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Ahstract

Magnesium tungstate { MgWO,) thin film phosphors prepared by radio frequency (RF) magnetron sputter deposition were characterized.
- and B-MgWO, were determined as the major phases in the films studied. Since the deposition rates of film were influenced by RF power,
working pressure as well as oxygen content, these processing parameters played an important role in affecting the phase present in the as-
deposited films. It is found that the formation of a-MgWQ, phase was favorable for the films grown at low deposition rates { <40 Amin™")
whereas 8-MgWO, was a dominant phase at high deposition rates. Substrate temperatures showed no detectable effects on the deposition
rates and thus the 8-MgWO, was the only phase present for the substrate terperature range examined. A phase formation mechanism due 1o
the deposition rate difference is described. Post-deposition annealing significantly improved the cathodoluminescence (CL) properties of
films, with annealing temperatures at 750°C or above being the most effective. CL property improvement appeared to be atiributed to the

enhancement of crystallinity and the transformation to the stable 8-MgWO, phase during the annealing. Annealing-induced film delamiﬁaﬁn

and blisters, however, resulied in deterioration of low voltage CL propersties.
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1. Introduction

Phosphors are one of the most important materials that
have been widely used to date in a number of applications
such as displays and monitors. Powder phosphors are found
to have many problems, e.g. contamination, poor adhesive-
ness and short service life. Phosphors in thin film form are
thus considered for advanced applications, namely the field
emission display. Most of the recent studies concerned with
thin film phosphors were limited to the sulfides, for example
rare earth-doped ZnS [1]. As decomposition of sulfides
could, however, release sulfide gases and result in severe
deterioration of phosphor properties as well as contamination
of cathode filament [2,3], alternatives of suifide phosphors
have been considered. In the literature, there are reports of
studies on ZnGa,O, powder [3] and thin film [4,5] phos-
phors to be used for substituting blue cathodoluminescent
{CL) sulfide-based phosphors. Yet, for the magnesium tung-
state { MgWO,) phosphor, another efficient blue CL material
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[6-8], very litle attempt has been done in the thin film
form. -

MgWO, has been reported to have two distinct phases,
commonly denoted as « and B-phases. a-MgWO, with a
triclinic structure is a high temperature phase existing only at
above 1250°C [7] or 1165°C [9], while B-MgWO, is a
monoclinic phase and stable at low temperatures [7]. The -
MgWO, phase is a blue luminescent phosphor [7,8]. On the
contrary, the high-temperature a-MgWO, phase does not
show the luminescence at room temperature [7.8]. Accord-
ingly, the luminescence property of MgWO, phosphor is
strongly dependent upon the phase present. It is thus inter-
esting to examine how thin film processing can produce
MgWO, phosphors with a desired luminescence property.
This study was directed toward characterizations of MgWO,
thin films prepared by radio frequency { RF) magnetron sput-
ter deposition in order to establish a fundamental understand-
ing of processing variable effects on film properties and
crystal structures. The processing parameters in terms of sput-
tering variables and post-deposition annealing conditions
were optimized to attain MgWO, thin film phosphors with
better luminescence property.
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2. Experimental

For the sputter deposition, MgWO, powder target was
synthesized. 1.5 part in weight of MgO and [ part of WO,
powder were ball-milled with alcohol for 24 h, followed by
drying at 80°C and firing at 1150°C for 3 h in air. Excess
MgO was dissolved by 3% HCl solution after firing. As-fired
MgWO, powder target was pressed into a 7.5 ¢m dish for the
thin film deposition. An RF magnetron sputtering system with
a base pressure of <5X 107" mTorr was used for the thin
film deposition. Substrates were p-type silicon wafers and
were cleaned prior to the deposition according to the standard
RCA procedure. Argon was used as a working gas and oxygen
as an active gas to obtain stoichiometric MgWQO, thin film
phosphors. For each deposition, 10 min presputtering of tar-
get was performed. Sputtering parameters studied included
RF power, oxygen content, working pressure and substrate
temperature. Deposition conditions of MgWO, thin film
phosphors are listed in Table 1.

