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Single-crystal barium titanate thin films by ion slicing
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Thin barium titanate films, 0.5– 8 m thick, are obtained from a single-crystal bulk sample using ion
slicing. The process, based on ion implantation and anodic bonding, separates thin films having
areas of ⬃1⫻1 cm2 , from bulk crystals. The quality of the film is characterized by measurement of
surface roughness and dielectric properties. The film permittivity retains its single-crystal
value. © 2003 American Institute of Physics. 关DOI: 10.1063/1.1540727兴

Barium titanate, BaTiO3 共BTO兲, is a ferroelectric crystal
whose outstanding electrical and optical properties make it
an important material for numerous applications.1– 4 These
include, for example, a very high dielectric constant for capacitors, a large pyroelectric coefficient for pyroelectric detectors, and large nonlinear coefficients for applications in
nonlinear optics. Many of these applications require a thinfilm form rather than a bulk crystal. While significant advances have occurred in deposition of thin BTO films,5 these
films still do not possess the properties of bulk BTO, that is
high-quality, single-crystal thin-films are difficult if not impossible to obtain, and require lattice matching to the growth
substrate. Recently, a new method of obtaining single-crystal
thin-films has been developed and demonstrated for such
materials as LiNbO3 , LiTaO3 , SrTiO3 , KTaO3 , and YIG.6 –9
This method, which we have called crystal ion slicing 共CIS兲,
can slice a 0.5–10-m-thick layer of material from a bulk
single-crystal wafer by implanting the wafer with highenergy ions and subsequent thermal treatment or wet etching
of the buried sacrificial implant-damaged layer. The procedure is different from that of Smart-Cut for silicon because
of the much greater inertness and fragility of typical metal
oxides.10,11 This paper reports BTO single-crystal 共100兲 thinfilms obtained by ion slicing.
CIS utilizes the modification of the chemical and physical properties of materials by ion implantation to slice mesoscopically thin, single-crystal films.6 Light ions are injected into a single-crystal bulk to form a sharp peak in the
ion distribution at a depth determined by the energy of ions.
The heavily implanted layer has different chemical and mechanical properties than the original single crystal. Thin films
can be sliced from the bulk by wet etching or by thermal
ramping of this sacrificial layer. The details of the slicing
method depend on the specific material. For instance, lithium
niobate slicing uses wet etching in hydrofluoric acid.7
In this letter, we show that large barium titanate films
共see Fig. 1兲 can be obtained by thermal treatment of an im-

planted sample, which has been prebonded onto a glass wafer; a similar process has been applied to separating strontium titanate films.9 Such thermally induced slicing by
heating can be explained by the evolution of voids, which are
created by implantation and spread by the high pressure of
an interstitial implanted element. The Griffith theory for fracture growth shows that these voids spread until they are
merged together, separating the thin top-layer from the bulk
substrate when the size of a void becomes larger than a critical value.12
The BTO wafers used here are commercially available
one-side-polished, 共100兲-oriented single crystal samples. Hydrogen implantation is done at H⫹
2 ion energies of 0.26, 1.2,
and 2 MeV. TRIM simulations show that the ion distribution
peaks at depths of ⬃0.5, 4.7, and 8 m, respectively. The
charged hydrogen is injected into the BTO surface at an incident angle of 5° to avoid ion channeling. The wafer is
cooled so as to maintain the BTO at ⬃50 °C during implantation, to avoid dynamic annealing of the sacrificial layer.
Implantation increases the optical absorption of the crystal
such that a dark green color is found after implantation in
contrast to its original yellow color. Note, however, that the
BTO recovers its original color after annealing at ⬃300 °C
during bonding. We attribute the ion-induced change to
color-center formation. Finally, after implantation, domain
structures can be observed by optical microscopy, as will be
discussed later.
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FIG. 1. A ⬃8-  m-thick BTO free-standing film.

0003-6951/2003/82(4)/616/3/$20.00
616
© 2003 American Institute of Physics
Downloaded 30 Jan 2003 to 198.91.37.2. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp

Appl. Phys. Lett., Vol. 82, No. 4, 27 January 2003

The fragility of thin-films and the abrupt slicing process
make it difficult to maintain the integrity of free-standing
films during thermal slicing. Thus, a rigid handle wafer is
often bonded onto the implanted target wafer for film support
during processing. We used anodic bonding to attach the implanted BTO onto a glass handle wafer. The mechanism of
anodic bonding is oxidation of the bond interface by the
oxygen ions in the handle wafer of sodium borosilicate glass.
A voltage is applied between the wafers, after the contacted
BTO/glass wafer pair is heated to the activation temperature
of mobile ions in the glass. Oxygen ions are injected into the
bond interface so as to oxidize the contacted surface and fill
the interfacial gap.13 Because of the mobile ions within the
glass and conductivity of the target wafer, current flows
through the interface. The bonding process can be monitored
by measurement of the anodic current. Finally, since the
bonding temperature is higher than the BTO slicing temperature, the ion slicing step occurs during the formation of the
bond.
The specific details of the procedure are as follows. An
implanted BTO wafer is contacted to commercially available
Pyrex™ glass共Corning code 7740兲 in air at room temperature. The sample pair is then heated slowly on a hot plate to
290– 340 C under a voltage of 1400 V applied across the
1.5-mm-thick BTO/glass sample. Note that this temperature
is much higher than the Curie temperature of BTO, that is,
120 °C. The bonding current, measured during the process,
is consistent with the bonding mechanism discussed earlier;
the onset of a current decrease indicates completion of bonding. The bond interface can be observed under an optical
microscope through either of the transparent films. The absence of optical fringes showed that the bond between the
BTO and the glass was intact across the entire sample surface. The bond was found to retain its integrity after immersion in water, acids, acetone, or methanol.
Atomic force microscopy 共AFM兲 was used to investigate
the surface topography after the ion slicing processes. Note
that prior to implantation, the BTO wafers had a single domain structure and ⬃1 nm Ra roughness. Immediately after
the implantation, BTO wafers show multidomain structure.
Figure 2 shows AFM images of the surface following implantation and slicing. These images showed a periodic
structure in the surface topography. Typically multidomain
BTO has a 90° a,c-domain structure, in which adjacent domains have the c-axes perpendicular to each other.1 The periodic band patterns on the BTO surface following implantation imply the formation of these same 90° domains. The
identification of these features as domains was confirmed by
measuring the surface structure of the pattern by AFM. Because of the tetragonal nature of BTO crystals at room temperature and the requirement for continuity and matching of
the lattice, the angle between polar axes of adjacent domains
differs slightly from 90°. By applying the condition for lattice matching between the two domains, this angle can be
calculated to be ⌬  ⫽90°⫺2 arctan(a/c), where a and c are
the lattice constants. The surface slope 共⌬兲 of implanted and
sliced BTO is measured to be 0.66⫾0.05°, which agrees
with the estimated value of 0.57° based on bulk BTO lattice
constants.14
We conclude from the AFM observations that the do-
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FIG. 2. AFM analysis of implanted共top兲 and sliced共bottom兲 BTO surface.
The surface profile identifies the domain structure.

