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Yttrium oxide thin films were prepared by reactive magnetron sputtering in different deposition condi-
tion with various oxygen flow rates. The annealing influence on the yttrium oxide film microstructure is
investigated. The oxygen flow shows a hysteresis behavior on the deposition rate. With a low oxygen flow
rate, the so called metallic mode process with a high deposition rate (up to 1.4 pm/h) was achieved, while
with a high oxygen flow rate, the process was considered to be in the poisoned mode with an extremely
low deposition rate (around 20 nm/h). X-ray diffraction (XRD) results show that the yttrium oxide films
that were produced in the metallic mode represent a mixture of different crystal structures including
the metastable monoclinic phase and the stable cubic phase, while the poisoned mode products show a
dominating monoclinic phase. The thin films prepared in metallic mode have relatively dense structures
with less porosity. Annealing at 600°C for 15h, as a structure stabilizing process, caused a phase trans-
formation that changes the metastable monoclinic phase to stable cubic phase for both poisoned mode
and metallic mode. The composition of yttrium oxide thin films changed from nonstoichiometric to sto-
ichiometric together with a lattice parameter variation during annealing process. For the metallic mode
deposition however, cracks were formed due to the thermal expansion coefficient difference between thin
film and the substrate material which was not seen in poisoned mode deposition. The yttrium oxide thin
films that deposited in different modes give various application options as a nuclear material.
© 2017 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Yttrium oxide is an industrially and technologically very useful
ceramic material under its several advanced properties: good ther-
mal and chemical stability, high mechanical strength and hardness
[1-3]. Also yttrium oxide has a wide application in nuclear research
because of its low activation due to neutron irradiation [4].

Yttrium oxide exhibits several structural polymorphisms: C-
cubic (Ia3), B-monoclinic (C2/m), A-hexagonal (P32m) and H-
hexagonal (P63/mmc). The cubic phase is stable at room temper-
ature, which transforms to H-hexagonal phase at ~2327°C or to B-
monoclinic phase at ~10 GPa [5-8]. Therefore, in low temperature
region (<2327 °C), the cubic phase, as the stable phase, is normally
preferred.

One option for producing the yttrium oxide thin film is to
use reactive magnetron sputtering deposition. Using the reactive
magnetron sputtering process to produce compound material has
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been well investigated, especially the influence of the amount of
the reactive gas on the deposition process and thin film proper-
ties [9-12]. In reactive magnetron sputtering of yttrium oxide, a
hysteresis of the deposition parameters as a function of the oxy-
gen flow is often reported. At low oxygen flow the deposition
rate is quite high, and therefore only little yttrium oxide com-
pound is formed on the target and this regime is referred to as the
metallic mode. At high oxygen flow the target becomes more oxi-
dized, and the deposition rate decreases. This regime is called the
poisoned mode.

Recent research by Lei et al. [12] demonstrated that, for yttrium
oxide deposition, metallic mode and poisoned mode give differ-
ent phases, which are the cubic phase and the monoclinic phase,
respectively. Comparing to poisoned mode thin films, the yttrium
oxide coatings deposited in metallic mode have a relatively dense
structure, less porosity and larger grain size and are considered a
preferred coating due to their superior mechanical properties. Nev-
ertheless, this conclusion still needs to be confirmed for nuclear
application (high temperature application), for which the anneal-
ing becomes a necessary post treatment for the sputtered yttrium
oxide thin film to reach the stable structure. Therefore this work

2352-1791/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)


http://dx.doi.org/10.1016/j.nme.2016.12.031
http://www.ScienceDirect.com
http://www.elsevier.com/locate/nme
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nme.2016.12.031&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:y.mao@fz-juelich.de
http://dx.doi.org/10.1016/j.nme.2016.12.031
http://creativecommons.org/licenses/by-nc-nd/4.0/

2 Y. Mao et al./Nuclear Materials and Energy 10 (2017) 1-8

Power
supply

Yttrium oxide thin film

Vacuum chamber: 120 L

Fig. 1. The magnetron sputtering setup.

investigates further the post-annealing influence on the reactive
magnetron sputtered yttrium oxide thin film microstructure.

