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Abstract:-The consequence of milling time and sintering on the
size of particles , bandgap and crystalline structure was
investigated by milling the pre-sintered and non-sintered powders
using dual jar high energy ball milling. XRD [Philips X’pert]
results has confirmed the formation of composite this result wazs
furthur correlated with EDS results taken from FESEM[JEOL
JSM-7100F]. The powders prepared were analysed for their
bandgap [Ocean Optics-DH-2000-BAL] UV-Visible spectroscopic
analyser. There was a deterioration of 41.08% in bandgap which
can be attributed to the pre synthesis sintering of the material.
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I. INTRODUCTION

In the present day microelectronic industry, there is
requirements of high-k materials for functioning as gate
dielectric in advanced MOS circuits [1]. In current ultra large
scale integrated (ULSI) circuits, the scaling of devices has
reached a limit where SiO, gate dielectrics are incapable to
stop direct tunneling of electrons from gate metal to the
channel arising in an increase in gate leakage currents[2-4].
Therefore, to overcome the gate delay and other related issues
many researchers are working on alternate high dielectric
constant (high-k) oxides [5]. High k materials developed must
be good in thier thermal stability, permeability, quality of film
and should have lower interfacial traps, optimal compatibility
with fabrication of MOS devices and long-term reliability.
Owing to their credible properties, such as large critical
electric field, good thermal conductivity, high electron
mobility and stability, wide band gap (WBG) semiconductors
are being seen as promising materials in substituting Si for
devices based on high-power metal oxide semiconductor
(MOS) [6,7].

CeO; can be said as remarkable gate dielectric material for
MOS devices because of its stable chemical properties, ease of
processing, compatibility with silicon, high dielectric constant
and high oxygen diffusivity with low leakage current density
[8]. Rare-earth cerium oxide(CeQO2) has garnered significant
consideration as a substituting gate oxide to SiO2 with its
cubic fluorite structure, high dielectric constant (k =26) and
large band gap (6 eV). The electric field imposed in the gate
oxide may be suppressed by a factor of (3.9) due to the
introduction of CeO2 when compared with SiO, [9,10].
Cerium oxides (CeO, and Ce;O3) do have good oxygen
storage capacity. Zr has been incorporated into CeO; as to
improve thermal stability and also to evaluate the lattice
mismatch between Si and CeO; enabling one to reduce the
interface trap density further [11]. After high-temperature
annealing, Zr silicate or ZrO, phases are produced which both
maintain the value of the dielectric constant, if Zr does not
react with CeO, to form CexZr;_xO, ternary oxide. Zirconium

oxide with its high dielectric constant ~15-22, a high
breakdown field ~15-20 MV/cm, is thus a promising
candidate[12]. In this study consequence of sintering on
bandgap of powders before being milled was analysed in
comparison with the powders that were milled as received.

Il. EXPERIMENTATION

Cerium oxide (99.9% pure), Zirconium Oxide (99.9%
pure) powders used for the present work are supplied by
Sigma Aldrich, USA. Two sets of powders in 1:1 molar ratio
were tested in this work. One combination of powders was
sintered at 8000C for one hour while another combination of
powders is loaded as received. The powders were loaded in
125 ml zirconia jars along with ($3mm) Zirconia balls. The
powders were milled in high energy ball milling machine
(Retsch make) maintaining ball to powder ratio of 10:1 at
800rpm. The powders were milled for different milling times
of 2h, 3h and 4h with an interval of 10 min for every 1h.
Samples were collected in every interval to investigate the
effect of milling time on the bandgap. The very fine powders
are prone to stick to the surface of balls and the inner walls of
the jar during milling. The degradation of milling efficiency is
overcome by manually spalling the consolidated powders from
the balls and the jar in every interval. Milled Powders are then
heat treated at 8000C for 2h. High-energy ball milling of
ceramic powders can reduce the average crystallite sizes from
the um regime down to some nm.

The prepared powder was characterized by XRD [Philips
X’pert] and FESEM [JEOL JSM-7100F] to confirm the size
and crystallinity of the particles collected in every interval. As
prepared powders were suspended in methanol and then
sonicated for 10 min in an ultrasonic bath to achieve uniform
dispersion of the particles which were then subjected to UV-
Visible spectroscopy [Ocean Optics-DH-2000-BAL] for
bandgap analysis.

I1l. RESULTS AND DISCUSSION

Powder X-ray diffraction data was collected with a Philips
x’pert system using CuKa radiation (A=1.5418 A0) at 45KV
and step size of 0.008A by placing the samples in aluminum
holders. No change was observed in the Monoclinic structure
of ZrO2 which is consistent with the studies of Songlin Li et al
etc. [5]. These results were analyzed using match! 3 software.
Crystallite size was measured using Scherrer formula,
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Fig. 1. XRD image of CeZrO4

where, K is Scherrer constant=0.94, A is X-ray wavelength
=0.15418nm and P is width of the XRD peak after corrections
concerning instrumental broadening, 6 is diffraction angle
gives the average crystallite size D as 39.8nm.

