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Yttria-stabilised zirconia (YSZ) films were deposited by atomic layer epitaxy (ALE) using Zr(thd)g,
Cp,Zr(CHj3), and Cp,ZrCl, as zirconium precursors. Y(thd); and ozone were used as yttrium and oxygen
sources, respectively. YSZ films were grown at 375 °C from Y(thd)s;/O3;—Zr(thd),/O3. Deposition temperatures
were 310-365 °C for the Y(thd);/O3;—Cp,Zr(CHj3),/O;5 and 275-350 °C for the Y(thd);/O3;—Cp,ZrCl,/O;
precursor combinations. Growth rates with a Y to Zr pulsing ratio of 1 : 1 were 0.56, 0.79 and 0.89 A
(cycle) ! when Zr(thd)s, Cp>Zr(CH3), and Cp,ZrCl, were used as zirconium precursors, respectively.
Crystallinity and surface morphology of the deposited films were characterised by XRD and AFM while
TOF-ERDA, XRF and SEM-EDX were used to analyse stoichiometry and possible impurities. The YSZ films
were (100) oriented when deposited with a Y to Zr pulsing ratio of 1 : 1. Only thinner films (<60 nm),
deposited from Y(thd);/O3—Zr(thd)4/O3, showed the (111) preferred orientation. The lattice parameter was in
the range of 5.09-5.28 A when the Y,O5 content was 5-89 mol%. When Cp,ZrCl, was used as zirconium
precursor, 0.1-1.7 mol% chlorine was observed in the films. According to the AFM analysis, roughness was

dependent on the pulsing ratio of the Y and Zr precursors.

1. Introduction

Due to its thermal and chemical stability yttria-stabilized
zirconia (YSZ) is an attractive material for optical and elec-
trical applications. ZrO, has three different structural poly-
morphs, of which the monoclinic phase is thermodynamically
stable at room temperature. Volume changes attributed to
polymorphic phase transformations restrict high temperature
applications of ZrO, thin films. The cubic form of ZrO, thin
films is usually stabilised by adding other oxides, typically
Y,0;, but Sc,03,' Ca0,? Ce0,,*° In,0;,° Gd,05,” Mg0,>’
ALO;"® and MgAlO39 have also been used.

YSZ has been used as a buffer layer for high-7,. super-
conducting,'®'? ferroelectric'*!° and pyroelectric'® films as
well as for protective coatings on YBa,Cu;0,_;."7 Tt has also
been studied for field effect transistor (FET) type oxygen
sensors.'® Due to its comparatively high relative permittivity
(¢ = 10-31),'%1%20yS7 is among the candidates for gate oxide
in memory applications such as dynamic random access
memories (DRAMs),?'*? although YSZ does not provide a
relative permittivity high enough for >1 Gb DRAMs.>**
Other interesting applications of YSZ include thermal barrier
coatings where thick YSZ film (~100-500 um) has been used
as such or with bond coatings, for example (Ni,Co)CrAlY‘ZS’26
Due to their high ionic conductivity, thicker YSZ films have
also been studied as solid electrolytes in oxygen pumps,?’ solid-
oxide fuel cells®® and oxygen membranes.”