2. Experimental techniques
2.1. Deposition and annealing

The yttrium oxide thin films were deposited by a Prevac
magnetron sputtering system (Fig. 1) on the polished P92 steel
(0.07%—0.13% C; 0.3%—0.6% Mn; max 0.02% P; max 0.01% S; max
0.5% Si; 8.5%—9.5% Cr; 0.3%—0.6% Mo; 0.15%—0.25% V; 0.03%—0.07%
N; max 0.4% Ni; max 0.02% Al; 0.04%—0.09% Nb; 1.5%—2% W,
0.001-0.006% B; max 0.01% Ti; max 0.01% Zr) substrates with the
microstructure of martensite. It is a substitute for the potential fu-
sion reactor structural material, EUROFER. The magnetron target
material was yttrium metal (Kurt J. Lesker Company, 99.9% purity,
76.2 mm diameter, 6.35 mm thickness). The distance between the
target and the substrate is ~15 cm. Argon was used to generate the
plasma. Oxygen was injected as reactive gas, so that yttrium oxide
compound could be formed. The oxygen inlet position was away
from the target, around the sample stage. An RF power supply with
13.45 MHz frequency was used to avoid the arcing effect of DC
power supply [9,13]. The deposition power was 350 W. In a single
deposition process several substrates were placed on the sample
stage, which rotated with a speed of 20°/s during the deposition
process to guarantee the homogeneous distribution of the deposi-
tion. The substrate temperature during deposition was about 140 °C
due primarily to the kinetic energy and heat of condensation of
coating atoms and plasma radiation. The oxygen flow changed be-
tween 2 standard cubic centimeter per minute (sccm) and 10 sccm
measured by a gas flow controller. The Ar flow rate was con-
stant 25 sccm in all cases. The vacuum chamber background pres-
sure was ~5 x 10~8 mbar and the pressure during deposition was
~6.5 x 103 mbar. The pumping speed was 212 L/s.

After deposition, some samples were annealed at 600 °C for 15 h
by using a vacuum tube furnace. The pressure in the vacuum tube
furnace during annealing was ~1 x 10~ mbar. The average heating
rate and cooling rate were ~4°C/min and ~1.7 °C/min, respectively.
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Fig. 2. Oxygen flow influence on discharge voltage at 350 W RF power supply.

2.2. Characterization

To calculate the deposition rate of each process, the exact yt-
trium oxide film thickness after deposition was measured by us-
ing a Dektak 6 M profilometer. The microstructure of the films
was analyzed by a dual beam SEM/FIB (focused ion beam) Carl
Zeiss Crossbeam 540 device together with an energy-dispersive X-
ray spectroscopy (EDX). A glow discharge optical emission spec-
troscopy (GD-OES, RF mode with 1.011 kHz frequency and a duty
cycle of 0.1, 800V bias voltage, 3.72 mbar plasma pressure) was
utilized to quantitatively measure the thin film composition [14].
Crystallographic properties were measured by a D8 Discovery X-ray
Diffractometer (XRD) using Cu-Ko radiation (0.154 nm) in Bragg-
Brentano geometry with a 26 range from 10° to 60°

3. Results and discussion
3.1. Deposition condition and deposition rate

Fig. 2 illustrates the relationship between discharge voltage and
the oxygen flow at 350 W RF power supply. This diagram shows a
hysteresis behavior as many papers have reported about reactive
magnetron sputtering [11-13,15]. When the oxygen flux increases,
the discharge voltage firstly remains at a high value over 300V.
When the oxygen flow reaches about 3 sccm, the deposition volt-
age abruptly drops to a low point, and then remains relatively con-
stant at the low value below 100V with the further increasing of
oxygen flow rate. When the oxygen flux decreases from 8 sccm,
firstly the discharge voltage remains at the low value. After the
oxygen flow rate decreases to about 2 sccm, the deposition volt-
age suddenly increases to the high value again, and then remains
relatively constant when the oxygen flow rate further decreases.

