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Cadmium tungstate �CWO� films on glass substrate have been first prepared by hydrothermal
method at temperatures ranging from 120 to 180 °C from cadmium nitrite and tungstic acid in
hydrogen peroxide solution. Crack free and dense CWO films with textured structure and thickness
up to 8 µm were formed at 150 and 180 °C as revealed by x-ray diffraction �XRD� and scanning
electron microscopy �SEM� studied. Photoluminescence �PL� measurements revealed that highly
textured CWO thick films possess better PL property. The growth mechanism and preferred
orientation or textured structure as well as the relations between textured structure and PL property
have been discussed. © 2005 American Institute of Physics. �DOI: 10.1063/1.2001133�

Cadmium tungstate �CdWO4, hereafter referred to as
CWO� is one of the most important scintillator materials
with high density �7.9 g/cm3�, high atomic number �Z�, non-
hygroscopicity, and inherent optical properties, such as high
light output, low intrinsic background and few afterglows. It
has been widely studied and used in x-ray computer tomog-
raphy and introscopy, in spectrometric and radiometric de-
vices, for creation of small-sized detectors with photodiodes
or photoelectronic amplifiers and multielement detecting as-
semblies for computer tomography �CT�.1 CWO has many
other applications, such as, oil well logging,2 industrial pro-
cessing control and inspection,3 dosimetry,4 and nuclear
weapons and waste monitoring.5,6 Most studies and applica-
tions of CWO are limited to single crystals grown by Czo-
chralski method at high temperatures.7 It is difficult to incor-
porate single crystal into microdevice fabrication process.
High temperature processing also renders defects due to
stress, contamination, and loss of volatile constituents.8

CWO films are also investigated for their coverage in a
large area. CWO films have been prepared by sol-gel
method,9–11 pulsed laser deposition �PLD�,12 and spray
pyrolysis.13 All these methods produce films with thickness
less than 1 µm and relatively poor quality. Hydrothermal
growth offers a good possibility for producing high quality
and thick CWO films. Hydrothermal process is the heterog-
enous reaction in an aqueous media carried out above room
temperature and at pressure greater than 1 atm.14 It has been
garnering interest for synthesis of a wide variety of
materials,15,16 such as, ceramics �lead zirconate titanate,17

alumina,18 zirconia,19 barium titanate,20 and bioceramics21�,
composites,22 ultrafine particles with a desired shape,23 and
epitaxial growth of crystalline films.24 Hydrothermal tech-
nology has also been used for the synthesis of CWO, but
only millimeter sized single crystals25 and fine powders26,27

were prepared. In this letter we report the first hydrothermal

growth of textured CWO thick films and their photolumines-
cence �PL� properties.