Both physical and chemical gas phase techniques as well as
sol—gel**3! processes have been applied for the deposition of
YSZ thin films. Physical vapor deposition methods such as
electron beam evaporation,'>* sputtering® > and pulsed laser
deposition®®3® have been frequently used. Chemical vapor
deposition (CVD) methods include spray pyrolysis, *!
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electrochemical vapor deposition** as well as conventional,*
aerosol* and plasma assisted CVD.**" In the CVD processes,
volatile zirconium precursors employed are typically the
B-diketonates, such as Zr(thd),*¥>° and Zr(acac),,’! (thd =
2,2,6,6-tetramethylheptane-3,5-dionate and acac = acetylaceto-
nate) but also ZrCly,>>33 alkoxides®*> and compounds with
tetradentate Schiff-base ligands® have been used. The selection
of yttrium precursors has been more limited; only the use of
Y(thd);***! or YCI5°%33 has been reported. YSZ depositions by
CVD have been reported for a wide temperature range depen-
ding on the precursors used and the reactor set-up. CVD
depositions using halides precursors have been carried out
above 1100 °C>*°? while YSZ depositions have been reported
at 450-850 °C with B-diketonates as precursors, although
reproducible results have been obtained only at 600 °C and
above.*® Lower deposition temperatures (400-600 °C) have
been achieved only in plasma-activated CVD processes.*
Atomic layer epitaxy (ALE),”” also referred to as atomic
layer deposition (ALD) or atomic layer CVD (ALCVD), has
been successfully used for the deposition of several oxide
films.”®®° The self-limiting growth mechanism of ALE relies on
alternate saturative reactions on the substrate surface. This
makes the deposition process especially suitable for those appli-
cations where exact film thickness is needed or where the
depositions are performed onto uneven or porous substrates.® 63
Recently, ALE has also been applied for the deposition of
Y,05; and ZrO, thin films. Yttrium oxide thin films have
been deposited from B-diketonate precursors and ozone,®*¢’
while ZrO, has been prepared from ZrCl, and H,O at
300-500 °C% % Furthermore, ZrO, films have been deposited
by ALE using Zr(thd)y, Cp,ZrCl, or Cp,Zr(CHj3), as pre-
cursors, together with 03.%° In this paper we report the results
of yttria-stabilized zirconia depositions by atomic layer epitaxy
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using Zr(thd),, Cp,Zr(CHjz), and Cp,ZrCl, as zirconium pre-
cursors. Y(thd); was used as the yttrium source and ozone as
oxidising agent.

2. Experimental

Cp,ZrCl, (Strem Chemicals, #93-4002, 99%) (Cp = cyclo-
pentadiene, CsHs), Cp,Zr(CH3), and Zr(thd); were used as
zirconium precursors. Cp,Zr(CHs), and Zr(thd), were prepared
according to published methods by Samuel and Rausch,”® and
Morozova et al,’' respectively. Y(thd); was synthesised
according to Eisentraut and Sievers.”> Precursor properties
and their applicability to ALE depositions of binary oxides
have previously been examined.5>*

Films were deposited in a commercial flow-type hot-wall
Atomic Layer Epitaxy (ALE) reactor F-120 manufactured by
ASM Microchemistry Ltd. Film depositions were carried out at
2-3 mbar pressure onto Si(100) and soda lime glass substrates
measuring 10 x 5 cm® Oz was used as oxidiser and it was
generated from O, (99.999%) in an ozone generator (Fischer
model 502). Nitrogen (>99.999%, Schmidlin UHPN 3000 N,
generator) was used as carrier and purging gas.

Film thicknesses were evaluated using the optical fitting
method as described by Ylilammi and Ranta-aho.”® Reflec-
tance and transmittance spectra were measured in a Hitachi
U-2000 double beam spectrophotometer. Crystallinity and
crystallite orientations of the deposited films were determined
by X-ray diffraction using Cu Ka radiation (Philips MPD
1880). Surface morphology was studied by Nanoscope III
atomic force microscope (Digital Instruments) operating in
tapping mode. Samples were measured with a scanning fre-
quency of 1-2 Hz. Several wide scans (10-20 pm) were per-
formed from different parts of samples to check the uniformity
of the sample. Final images were measured with a scanning
area of 2 x 2 um. Roughness values were calculated as root
mean square values (rms).

The yttrium to zirconium ratio as well as the amount of
chlorine impurities were measured by X-ray fluorescence in a
Philips PW 1480 WDS spectrometer using Rh excitation. Data
were analysed with the Uniquant 4.34 program (Omega Data
Systems, Netherlands), which is based on fundamental
parameters and experimentally determined instrumental sensi-
tivity factors.”* A scanning electron microscope (Zeiss DSM
962) with an energy-dispersive X-ray spectrometer (Link Isis
100) (SEM/EDX) was used to verify the Y to Zr ratio obtained
by the XRF method. Measurements were carried out with 4, 5
and 8 kV acceleration voltage keeping the beam current at
1 nA. SiO, was used as Si and O standard and (Y,Zr)O,
(14.37% Y) as Y and Zr standard. The Strata-program was
used to calculate the film composition and final thickness.