The high and low discharge voltages correspond to different de-
position mechanisms which are the so called metallic mode and
poisoned mode, respectively. In metallic mode, mainly the yttrium
metal atoms are sputtered from the target, and impinge on the
substrate with a reaction with the inject oxygen forming an yt-
trium oxide thin film. However, during poisoned mode deposition
with a high oxygen flux, the increasing excess oxygen can diffuse
up to the yttrium metal target forming an yttrium oxide compound
layer on the target surface. Sputtering rates from compound targets
are less than that of pure metallic target by a factor up to 50 [12].
There are two main reasons: a) the sputtering yield of metal atoms
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Fig. 3. SEM images of a FIB prepared cross-section for metallic mode (a) and poisoned mode (b) deposition before annealing.

Table. 1
Deposition rates change with different oxygen
flow.

Oxygen flow (sccm)  Deposition rate (nm/h)

1.8 1343 £26
2 1313 £49
32 25+2
4 20£2

from a compound on the target surface is less than that of a metal-
lic target; b) compounds have higher secondary electron emission
coefficients than metals and hence most of the energy of the inci-
dent ions is utilized to breaking bonds with the resultant creation
and acceleration of secondary electrons [9-13,16]. The transition of
the target from metallic surface to a compound surface is a one-
way process and is very difficult to control. If the oxygen gas flow
is reduced after the transition, the system does not convert back
at the same flow. This is due to the presence of the residual oxide
layer on the cathode. To clear the residual oxide layer on the cath-
ode, the reactive gas flow needs to be further reduced. Then the
deposition will convert to metallic mode [17]. This is the reason
for this hysteresis relationship between the discharge voltage and
the oxygen flow rate.

As the deposition rate has a linear relationship to the deposi-
tion discharge voltage [13], one can expect that the oxygen flow
rate supplied has the same hysteresis influence on the deposition
rate. Table 1 shows the deposition rates of these two deposition
condition. In a typical metallic mode, a deposition rate up to ~
1300 nm/h was obtained, while in a typical poisoned mode the
value was only ~25 nm/h.

3.2. Microstructure

Because of the different deposition mechanisms, the deposited
films in different modes show different microstructures. Fig. 3 rep-
resents the SEM images of FIB prepared cross sections for both
metallic mode and poisoned mode deposition with 2 sccm oxygen
flow and 3.2 oxygen flow, respectively. Comparing the microstruc-
tures of these two thin films, the yttrium oxide thin film produced
in metallic mode (Fig. 3a) shows a tendency to form columnar
structure with dense structure and low porosity which has been
often reported [12,18,19]. On the contrary, high porosity was seen
in the poisoned mode thin films (Fig. 3b), mainly owing to the
low kinetic energy of the deposited atoms and the trap of the gas
phase. As reported in several papers [20,21], the momentum flux

of the deposited substance shows a high influence on the film den-
sity.

After annealing, the microstructure of the thin films produced
by both modes are shown in Fig. 4. For the metallic mode thin
film (Fig. 4a), a crack formation is visible due to the stress caused
by the thermal expansion coefficient difference between the sub-
strate and yttrium oxide thin film. The thermal expansion coeffi-
cient of yttrium oxide is 8.1 (10~6/K), while P92 steel/ EUROFER
has a thermal expansion coefficient around 12 (10~6/K) [22]. Even
though the heating and cooling rate are rather gentle (4°C/min
and 1.7°C/min), the stress is still sufficient for crack formation.
The crack problem in metallic mode after annealing can also be
well revealed in Fig. 5. However, for poisoned mode thin films,
the stress caused by the thermal expansion coefficient difference
is redistributed due to the present of high porosity. In this case,
hence, there is no crack formation. Nevertheless, an intermediate
layer between the thin film and the substrate is observed in poi-
soned mode thin film (Fig. 4b). EDX analysis results are presented
in Fig. 6 indicating the interlayer composition. The strong signal of
Cr and O at the interface region demonstrates a CrOx formation. A
good explanation for this would be the excess oxygen atoms dif-
fuse and react with the Cr from the P92 substrate during the an-
nealing process. This results agree with the composition analysis in
Section 3.3.

