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Substrate by using an E-Beam Evaporation Technique
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Cerium-oxide (CeOz) microcrystals have been synthesized on a biaxially textured Ni-5%W (200)
substrate by using the Electron beam (e-beam) evaporation technique with CeO2 powder as the
source material. The substrate temperature and electron beam gun power at which the microcrystals
were formed were 400 °C and 400 W, respectively. The X-ray diffraction (XRD) analysis confirmed
the crystallinity and a (111) orientation of the CeO2 crystals. Scanning electron microscope (SEM)
image showed that the CeO2 crystals had large lateral dimensions in the range from 0.5 to 2.0 pm.
The Raman spectrum shows only one peak at 464 cm ™' corresponding to the of Fa4 mode of the
CeO2 crystals. No reports are available on the preparation of CeO2 crystals with such a large size
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I. INTRODUCTION

Cerium oxide (CeOs), also known as ceria, is one of the
most studied and useful functional rare-earth oxides. It
has many potential applications in the field of supercon-
ducting, fluorescent, magnetic and catalytic materials,
as well as other practical applications such as high oxy-
gen storage, gas sensors, optical devices, and solid oxide
fuel cells due to its ability to absorb and release oxygen
easily, to exhibit higher ionic conductivity at lower tem-
peratures, etc. [1-6]. The optical, electrical, mechani-
cal, catalytic properties of materials are well known to
change with changing grain size from nano size to bulk.
The growth of rare-earth oxides with large grain sizes,
high specific gravities, and high specific surface areas is
one of the main directions towards their development and
applications [7,8].

Efforts have been putforth by many workers to grow
CeO- with different crystalline sizes by using several
methods. However, most of the work as reported by dif-
ferent researchers is on the synthesis of nano size struc-
tures only [9-13], and only a few reports are available on
the growth of large-size crystals. As per available litera-
ture, large-size CeO4 crystals have mostly grown by using
the flux method [14] and the hydrothermal method [15].
Compare to the hydrothermal method, the flux method
requires high temperature and generally brings greater
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contamination of the flux. Recently, Songling et al. have
prepared CeOy with crystal sizes larger than 20 pm by
dipping cerium oxalic acid with the mixed solution of
nitric acid and oxalic acid [16]. Ying et al. were also
prepared CeQOs crystals with sizes between 50 — 150 pm
by using oxalic acid precipitation, and they studied the
effects of the reaction temperatures, the acidity of solu-
tion and the aging time [17].

The electron-beam (e-beam) evaporation technique
enables deposition of films at temperatures from room
temperature to high temperatures, and the films have
many advantages like high purity, controlled thickness,
and large area uniformity; the films can also be deposited
on a wide variety of substrates. Many researchers have
reported the deposition of CeOy thin films on various
substrates such as amorphous glass, quartz, Si (111), Si
(100), etc by using the e-beam evaporation technique.
On the other hand, some researchers have also reported
the deposition of CeOs on textured Ni-W substrate by
using the same technique and by varying deposition pa-
rameters. They have observed the highly intense (111)
and (200) orientations of CeOg under different optimum
conditions. Recently, Lee et al. reported that CeOy layer
had been deposited at a high deposition rate on biaxially-
textured Ni-W substrate by using e-beam evaporation
[18]. However, no reports are available on the synthesis
of CeOs microcrystals by using e-beam evaporation tech-
nique. In this paper we report the formation of micro-
crystals of CeOy on biaxially textured nickel substrates
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Fig. 1. XRD pattern of CeO2 microcrystals deposited on
biaxially textured Ni-W substrates at a 400 °C substrate tem-
perature and an e-beam gun power of 400 W.

by using the e-beam evaporation technique.

II. EXPERIMENTS

The depositions of the CeO4 crystals were carried out
on biaxially textured Ni-5%W (200) substrate by using
an in-house designed and fabricated electron beam evap-
oration system. We procured biaxially textured Ni-5
at% W (Ni-W) substrates from the manufacturer Evico
GmbH, Germany. The substrates had thickness as of 80
pm, surface roughness as < 5 nm and texture > 98% cu-
bic fraction; the majority of grains had lateral dimension
in the range of 50 — 100 pm. As a source material, CeOq
powder of 99.99% purity was evaporated from a graphite
boat. Prior to deposition, the evaporation chamber was
evacuated to a pressure of 2 x 1075 mbarr by using a
diffusion pump backed by a rotary vacuum pump. The
substrate temperature and the e-beam gun power were
varied from RT to 500 °C and from 200 to 500 W, re-
spectively.