TOF-ERDA measurements were carried out at the Accel-
erator Laboratory of the University of Helsinki. In this
method”® heavy ions are projected into the sample and the
signal consists of forward recoiling sample atoms ejected by the
ion beam. Both velocity and energy for recoiled atoms are
determined using timing gates and a charged particle detector,
which enables differentiation of masses. In the case of YSZ,
signals originating from adjacent masses of yttrium and
zirconium can not be separated. Therefore, only some selected
samples were analysed in order to study the oxygen content and
impurity levels of deposited YSZ films and not the yttrium to
zirconium ratio. With known stopping power and scattering
cross sections, elemental depth distributions can also be
calculated. For these TOF-ERDA studies, a 53 MeV 2710
ion beam was used, obtained from a 5 MV tandem accelerator
EGP-10-I1. Samples were measured at 20° tilt and the recoils
were detected at 40° with respect to the incoming beam. For
heavy recoil, energy spectra were obtained from the TOF

signals and hydrogen spectra from the charged particle
detector.

Surface composition and YSZ film chemistry were also
investigated using X-ray photoelectron spectroscopy (XPS).
The measurements were carried out with an AXIS 165
spectrometer (Kratos Analytical) at the HUT Center for
Chemical Analysis using monochromated Al Ko irradiation at
100 W. Air-exposed samples were measured as received and
from the surface only. The area of analysis was 1 mm? For
surface composition, wide scans were recorded using an 80 eV
analyser pass energy and 1 eV step. For more detailed chemical
information, high-resolution spectra of the C 1s, Y 3d, Zr 3d
and O 1s regions were recorded using a 20 eV analyser pass
energy and 0.1 eV step. Using similar high-resolution acqui-
sition parameters and experimental set-up, the FWHM of
Ag 3d 5/2 line in clean silver specimen was recorded to be
0.55 eV. During the data acquisition the insulating sample
surfaces were neutralised with slow thermal electrons.’® For the
identification of the chemical compounds, the binding energies
were charge-corrected using the C-C component of the C 1s
signal at 285 eV as an internal standard.”’

3. Results and discussion
3.1 ALE growth of YSZ films

The temperature regions where the deposition is surface-
controlled, ie. the ALE window,”® were observed in earlier
studies for the binary Y,0:% and Zr0O,% oxides. Different
precursor combinations and the optimal deposition tempera-
tures are listed in Table 1 together with growth rates of the
binary Y,O; and ZrO,. Since Y,0O; can be deposited in quite a
wide temperature range, the deposition range for surface-
controlled YSZ growth therefore mainly depends on the
selection of the zirconium precursor. YSZ films were prepared
by incorporating Y(thd);/O; cycles with different ZrO,
processes (Fig. 1). When Zr(thd), was used as the zirconium

Table 1 ALE deposition temperatures and the measured deposition
rates of Y,03 and ZrO, thin films from different precursors(’ 69

Process ALE window/°C Growth rate/A (cycle) ™!
Y(thd);/O; 250-375 0.23
Zr(thd)4/O; 375-400 0.24
Cp,ZrCl,/04 310-365 0.53
Cp>Z1(CH;),/O5 275-350 0.55

o
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Fig. 1 Pulsing sequences used in the deposition of ZrO, (a) and Y,O3
(d) as well as YSZ with pulsing ratios of 1 : 2 (b) and 2 : 1 (¢).
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precursor, films were deposited at 375 °C. Wider temperature
regions of 310-365 °C and 275-350 °C were studied when the
Cp,Zr(CHj3), and Cp,ZrCl, precursors were used for the
deposition of zirconium oxide, respectively. At first, YSZ films
were deposited from different precursors using a Y to Zr
precursor pulsing ratio of 1 : 2 and by changing the deposition
temperature. Sufficiently long reactant pulse times were em-
ployed to obtain surface saturation on the substrate. Regard-
less of the deposition temperature, growth rate and crystallinity
of the deposited films were quite constant. Therefore, more
detailed studies of the thin film depositions were carried out
only at one selected temperature, namely at 350 and 300 °C
when Cp,Zr(CH;), and Cp,ZrCl, were used as zirconium
precursors, respectively.

The deposition rate was investigated more closely by
depositing YSZ thin films and changing the yttrium to
zirconium precursor pulsing ratio. Measured growth rate was
compared to the values calculated using the growth rates of
binary oxides. Regardless of the Zr precursor, an increase in
growth rate was observed with an increasing Y to Zr pulsing
ratio (Fig. 2). Indeed, the maximum growth rate was 10-23%
higher, depending on the precursors and pulsing ratio used. It is
interesting to note that although in the Y(thd)s;/O3—Cp,ZrCl,/
O3 process a 23% increase in growth rate was obtained, the
increase in the similar process using Cp,Zr(CHs), was only
10%, reflecting different behaviour of the organometallic
precursors. In our earlier study,® the growth rate of ZrO,
from Cp,Zr(CH3),/O5 was approximately 4% larger compared
to the Cp,ZrCl,/O3 process. A possible explanation for the
different behaviour of organometallic zirconium precursors lies
in the differences of surface chemistries during the deposition
process. As actual growth rates of separate oxides can not be
measured from the deposited mixed oxides, it remains unclear
whether the Y,0; or ZrO, growth rate has increased. Recently,
a similar quite pronounced effect in the ALE growth rate of
SrTiOs thin film was reported,”” where a 2.6 times higher
growth rate as a function of pulsing ratio was observed.

