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a  b  s  t  r  a  c  t

Crystalline  uranium  oxide  thin  films  were  deposited  in  an  unbalanced  magnetron  sputtering  system
by  sputtering  from  a depleted  uranium  target  in  an  Ar  + O2 mixture  using  middle  frequency  pulsed  dc
magnetron  sputtering.  The  substrate  temperature  was  constantly  maintained  at  500 ◦C. Different  uranium
oxide  phases  (including  UO2−x, UO2, U3O7 and  U3O8) were  obtained  by  controlling  the  percentage  of
the O2 flow  rate  to the  total  gas  flow  rate  (fO2 ) in  the  chamber.  The  crystal  structure  of  the  films  was
characterized  using  X-ray  diffraction  and  the  microstructure  of the  films  was  studied  using  transmission
electron  microscopy  and atom  probe  tomography.  When  the fO2 was  below  10%,  the  film  contains  a
mixture  of metallic  uranium  and  UO2−x phases.  As  the  fO2 was  controlled  in  the range  of  10–13%,  UO2 films
with  a  (2  2 0) preferential  orientation  were  obtained.  The oxide  phase  rapidly  changed  to  a  mixture  of  U3O7

and  U3O8 as the  fO2 was  increased  to the  range  of 15–18%.  Further  increasing  the fO2 to  20%  and  above,

nnealing polycrystalline  U3O8 thin  films  with  a  (0 0  1) preferential  orientation  were  formed.  The  hardness  and

Young’s  modulus  of the  uranium  oxide  films  were  evaluated  using  nanoindentation.  The  film  containing
a single  UO2 phase  exhibited  the  maximum  hardness  of 14.3 GPa  and  a Young’s  modulus  of  195  GPa.  The
UO2 thin  film  also  exhibited  good  thermal  stability  in that no  phase  change  was  observed  after  annealing
at  600 ◦C  in  vacuum  for 104  h.

Published  by Elsevier  B.V.
. Introduction

Uranium is the heaviest radioactive element which forms a wide
ange of oxide phases, e.g. UO2, U4O9, U2O5, U3O8, UO3, etc. [1].
mong these chemical oxide phases, UO2 is the most studied oxide

orm and is mainly used for nuclear reactor fuel [2]. Uranium oxides
n the thin film form are of technical importance because they are
xcellent candidates for studying radioactive damage, and reaction
nd corrosion products in nuclear fuel [3,4]. Further, uranium oxide
hin films exhibit interesting properties, e.g. high melting temper-
tures, high catalytic activity for the oxidation of carbon monoxide,
igh reflectivity in the extreme ultraviolet region, and high dielec-
ric constant. These properties make them attractive candidates for
atalytic, optical, and semiconductor applications [5–8]. However,

he studies for uranium oxide thin films fabrication and charac-
erization are limited due to material handling and storage safety
oncerns.

∗ Corresponding author. Tel.: +1 210 522 5183; fax: +1 210 522 6220.
E-mail addresses: jlin@swri.org, jianliang.lin@swri.org (J. Lin).

ttp://dx.doi.org/10.1016/j.apsusc.2014.02.106
169-4332/Published by Elsevier B.V.
Fabrication of thin films with well characterized and controlled
uranium oxide phases is important for achieving a better under-
standing of microstructure, stability and properties of uranium
oxide in the thin film form. Vacuum evaporation [9–12], sol–gel [7],
solution [3], polmyer-assited deposition [13] and magnetron sput-
tering [14–16] techniques have been used for depositing uranium
oxide thin films since the 1960s. With the magnetron sputtering
approach, uranium oxide films can be deposited by directly sput-
tering from a pure reactor grade sintered UO2 pellet [14] or by
reactive sputtering of a depleted uranium target in an Ar/O2 atmo-
sphere [15,16]. The typical power sources for magnetron sputtering
include continuous direct current magnetron sputtering (DCMS),
radio frequency magnetron sputtering (RFMS), and middle fre-
quency pulsed dc magnetron sputtering (PDCMS). Among these
sputtering techniques, the PDCMS technique has shown several
great advantages. PDCMS provides a stable and arc-free deposition
process for oxide film depositions. In addition, the PDCMS plasma

contains an increased ion flux with a wide range of ion energy dis-
tribution (up to hundreds of eV) as compared to the low plasma
density in DCMS [17,18]. These high energetic ions can be use-
fully utilized to improve the adhesion and density of the films [17].

dx.doi.org/10.1016/j.apsusc.2014.02.106
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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owever, studies on the deposition of uranium oxide thin films
ith controlled oxide phases using PDCMS is limited.

