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Abstract

Yitria-stabilized zirconia (YSZ) thin films were grown on Si by rf magnetron sputtering. Sputtering gun was positioned at various
angles to the substrate normal to change the amount of plasma bombardment on the as-deposited films. YSZ films grown by off-axis
sputtering (90°) are readily (200)-preferred orientated but the preferred orientation of the film is deteriorated when the growth angle is
decreased and, consequently, plasma bombardment is increased due to the decreasing growth angles. The off-axis grown YSZ films
exhibit atomically smooth interfaces, which are not observed for those films grown by on-axis sputtering. The variation of oxide charge
with the growth angle is studied with the Al/YSZ /Si structure. The plasma bombardment plays an important role on the crystallinity
and, therefore, the defect type of the films and is also considered to be responsible for the Si owtdiffusion occurring in an on-axis grown

film. © 1997 Elsevier Science S.A.
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1. Introduction

Zirconium oxide stabilized with yttria (YSZ) has long
been investigated as a material for refractory use or oxy-
gen sensor application. Recently, YSZ films appear to be
the most popular choice as buffer layers on Si substrates
for growing high-temperature superconductor (HTSC) films
[1-3]. Applications of thin zirconia layers to metal—
oxide-silicon (MOS) capacitors for advanced dynamic
random access memory {DRAM) have also been investi-
gated [4] and the results were feasible. Thus, understanding
the properties of such oxide insulator—semiconductor ca-
pacitors is the important subject to the development of
dielectric oxide application on silicon and HTSC.

Epitaxial YSZ films have been grown on Si by using
pulsed laser deposition, ion-beam deposition and e-beam
evaporation. From the aspect of mechanical simplicity and
performance, sputtering serves to be a more compatible
method for growing oxide films than the above techniques.
Besides, sputtering is well used as a successful technique
for growing large-area YBa,Cu,;0, superconducting films.
In this study, we explore YSZ thin films grown on Si by
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using magnetron sputtering with sputter gun positioned at
various angles to the substrate normal. The effect of those
angles on the crystallinity and electrical properties of the
films is investigated.

2. Experimental

The YSZ films on n-type (100)Si wafers were grown by
planar rf magnetron sputtering. The target used is a
(Zr0, )y o(Y,05), ; disk of about 5 cm in diameter sintered
at 1400°C. The doping concentration of the Si substrate is
8 X 10" em™> on the basis of the results of capacitance—
voltage (C-V) measurement on MOS capacitors. The
silicon substrates were chemically etched with dilute HF to
remove native oxide before introduced into the vacuum
chamber. The subsirate temperature was maintained at
750°C and the total pressure was 6.6 Pa, which was
maintained by a mixture of oxygen and argon at a flow
rate ratio of 4/1. The sputtering gun can be positioned
semicircularly over the substrate surface. Its locations were
defined with the angle § (°) measured from the normal of
the substrate surface as shown in Fig. 1. Available angles
are 0°, 40°, 60°, and 90°. The 0° is equivalent ic on-axis
sputtering geometry and the 90° is the exact off-axis
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Fig. 1. Schematic diagram of the sputtering gun arrangement.

geometry. The deposition rates were 1.0, 0.5, 0.4, and 0.2

nm min~! for 8= 0° 40° 60° and 90°, respectively. The

deposition time duration was changed at various angles to
obtain similar film thickness around 40 to 50 nm.

The crystallinity of the films was explored using X-ray
diffraction (XRD) diagrams. The metal fractions of films
and binding states of Y, Zr, and O were examined by
electron spectroscopy for chemical analysis (ESCA,
PHI1600, Physical Electronics, USA) with a resolution of
0.2 eV. The measured binding energies were calibrated
using C 1s (assuming C 1s to be 284.6 eV) as the standard
value. The structure and thickness of the films were deter-
mined by using transmission electron microscopy (TEM).
For the electrical measurements, metal-insulator—semi-
conductor (MIS) capacitors of Al/YSZ/Si structure were
employed and fabricated by depositing Al top electrodes
on the YSZ films. Another Al layer was thermally evapo-
rated on the backside of the Si wafer to form a back
contact. The leakage current through the MIS capacitor
was measured with HP4145B. The C-V curves of the MIS
capacitors were obtained by using the Keithly CV82 sys-
tem.