Fig. 7 illustrates the X-ray diffraction diagrams of the metallic
mode thin films (2 sccm oxygen flow rate) before and after an-
nealing, and Fig. 8 shows the poisoned mode case (3.2 sccm oxy-
gen flow rate). For a better view, the background intensity of the
annealed thin films were shifted up for 3000a. u. A mixture of
yttrium oxide cubic phase and monoclinic phase can be identi-
fied in as-deposited metallic mode thin films. After annealing the
metastable monoclinic phase was eliminated. Only the peaks for
the stable cubic phase can be observed. This means that there is
a phase transformation from the metastable monoclinic phase to
the stable cubic phase during annealing process. Also from Fig. 7,
the intensity of the peaks get steeper after annealing. By calculat-
ing the theoretical minimum grain size based on the well-known
Scherrer’s formula [23,24], this value changes from 21 +£0.5 nm to
28 +£0.6 nm after annealing. This result points to a grain growth
during the annealing process. This phase transformation and grain
growth of magnetron sputtered films during annealing are fre-
quently reported [25-29]. Additionally, for the metallic mode as-
deposited film, the XRD pattern peaks shift to a lower angle com-
paring with the standard peak positions of the yttrium oxide cu-
bic phase. This is because of the nonstoichiometric composition
of the thin film. The excess oxygen atoms stay in the interstitial
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Fig. 4. SEM images of a FIB prepared cross-section for metallic mode (a) and poisoned mode (b) deposition after annealing.

Fig. 5. SEM images of the surface morphology for the metallic mode thin films before (a) and after annealing (b).
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Fig. 6. EDX map of the interlayer for the poisoned mode thin film after annealing.
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Fig. 7. X-ray diffraction diagrams of the thin films produced with 2 sccm oxygen
flow (metallic mode) before and after annealing.
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Fig. 8. X-ray diffraction diagrams of yttrium oxide produced by magnetron sputter-
ing with different oxygen flow after annealing.

position of yttrium oxide lattice so that the lattice parameter be-
comes larger, which corresponds to the peak shifting to the left.
While after annealing, the peak shifting gets smaller. Based on the
XRD pattern and the Bragg’s Law [23], the calculated lattice pa-
rameters of the films as deposited and annealed are 10.74 = 0.02 A
and 10.62 +0.01 A, respectively. This means that the lattice param-
eter changes back towards the standard value of yttrium oxide
(10.604 A [30]). Because the excess oxygen atoms, which stayed at
interstitial lattice position of yttrium oxide, diffuse either to the
atmosphere or to the substrate during the annealing process. The
diffusion of the excess oxygen during annealing will be further dis-
cussed in Section 3.3.

From Fig. 8, the as-deposited poisoned mode thin film rep-
resents a clean metastable monoclinic phase. Moreover, the XRD
spectrum of the poisoned mode thin film depicts only few peaks
showing the monoclinic phase and the peaks are relatively broad.
Based on these results, we can assume that the poisoned mode
product tends to form a low crystalline structure. This result cor-
responds to the theory from the structure zone models of reactive
magnetron sputtering [18]. When the sputtered atoms with low ki-
netic energy are deposited on the substrate, they cannot overcome

the energy barrier to form the low energy stable structure. This
leads to the formation of fine structure and metastable phases.
After annealing the metastable monoclinic phase was eliminated
during the annealing process. Only the peaks for the stable cubic
phase can be observed (Fig. 8). This means there is also a phase
transformation from the metastable monoclinic phase to the sta-
ble cubic phase during annealing process which is similar with the
metallic mode diagrams. Furthermore, the poisoned mode yttrium
oxide thin film shows a preferred (4 0 0) orientation after anneal-
ing. Possibly, this phenomenon is because of the different ion bom-
bardment condition in poisoned mode deposition; as some articles
have noted a change of preferential orientation can be caused by
ion bombardment [31,32].