Growth rates with a fixed Y to Zr precursor pulsing ratio of
1:1 were 0.56, 0.79 and 0.89 A (cycle)”! when Zr(thd),,
Cp,Zr(CHj3), and Cp,ZrCl, were used as zirconium precursors,
respectively. To verify the surface-controlled growth mechan-
ism, YSZ films were deposited with different reactant pulse
times. Growth rates were constant when pulse times of 1-3 s
were used for Y(thd); and zirconium precursors together with
1.5-4 s pulse durations for Os, indicating an ALE-type
deposition mechanism. After optimising deposition parameters,
the thickness of the YSZ films could be simply determined by
the number of deposition cycles (Fig. 3) as should be the case in
an ideally behaving ALE process.”® Refractive indices of the
films were 2.17-2.14 regardless of the selected zirconium
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Fig. 2 YSZ film growth rate compared with the separate Y,O3 and
ZrO, film growth rates. Pulsing ratio is expressed as a relative amount
of Y(thd); pulses, calculated from the number of metal precursor pulses
in one cycle by the formula: 100 x Y(thd)s/(Y(thd); + Zr precursor
pulses).
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Fig. 3 Thickness of YSZ films as a function of number of deposition
cycles when a 1 : 1 pulsing ratio was used.

precursor and pulsing ratio, which corresponds well to the
previously reported values.®8! However, the refractive index
of the yttrium-rich films decreased down to 1.90 with an
increasing yttrium content. YSZ film adhesion was tested by
the tape test.> No pecling was observed regardless of the
substrate, precursor pulsing ratio or deposition temperature.

3.2 YSZ film analysis

Although yttrium content in films was not linearly dependent
on the pulsing ratio, it was easily controllable by the number of
Y (thd);/O5 pulses (Fig. 4). It also depended on the Zr precursor
used as according to XRF and SEM/EDX measurements, YSZ
films containing 31.4, 16.3 and 15.8 mol% Y,03 were obtained
with a constant Y to Zr precursor pulsing ratio of 1 : 1 when
Zr(thd)y, Cp,Zr(CHs), and Cp,ZrCl, were used as zirconium
precursors, respectively. According to TOF-ERDA, impurity
levels were generally low (Table 2). Films deposited by the 1 : 1
pulsing ratio at 375 °C from Y(thd);/Os-Zr(thd),/O5 contained
1.7 at% of hydrogen and 0.4 at% of carbon, while films with the
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Fig. 4 Y,0; content in the deposited films as the function of pulsing
ratio of Y(thd)s/Os—Zr(thd)4/O3 (a), Y(thd);/O3-Cp,Zr(CH;),/O3 (b)
and Y(thd)s;/O3;-Cp,ZrCl,/O; (¢). Zirconium precursor pulsing times of
1.0 s and O3 pulsing time of 2.0 s were used and the deposition
temperatures were 375 (a), 350 (b) and 300 °C (c). Pulsing ratios 0% and
100% represent pure ZrO, and Y,Os films, respectively. Inset shows the
chlorine content in films deposited from Y(thd);/O3;—Cp,ZrCl,/O3 as a
function of the Y,O; concentration.

Table 2 TOF-ERDA results of impurity levels of the YSZ thin films
deposited from different precursor combinations onto Si(100) sub-
strates

Pulsing Carbon/ Hydrogen/ Fluorine/
Precursors ratio at% at% at%
Y(thd); Zr(thd)s 1:1 0.4 1.7 0.5
Y(thd); CpyZr(CH;), 1:1 <0.1 0.13 0.4
Y(thd); Cp,ZrCl, 1:1 1.1 0.5-1.0 0.3




lowest impurity levels (around 0.1 at%) were obtained by using
the Y(thd);/O3-Cp,Zr(CH3),/O5 precursor combination. Also
notable amounts of fluorine (0.3-0.5 at%) were detected in the
films which probably originated from the Teflon gaskets or
perfluorinated vacuum greases of the reactor.