3. Results and discussion

All TEM results of the films show that the films are
basically in polycrystalline cubic phase (JCPDS, No.
301468). Fig. 2 depicts the XRD diagrams of the films
deposited at various angles to the substrate normal. The
off-axis deposited films exhibit highly (200)-preferred ori-
entation. The intensity of (200)YSZ diffraction peak de-
creases as the growth angle (#)decreases. The on-axis
grown film shows additional (111) diffraction peak, indi-
cating that the crystalline orientation of the films gradually
changes to multi-orientation as the angle decreases. What
causes this change of film orientation? To obtain the
possible answer, an assistant experiment was performed in
which YSZ film were simultaneously deposited on two Si
wafers, locating inside and outside the plasma region,
respectively. The thickness of the films grown outside the
plasma region is thinner (35 nm) than the thickness of the

(111) g
_ on-axis
1000 | U\
> Si(200)
.F) 400
8 WRJ\N
[~
° (200)
>
& 500 (‘
-_— 600
2 . |
_— |
off-axis
IS | U | W
0 ~
I ] t } !
30 40 50 60

Two Theta (degrees)

Fig. 2. XRD diagrams of the films grown at various angles.

inside plasma region (72 nm), however, XRD diagrams
illustrate that the former exhibits much stronger diffraction
intensity. The result of this additional experiment supports
that low angle deposition may lead to enhanced plasma
bombardment on the film surface and therefore, the pre-
ferred orientation of the film is deteriorated.

Fig. 3 shows XRD phi-scan diagrams of the films
deposited at various angles. The diffraction was adjusted to
explore the in-plane texturing of (200)-oriented YSZ grains.
Zero degree phi in this figure was obtained by aligning the
(311)Si diffraction. All the diagrams do not exhibit strong
intensities, which reveals the polycrystallinity nature of the
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Fig. 3. XRD phi-scan diagrams of the films grown at various angles.
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Fig. 4. Cross TEM images of the (a) on-axis and {b) off-axis grown films.

films. However, a four fold symmetry is observed on the
diagrams of the off-axis grown films. This symmetry
indicates that YSZ would generally grow on Si with a
dominant in-plane orientation, which is (010)YSZ /(010)Si.
This orientation relationship is the same as that for the
YSZ films grown on Si by using other methods such as
pulsed-laser deposition or ion-beam deposition [2,5]. This
figure also shows that the tendency for four fold symmetry
decreases as the angle decreases, which reflects the deteri-
orated crystallinity and twist alignment of the low angle
grown films. Furthermore, the (111)-oriented grains in the
on-axis grown films as illustrated in Fig. 2, do not depict
in-plane texturing on Si as examined by XRD phi-scan.
The reason to explain the randomly in-plane texturing is
also attributed to the plasma bombardment which may
heavily destroy the orientation relationship at the initial
growth.

The cross sectional TEM images of Fig. 4 indicate that
a Si0, layer forms between the YSZ film and Si. The
formation of an intermediate amorphous SiO, layer has
also been reported on epitaxial YSZ film grown on Si
[2,6,7]. Since it was found that the oxide on Si surface
must be removed to allow the epitaxial growth of YSZ
films occurring, therefore, this SiO, layer must have
formed after the growth of YSZ was established. On the
other hand, this formation is expected in view of the high
oxygen ion conductivity of the YSZ, indicating a high
oxygen mobility. The thickness of SiO, layer increases
with the decreasing angle, which are around 52 and 140 A
for the off-axis and on-axis grown films, respectively. The
duration time for on-axis sputtering is the shortest but
leading to the formation of the thickest SiO, layer. Obvi-
ously, the deposition time cannot explain the thickness
variation of SiO, layer. Plasma bombardment may en-
hance the oxidation of Si. Possible causes responsible for
the enhanced oxidation may be attributed to the higher
concentration of active oxygen atoms /ions within plasma
happened at on-axis growth. On the other hand, the in-

crease of surface temperature of the substrates due to
plasma bombardment may also be one of the contributing
factors but the actual temperature rise on the substrate
surface is hard to estimate. The YSZ /SiO, interface of the
off-axis grown film shown in Fig. 4 is atomically smooth
and clear whereas that of the on-axis grown {ilm is slightly
rough and unclear. The rougher interface as shown in Fig.
4a implies that the initial film growth, which plays an
important role on determining the crystallinity and orienta-
tion of the whole films, is heavily disturbed by plasma
bombardment and thus results in randomly oriented grains
and rough interfaces. Besides, the slight unclear YSZ /SiO,
interface implies that possible interdiffusion occurs be-
tween Si and YSZ due to plasma bombardment. This
interdiffusion will be further discussed later.