In order to study crystal structure change and to obtain
better luminescence properties of the film. post-deposition
annealing treatments were performed. The annealing was
conducted in vacuum ( <8X 107" mTorr) at various tem-
peratures for 2 h. Phase identifications of MgWOQ, powder
and thin films were carried out by an X-ray diffractometer
(XRD, Siemens D5000) with monochromatic CuK,, radia-
tion at room temperature. Morphology and microstructure
were characterized by field emission scanning electron
microscopy (SEM. Hitachi S-4100). A scanning electron
microscope (ABT 150S) equipped with a cathodoluminesc-
ence (CL) system was used at room temperature for the
emission spectra measurements. Except for those low voltage
measurements, CL was operated at 15 kV,

3. Results and discussion
3.1. Spurter deposition

Fig. | shows an XRD pattern of powder target synthesized
in this study. The B-MgWO, phase was identified in the
pattern as a major phase. The presence of a minor MgO peak
in the pattern is presumably because the excess MgO was not
completely dissolved and removed by HCl solution after tar-
get synthesis. Fig. 2 shows an SEM micrograph of an as-
deposited film grown at 4 mTorr. 200 W, 10% O, and 450°C.
Uniform and dense columnar film structure are observed from
this micrograph. The composition of the powder target was
19 at.% Mg, 21% W and 60% O, while that of as-deposited
MgWO, films was 15% Mg, 28% W and 57% O, as analyzed
by an X-ray photoelectron spectrometer. There were no
apparent variations in composition among the films contain-
ing MgWO, as the major phase. Deposition rates of films as
functions of various processing parameters ( RF power, oxy-
gen content, working pressure and substrate temperature ) are
shown in Fig. 3. It is shown that the deposition rate increased

Table |
Deposition conditions for MgWO, thin film phosphors

Conditions Operation range
RF power 50-200 W
Working pressure 4-10 mTorr
Oxygen content 0-20%
Substrate temperature unheated—50°C
Ar flow rate 20 scem
Deposition period 120 min
El
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Fig. I. XRD pattern of MgWO, powder target synthesized in this study.

Fig. 2. SEM image of as-deposited film grown at 4 mTorr, 200 W, 10% O,
and 450°C.

monotonically with RF power while it increased with
decreasing working pressure or oxygen content. The gradual
decrease in deposition rate with increasing oxygen content is
mainly related to the less efficient sputtering ion (Ar™) con-
centration [ 10]. Substrate temperature effects on the depo-
sition rate is not significant. As will be described below, film
grown under various deposition conditions yielded different
crystal structures and thus the deposition rate played a dom-
inant role in the formation of film crystal structure.

The effect of RF power on as-deposited film crystallogra-
phy is shown in XRD patterns of Fig. 4. The diffraction
paiterns were taken from films prepared with a condition of
4 mTorr, 10% O,, and 450°C. When the film was formed at
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Fig. 3. Deposition rates of films as functions of various processing para-
meters: RF power, oxygen content, working pressure, and substrate
temperature,
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Fig. 4. XRD patterns of as-deposited films prepared at different RF powers:
{a) 50, (b) 73, (c) 100, (d) 130, and {e) 200 W {4 mTorr, 10% O, and
450°C).

21

50 W, both MgO and the high-temperature a-MgWO, phase
were present in addition to the 5-MgWO, phase. The former
two phases diminished with the 8-MgWO, becoming a major
phase as the RF power increased. Since the RF power raised
the film deposition rate (Fig. 3), this indicates that the -
MgWO, phase with (011) preferred orientation was devel-
oped for the films grown at the higher deposition rates. In
addition, an unidentified phase at ~ 33° of 28 was found
present at 50 and 75 W. The appearance of this phase seemed
to be associated with MgO and they both vanished when high
powers were applied. The effect of oxygen content on the as-
deposited film crystallography is depicted in the XRD pat-

MgO
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Fig. 5. XRD patterns of as-deposited films prepared at different oxygen

contents: (2) 0%, (b} 2.5%. (c) 10%, (d) 15%, and (e) 20% O, {4 mTor,

50 W and 450°C3.

terns of Fig. 5. These films were deposited at 4 mTorr, 50 W
and 450°C. This figure reveals that when minimal oxygen
was supplied only 8-MgWO, and MgO existed in the films.
The a-MgWO, phase, on the contrary, became predeminant
as the oxygen concentration increased. During the sputtering
process, when the oxygen was not supplied neither o~ nor j3-
MgWO, was formed. Instead, only MgO was present in the
film. In addition, the deposition rate showed a decreasing
trend as the oxygen contents increased, as indicated in Fig.
3, suggesting that the S-MgWO, formed at higher deposition
rates, consistent with the RF power effects. To study further
how the deposition rate influenced the 8-MgWO, phase for-
mation, working pressure effects were examined. Fig. 6
shows a series of XRD patterns obtained from as-deposited
films grown under different working pressures, but at the
same condition of 50 W, 10% O,, and 450°C. As seen in this
figure, the @-MgWO, phase diminished with decreasing
working pressure while the B-MgWO, phase appeared to be
a stable phase as the working pressure decreased. At low
working pressures (e.g. 4 and 2 mTorr), the MgO phase
coexisted with S-MgWO,. It is shown in Fig. 3 that the
deposition rate increased with decreasing working pressure.
Therefore, in an agreement with the above results, the 3-
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Fig. 6. XRD patterns of as-deposited films prepared at different working
pressure: (a) 2, (b) 4, (¢) 6, (d) 8, and (e) 10 mTom. (10% O,, 50 W and
450°C)H.
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MgWO, phase was likely to form when the working pressure
decreased or when the film grew at the relatively greaterrates.