3.3. Composition

The composition depth profiles measured by GDOES are shown
in Fig. 9. About the GDOES results details: 1. For all depth profiles,
the oxygen concentration in the very beginning - the top layer - is
always very high due to: a) The glow discharge source is evacuated
to 102 mbar only, so the vacuum is not very clean. b) Every dis-
charge damages the anode material forming surface porosity. Dur-
ing sample changing, some air will be trapped in the porosity. At
the beginning of the next discharge, the trapped air will be re-
leased. 2. The thickness of the metallic mode thin film is around
1um, while the poisoned mode thin film thickness is around
200 nm. This is the reason why the measuring time for the poi-
soned mode thin film is significantly shorter. 3. Only three chan-
nels are used in the measurement: O, Y and Fe. That is the reason
for 100% Fe concentration in the steel substrate. 4. The reference
samples for GDOES calibration were a pure Y metal (99.99 w% Y)
and a CE 650 sample (from Swerea KIMLAB) with 34 w% oxygen.

It was expected that the oxygen and yttrium would have
matched the stoichiometric relationship, which is 3:2 (60%:40%).
However, the as-deposited thin films which were produced in both
modes have an oxygen concentration higher than 60%. The non-
stoichiometric yttrium oxide compound produced by reactive mag-
netron sputtering has been widely reported in latter papers [1,10,
12,33]. Considering also the lattice parameter results from XRD
analysis in Section 3.2, this elevated oxygen level points, again, to
the trap of the oxygen atoms inside lattice interstitial position. Be-
sides, the voids, grain boundary and other defects of the film are
also the possible positions for the excess oxygen atoms. The poi-
soned mode thin film shows a higher oxygen concentration than
the metallic mode thin film because of the higher oxygen flow dur-
ing magnetron deposition. During the annealing process, the excess
oxygen atoms can diffuse to the atmosphere or to the substrate as
discussed in Section 3.2. Hence, after annealing the oxygen and yt-
trium concentration ratio reaches the prescribed values of 60%:40%
in the thin film. The diffusion of the excess oxygen agrees with the
peak shifting results from the XRD analysis. Furthermore, there is
an oxygen peak at the interface between the thin film and the sub-
strate for the poisoned mode thin film after annealing. This proves
again the existing of an intermediate oxide layer.

4. Fusion applications
4.1. Permeation barrier

During the fusion reactor operation, tritium atoms have a po-
tential possibility to permeate through the reactor wall or other
components of the fusion power plant. This may cause a series of
problems, including: fuel loss, tritium accumulation in other parts
of the vessel and radiological hazards. In order to suppress the per-
meation through the reactor walls, a permeation barrier coating is
required. In latter research, several materials are considered as the
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Fig. 9. GDOES depth profile for: metallic mode as-deposited thin film (a); poisoned mode as-deposited thin film (b); metallic mode thin film after annealing (c); poisoned

mode thin film after annealing (d).

candidate for permeation barrier, such as Al,03 [34,35], Er,03 [36-
38].

Here, yttrium oxide thin film is prepared as a promising can-
didate for tritium permeation barrier coatings for fusion reactors
because of its potentially high permeation reduction factor [39,40].

As the cracks will cause significant impact on the permeation
measurement, the crack free poisoned mode yttrium oxide thin
films were chosen for the test. The yttrium oxide thin films were
deposited on Eurofer97 substrates (0.3 mm thickness, 250 mm di-
ameter plate) in poisoned mode. Then the thin films were an-
nealed at 550°C for 16 h in the vacuum tube furnace. After that,
the longtime permeation measurements on were proceeded over 7
days by Engels et al. [39]. During the measurement, the deuterium
filling time is ~20h. Then the permeation reduction factor stabi-
lized at a value of ~30. The thin film microstructure remained un-
changed during annealing at 550°C in deuterium atmosphere and
under the conditions of the permeation measurement [39].