Fig. 5 shows the variation of Y to Zr atomic ratios of
the films with growth angles. The atomic ratios were
obtained by using ESCA examination. The Y /Zr atomic
ratio of the film increases with increasing angle. The Y /Zr
ratio of on-axis grown film is around 0.12 whereas that of
off-axis grown film is 0.22 which is the same as that of the
target. Apparently, the Y atom is more easily resputtered
than Zr under plasma bombardment. The Y resputtering
enhanced by plasma bombardment has been observed in
Y,0, film deposition as well [8]. However, the change of
Y /Zr ratio does not vary the YSZ cubic structure. Fig. 5
also shows the lattice constant of the films. The higher
Y /Zr ratio provided at larger growth angles generally
results in larger lattice constant. The trend is similar to that
for bulk YSZ [9].

The variation of the atomic binding state due to plasma
bombardment was explored by using ESCA measurement
and is shown in Fig. 6. The binding energy of Zr 3d is
same for all the films and is exactly the value of ZrO,. But
the binding energy of Y 3d for the films is 0.3-0.5 eV
larger than the reported value of Y,0, (156.4 eV, [10]) and
slightly increases with the increasing growth angles. This
slight increase of binding energy is suggested due to the
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Fig. 5. Lattice constunts (close symbols) and Y to Zr atomic ratios (open
symbols) of the films grown at various angles.
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Fig. 6. Binding energies of Y 3d for the films grown at various angles.

increased substitution Y** for Zr** (Fig. 5). The introduc-
tion of Y atoms in zirconia is associated with the introduc-
tion of oxygen vacancies, which are created to preserve the
electrical neutrality. In fact, the formation of oxygen va-
cancies decreases the average coordination number of yt-
trium ions, which should result in an increased bond
strength and consequently an increased binding energy.
However, this evidence implies that the atoms keep similar
binding state in spite of the plasma bombardment effect. In
addition, there is a Si 2s peak at 153.2 eV for the on-axis
grown film [7,10], and no such peak is observed for the
other films. Obviously, the Si outdiffused from the sub-
strate during processing may occur. This binding energy of
Si 2s is close to that of bulk Si. The unclear interface of
YSZ/SiO, as shown in Fig. 4a also implies that Si may
out-diffuse from the substrate with the aid of plasma
bombardment at the beginning of the thin film growth. In
our previous study. we also found that Si has existed in
on-axis sputtered (Zr,,Sn,;)TiO, films on Si substrate
[11].

The leakage current through the MIS capacitor was
measured at positive biased voltage to eliminate the influ-
ence of space-charge depletion region near the Si surface.
Fig. 7 shows that the leakage current through MIS capaci-
tors increases with increasing growth angles. Most of the
MIS capacitors exhibit leakage current of the order of
1077 Acm™2 at | MV cm™'. However, the MIS capacitor
with off-axis grown film exhibits leakage current three
orders higher than the others. This phenomenon can be
partly explained as due to the thinner SiO, layer formed in
off-axis grown YSZ/Si interface as stated previously. It
has been reported that amorphous SiO, was better insulat-
ing than stabilized zirconium oxide with high dielectric
constants [9,12]. Thus, the existence of SiO, layer results
in the lower leakage current through the MIS capacitors
except for off-axis grown films. The thicker SiO, results

in smaller leakage current. Electrons are expected (o tunnel
through the 5 nm thick SiO, layer existed in off-axis
grown YSZ/Si interface under moderate biased voltage.
Thus the leakage current curve for the off-axis grown film
could reveal the real electrical conduction property of pure
YSZ films, less disturbed by that of the SiO, layer. The
leaky property of YSZ layer shown in Fig. 7 is possibly
due to the ionic conduction of YSZ. In addition, structural
variation of the films can also contribute to the leakage
current change. It was generally observed that amorphous
films exhibit lower leakage current than crystalline or
preferred oriented films [13]. From this viewpoint. the
leakage current change through the films as shown on Fig.
7 is in accordance with the crystalline change as shown on
Fig. 2. The current-voltage curves of the films show
ohmic conduction characteristics at low applied voltages
(<10 V) and follow a power-law relationship at higher
voltages. This phenomenon at high voltage was well ob-
served in many oxide films and could be ascribed to
space-charge—limited current conduction [14].