The stoichiometry of the films was calculated using metal to
oxygen ratios obtained from TOF-ERDA data and yttrium to
zirconium ratios obtained from XRF measurements. In the
previous study, both Y,03 and ZrO, thin films had a slight
oxygen excess regardless of the precursor used.® In the case of
stoichiometric YSZ films, oxygen content should depend on the
yttrium oxide content raising the metal to oxygen ratio above
0.50 (pure ZrO,), with an increasing Y,O; content. A 1 : 1
pulsing ratio of Y(thd)s;/Os—Zr(thd),/O; precursors resulted in
films with a slight oxygen excess (metal to oxygen ratio of 0.54).
A stoichiometric metal to oxygen ratio would be 0.57 at this
yttrium content (31.4 mol%). It is interesting to note that when
organometallic zirconium precursors were used, oxygen con-
tents in films were close to stoichiometric i.e. the oxygen to
metal ratio was 0.53 and 0.55 when a 1 : 1 pulsing ratio in the
Y(thd)3/037CpZZr(CH3)2/O3 and Y(thd)3/O37CpZZrC12/O3
processes was used, respectively. Stoichiometric metal to
oxygen ratio value at this yttrium content (around 16 mol%)
is 0.54.

In our previous study, ZrO, thin films deposited from
Cp,ZrCl,/O5 resulted in chlorine-free films when depositions
were carried out above 275 °C.%° However, Cl contamination of
YSZ films was observed regardless of the deposition tempera-
ture or pulsing ratio. According to XRF, the chlorine content
was in the range of 1.5-0.25 mol% when films were deposited
with the 2 : 1 pulsing ratio at 275-350 °C, respectively.
Furthermore, in films deposited with 1 : 5-5 : 1 pulsing ratios
of Y(thd);/O3-Cp,ZrCl,/O5 at 300 °C, the chlorine content
increased from 0.1 to 1.7 mol%. (Fig.4, inset). Chlorine
contamination was also observed by TOF-ERDA. It is inter-
esting to note that some films deposited with the Y(thd);/Os—
Zr(thd)4/O3 process contained chlorine (0.2 at% according to
TOF-ERDA). This probably originated from the precursor
synthesis procedure,”! in which ZrCl, was used as a reagent.

Crystallite orientations in the films deposited onto Si(100)
and soda lime glass substrates were analysed by XRD as a
function of the deposition temperature, film thickness and
pulsing ratio. Films were identified to have a polycrystalline
cubic structure. According to our earlier study,®® crystallinity
of the ZrO, films, deposited using Cp,ZrCl,/O3 as precursors,
was greatly enhanced when the deposition temperature was
increased from 275 °C to 350 °C. However, an increase in the
deposition temperature seems to have no effect on the cry-
stallinity of the YSZ films deposited inside the ALE window. In
addition, orientations of YSZ films deposited with the Y to Zr
precursor pulsing ratio of 1 : 1 from different precursors were
analysed as a function of film thickness. Thin films (<60 nm)
were (111) oriented when deposited from Y(thd);/Os—Zr(thd),/
O3. However, when the thickness of these films increased the
(200) reflection became most intense, but weak (111), (220) and
(311) reflections were observed as well (Fig. 5a,d). YSZ films
deposited from zirconium cyclopentadiene precursors were
(100) oriented regardless of the film thickness. Minor intensity
(111), (220) and (311) reflections were also present as in the
B-diketonate case. Both the crystallinity and orientation of the
deposited films were dependent on the pulsing ratio of the
precursors regardless of the substrate used. Maximum film
crystallinity was observed when 1 : 1-2 : 1 pulsing ratios of
Y(thd)3/03—CpZZr(CH3)2/03 or Y(thd)3/03—CpZZrC12/O3 pro-
cesses were employed. Zr(thd); as a precursor produced
maximum film crystallinity with the 1 : 5-1 : 2 pulsing ratio.
With all Zr precursors, predominantly (100) oriented films were
obtained with the Y to Zr 1 : 1 pulsing ratio. When other
pulsing ratios were used, relative intensities of the (111), (220)
and (311) reflections increased. Peak widths (FWHM)
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Fig. 5 XRD patterns of YSZ film deposited by different precursors
onto Si(100) (a—c) and soda lime glass (d—f) by the 1 : 1 pulsing ratio.
Deposition temperatures were 375 (a,d), 350 (b,e) and 300 °C (c,f).
Thicknesses of films were in the range of 170-200 nm. Diffraction peaks
identified according to JCPDS card 30-1468.

measured from the (200) reflection for the YSZ films were
0.20-0.32° 20 depending on the precursors and pulsing ratio
chosen (Fig. 6). Regardless of the zirconium precursor used,
YSZ reflections became slightly broader with an increasing
Y,0j; content while a minimum in peak widths was observed in
the same region where the films were most crystalline.

