
Dependence of the sputter-etching characteristics of
strontium–titanate–oxide thin films on their structural properties

L. Stafford
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Sputter-etching characteristics of polycrystalline strontium–titanate–oxide~STO! thin films are
investigated using a high-density argon plasma. STO thin films were grown by means of a reactive
pulsed-laser deposition technique in which the buffer oxygen pressure was varied to change the
structural properties of the films. The sputter-etch rate of the rf-biased films is found to linearly
increase with the oxygen deposition pressure. This result is shown to be related to the corresponding
decrease of the film density. This dependence of the etch rate on the structural properties of the films
has very important consequences on etching studies and on the optimization of etching processes.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1702131#

The control of the etch rate is one of the critical issues
related to the patterning of functional thin films relevant for
applications in photonics and telecommunications. This etch
rate is known to be strongly influenced by the plasma envi-
ronment~reactive neutral and ion density, ion energy, etc.!.
For this reason, most studies reported in the literature are
devoted to the influence of the plasma parameters on the etch
rate in a more or less exhaustive manner. However, in addi-
tion to the plasma parameters, it is expected that the film
properties somewhat impact the etching characteristics. Even
though the crystalline orientation of single-element solids is
known to influence sputtering,1 the role of the film structural
properties on the etching characteristics was never explicitly
addressed in the literature. To examine this question, we in-
vestigate the structural dependence of the sputter-etching
characteristics of strontium–titanate–oxide~STO! thin films,
using a parametric approach. This material is characterized
by high transparency in the visible and infrared regions and
specific electro-optic properties that make it suitable for in-
tegration into photonic devices.

Polycrystalline STO layers were grown on~100! silicon
substrates by means of a reactive pulsed-laser-deposition
technique, using a KrF excimer laser~wavelength: 248 nm!.2

Ablation was achieved by focusing the laser beam~energy
density of 1.5 J/cm2 and repetition rate of 50 Hz! on a rotat-
ing SrTiO3 target. The structural properties of the films can
be tuned by varying the deposition conditions, for example
substrate temperature and oxygen buffer gas pressure.3–6

Throughout this work, the substrate temperature was kept
constant at 540 °C while the O2 pressure was varied from 1
to 100 mTorr. Dry etching of the STO layers was subse-
quently performed using a magnetized high-density argon
plasma sustained by a traveling electromagnetic surface
wave.7–9 The absorbed power~i.e., incident minus reflected

power!, the magnetic field intensity and the argon pressure
were set to 400 W, 600 G, and 1 mTorr, respectively. The
substrate holder was rf biased using a 13.56 MHz source
with a power of 40 W. In such experimental conditions, con-
sidering both the dc bias voltage and the sheath potential, the
energy of the ions impinging onto the substrate is about 115
eV. The sputter-etch rate of the bare STO layer was deter-
mined from He–Ne laser interferometry (l5632.8 nm),8,10

using the STO refraction index values measured by variable
angle spectroscopic ellipsometry.6 For l5632.8 nm, the re-
fraction index of the layers was found to vary between 2.4 at
1 mTorr and 1.8 at 100 mTorr.

Figure 1 shows the STO sputter-etch rate as a function of
the oxygen pressure used during STO deposition. The etch
rate is seen to increase linearly with O2 pressure, which
clearly indicates some dependence on the film properties. To
understand this result, we recall that the sputter-etch rate
~ER! of plasma-immersed substrates is7,11

ER5~12RR!J1Y/Nt , ~1!

whereRR is the redeposition factor resulting from collisions
between sputtered species and plasma particles in the sheath,
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FIG. 1. STO sputter-etch rate as a function of the oxygen deposition
pressure.
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J1 the positive ion flux impinging onto the substrate,Y the
sputtering yield~i.e., the number of atoms ejected per inci-
dent ion!, andNt the atomic density of the film. For given
plasma conditions,J1 and RR are constants. As a conse-
quence, the only film-dependent variables in Eq.~1! are Y
andNt .

The dependence ofY and Nt on the deposition condi-
tions was analyzed by examining STO structural properties
by means of various characterization techniques, including
scanning electron microscopy~SEM!, x-ray diffraction spec-
trometry, and Rutherford backscattering spectroscopy~RBS!.
The lattice parametera was calculated from the~110!, ~111!,
and ~200! x-ray diffraction peaks, using Bragg’s law. The
samples were additionally analyzed by RBS using a 2800
keV 4He11 ion beam at normal incidence. We have obtained
the surface atomic density of the films from the RBS spectra
by usingRUMP simulations.12,13The atomic density was sub-
sequently calculated by dividing this surface atomic density
by the sample thickness measured by cross-sectional SEM.
The films used in the present work have a typical thickness
varying from 350 to 550 nm.