Fig. 8 illustrates the C-V curves measured on the films
grown at various angles. The MIS capacitors with various
angle grown films depict typical MIS C-V curves under
measurements, that is, with accumulation, depletion, and
inversion regions, except the off-axis grown film, which is
expected to result from the high electrical conductivity of
the off-axis grown film as shown on Fig. 7. Table 1 lists
electrical properties of the films calculated from C-V
measurements. The dielectric constants of YSZ layers are
obtained by applying the oxide capacitance (in accumula-
tion region) to a parallel-plate capacitor model and delet-
ing the effect of SiO, layer. The film grown at 40° exhibits
the highest dielectric constant, whereas the on-axis grown
film the lowest dielectric constant.

Another feature illustrated in Fig. 8 is the shift of the
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Fig. 7. Leakage current versus gate bias voltage for the films grown at
various angles,
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C-V curves. The C-V curves of the films negatively shift
as the growth angle decreases. This shift corresponds to
the variation of flatband voltage Vg, which is relaied to
oxide charge density caused by the defects existing in the
films [12]. Table 1 depicts that the films grown at lower
angles exhibit larger negative Vg values. The on-axis
grown film exhibits the largest negative V5 and, thus, the
highest density of positive oxide charge, which is due to
the worst crystallinity as illustrated in Fig. 2. The worse
crystallinity of the film can result in more defect, thus,
more trapped charges. On the other hand, the oxide charge
in Si0, layer may be significant because it is amorphous.
If SiO, exhibits positive oxide charge, the variation of
SiQ, thickness with growth angles for the film could partly
account for Vg shift. Further investigations are necessary
to elucidate the origin of the Vi shift. It is indicated that
Veg is negative for the films grown at 40° and on-axis but
it becomes positive for films grown at 60°, which means
that 60° grown film exhibits net negative oxide charge.
Therefore, the dominant defect type (i.e.. trapped charge)
in the oxide may change with the growth angles. Several
explanations have been proposed to account for the posi-
tive shift of Vpp such as negatively charged ionic species
present in the insulator, which were incorporated from the
plasma during deposition, changes in the barrier height
between the metal-insulator and/or insulator—insulator
interfaces, and existence of interface states filled with
electrons [15]. Considering that the YSZ film is an oxygen
ion-conductor, another possible origin of the negative
charge would be oxygen ions in the YSZ film.

Table 1 also lists interface—state—charge density {Nss)
of the films, which characterizes the interface state charge
on Si for a MIS capacitor. It is calculated from the slope of
the C-V curve at Vi by using the formula reported by
Lehovec [16]. Nss is lower for the film grown at lower
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Fig. 8. C-V curves of the films grown at various angles.

Table 1

The dielectric constant (e), flatband voltage (V). and interface state
charge density (Nss) calculated from the C—V curves of MIS capacitors
with the films grown at various angles

Grown angle € Ve (V) Nss eV~ cm™%)
60° 12.7 0.34 8.3x 10"
40° 13.2 —-0.60 3.9%x 10!

o° 0.0 -152 3.3x10%

angles as Table 1 depicted. This trend is different from that
of Vgg. Therefore, the interface state charge would not be
the dominant charge contributing to Vg shift. The SiO, /Si
interface is considered to contribute to Nss more than the
YSZ/Si0, interface does because the former is closer to
the substrate. It has been conjectured that the interfacial
Si0, layer releases the —6% laitice mismatch between
YSZ and Si, which otherwise would presumably result in
an increased number of interface traps [17]. In this study,
Nss is of the order of 10" eV™! cm™2, which is compara-
ble with those of epitaxial YSZ/SiO, composite films on
Si by other reports [17,18]. This comparison confirms that
Nss is mainly contributed by the SiO, /Si interface, not the
YSZ /810, interface. The on-axis grown film exhibits the
thickest SiO, and the lowest Nss. This result is in accor-
dance with that obtained for CeO, films in which a thicker
Si0, layer corresponded to lower Nss [19].

4. Summary

Effects of plasma bombardment on as-deposited YSZ
films by sputtering were explored with the sputter gun
located at various angles to substrate normal. The crys-
tallinity and electrical properties of the films change with
the growth angles. The (200)-preferred orientation films
can be grown by off-axis sputtering. As the growth angle
decreased, the films exhibited (111)-oriented grains, which
is attributed to increasing plasma bombardment. The off-
axis grown film, not deposited under plasma bombard-
ment, exhibits atomically smooth interfaces with SiO,
layer. The on-axis grown film exhibits positive oxide
charge in total but the film grown at 60° reveals character-
istics of negative oxide charge. Characteristics of MOS
diodes with YSZ films as gate oxide show that the SiO,
layer plays an impottant role in transport properties of the
diode. These results show that plasma bombardment in-
duced by lower growth angle significantly affects the
growth and properties of the YSZ thin film on Si.
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