main structure following implantation is alternating
a,c-domains, with the sliced films maintaining single-crystal
lattice constants. This domain structure is most probably
formed by the implanted-ion-induced mechanical stress introduced in the the implanted layer.8 Figure 2 shows that the
domain structure has a similar periodicity after the slicing
process, even though the slicing is done at temperatures
above the Curie point. This implies that the stress, which
caused the multidomain formation, is not enhanced during
slicing. Complete elimination of the stress may require a
higher temperature annealing than the slicing temperature.
Finally note that these domains can also be readily observed
under an optical microscope with polarized light due to the
birefringence and polarization orientation; only c-domains
are optically isotropic.
The measured roughness of the top surface after implantation is 1.1-nm Ra, excluding the effect of domain structure.
This value is virtually equivalent to that of the original surface. However, the appearance of the domain structure introduces a regular surface structure of 9 nm. This structure does
not effect the bonding process just discussed, which can
bond to much rougher surfaces. Previous studies6 –9 have
shown that a sliced surface can become somewhat rougher
due to void formation within the sacrificial layer during the
heating and slicing process 共Fig. 2兲. In our case, the roughness of the slicing surface, excluding the regular domain
structure, increased to only 5.6 nm. Finally, note that the
largest change in surface topology during the entire slicing
process is 90° domain formation; this structure can be removed by repoling of the multidomain structure into a single
domain.
Measurements of the dielectric properties of the BTO
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TABLE I. Dielectric properties of a bulk and film BTO measured by
NSMM at room temperature.

Bulk BTO
Film BTO
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Permittivity ( ⑀ c )

Loss tangent

264.7
240.4

0.263
0.095

film were done using a near-field scanning microwave microscope 共NSMM兲.15 In these measurements, microwave radiation at 1.7 GHz is coupled to the sample from a resonant
structure via a near-field metallic tip, and any shifts in the
resonant frequency and the quality factor are measured. The
analysis, based on these shifts, gives the film permittivity and
loss tangent.16 The dielectric properties of the BTO films are
extracted from the raw data by taking into account the glass
substrate, to which the films are bonded. Table I shows the
measured permittivity and loss for both film and bulk BTO.
The measurement shows that the film retains the permittivity
of the bulk crystal and has lower dielectric loss. We attribute
this change in dielectric loss to stress induced by residual
implanted ions8 and by a thermal expansion mismatch between the substrate and the film. Stress is known to change
the dielectric loss through interaction of the electromagnetic
wave with lattice phonons.17 The magnitude of change is
consistent with previously reported values of changes in loss
observed with an electric field.18
The permittivity of the sliced BTO films was measured
using an integrated capacitor on the film surface. The patterned electrodes were fabricated on bonded ion-sliced BTO
films. Specifically, interdigitated electrodes, 7 mm long and
with a 20-m-wide gap, were written by direct laser lithography followed by wet-etching of a metal layer deposited on
the BTO surface. Note that the length of the electrodes is
much longer than the domain width, so that multiple domains were sampled by the process. The capacitance between these electrodes was then measured at 100 MHz at
room temperature with a network analyzer.
Using this process, we measured an in-plane capacitance
on a 4.6-m-thick BTO film of 23.3 pF. An effective permittivity of the film then could be calculated from the capacitance and the structure of the device to give an effective
permittivity of ⬃2300. This value is consistent with it being
an average of the known ⑀ c and ⑀ a due to the multidomain
structure.19 This result also shows that the ⑀ a of the films,
which is too large to be measured by our NSMM setup, is
also single-crystal quality. Because of the bulk-like permit-

tivity of CIS single-crystal thin films, the measured permittivity, ⬃2300, is much larger than the reported value for
high-quality epitaxial films with similar electrode structure,
⬃400.5 This large permittivity makes it possible to fabricate
a small-sized, large-capacitance, integrated capacitor on CIS
single-crystal films.
To summarize, barium titanate single-crystal thin-films
have been obtained using ion slicing from bulk, singlecrystal wafers. Anodic bonding to a glass support substrate
allows large-area, ⬃1-cm2 films to be fabricated. The surface roughness and domain structure have been studied by
AFM, and dielectric constant and loss in the films have been
measured.
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