Hydrogen peroxide based solution was first prepared by
dissolving 1.35 g tungstic acid powder �WO3·H2O, 99%,
Aldrich� into 35 ml hydrogen peroxide �H2O2, 30 wt %, Al-
drich� by stirring at 40 °C for 3 h, and then, 1 ml cadmium
nitrite �Cd �NO3�2 ·4H2O, 99.99%, Alfa Aesar� ethanol solu-
tion �0.875 M� was added into the colorless clear tungstic
acid solution with a Cd:W molar ratio of 1:1. For the film
growth, the resultant solution was transferred into a 23 ml
Teflon inline digester and a clean 1.5�1.5 cm2 glass sub-
strate �microslides, VWR Inc.� was suspended horizontally
inside the digester, which was subsequently heated at 120,
150, and 180 °C for 9 h. CWO films were found to grow on
both sides of the substrate, with a much thicker film on the
top side of the substrate, which was a loose packing of crys-
talline CWO powder and easily washed away by water. On
the down side of the substrate, a dense thick CWO film was
formed, and was subjected to further characterization by
means of x-ray diffraction �XRD, PW 1820, Phillips�, scan-
ning electron microscopy �SEM, JSM 5200, JEOL�, and pho-
toluminescence �PL� spectra obtained with an Oriel Instaspec
current–voltage charge-coupled device camera using a mer-
cury lamp �100 W� for excitation. All the films used for PL
test was 1.5�1.5 cm and the excitation wavelength for PL
was 298 nm.
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FIG. 1. Images of CdWO4 hydrothermal films heat-treated at 180 °C �a�
without UV light excitation, �b� with UV light excitation luminescence. The
size of the film is 1.5�1.5 cm.
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Uniform and crack free crystalline films were found to
cover the entire bottom surface of glass substrates �1.5
�1.5 cm� as shown in Fig. 1, which compares the entire
CWO film without �Fig. 1�a�� and with UV light excited
photoluminescence �Fig. 1�b��. CWO films heat treated at
150 and 180 °C were polycrystalline as determined by XRD
to be discussed in next section, whereas only scattered is-
lands were formed at 120 °C and are amorphous in nature
from XRD. Figure 2 shows the SEM images of films grown
at various temperatures. Surface morphologies of both films
grown at 150 and 180 °C are similar and consist of equal-
axes grains with average grain size of �4 �m though 180 °C
film is pinhole free whereas 150 °C film consists of some
large pinholes. Cross sections revealed that both films have a
columnar structure, suggesting that the initial nucleation oc-
curred at the substrate surface and no appreciable secondary
nucleation took place during the subsequent growth process.
However, secondary nucleation did form on the other side of
substrates upward exposed to solution; such secondary
nucleation may be resulted from homogeneous nucleation
and precipitation from the solution. The film grown at
180 °C has a transgranular fracture cross section, whereas
the film grown at 150 °C, has an intergranular fracture cross
section. Furthermore, one can easily notice that in the 150 °C

film, the grain size near the substrate was almost the same as
that at the growth surface; however, in the 180 °C film, the
grain size changed noticeably: much larger number of
smaller grains near the substrate surface and less number of
much larger grains near the growth surface. This observation
reveals that there was a much lower nucleation density at
150 °C than that at 180 °C, which is in a good agreement
with the scattered island deposits formed at 120 °C as shown
in Fig. 2�g�. There was sufficient free space for nuclei to
grow in both lateral and perpendicular to substrate surface at
150 °C, but almost no free space for nuclei to grow laterally
at 180 °C, which may explain the fact that there were pin-
holes between grains in 150 °C film, but grains were densely
packed in 180 °C films. The same reason can be applied to
explain the intergranular fracture in 150 °C film due to its
weak grain boundaries, whereas the transgranular fracture in
180 °C film resulted from its close packing and strong grain
boundary. Similar cross-section morphology to Fig. 2�b� is
also often observed in films grown by vapor phase
depositions.28

Figure 3 is the XRD patterns of hydrothermal films
grown at 120, 150, and 180 °C for 9 h. All the peaks of
hydrothermal films were identified to belong to CWO, and
no extra peaks were detected. Furthermore there was no de-
tectable shift of peak positions. Deposits formed at 120 °C
are amorphous and did not demonstrate any XRD peaks,
suggesting that the lowest growth temperature of crystalline
CWO be higher than 120 °C, but below 150 °C. It should
also be noticed that although the CWO film grown at 150 °C
demonstrated an XRD pattern identical to that of CWO pow-
der sample and the standard pattern, several XRD peaks of
CWO film grown at 180 °C were missing and these included
peaks of �110�, �020�, and �200�. The XRD pattern of 150 °C
film indicated that the initial nuclei formed at the substrate
surface had random orientation. Since there were no or little
constrain on the subsequent growth process, the resultant
film demonstrated an XRD pattern similar to that of powder
sample and the standard. However, the situation in 180 °C
film is rather different. Although the initial nuclei formed on
the glass substrate would have random orientation, the same

FIG. 2. Morphologies of CdWO4 hydrothermal films: �a�, �b�, �c�, �d�, and
�h� were hydrothermal treated at 180 °C; �a� and �b� were high magnification
images of �c� and �d�; �e� and �f� were treated at 150 °C; �g� was treated at
120 °C. �a�, �c�, �e�, and �g� were top-view of the films; �b�, �d�, �f�, and �h�
were side-view of the films.