In order to understand the influence of the deposition rate
on the formation of the a- or B-MgWQ, phase, the growth
mechanism of sputtered films is considered. In the sputter
deposition process. Ar ions and other high-energy species
bombard the target and transfer energy to the ejected atoms
as well as generate heat. Before arriving at the substrate sur-
face, the sputtered atoms are at a hjgh-temperature state.
Compared to the sputtered atoms. the substrate is so cool that
it provides as a heat sink when the sputtered atoms deposit.
The time required for an arriving atom to energetically equil-
ibrate with substrate is estimated to be on the order of 107"
seconds. Assuming an energy of 0.1 eV, which is equivalent
to atemperature of 1000°C, this results in an effective quench-
ing rate approaching 107 °C s~ " [11]. Prior studies have
shown that this quenching rate allows non-equilibriumatomic
arrangements to be readily quenched-in, producing alloy
films with compositions or structures which normally would
not be allowed according to bulk thermodynamic constraints
[12-15]. For instance, Cu-C ‘pseudo-alloy’ films can be
formed by sputtering due to such high cooling rates by forced
combinations of Cu and C elements which have essentially
zero mutual solid or liquid solubilities [12].

In this study, XRD results, along with relationships given
in Fig. 3, strongly suggest that the deposition rate played an
important role in the phase formation. When the deposition
rate was relatively low, below ~40 A min™', the cooling
rate effects were significant presumably because of the sub-
strate not being heated-up and the high-temperature o-
MgWOQO, phase formed favorably. Conversely, the
low-temperature 3-MgWO, phase likely formed when the
film grew faster (above ~40 A min~") due to a *warm-up’
effect of substrate from which many more high-temperature
sputtered species arrived. This ‘warm-up’ effectis considered
to be an in-situ annealing and analogy to that of the post-
deposition annealing, which eventually leads to the formation
of an equilibrium phase in the films. as discussed in the
following section. Such an in-situ annealing effect has been
demonstrated as well by Chu et al. in sputtered Cr thin films
[16]. They found the equilibrium BCC Cr phase favorably
formed when the film grew faster because the in-situ anneal-
ing of the film during deposition became increasingly influ-
ential, In the present study, the formation of the 5-MgWOQ,
phase in the films yielded better CL properties, as will be
described later. Thus, the deposition rate of thin films affects
their phase formations and of course their CL properties.
Similar results have been reported earlier for ZnS:Mn thin
films by Kawashimaetal. [ 17]. They found that the luminous
efficiency of eletroluminescence properties was enhanced by
decreasing the deposition rate due to changes in the film
surface roughness. In addition, other studies on ZnGa, O, thin
film phosphors also reported that the high deposition rates
enhanced the crystallinity of films as well as improved lumi-
nescent properties [4,5]. Accordingly, luminescent proper-
ties of thin film phosphors were significantly influenced by

the deposition rates through modifications of microstructure,
crystallinity and phases in the films.