4.2. Interface material for tungsten fiber reinforced tungsten
composites

In future fusion reactors, tungsten is a main candidate mate-
rial for the first wall material of the divertor. The intrinsic brittle-
ness of tungsten is, however, a concern with respect to the fusion
environment with high transient heat loads and neutron irradia-
tion. To overcome this drawback, a tungsten fiber-reinforced tung-
sten (W¢/W) composites are being developed relying on an extrin-
sic toughing mechanism [41-46]. For W¢/W composites, a weak in-
terface layer between the tungsten fibers and tungsten matrix is
required for the required pseudo ductile behavior. Yttrium oxide
is an ideal candidate interface material for the W¢/W composite

due to its several advanced properties: good thermal and chemical
stability, high mechanical strength and hardness. For this applica-
tion, the yttrium oxide thin films produced in metallic mode were
chosen, because of their dense structure and low porosity. Fig. 10
represents the as-deposited yttrium oxide coating on the W fiber.

During the composites manufacturing by powder metallurgy
process (consolidation temperature up to 2000 °C), especially dur-
ing the Field Assisted Sintering Technology (FAST) process, the in-
sulating yttrium oxide interface will get damaged due to external
pressure, local overheating and dielectric breakdown effect [47,48].
This interface damaged can be mitigated by increasing the inter-
face thickness. Fig. 11 shows the yttrium oxide interface with dif-
ferent thickness in the actual W¢/W composite after the FAST pro-
cess [49]. Here, a functional interface region could be established
after consolidation with the relatively thick yttrium oxide thin film
interface produced by metallic mode deposition.

5. Conclusion

A series of yttrium oxide films, for fusion application, were de-
posited by magnetron reactive sputtering on P92 steel substrate
under different deposition conditions (metallic mode and poisoned
mode). In as-deposited thin films, a mixed structure of metastable
monoclinic phase and stable cubic phase is formed in metallic
mode, while in the poisoned mode, a dominating metastable mon-
oclinic phase is formed. An oxygen composition excess is also
observed. As a consequence, to achieve the preferred stable mi-
crostructure as a permeation barrier coating, the necessity of the
annealing process has been confirmed. Annealing causes a recrys-
tallization and a phase transformation from the metastable mono-
clinic phase to the stable cubic phase. The thin films, then, reach
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Fig. 10. SEM image of the as-deposited yttrium oxide thin film surface on single tungsten fiber (a); SEM image of the thin film cross section prepared by FIB cut showing

yttrium oxide thin film structure (b).
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Fig. 11. SEM images of yttrium oxide interface in the actual W¢/W composite after the FAST process: 1um thick coating (a); 2.5 pm thick coating.

the stoichiometric composition together with a lattice parameter
restoration.

Based on the microstructure characteristics, the poisoned mode
thin film was chosen as a candidate for permeation barrier coat-
ing, while the metallic mode yttrium oxide thin film was chosen
as the candidate of the W¢/W interface material. For both applica-
tions, the preliminary test results were promising.

Nevertheless, both deposition modes showed some issues after
the annealing process: in metallic mode films, cracks are formed
and in poisoned mode thin films, an intermediate oxidation layer
is generated. To further increase the thin film quality, two potential
solutions are suggested here: 1. Heat the substrate to the aimed
temperature during magnetron sputtering [50-54], where the dif-
ference in thermal expansion coefficient still needs to be noticed
during the cooling of the sample. 2. Deposition with a combined
process of both modes. A thin metallic mode thin film can be de-
posited as an intermediate layer between the poisoned mode layer
and the substrate to isolate the reaction between them. At the
same time, the thermal expansion force can be redistributed by
the high porosity in the poisoned mode layer.
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