FIG. 3. X-ray diffraction patterns of CdWO4 hydrothermal films treated at
180 °C �a�, 150 °C �b�, and 120 °C �c� the standard diffraction peaks are
shown on the bottom for comparison. The missing peaks of 180 °C hydro-
thermal film were indexed in 150 °C hydrothermal film.
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as that in 150 °C case, the nuclei density was much higher
and the subsequent growth as permitted only perpendicular
to the substrate surface, as discussed in the previous para-
graph. In this case, only these crystal orientations with the
high growth rate and perpendicular to the substrate or growth
surface can continue to grow, other orientations will be ter-
minated. Consequently, textured polycrystalline film with a
columnar structure with smaller grains near substrate and
larger grains near the growth surface is formed. Such a
growth process is known as evolution selection growth, and
has been well documented in literature.29,30 CWO has a
monoclinic wolframite-type structure and its thermodynami-
cally equilibrium crystal consists of �100�, �010�, �110�,
��111�, �102�, and ��102� facets.31 All of these facets pos-
sess relatively lower surface energy and have low growth
rates. According to the evolution selection growth
mechanism,29 none of these orientations would survive the
competitive growth. Figure 3�a� obviously agrees well with
the theory. Although the exact surface energy and growth
rates of various facets of CWO are not known to us, the
presence of peaks with strong intensity such as ��111�,
��102�, ��202�, and ��113�, suggests they have high
growth rates and low surface energy.

Figure 4 compares the photoluminescence �PL� spectra
of 180, 150, and 120 °C films measured at room temperature,
with the PL peaks from glass substrates subtracted. This re-
sult suggested that the blue-green emission apparently origi-
nated from the WO4

2− complex.32 The presence of this intrin-
sic PL peak in both 180 and 150 °C films is indicative that
both films are crystalline CWO. However, 120 °C film is
amorphous and consisted of only scattered deposits on glass
substrate according to the SEM and XRD results discussed in
previous section, it is not surprised to see there was no PL
peak emitted from this film. However, there was a redshift in
hydrothermal films by 14 nm to 494 nm. The redshift emis-
sion may be caused by the oriented growth of the CWO
crystals as reported in literature.25 180 °C film had higher
emission intensity and broader emission spectra. The higher
emission intensity was due to greater thickness, higher den-
sity, and perfection of the crystal. The broader shape emis-
sion of hydrothermal film might be explained by considering
the Jahn-Teller active vibrational modes of t2 symmetry
which influence the WO4

2− complex anion of slightly dis-
torted tetrahedral symmetry to lead to a structure absorption
band for the A1–T1�2� transitions.33,34

The authors would acknowledge the financial support
from Pacific Northwest National Laboratories �PNNL�.
M.H.S. acknowledges the Joint Institute for Nanoscience
�JIN� and Ford Fellowships. The authors would also ac-
knowledge Professor Alex Jen, Dr. Yuhua Niu, and Angus
Yip for their help in the PL measurements.

1M. S. Rapaport, A. Gayer, E. Iszak, C. Goresnic, A. Baran, and E. Polak,
Nucl. Instrum. Methods Phys. Res. A 352, 652 �1995�.

2C. L. Melcher, R. A. Manentem, and J. S. Schweitzer, IEEE Trans. Nucl.
Sci. 36, 1188 �1989�.

3C. L. Melcher, in Luminescent Materials, edited by G. Blasse and B. C.
Grabmaier �Springer, Heidelberg, 1994.�, p. 75.

4D. Brown, R. H. Olsher, Y. Eisen, and J. F. Odriguez, Nucl. Instrum.
Methods Phys. Res. A 373, 139 �1996�.

5C. M. Bartle and R. C. Haight, Nucl. Instrum. Methods Phys. Res. A 422,
54 �1999�.

6V. Ryzhikov, L. Nagornaya, V. Volkov, V. Chernikov, and O. Zelenskaya,
Nucl. Instrum. Methods Phys. Res. A 486, 156 �2002�.

7M. S. Rapaport, A. Gayer, E. Iszak, C. Goresnic, A. Baran, and E. Polak,
Nucl. Instrum. Methods Phys. Res. A 352, 652 �1995�.