To verify the deposition rate effects, the substrate temper-
ature was varied to examine its role on the crystallography of
as-deposited films. In Fig. 7 XRD patterns were taken from
films prepared at 4 mTorr, 10% O, and 100 W at different
substrate temperatures. The XRD results show that the films
were primarily of 8-MgWO, phase for the substrate temper-
ature range studied. Since deposition rates were above 40 A
min~ ' and did not show noticeable variations with substrate
temperatures studied (Fig. 3). one phase was expected to be
present in the films according to the mechanism proposed
earlier. In addition, when the substrate temperature was ele-
vated the cooling rate decreased, facilitating formation of the
B-MgWO, phase. Yet, changes in appearance of XRD pat-
terns due to different substrate temperatures are noted. Bragg
peaks appeared to shift to the high angle side when the sub-
strate temperature increased. This similar phenomenon was
also found when the high temperature annealing was applied,
as is discussed later. Changes in d-spacing of the -MgWO,
phase at high temperatures are considered to be related to a
lattice relaxation in the films. Further, it is noted that the
intensities of By, and B,24 peaks both deceased in relation to
that of the B, peak as the substrate temperature increased,
eventually resulting in formation of the 8-MgWO, phase with
(011) preferred orientation. Since the low-index crystallo-
graphic planes have relatively low surface energies, in cases
where a more or less random orientation has been achieved
for nucleation these planes will have favored growth rates
than those of the high-index crystallographic planes [ 18]. As
an increase in the substrate temperature will promote achieve-
ment of such random nucleation, growth of the low-index
preferred orientation crystal structure is expected. In fact,
similar results have been reported previously by Hsieh et al.
[4,5] in ZnGa,0, thin film phosphors prepared by RF mag-
netron sputtering. Their XRD patterns showed that the (222)
peak diminished while the (311) and (220) peaks evolved
as the substrate temperature increased to 600°C.

Bowt Booo P20

e
e

I

(d)
LWM
f— T T T T T T
20 30 40 50 60
2 9 (deg.)

Intensity (a.u.)

Fig. 7. XRD patterns of as-deposited films prepared at different substrate
temperatures: (a) unheated, (b) 250°C, (c¢) 350°C, and (d) 450°C (4
mTorr, 10% O, and 100 W).
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3.2. Post-deposition annealing

A series of XRD patterns of MgWQO, films annealed at
different temperatures for 2 h is shown in Fig. 8. Before
annealing, these films predominantly of the 8-MgWQ, phase
were deposited at a condition of 4 mTorr, 10% O,, 100 W,
without substrate heating. As seen from these XRD patterns,
Bragg peaks of 3-MgWO, appeared to displace to the high
angle side as the annealing temperature increased up to
750°C. similar to those observed when the substrate temper-
ature increased. Prior studies on ZnGa, O, phosphor thin films
also showed such peak shift to the high angles as the substrate
temperature raised or the annealing was applied [4.5]. This
behavior presumably was due to the stress relaxation induced
by the high temperature of the substrate or the annealing. In
addition, it is noted in this figure that a minor peak of the o-
MgWO, phase was found present in the film after annealing
at 750°C while the B-phase was fully developed at 850°C and
the presence of the a-phase was not evident. A strong B
peak is observed. indicating the (020) preferred orientation
of the B-phase was developed after 850°C annealing. In con-
trast to the as-deposited films, the film annealed at 850°C for
2 h had a film crystal structure which resembled that of the
target prepared (see Fig. 1).

In Fig. 9 X-ray results show the effects of annealing tem-
perature on a-MgWQO, films. Before annealing, these films
mainly with the @-MgWO, phase were initially prepared at
10 mTorr, 50 W, 10% O,, and 450°C, followed by annealing
at various temperatures for 2 h. Similarly, Bragg peaks of a-
MgWO, in the film shifted to the high angle side after anneal-
ing at 650°C, presumably due to the stress relaxation. At this
temperature, the 8-MgWO, phase began appearing. Anneal-
ing at temperatures at or above 750°C resulted in the forma-
tion of the B-MgWO, as the major phase. From Figs. 8 and
9. it is confirmed that regardless of the phases present in as-
deposited conditions the high-temperature annealing has
promoted the phase transformation, resulting in a thermo-
dynamically stable phase with better crystallinity at room

D220

(0)

B020

4

3‘0 4|0 5|0 60
29 (deg.)

Fig. 8. XRD patterns of films annealed at various temperatures for 2 h: {a)

as-deposited. (b) 650°C, (¢) 750°C, and {d) 850°C. The films were initially

B-MgWO, phuse and grown at 4 mTorr, 109% O,, and 100 W without sub-
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Fig. 9. XRD patterns of films annealed at various temperatures for 2 h: (a)
as-deposited, (b) 630°C, (¢) 750°C, and {d) 8§50°C. The films were initially

a-MgWO, phase and grown at 10 mTorr, 10% O,, 50 W, and 450°C.