XRD peaks were corrected for the effects of the Ka2
radiation and instrumental broadening. XRD pattern shown in
fig. 1. discloses the presence of Cerium and Zirconium peaks
(111), (200), (311) and (-111), (200), (202). All the peaks
observed in this analysis are consistent with the existing work

by songlin Li et.al. [5] FESEM images were taken in JSM-
7100F at 100000x magnification and beam voltage of 10KV
with a working distance of 6mm. Figure 2(a),(b)&(c) are
pertaining to the non-sintered sample showing the particle size
variation with milling time. A constant reduction of particle
size was observed from the images. Figure 2(a) shows
particles of 2h milled powder having particle size around
117nm which may be considered in micron size. The bandgap
of this powder was calculated to be 1.78 (its absorption spectra
is shown in fig 6(a), where figure 2(b) shows particles of 3 h
milled powder has reached to nanoscale showing
approximately 40nm particle size. Reduction in particle size
have raised the bandgap to 2.10. The subsequent image of
figure 2(c) was taken at 400000x magnification showing 22
and 17 nm size particles, and a raise in bandgap of the material
of smaller particles was also observed to be 2.79 calculated
from the absorption spectra of figure 6(a). It can be observed
from FESEM images of figure 3 that; particle size reduction
was quick from micro to nanoscale while it has taken
comparatively longer time for further reduction in nanoscale.
Sintering may affect quicker particle size reduction which was
evident from the FESEM images shown in figures 3 (a), (b)
and (c) of pre-sintered samples that the powder reaches to
nano scale in the first two hours. Whereas its size was not
much considerably lowered even after milling for another two
hours (the minimum particle sizes are marked in the images).
This effect was attributed to the pre-sintering effect on
particles size,

Fig. 2. FESEM images of non-sintered powders after milling time of (a) 2 h, showing particle size 117nm (b) 3 h, showing particle size 39.8nm
(c) 4 h, showing particle size 17.7nm

Fig. 3. FESEM images of pre-sintered powders after milling time (a) 2 h showing particle size 62.5nm (b) 3 h showing particle size 43nm (c) 4 h
showing particle size 41nm

Tablel. and figure 4. are results taken from Oxford’s EDS
detector attached to FESEM machine. The quantitative
elemental analysis was carried out by INCA software. This
gave the evidence that the composition has reached the
required stoichiometry. UV-VIS spectroscopic analysis has
been conducted on the pre- sintered and non-sintered samples
in [OceanOptics-DH-2000-BAL] spectroscopic analyzer.
Bandgaps of samples calculated using

12400
CAA° gV

where, X is the wavelength of the maximum absorption.

The absorption spectra of non-sintered samples are shown
in Figure 6(a) and at the maximum absorption in the figure the
corresponding atom was marked. The maximum values of

absorption corresponding to each sample are shown in graph
of figure 5. Similarly figure 6(b) shows the absorption spectra
of powders sintered for different milling times each marked at
the highest peaks for calculating the bandgap of the materials.
A large deterioration in the bandgap with milling time of pre-
sintered powders was identified compared to that of non-
sintered powders.
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Fig. 4. EDS spectra showing quantity of elements

Table 1. Quantitative elemental analysis obtained from EDS results

Element Weight% Atomic%
OK 1.35 94.18
ZrL 0.23 2.87
CelL 0.37 2.95
Totals 1.96
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Figure 5: Bandgap comparison curves of sintered and non-sintered
materials

Each curve of figures 6 (a) and (b) were pertaining to samples
milled for 2h, 3h & 4h respectively were marked in the mages.
From figure 5, it can be observed that the bandgap was fairly
improving in the material which were milled as received.
Whereas, bandgap improvement with milling time in the
sintered powders were observed very poor. A large minimum
to maximum bandgap difference was achieved in directly
loaded powders and a little improvement in the sintered
powders.
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Fig. 6. UV-Vis spectroscopic results of (a) Non-sintered powders (b) Pre-sintered powders
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Fig. 7.: Milling time Vs Particle size

Figure 7 shows effect of milling time on particle size and effect of
particle size on the bandgap of material. The dotted arrow line
showing the bandgap improvement depending upon the milling time
as well as particle size. In this work we have demonstrated that
amorphous material size can be reduced faster than the heat treated
material.

IV. CONCLUSION

A large deterioration of 41.08% was seen in the bandgap
of materials that were sintered at a temperature of 800°C for 1
h before milling. The sizes of particles in pre-sintered
powders are found to be larger than that in non-sintered
powders though milled for the same time. This can be
attributed to the formation of crystallinity of the powder that
delayed the particle size reduction with respect to milling
time. Maximum bandgap achieved for sintered and non-
sintered powders are 1.92eV and 2.79eV after four hours of
milling time, as shown in figures 6 (a)&(b) and minimum
particle sizes were 43nm and 17.2nm as shown in figure 2 and
figure 3. Pre-synthesis sintering has affected prominently the
electrical nature of the material. As a future work bandgap
analysis can be done on powders by milling them for longer
times (Graphs depict the possibility of improvement in the

bandgaps further). Materials with wide bandgap find their
appropriate applications in many fields particularly in the
industry of MOS devices.
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