In this paper, we report the approach to deposit uranium oxide
hin films with different oxide phases using PDCMS. The crystal
hase, microstructure, mechanical properties, and thermal stabil-

ty of uranium oxide thin films were studied using X-ray diffraction
XRD), field emission scanning electron microscopy (FESEM), trans-

ission electron microscopy (TEM), atom probe tomography (APT),
nd nanoindentation.

. Experimental details

The uranium oxide thin films were reactively deposited in an
nbalanced magnetron sputtering system by sputtering a depleted
ranium target (127 mm in diameter) in an Ar + O2 mixture. The
ubstrates were silicon (Si) (1 0 0) and yttria-stabilized zirconia
YSZ) (1 1 0) single crystal wafers, which were mounted on a
ubstrate holder. The substrate temperature was maintained con-
tantly at 500 ◦C using a resistor as the heating element. The
istance from the substrates to the target was 50 mm.  A base
ressure less than 1 × 10−4 Pa was achieved before all deposi-
ions.

Prior to the film depositions, the substrates were sputter etched
n pure Ar plasma at a pressure of 1.3 Pa for 30 min  using a pulsed dc
oltage of −500 V (100 kHz and 90% duty cycle). For the uranium
xide film depositions, the U target was powered by a pulsed dc
ower supply (Pinnacle Plus, Advanced Energy, Inc.) at an average
arget power density of 7 W cm−2. The target voltage waveform is
n an asymmetric bipolar shape with a pulsing frequency of 100 kHz
nd a duty cycle of 90%. During the positive pulse period, the tar-
et voltage was reversed to 10% of the nominal negative sputtering
oltage. For all depositions, the working pressure was  0.67 Pa. The
ercentage of the O2 flow rate to the total gas flow rate (fO2 ) was
aried from 0 to 30% with a total gas flow rate of 20 sccm. A float-
ng substrate bias voltage was used. The thickness of the obtained
ranium oxide films was in the range of 0.7–1.5 �m by adjusting
he deposition time from 30 to 60 min  for different fO2 percent-
ges.

The crystal structure of the films was characterized using XRD
n a Siemens diffractmetor using K˛ Cu radiation (35 kV and
5 mA)  in conventional Bragg-Brentano mode. The cross-sectional
icrostructure of the films was characterized by FESEM (JSM-

000F) and TEM (Phillips CM200) using an accelerating voltage of
 and 200 kV, respectively. Nanoscale chemical composition and
icrostructure of the UO2 film deposited at fO2 = 10% were ana-

yzed using APT. Samples for APT were prepared by focused ion
eam milling (FEI 3D Quanta) [19]. APT was performed using a
AMECA LEAP 4000× HR instrument operated in pulsed UV laser
ode. The experimental conditions used in the atom probe analy-

es were 50 K temperature, 50 pJ pulse energy, and 100 kHz pulse
ate.

The mean hardness and Young’s modulus values of the films
ere measured using a nanoindenter (NanoIndenter XPTM, MTS

ystems Corporation) equipped with a diamond Berkovich tip by
aking at least 12 effective measurements. The indentation depth
as kept constantly below 10% of the film thickness to minimize

he substrate effect.
The thermal stability of the UO2 film deposited at fO2 = 10% was

nvestigated in situ using heat stage X-ray diffraction (HSXRD) in
acuum. To minimize the oxidation effects, the UO2 thin film sam-
le was surrounded by titanium (Ti) metal sponge. The testing

hamber was vacuumed down to 3 × 10−3 Torr. Then the sam-
le was heated up to 600 ◦C in 5 min  and held at 600 ◦C for
04 h. The crystal phase of the film was examined in situ using
SXRD.
Fig. 1. XRD patterns of uranium oxide films deposited at different fO2 percentages.