The crystal structure and the phase characterization
were carried out with an X-ray diffractometer (model no.
D8-Avalance, Bruker, Germany) using Cu K« radiation
at 1.54 A in the 26 range from 20° to 80°. The surface
morphology was examined by using a scanning electron
microscope (SEM) (model no. LEO 400, Oxford Instru-
ments, UK). The chemical composition of the deposited
CeO2 was determined by using an energy dispersive X-
ray spectrometer (EDS) attached to the SEM. Raman
spectra was measured by using Raman scattering spec-
troscopy (InVia Renishaw) at room temperature with a
514-nm Ar-ion laser as the excitation source.
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Fig. 2. (a) SEM image of CeO2 microcrystals deposited
on a biaxially textured substrate at a 400 °C substrate tem-
perature and an e-beam gun power of 400 W. (b) SEM image
of the textured Ni-W substrate.

III. RESULTS AND DISCUSSION

We prepared a range of samples by using e-beam evap-
oration at different substrate temperatures from room
temperature to 500 °C and at different e-beam gun pow-
ers varied from 200 to 500 W. However, the formation
of CeO, microcrystals was observed only for a substrate
temperature on 400 °C and an e-beam gun power of 400
W, so the results are shown for these deposition parame-
ters only. The XRD analysis (Fig. 1) of the as-deposited
CeO5 showed sharp, intense peaks at 26 values of 28.59°
and 51.69°, respectively. The observed peak at 20 =
28.59° matches the characteristic peak of cubic CeOq,
confirming the crystalline phase of the deposited CeQOs.
Accordingly, the single XRD peak of CeO2 correspond-
ing to the (111) crystal lattice orientation was observed.
The other peak matches the characteristic peak of the
Ni-W substrate, corresponding to the (200) lattice ori-
entation. The analysis of the peaks in the XRD pattern
gave a clear indication that no traces of NiO, Ce metal
or any other impurity were present. The formation of
the pure CeOs is thereby confirmed.

The SEM image in Fig. 2(a) shows the surface mor-
phology of the as-deposited CeOs crystals. Large-sized
CeOs crystals with different sizes can be clearly seen in
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Fig. 3. EDS spectrum of CeO2 microcrystals deposited

on biaxially textured Ni-W substrate at a 400 °C substrate
temperature and an e-beam gun power of 400 W.

the micrograph. From the SEM micrograph the lateral
dimensions of the crystals are estimated to be of micron
size, lying in the range from 0.5 to 2.0 pm. No reports
are available on the formation of CeOs crystals with mi-
cron sizes by using e-beam evaporation technique. The
formation of well-defined CeO5 crystal facets indicates
that the crystals grew following a normal crystalliza-
tion process rather than simple physical-vapor condensa-
tion. The observed very low density of microcrystals also
confirms that their formation took following the normal
growth mechanism through nucleation sites during the
evaporation process. Figure 2(b) shows the surface mi-
crograph of the biaxially textured Ni-W substrate used
in this study, and low-angled grain boundaries can be
clearly seen. Because the crystals were grown without
any catalyst, the crystal formation and growth can be
understood based on the vapor-solid (VS) mechanism
[19,20]. Crystal growth by the VS mechanism has two
parts: nucleation and growth. In the present case, the
grain boundaries on the Ni-W substrate may possible
sources for nucleation centers. Thus, in the nucleation
process, a seed base consisting of CeOs nano-islands is
expected to be formed at the grain-boundary. The single
oriented crystal formation suggests that only a particu-
lar crystalline plane in the grain boundaries favored the
nucleation. In the second stage, the CeOs flux formed
in the vapor phase was continuously deposited on the
growth-initiated CeOsq crystal to grow as big-sized crys-
tal.

The EDS spectrum (Fig. 3) shows peaks correspond-
ing to cerium (Ce), oxygen (O), nickel (Ni) and tung-
sten (W). The nickel and the tungsten peaks are due to
the Ni substrate doped with W. The atomic Ce:O ra-
tio in the deposited cerium microcrystals is found to be
33.33:66.67, confirming unambiguously that the crystals
comprise pure CeQOs only, which is in good agreement
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Fig. 4. Raman spectrum of CeO2 microcrystals deposited
on a biaxially textured Ni-W substrate at a 400 °C substrate
temperature and an e-beam gun power of 400 W.

with the result obtained from XRD.

Further, we characterized the deposited CeOy mi-
crocrystals by using Raman spectroscopy performed at
room temperature. The Raman spectrum (Fig. 4) shows
an intense peak at a frequency of 464 cm~!, which cor-
responds to the Fo, Raman mode of CeO,. Generally,
metal oxides with a fluorite structure, such as CeOs,
have only a single allowed Raman F2g mode. This mode
represents a symmetric breathing mode of the oxygen
atoms around each cation. The oxygen atom moves in
this mode, and its frequency is nearly independent on
the cations mass. McBride et al. reported that the
Raman peak at 570 cm™! was due to oxygen vacancies
[20]. Anwar et al. observed a defect peak at 565 cm™1,
which corresponded to a disorder in the oxygen sublat-
tice (oxygen vacancies) in the samples prepared by using
the evaporation technique [22]. They reported that these
defect peaks corresponded to disorder in oxygen sublat-
tice more in the film deposited at room temperature and
with nanocrystalline size. We have not observed any such
peaks due to defects or oxygen vacancies, hence confirm-
ing again the formation of a pure CeO2 phase.