8L. Nagornaya, S. Burachas, Y. Vostretsov, V. Martynov, and V. Ryzhikov,
J. Cryst. Growth 198/199, 877 �1999�.

9K. Lennstrom, S. J. Limmer, and G. Z. Cao, Thin Solid Films 434, 55
�2003�.

10H. M. Shang, Y. Wang, B. Milbrath, M. Bliss, and G. Z. Cao, Proc. SPIE
5510, 88 �2004�.

11H. M. Shang, Y. Wang, B. Milbrath, M. Bliss, and G. Z. Cao, Nucl.
Instrum. Methods Phys. Res. A �submitted�.

12K. Tanaka, N. Shirai, I. Sugiyama, and R. Nakata, Nucl. Instrum. Methods
Phys. Res. B 121, 404 �1997�.

13Z. D. Lou, J. H. Hao, and M. Cocivera, J. Lumin. 99, 349 �2002�.
14K. Byrrppa, Hydrothermal Growth of Crystals �Pergamon, Oxford, UK,

1992�, pp. 1–365.
15K. Byrappa and M. Yoshimura, Handbook of Hydrothermal Technology -

Technology for Crystal Growth and Materials Processing �William An-
drew, New York, 2001�, pp. 39–43.

16F. T. J. Smith, Appl. Phys. Lett. 43, 1108 �1983�.
17M. M. Lencka, A. Andreko, and R. E. Riman, J. Am. Ceram. Soc. 78,

2609 �1995�.
18M. Yoshimura, S. Kikugawa, and S. Somiya, J. Jpn. Soc. Powder Powder

Metall. 30, 207 �1983�.
19M. Yoshimura and S. Somiya, Fabrication of Dense, Am. Ceram. Soc.

Bull. 59, 246 �1980�.
20J. O. Eckert Jr., C. C. Hung-Houston, B. L. Gersten, M. M. Lencka, and R.

E. Riman, J. Am. Ceram. Soc. 79, 2929 �1996�.
21J. F. Shackelford, Mater. Sci. Forum 293, 99 �1999�.
22K. S. Tenhuisen, P. W. Brown, C. S. Reed, and H. R. Allcock, J. Mater.

Sci.: Mater. Med. 7, 673 �1996�.
23Y. Fujishiro, H. Yabuki, K. Kawamura, T. Sato, and A. Okuwaki, J. Chem.

Technol. Biotechnol. 57, 349 �1993�.
24Q. Chen, Y. Qian, Z. Chen, W. Wu, Z. Chen, G. Zhou, and Y. Zhang, Appl.

Phys. Lett. 66, 1608 �1995�.
25L. F. Yastrebova, A. F. Borina, and M. I. Ravich, J. Inorg. Chem. 8, 208

�1963�.
26H. W. Liao, Y. F. Wang, X. M. Liu, Y. D. Li, and Y. T. Qian, Chem. Mater.

12, 2820 �2000�.
27S. H. Yu, M. Antonietti, H. Colfen, and M. Giersig, Angew. Chem., Int.

Ed. 41, 2356 �2002�.
28M. Ohring, The Materials Science of Thin Films �Academic, San Diego,

CA, 1992.�, pp. 79–144.
29A. van der Drift, Philips Res. Rep. 22, 267 �1967�
30G. Z. Cao, J. J. Schermer, W. J. P. van Enckevort, W. A. L. M. Elst, and L.

J. Giling, J. Appl. Phys. 79, 1357 �1996�.
31C. J. Morrissey, Mineral Specimens �American Elsevier, New York, 1968�,

p. 194.
32R. Grasser, A. Scharmann, and K. -R. Strack, J. Lumin. 27, 263 �1982�.
33K. Polak, M. Nikl, K. Nitsch, M. Kobayashi, M. Ishii, Y. Usuki, and O.

Jarolimek, J. Lumin. 781, 72 �1997�.
34Y. Toyozawa and M. Inoue, J. Phys. Soc. Jpn. 1663, 21 �1966�.

FIG. 4. Photoluminescence �PL� spectra of CdWO4 hydrothermal films.
�Excitation wavelength was 298 nm.� Films had redshift by 14 nm.
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