The lattice parameter of the YSZ films was calculated from
the diffraction patterns using the d-spacing of the (200)
reflection. A cubic phase was observed when Y,05 content was
above 5 mol%. The lattice parameter was 5.09-5.28 A when
Y,03 content was 5-89 mol% depending on the pulsing ratio of
the precursors (Table 3). Values obtained at this region were in
good agreement with the previously reported values for thin
films***® and bulk YSZ¥® (Fig. 6). It should be noted that
according to the phase diagram of bulk YSZ,** the cubic phase
is supposed to exist in a narrower Y,O3 concentration region.
However, cubic YSZ thin films have previously been prepared
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(b) Cp2Zr(CHz).
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Fig. 6 Lattice parameter of cubic YSZ as a function of the Y,O;
concentration in the films (bottom). Solid lines (d) and (e) represent
previously published values of YSZ lattice parameters in the bulk®? and
thin films,*® respectively. Dependence of the (200) peak width on the
Y,0; content is also presented (a—c).
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Table 3 Yttrium oxide content and lattice parameter of deposited films
as a function of precursor pulsing ratio for different precursor
combinations. O3 was used as an oxidiser

Pulsing Mol% Lattice
Precursors ratio Y,0; spacing/A
Y (thd); Zr(thd), 1:10-30:1 5.2-89 5.10-5.28
Y(thd); Cp>Zr(CHs), 1:2-30:1 8.3-82 5.12-5.26
Y(thd); Cp,ZrCl, 1:5-60:1 5.5-88 5.09-5.28

by several methods in a wide range of Y,O; content. For
example, cubic YSZ thin films with 5-10 mol% of Y,O3 have
been prepared by CVD at 750 °C and above.*® Furthermore,
cubic YSZ films with 3.5-80 mol% Y,O; have been obtained by
plasma-assisted CVD at 500 °C.*

YSZ film surface morphology was analysed by AFM
(Fig. 7). A series of YSZ films were deposited with different
Y (thd);/Os—Zr precursor/O3 pulsing ratios. Depositions were
carried out at 375, 350 and 300 °C with Zr(thd),, Cp,Zr(CH3),
and Cp,ZrCl, as zirconium precursors, respectively. Typically
the film roughness in ALE deposited binary oxide films has
been dependent on the film thickness as was the case for
instance in Y,05% and ZrO,.® Therefore, it was attempted to
keep the thickness of the deposited films constant, i.e. in the
range of 100—150 nm. A series of YSZ films were deposited with
a different Y,Oj3 concentration. Fig. 8 represents AFM images
of YSZ films with 8-9 mol% Y,O;. Regardless of the precursor
used, films were uniform and roughness was slightly dependent
on the process used. Furthermore, film roughness appeared to
be only dependent on the pulsing ratio of precursors (Fig. 8).
Films deposited from Y(thd);/Os-Zr(thd),/O; were slightly
rougher compared to the films deposited using organometallic
zirconium precursors.

For the XPS studies two binary and three YSZ oxide films
were chosen, all deposited at 300 °C. YSZ films were deposited
with pulsing ratios of 1 : 2,1 : 1 and 5 : 1 using Y(thd);/O5—
Cp,ZrCl,/O5 precursor combination. According to the XRF
measurements the Y,0O3 contents of the films were 9.7 mol%,
15.8 mol% and 37.6 mol% depending on the pulsing ratios
given above, respectively. The freshly prepared but air-exposed
films were measured as received, without sputter cleaning, since
even mild ion bombardment may easily distort oxide chemistry.
Instead, the adventitious carbon contamination layer, which is
typical of air exposed surfaces, was used as internal binding
energy standard. We have also found that the carbonaceous
contamination layer has often acted as a nonreacting passiva-
tion layer at the oxide-vacuum interface.3® Each sample was