IV. CONCLUSION

We have synthesized pure CeOq crystals with micron
sizes on textured Ni-W substrate by using the electron-
beam evaporation technique at temperature of 400 °C
and E-beam gun power of 400 W. The XRD pattern
confirms the crystallinity and identifies the phase of the
deposited CeOs microcrystals. SEM micrographs show
the lateral dimensions of the grown microcrystals to be
in the range from 0.5 to 2.0 pym. EDS and Raman spectra
confirm that the microcrystals comprise pure CeOq only.



Synthesis of CeO2 Microcrystals Fabricated on --- — Sourav DAS et al.

ACKNOWLEDGMENTS

The authors are grateful to the Director, CSIR-
National Physical Laboratory, for his continuous encour-
agement and support during this work. The authors are
thankful to Mr. Devendra Kumar Verma for his tech-
nical support during the preparation of the samples and
would like to fully acknowledge the help of Dr. BP Singh,
Mr. KN Sood and Dr. Ajay Dhar for the Raman, SEM
and XRD measurements, respectively.

REFERENCES

[1] R. I. Walton, Prog. Cryst. Growth Charact. Mater. 57,
93 (2011).

[2] N. Izu, S. Nishizaki, T. Itoh, W. Shin, I. Matsubara and
N. Muryama, J. Ceram. Soc. Jpn. 115, 688 (2007).

[3] L. Yinglin, L. Zainovia, A. Azizan and M. D. Judith, J.
Phys. Condens. Matter. 20, 165201 (2008).

[4] A. Trovarelli, Catalysis Rev. 38, 439 (1996).

[5] E. Mamontov, T. Egami, R. Brezny, M. Koranne and S.
Tyagi, J. Phys. Chem. B 104, 11110 (2000).

[6] H. Inaba and H. Tagawa, Solid State Ionics 83, 1 (1996).
[7] C. Bueno-Ferrer, S. Parres-Esclapez, D. Lozano-Castello
and A. Bueno-Lopez, J. Rare Earths 28, 647 (2010).

[8] D. Terribile, A. Trovarelli, J. Llorca, C. de Leitenburg

and G. Dolcetti, J. Catalysis 178, 299 (1998).

-L729-

[9] C. Mansilla, Solid State Sciences 11, 1456 (2009).

[10] J. Wei, Z. Yang and Y. Yang, Cryst. Eng. Comm. 13,
2418 (2011).

[11] F. Zhang, Q. Jin and S. W. Chan, J. Appl. Phys. 95,
4319 (2004).

[12] G. Shen, Q. Wang, Z. Wang and Y. Chen, Mater. Lett.
65, 1211 (2011).

[13] E. C. C. Souza and E. N. S. Muccillo, J. Alloy Comp.
473, 560 (2009).

[14] B. M. Wanklyn, J. Cryst. Growth 5, 219 (1969).

[15] E. Tani, M. Yoshimura and S. Somiya, J. Mater. Sci.
Lett. 1, 461 (1982).

[16] W. Songling, L. Junyun, J. Jiangtao, L. Chunsheng and
Y. Chunhua, J. Chinese Rare Earth Society 26, 117
(2008).

[17] M. A. Ying, W. Baorong, L. Lina, Q. Jun, S. U. Yun-
lan, W. Dujin and W. Jingjing, J. Rare Earths 28, 136
(2010).

[18] J. B. Lee, S. K. Park, B. J. Kim, H. J. Lee, S. S. Kim,
S. H. Moon, H. G. Lee and G. W. Hong, Physica C 471,
978 (2011).

[19] A. Umar, C. Ribeiro, A. A. Hajry, Y. Masuda and Y. B.
Hahn, J. Phys. Chem. C 113, 14715 (2009).

[20] K. M. K. Srivatsa, D. Chhikara and M. S. Kumar, J.
Mater. Sci. Technol. 27, 701 (2011).

[21] J. R. McBride, K. C. Hass, B. D. Poindexter and W. H.
Weber, J. Appl. Phys. 76, 2435 (1994).

[22] M. S. Anwar, S. Kumar, F. Ahmed, N. Arshi, Y. J. Seo,
C. G. Lee and B. H. Koo, Current Appl. Phys. 11, S301
(2011).