3. Results and discussion

3.1. Crystal phase of the uranium oxide films

The XRD patterns of the films deposited at different fO2 percent-
ages are presented in Fig. 1. The metal uranium film deposited in
pure Ar (fO2 = 0) exhibits �-U structure with a strong (0 0 2) prefer-
ential orientation (JCPDF 11-0628). The film deposited at fO2 = 5%
shows a mixture of �-U and cubic UO2 phases. The dominated �-
U phase has three peaks corresponding to the (1 1 0), (0 2 1) and
(0 0 2) planes. These diffraction peaks shifted to smaller angles as
compared to their standard positions. This fact indicates the dis-
tortion of the U lattice due to the incorporation of O atoms in the
interstitial sites. In addition, a broad and low intensity peak can also
be observed at 28.2◦ in the diffraction pattern, which corresponds
to the (1 1 1) orientation of the cubic UO2 phase (JCPDF 41-1422).

As fO2 was  increased to 10% and 13%, UO2 films with a (2 2 0)
preferential orientation were obtained, as shown in Fig. 1. Many
factors affect the texture of thin films, such as the substrate and its
temperature during film growth, negative bias voltage, film thick-
ness, and the ion flux and ion energy, etc. For cubic film depositions,
the (2 0 0) surfaces are generally expected to grow preferentially
because of their low surface energy. However, when additional
kinetic or thermal energy is incorporated into the deposition pro-
cess, higher strain energy in the film will result in orientation
changes in the films [17,20]. In this study, the enhanced ion bom-
bardment from the pulsed dc plasma at an elevated temperature
(500 ◦C) likely attributed to the growth of (2 2 0) orientation in the
UO2 films. As compared to the standard (2 2 0) position at 46.97◦

(JCPDF 41-1422), the (2 20) peak of the two  UO2 films slightly
shifted to smaller angles. The XRD peak shifting of the films is
generally related to the changes of the residual stress and/or the
stoichiometry of the films. For the film deposited at fO2 = 10%, the
(2 2 0) peak position is at 46.5◦, which corresponds to an inter pla-
nar spacing of 1.95 Å. For the UO2 film obtained at a higher fO2
(13%), the (2 2 0) peak slightly shifted to a higher diffraction angle
of 46.7◦, which corresponds to an inter planar spacing of 1.94 Å.
The variation in the inter planar spacing of the UO2 film deposited
at different fO2 indicates that off-stoichiometry UO2 films can be

deposited using reactive pulsed dc magnetron sputtering by care-
fully controlling the fO2 .

Further increasing the fO2 to 15%, the uranium oxide film showed
the formation of mixed oxide phases. The film mainly contains the
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microstructure with large crystals (Fig. 2a) and the highest depo-
sition rate of 62 nm/min (Fig. 3). The deposition rate for the film
deposited at fO2 = 5% dropped down to 44 nm/min. The film exhib-
ited two  distinguishable grain morphologies, including the short
Fig. 2. Cross-sectional SEM micrographs of uranium oxide films deposited

etragonal U3O7 phase with (1 1 1) and (2 0 2) reflections (JCPDF
2-1215). In addition, a small amount of UO2 and U3O8 phases can
lso be identified in this film. When the fO2 was further increased to
8%, the uranium oxide film contains a dominant U3O8 phase with
0 0 1) and (0 0 2) diffraction peaks at 21.4◦ and 43.6◦, and a small
raction of the U3O7 phase. Further increasing the fO2 to 20 and 30%,
he films exhibited a single U3O8 phase with preferred (0 0 1) and
0 0 2) parallel planes. However, it is difficult to determine the exact
rystal phase of the U3O8 film because the (0 0 1) and (0 0 2) peaks
f the hexagonal and orthorhombic U3O8 phases overlap and thus
re convoluted. It also can be seen that the peak width of the U3O8
iffraction peaks is narrower than those of the UO2 films. This is

ikely related to an increase in the grain size of the U3O8 films, as
ill be discussed later.

.2. Microstructure of the uranium oxide films

Fig. 2 presents the cross-sectional SEM micrographs of the ura-

ium oxide thin films deposited at different fO2 percentages at
00 ◦C. Fig. 3 shows the deposition rate of the uranium oxide thin
lms as a function of fO2 as calculated from the thickness of the
lm and the deposition time. The pure ˛-U film exhibited dense
ferent fO2 percentages: (a) 0%, (b) 5%, (c) 10%, (d) 13%, (e) 15%, and (f) 20%.
Fig. 3. Deposition rate of uranium oxide films as a function of fO2 .
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APT. Fig. 6a provides a 1D concentration profile of the UO2 film at
the interface with the YSZ substrate, taken from a cylindrical region
of interest of the APT reconstruction presented in Fig. 6b. Fig. 6b
Fig. 4. Cross-sectional TEM micrographs and the SAED patterns of UO2 film

olumnar grains and the porous equiaxed grains (Fig. 2b). The for-
ation of this type of microstructure is probably related to the

o-existence of metallic �-U and UO2 phases in the film, as con-
rmed from the XRD pattern (Fig. 1).