(b)

rms = 3.5 nm

80 nm

Fig. 7 AFM images of YSZ films deposited onto Si(100) substrate (a)
from Y(thd);/O3-Zr(thd),/O; at 375 °C, (b) from Y(thd);/Os—
Cp2Zr(CHj3),/O5 at 350 °C and (c) from Y(thd);/O3-Cp,ZrCl,/O5 at
300 °C. Film thicknesses were in the range of 110-140 nm. Depth scale:
20 nm from black to white.
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Fig. 8 Roughness of YSZ films as a function of precursor pulsing ratio
measured by AFM. Film thickness was 100—150 nm. Roughness values
of binary Y,03; and ZrO, oxide films with a thickness of 130 nm were
taken from refs 65 and 69, respectively.

measured at 2-3 different locations. No major differences
between the measuring points were observed indicating uni-
formity of films. Apart from Y, Zr and O, only carbon and
small amounts of fluorine were detected in XPS wide scans. The
spectra indicated that fluorine was present as surface con-
tamination only, since the F 1s electron signal was not followed
by inelastic background tailing the peak.3® The carbon detected
came mainly from the surface contamination layer.

The high-resolution spectra of Y 3d, Zr 3d O 1s and C 1s
(for binding energy reference) regions were also recorded. For
the pure binary oxides, the binding energies of yttrium,
zirconium and oxygen were in good accordance with the
tabulated values.®” Y 3d was recorded at 156.7 eV and Zr 3d at
182.2 eV as sharp, well resolved doublets. In the case of oxygen,
the main component of O 1s was at 529.8 eV for the Y,0O; and
530.0 eV for the ZrO,, while the minor component at 531.8 eV
in both cases could be ascribed to surface -OH groups and
water molecules adsorbed on the oxide surface. However, the
high-resolution results for the YSZ films turned out to be quite
interesting. The binding energies of both Zr 3d, Y 3d and that
assigned to the oxide component of O 1s were clearly
dependent on the Zr to Y ratio of the film, while the peaks
linked to ~OH groups and surface carbon did not shift, see
Fig. 9. For the sample with 37.6 mol% of Y,O; a shift as large
as 0.5 eV was observed. Our observations differ somewhat
from those reported on YSZ single crystal studies by
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Fig. 9 XPS high resolution spectra of the of Y 3d, Zr 3d, O 1s,and C 1s
regions of YSZ film deposited onto Si(100) at 300 °C using Y (thd);/Os—
Cp,ZrCl,/O5 precursor combination with a pulsing ratios of (a) 0 : 1
(ZrO,), (b) 1 : 2,(c) 1 : 1,(d)5: 1l and (e) 1 : 0 (Y,03).



Parmigiani et al.®® However, in that study only samples with

Y,0; contents of 12-24 mol% were investigated. The XPS
results are in good agreement with XRD data indicating lattice
modifications introduced by the increasing Y,O5 content.

4. Conclusions

Surface-controlled ALE deposition of crystalline YSZ was
achieved at 275-375 °C depending on the precursor system
selected. These temperatures are significantly lower than
reported earlier in the literature for thin film depositions of
YSZ by the CVD methods. Constant growth rates of 0.56 A
(cycle) ! for Y(thd)y/Os—Zr(thd)s/O5, 0.79 A (cycle)™! for
Y(thd)s/O3-Cp,Zr(CH;),/O5 and 0.89 A (cycle) ' Y(thd)sy/
03-Cp,ZrCl,/O;5 were obtained when the Y to Zr precursor
pulsing ratio of 1 : 1 was used. The films were crystalline
regardless of the deposition temperature and precursor used.
Films were polycrystalline cubic YSZ with preferred (100)
orientation. Only thinner films (<60 nm) deposited by Y (thd),/
03-Zr(thd)4/O3 were (111) oriented. The pulsing ratio of the
precursors affected the crystallinity and orientation of the
films. Films deposited by the 1 : 1 pulsing ratio were (100)
oriented regardless of the precursor used whereas the intensity
of the (222), (211) and (311) reflections increased if other
pulsing ratios were used. The lattice parameter was 5.09-5.28 A
when the Y,O; content was 5-89 mol% Y,0s;, produced by
different precursor pulsing ratios. YSZ films deposited by the
optimised parameters contained less than 1 at% of hydrogen
and carbon when Cp,Zr(CH3), or Cp,ZrCl, were used as
zirconium precursors.
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