Figure 2 shows the influence of the oxygen deposition
pressure on the lattice parameter@Fig. 2~a!# and on the film
density@Fig. 2~b!#. Both a and Nt increase with decreasing
pressure. The increase ofa at lower O2 pressure results from
the presence of oxygen vacancies in the crystal lattice.4,6

Therefore, at lower pressure, less atoms are distributed in a
larger lattice volume.A priori, this could suggest a decrease
of the film atom density with decreasing pressure. However,
the RBS results@Fig. 2~b!# clearly show thatNt increases.
This apparent contradiction can be resolved considering that
when the pressure increases, the films contain more voids
between crystallites, resulting in a larger free volume~or
micopore!. This is supported by SEM observations~see Fig.
3! that show a larger concentration of grain boundaries at
higher deposition pressure. A similar observation was re-
ported by other authors in the case of tin oxide thin films
grown by pulsed-laser deposition.14 The observation of Figs.
2~b! and 3 thus clearly indicates that it is the free volume
between the crystallites rather than the lattice expansion that
controls the pressure dependence ofNt . Note that the mea-
sured film density remains lower than that of the bulk SrTiO3

target (Nt58.431022 cm23) while approaching it at lower
O2 pressure.

The dependence of the STO sputter-etch rate on the film

density is illustrated in Fig. 4 where ER is plotted as a func-
tion of 1/Nt . The experimental data can be well fitted using
a linear regression. According to Eq.~1!, this indicates thatY
is not influenced by the deposition conditions, i.e., by the
film structural properties. To confirm this result, sputtering
yield values were estimated from the experimental etch rate
data using Eq.~1!. The positive ion fluxJ1 was measured
using the positive ion saturation current of a cylindrical
Langmuir probe placed near the substrate. Here, we found
J1'5.931016 cm22 s21. Because of the very low argon
pressure employed in our etching experiments, the redeposi-
tion effects can be neglected, i.e.,RR'0.7 The correspond-
ing Y values are presented in Fig. 5 as a function of the
oxygen pressure used during STO deposition. The observed
Y values are similar to the pure Ti sputtering yield under
comparable conditions.15 Figure 5 also shows thatY is inde-
pendent of the O2 pressure, thereby confirming that for poly-
crystalline STO films,Y is not influenced by the film prop-
erties.

The complexity of the film structure together with the
complicated behavior of the sputtering yield for multicom-
ponent structures make difficult to quantitatively support the
observed independence ofY on the film structural properties.
Moreover, sputtering yield models are not well documented
for the low range of ion energies employed in our experi-
ments. In order to achieve some qualitative understanding of
our observations, recall that the generally accepted Sig-

FIG. 2. Lattice constanta ~a! and film densityNt ~b! of STO thin films as a
function of the oxygen deposition pressure.

FIG. 3. Scanning electron microscopy images of STO thin films at two
different oxygen deposition pressure:~a! 100 mTorr;~b! 10 mTorr. The scale
is 100 nm for both images.

FIG. 4. STO sputter-etch rate as a function of the inverse of the film density.
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mund’s model for physical sputtering predicts thatY varies
inversely to the surface binding energy.16 According to Hira-
tani et al.,4 the lattice expansion observed at lower O2 pres-
sure is a consequence of an increase of the bond distance
between atoms. We believe that this should result in lower
surface binding energies between Sr, Ti, and O atoms. Thus,
the results displayed in Fig. 5 clearly indicate that such varia-
tions in surface binding energies are not significant for the
sputter-etching process of polycrystalline STO films.

In summary, we have examined the influence of the film
structural properties on the sputter-etching characteristics of
pulsed-laser-deposited STO thin films. Our results demon-
strate that the film density is a crucial factor governing the
etch rate. This has very important consequences on etching
studies. For example, to identify an optimized process for a
given material, one should be very careful in comparing the
optimized etching conditions achieved by various authors,
since the characteristics of the etched thin films is likely to
differ from one author to the other. Finally, note that the
conclusions reached in this letter are expected to be appli-
cable to other thin films, especially those having complex
compositions. They should also remain valid for chemically
assisted etching processes, provided ion bombardment plays
a significant role.
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FIG. 5. STO sputtering yield as a function of the oxygen deposition
pressure.
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