As shown in Fig. 2c, the UO2 film deposited at fO2 = 10% exhib-
ted dense columnar grain structure with the width of the columnar
rains in the range of 100–200 nm.  The film deposited at fO2 = 13%
s also a UO2 film that exhibited very dense structure. The depo-
ition rate for the UO2 films dropped rapidly to 27.6 nm/min and
2 nm/min as the fO2 was increased to 10 and 13%, respectively. The

arge drop in the deposition rate is mainly due to the target poison-
ng effect commonly observed in reactive magnetron sputtering
21].

When the fO2 was increased to 15% and above, the deposition
ate of the films remained at the low levels of 17–18 nm/min, as the
eposition process was in the poison mode (Fig. 3). The two films
eposited at a fO2 of 15 and 20%, which mainly contain the U3O7
nd U3O8 phases, respectively, also exhibited dense microstructure
ith large equiaxed grains, as shown in Fig. 2e and f, respectively.

Fig. 4 shows the cross-sectional TEM bright-field micrographs
nd the selected area electron diffraction (SAED) patterns of the
O2 and U3O8 thin films deposited at fO2 = 10% and 20%, respec-

ively. As shown in Fig. 4a, the UO2 film deposited at fO2 =
0% exhibited dense structure with long columnar grains grown
erpendicular to the substrate. The SAED pattern of the film
hows discontinued diffraction rings, corresponding to an fcc-type
tructure associated with (1 1 1), (2 0 0), (2 2 0) and (3 1 1) Bragg
eflections for cubic UO2 (Fig. 4b). There are two elongated diffrac-
ion spots for the (2 2 0) reflection, indicating that the film has a
referential (2 2 0) orientation.

For the U3O8 film deposited at fO2 = 20%, the film exhibited
ense equiaxed grain growth structure (Fig. 4c). The large contrast
f the grains indicates the grains contain different orientations.
he SAED pattern of the film can be indexed to an hcp-type struc-

ure, associated with (0 0 1), (1 3 0), (2 0 0), (0 0 2) and (3 3 0) Bragg
eflections for hexagonal U3O8 phase.

Both XRD and TEM studies confirmed the successful preparation
f UO2 and U3O8 thin films using pulsed dc magnetron sputtering
d b) and U3O8 film (c and d) deposited at fO2 = 10% and 20%, respectively.

at 500 ◦C. The microstructure of the UO2 film deposited at fO2 = 10%
was further investigated using High resolution TEM (HRTEM) and
APT. Fig. 5 shows a HRTEM image taken from a large columnar
grain in the UO2 film, in which one-dimensional lattice fringes have
been observed. The spacing between the lattice fringes was  mea-
sured to be 1.95 Å, which is close to the standard d(2 2 0) (1.93 Å)
of the cubic UO2 crystal. This result indicates that the majority of
the UO2 crystals have the orientation with their (2 2 0) face paral-
lel to the substrate/film interface. This result agrees well with the
observations from the XRD (Fig. 1) and SAED pattern (Fig. 4b).

Nanoscale chemical composition and microstructure of the UO2
film deposited on the YSZ substrate at fO = 10% was analyzed using
Fig. 5. HRTEM micrograph of the UO2 film deposited at fO2 = 10%.
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The Ti peaks came from Ti metal sponge around the film sample.
The UO2 film showed polycrystalline structure with cubic diffrac-
tion peaks. All UO2 diffraction peaks shifted to higher diffraction
angles. The peak shifting can be explained by two assumptions.
ig. 6. (a) Atom probe 1-D concentration profile taken from the cylinder shown in
he (b) 3D APT reconstruction of the elements in the UO2/YSZ thin film. Complex
ons  represented as UOx , ZrOx , YOx , SiOx where x = 1, 2, or 3.