temperature. This stable phase, 8-MgW0O,. is very similar {o
that of the powder target. As will be shown below, such phase
transformation and crystallinity enhancement which occurred
during the annealing is very beneficial in improving the cath-
odoluminescence property of MgWO, thin films.
Considering effects of annealing temperature on cathodol-
uminescence property, a series of spectra is shown in Fig. 10
{4 mTorr, 100°W, 10% O,, and no substrate heating). As the
annealing temperature increased, anoticeable increase of blue
light intensity peaked at ~470 nm is observed and such
intensity increase is prominent after annealing at 850°C. In
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Fig. 10. Cathodoluminescence intensity as a function of annealing temper-
atures: {a) as-deposited, (b) 650°C, (¢} 750°C, and (d) 850°C. The secel
erating voltage was 15 V. The films were initially 3-MgWO, phase und
grown at 4 mTorr, 100 W, and 10% O,, without substrate heating.
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literature, post-deposition annealing processes have been
reported to greatly improve efficiency and brightness of the
luminescence property for a number of thin film phosphors
[4,5,19]. While the mechanisms for luminescence properties
improvement are not necessarily the same. they are somewhat
related to the modification of microstructure or enhancement
of crystallinity of films. In this study, the luminescence prop-
erty improvement is closely associated with the occurrence
of the phase formation and better film crystallinity of -
MgWO,. From XRD results of Figs. 8 and 9. it was found
that the increase in cathodoluminescence intensity was well
corresponded with the evolution of 8-MgWO,. According to
the works by Kroger [7] and Blasse et al. [8]. 5-MgWO, is
known to be a very efficient luminescent material and a-
MgWO, does not show the luminescence at room tempera-
ture, Their results are in an excellent agreement with our
findings. Accordingly, it is concluded that the improvement
of film crystallinity and the transformation to equilibrium f3-
MgWO, phase by an annealing treatment could substantially
improve the film luminescence property.

Because the low voltage cathodoluminescence (LVCL) is
a very essential characteristic for the phosphors to be used in
the field emission displays, LVCL properties of MgWO, film
were investigated. Fig. 11 shows the room-temperature CL
spectra of MgWO, films (4 mTorr, 100 W, 10% O,, and no
substrate heating) under different accelerating voltages. No
significant peaks appeared at 1 kV, but blue light peaks were
observed on the spectra under 15, 10 and 5 kV. In order to

Intensity (a.u.)

T T T T T T
400 500 600 700
Wavelength (nm)

T
200 300

Fig. 11. Cathodoluminescence intensity as a function of accelerating volt-
ages: (a) I, (b) 5, {¢) 10, and (d) 15 kV. The tilm was grown at 4 mTorr.
100 W, and 10% O,, without substrate heating, followed by annealing at
850°C.

SN

b

Fig. 12. SEM images of MgWO, film (4 mTorr, 100 W, 10% O,, and no
substrate heating) taken after annealing at 850°C: (a) planar and (b) cross-
sectional views.

understand the detrimental LVCL property, the microstruc-
ture of the films were examined. Fig. 12 shows SEM images
of the MgWO, film (4 mTorr, 100 W, [0% O-, and no sub-
strate heating) taken after annealing at 850°C was applied.
In Fig. 12(a). a planar-view low-magnification SEM image
reveals many craters as well as blisters present and some
portions of substrate being exposed as a result of annealing.
A cross-sectional high-magnification SEM image in Fig.
12(b) shows that the structure of the film after annealing was
not apparently dense and some voids were clearly seen at the
interface region. Formation of voids is not well understood
at present. However, it might be a result of inter-diffusion of
atoms between the substrate and film during annealing. The
voids at the interface region could consequently cause the
poor adhesion of the film, ultimately giving rise to delami-
nation and formation of craters seen in Fig. 12(a). Deterio-
ration of the LVCL property was thus considered to be
attributed to these annealing-induced defects.

4. Conclusions

Uniform and dense MgWO, thin film phosphors prepared
by RF magnetron sputter deposition were obtained and, with
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proper post-deposition annealing applied, a desirable catho-
doluminescence property could be achieved. a- and B-
MgWO, were found as the major phases in the as-deposited
films. Owing to a difference in the cooling rate, the phase
formation was apparently determined by the deposition rate
of the film. When the film grew at high deposition rates such
as high RF power, low working pressure, or low oxygen
content, formation of the low-temperature S-MgWO,, phase
was favorable. In contrast, low RF power, high working pres-
sure or high oxygen content resulted in relatively low depo-
sition rates and favored the high-temperature a-MgWO,
phase formation. Substrate temperatures showed no notice-
able effects on the deposition rates and therefore the 8-
MgWQO, phase was the only phase present for the substrate
temperature range studied. Regardless of the phases present
in as-deposited films, the annealing led to a phase transfor-
mation and the stable 8-MgWO, phase resulted with better
film crystallinity. Consequently, the cathodoluminescence
properties were greatly improved after annealing, However,
annealing-induced defects such as craters and blisters
appeared to deteriorate the LVCL property of film.
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