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Microstructure and properties of single crystal BaTiO 3 thin films
synthesized by ion implantation-induced layer transfer
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Single crystal BaTi@thin films have been transferred onto Pt-coated aghl Stoated substrates
by the ion implantation-induced layer transfer method usirigaHd H€ ion coimplantation and
subsequent annealing. The transferred BaTilns are single crystalline with root mean square
roughness of 17 nm. Polarized optical and piezoresponse force microgeielgly indicate that the
BaTiO; film domain structure closely resembles that of bulk tetragonal Ba@i@ atomic force
microscopy shows a 9&—c domain structure with a tetragonal angle of 0.5°—0.6°. Micro-Raman
spectroscopy indicates that the local mode intensity is degraded in implanted Bafi@covers
during anneals above the Curie temperature. The piezoelectric coeffidignis estimated from
PFM to be 80—100 pm/V and the coercive electric figg) is 12—20 kV/cm, comparable to those
in single crystal BaTi@ © 2004 American Institute of PhysiddOl: 10.1063/1.1773373

Ferroelectric thin films have been widely explored for electrical properties of the transferred layer have been inves-
application as capacitor dielectrics and memory elements itigated.
nonvolatile random access memaiyWRAM) devices, and lon implantation-induced layer transfer was performed
have promise for high work/volume mechanical actuators iron bulk single crystal BaTiQ[double side polished,001)
microelectromechanical systertidEMS) applications{.'2 In orientation, 5 mnx5 mmx 1 mni. H* and H& coimplan-
most cases, these ferroelectric thin films have a polycrystakation was used for enhancement of cavity nucleation and
line microstructure that degrades the piezoelectric coeffigrowth via chemical and physical damage. During implanta-
cients, saturation polarization, and charge retention anton, BaTiO; crystals were mounted on a 4 in. Si wafer. An
causes time-dependent fatigue problems. Al foil mask allowed sequential ion implantation with*H

A number of film deposition methods have been studiecand Hé ions. The H ion implantation energy was varied in
to fabricate high quality ferroelectric oxides. Metalorganicthe range of 20-80 keV with a dose of x30%-1
chemical vapor depositioMOCVD), molecular beam epi- X 10''/cn?, and 30—115 keV Heion was subsequently im-
taxy (MBE), pulsed laser depositiaPLD) and sol-gel syn- planted with a dose in the range oi8.0%—1x 10"/cn?.
thesis processes have been used for heteroepitaxial growth lhplantation was performed at =25 °C to prevent the forma-
ferroelectric thin films on various substrafé8 However, in  tion of cavities during implantation. The root mean square
spite of many efforts to realize epitaxial growth on various(rms) roughness of the surface was 2.0 nm for unimplanted
lattice mismatched substrates, deposited thin films rarely exsulk BaTiO; and 2.0—3.0 nm for as-implanted Ba%ihe
hibit properties comparable to those of bulk single crystals.substrates used for layer transfer were 50 nm thick low pres-

Layer transfer is one of the most promising methods bysure CVD(LPCVD) grown SgN,/n-Si with a surface rough-
which to realize single crystal properties in thin films and toness of 0.5—0.8 nm and 200 nm thick sputter-deposited Pt
overcome substrate—film lattice mismatch effects. Crystal iorilms on 50 nm SjN,/Si with a surface roughness of 3.0 nm.
slicing (CIS) processes have been reported for layer transfer  After the implantation step, both BaTiCGand the sub-
of silicon, InP, Ge and diamon’d Recently, layer splitting strates were cleaned by dipping in methanol/acetone/de-
and transfer of ferroelectric materials such as LiNbO ionized water to remove particles on the surfaces. The
LiTaOs;, KTaG;, SrTiO;, and BaTiQ by sacrificial wet etch-  BaTiO; and substrates were bonded at room temperature and
ing and anodic bonding methods combined with the ClSpostbond annealing for layer splitting was performed either
method have also been reporf’elﬁ.To date, characterization in a furnace in air ambient or a custom-designed wafer
of both the microstructure and ferroelectric properties ofbonder in N gas ambient from 300 to 500 °C for 0.5—24 h
transferred ferroelectric thin films as well as the principalunder pressure less than 2 MPa. In conjunction with the
role of the implanted gas species have not been extensivefyresent layer transfer experiments, we also performed an in-
reported. Single crystal ferroelectric thin films can be used investigation of the formation of blisters of unbonded but im-
applications such as actuator devices, monolithically inteplanted BaTiQ during annealing, which yielded information
grated optical waveguides on Si-based microelectronics desn the hydrogen gas release and cavity formation kinetics
vices and single domain capacitors. In this study, we haveuring the initial stages of layer splitting. Details of this ki-
performed single crystal thin film layer transfer vid Mie netics study will be published elsewhere.
coimplantation of single crystal BaTiwith no subsequent Polarized optical microscopy, atomic force microscopy
chemical etching. Also, the ferroelectric, microstructural and AFM) and focused ion beam milling combined with scan-
ning electron microscop§SEM) were used to image the cav-

dAuthor to whom correspondence should be addressed; electronic maii.ty morphology and qiStribUtion- Micro-Raman spectroscopy
ypark@caltech.edu with a pump intensity of 16 mW/cmwas used to probe
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FIG. 1. Polarized optical microscopy images(af the transferred layer on
a Pt-coated /Si substrate atiw) a bulk BaTiG, crystal.