hows the 3D APT reconstruction of the film and substrate and list-
ng the ionic species that were detected, including the following
omplex ions: UOx, O, U, ZrOx, Zr, Y, YOx, Si SiOx, where x = 1, 2, or
. The error bars in Fig. 6a were calculated by the standard error,
qrt(p(1 − p)/n), where p is the concentration and n is the sample
ize. The O content showed a very small variation in the range of
6 to 68 at.%, while the U content is in the range of 32–34 at%. The

nterface between the UO2 film and the YSZ substrate exhibited a
raded chemical concentration for U. The gradient zone is about
5 nm.  The 3D APT reconstruction of the elements in the UO2 film
nd YSZ substrate showed a uniform distribution of UO2. By col-
ecting 6 million ions, the O:U concentration ratio in this region

as found to be 2.03.

.3. Mechanical properties of the uranium oxide films

Fig. 7 shows the hardness and Young’s modulus values measured
or the uranium oxide films deposited at different fO2 percent-
ges. The hardness and Young’s modulus of the metal �-U film are
 GPa and 84 GPa, respectively. Both values increased to 4.2 GPa
nd 110 GPa for the UOx (x < 2) film deposited at fO2 = 5%. It is
educed that the solid solution strengthening effect contributed
o the increase in the hardness of the UOx (x < 2) film [22].
Fig. 7. Hardness and Young’s modulus of uranium oxide films deposited at different
fO2 percentages.

The hardness and modulus of the film dramatically increased
to maximum values of 14.3 GPa and 195 GPa, respectively, for the
cubic UO2 film (fO2 = 10%).  As the fO2 was  further increased, the
hardness and Young’s modulus of the uranium oxide films dropped
rapidly. For the U3O7 and U3O8 thin films deposited at fO2 > 15%
the hardness and Young’s modulus of the films are in the range of
6–9 GPa and 127–147 GPa, respectively. The nanoindentation study
demonstrated that the single phase UO2 thin film exhibited the
highest hardness and Young’s modulus among the uranium oxide
films with different oxide phases. Also, the hardness of the UO2 thin
films deposited using PDCMS in this study is higher than the values
measured on a bulk polycrystalline UO2 disk (8.3–8.6 GPa) [23]. This
is mainly due to the incorporation of compressive residual stress in
the film samples as commonly observed in magnetron sputtering
deposited thin films.

3.4. Thermal stability of the UO2 films

Fig. 8 shows the XRD patterns of the UO2 thin film deposited
at fO2 = 10% during annealing in vacuum at 600 ◦C for 104 h using
HSXRD. In the patterns, the Si peak came from the Si substrate.
Fig. 8. In situ XRD measurements of the UO2 film thermally annealing at 600 ◦C in
vacuum.
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ne is related to the stress release in the film. The peak shifting
an also be a result of the changes of the film chemical homo-
eneity or stoichiometry at higher temperatures. However, further
ccurate determination of film stoichiometry is needed for a bet-
er understanding of the changes. Additionally, the width of the
eaks decreased as the annealing time was increased, indicating
he grain growth in the film. However, no phase change was found
or the UO2 film after annealing at 600 ◦C for 104 h. This study has
emonstrated the excellent thermal stability of the UO2 thin film
eposited using PDCMS.

. Conclusions

Crystalline uranium oxide thin films with different oxide phases
UOx (x < 2), UO2, U3O7, and U3O8) were deposited by sputtering

 depleted U target in an Ar + O2 mixture using middle frequency
ulsed dc magnetron sputtering at 500 ◦C. The percentage of the O2
ow rate to the total gas flow rate (fO2 ) was varied from 0 to 30%,
ignificantly varying the thin film structure. The film deposited at
O2 = 5% contains a mixture of metallic U and UO2 phases. As the
O2 was controlled in a small range of 10–13%, UO2 thin films with

 (2 2 0) preferential orientation and close to stoichiometric O:U
atio of 2 were formed. A slight increase in the fO2 to 15% led to the
ormation of metastable U3O7 phase in the film. Further increasing
he fO2 to 20% and above, the uranium oxide films exhibited a single
3O8 phase. The film deposited at fO2 = 10% with a single UO2 phase
xhibited the maximum hardness of 14.3 GPa. No phase change was
bserved for the UO2 thin film after annealing at 600 ◦C in vacuum
or 104 h.
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