall observation is that the grain size is decreased and
its surface becomes optically flat with increase of concen-
tration. Pure HfO, nanoparticles appear like plate in shape of
size ~ 1 um. All these nanoparticles present are in the size range
of nm.

Photoluminescence: The photoluminescence spectra of
hafnium dioxide nanoparticles was recorded with a view to
understand the emission properties of the materials. Photolu-
minescence emission curves of the molarity (0.05-0.2 M) for
hafnium nanoparticals has a broad visible emission band
extending from 350 to 600 nm nearly covers the entire visible
range showing emission peaks for 0.15 and 0.2 M in 362, 412,
494,522,539 and 377 nm [21]. The peaks for 0.05 and 0.1 M
are at 361, 410, 493, 519 and 538 nm obtained in the Fig. 6.
All peaks range and shift including as shown in Table-3.

(b)

50+
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Fig. 5.1. (a) SEM image (b) the size distribution histograms (c) surface occupancy plot (d) surface profile analysis in hafnium oxide (HfO,)

(0.05 M)
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Fig. 5.2. (a) SEM image (b) the size distribution histograms (c) surface occupancy plot (d) surface profile analysis in hafnium oxide (HfO,)
0.1 M)
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Fig. 5.3. (a) SEM image (b) the size distribution histograms (c) surface occupancy plot (d) surface profile analysis in hafnium oxide (HfO,)
(0.15 M)



458 Mahendran et al.

Asian J. Chem.

255.0

"

@
o
3

(b)

S a1 [0} ~
o o o o
1 i i 1

Number of particles (%)
W
o

0 40 60
Diameter (nm)

Fig. 5.4. (a) SEM image (b) the size distribution histograms (c) surface occupancy plot (d) surface profile analysis in hafnium oxide (HfO,)
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Fig. 6. Photoluminescence spectra of hafnium oxide (HfO,) nanoparticles
at different molarities

TABLE-3
PHOTOLUMINESCENCE SPECTRA OF
HAEFNIUM OXIDE NANOPARTICLES

Range (nm) Colour
352-412 Green
413-494 Blue
500-596 Red/Orange
Conclusion

The hafnium oxide nanoparticles were synthesized by
a sol-gel method. The study of XRD revealed that the synthe-
sized HfO, nanoparticles transformed from cubic structure
[JCPDS-53-0560] to monoclinic structure [JCPDS-78-0049]
as HfO, nanoparticles concentration increase. The optical
properties were examined by the UV-visible absorption spec-
trum. The band gap value was found to be 6.2, 6.1, 6.0 and 5.9
eV. The photoluminescence emission of the sample covers full
nearly visible range attributed to the closed level emission
which can be considered to be promoted by the morphology
and size of the nanoparticles formed. Considering the growth
and reproducibility of the HfO, nanoparticles visible and
emission found in the as formed sample provides better option
for LED application.
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