local vibrational modes in implanted and annealed Bgﬁo

Piezoresponse force microscof®FM) was used to investi- 1G. 2. (8 Plan view TEM ) SAD pattern along thEL14]
. . . . 2. (8 an view Image an pattern along zone
gate the ferroelectric domain structure. Probe tips wer xis for a 100 nm thick BaTiQlayer transferred onto a carbon coated grid.

highly n'(_jC‘ped Si or Co-coated _Si tips and the bias voltageon implantation was performed at dose ok30% ion/cn? for H* at an
V.o Was in the range of 1-5 V with frequency of 3—20 kHz, energy of 20 keV and %10 ion/cn? for He* at energy of 30 keV,

and the sample dc bias voltage was varied between —10 arigspectively.
10 V.*2 Plan view transmission electron microscofyEM)
analysis of freestanding films mounted on carbon grids wa;
conducted at 200 kV accelerating voltage.

From observation of cavity formation prior to layer |mplsntat|on. h h ¢ |
transfer, the mechanism for film transfer is determined to be aman spectroscopy shows the presence of tetragona

macroscopic crack extension along the film—substrate inte212S€ In BaTiQ by observation of the 305 crh[full width

H — =1 [l
face as cavities coalesce. Coalescence between neighborift hslllf maximum (FWHM)=4.6 cm”] and 710 cm
cavities is observed and Ostwald-type ripening is seen to bBEaks:” These peaks are assigned to tetragonal Baai®l

the dominant cavity growth mechanisthThis mechanism, Vanish above the Curie temperatufie=120°Q. Thus the
driven by increases in the partial pressure of hydrogen anfaman re_sults suggest that the crystal is tetragonal and in its
helium in cavities and microvoids combined with the elasticferroelectric state. Two broad bands centered at 272 and
energy of the solid in the vicinity of cracks, is similar to the 513 ¢ correspond to transverse opti¢@o) phonons and
layer transfer mechanism which has now been widely obtheir widths indicate large anharmonic coupling and a fre-
served in semiconductor materiafs. quency dependent damping constant. The 272 and 518 cm

Figure Xa) is a polarized-optical micrograph illustrating bands are observed in both cubic and tetragonal phase, al-
the domain structure of a transferred BaJi@yer on a though they are broader in cubic phase than in tetragonal
Pt-coated substrate. The domain structure in the film is seephases. Following implantation, bulk BaTjQrystals are
to be strikingly similar to that of the unimplanted bulk damaged and show low Raman active mode intensities as
BaTiO; crystal. The transferred layer is 300—400 nm thickshown in Fig. 8b). However, annealing during the layer
and the transferred area is 5 m¥% mm, limited only by the  transfer process recovers the local mode intensities to levels
bulk crystal size. The thickness is slightly lower than thatcomparable to those in the umimplanted bulk crystal as seen
simulated using Monte Carlo simulation analysisriv in Fig. 3(c). After layer transfer onto the substrate, the broad
2003 in which the projected ion range is 450 nm but is peak of the 200—400 cfh region, the absence of the sharp
substantially smaller than the straggle of the projected ior805 cnit peak, and the broad 705 chpeak in Fig. 8c)
range(ARp~ 100 nm). The rms roughned®R) of the trans-  suggest that the BaTiphase in this layer is imperfect due
ferred BaTiQ surface determined from AFM is 17.1 nm, to large residual stress or local defects. Thus the transferred
which is higher than the surface roughness of the single crydayer microstructure exhibits a bulk-like ferroelectric domain
tal BaTiO; surface(Rg=2 nm). structure but has local crystallographic defects.

In order to confirm the crystallinity of the transferred
layer, we transferred BaTiGhin film layers implanted with
low implantation energy(20 keV) directly onto carbon-
coated TEM grids as the handle substrate. The thin BaTiO
layer was transferred at 300 °C for 30 min and the trans-
ferred layer thickness was about 150 nm as inferred by com-
paring the energy dispersive x-réigDX) intensity with sig-
nals from other standard BaTiOsamples with various
thicknesses. Figure(® shows TEM images for a 1am
X4 um transferred BaTiQlayer and the selected area dif-
fraction (SAD) pattern. The SAD pattern clearly shows the R N .
tetragonal single crystalline featu(space groupCu, point 0 200 400 600 800
group:Pmmd) and lattice parameters obtained from SAD are Raman shift (cm™')
a=0.3994 nm an¢:(-)'4003 nm which correspond tO. those FIG. 3. Micro-Raman spectra ¢8) annealed bulk BaTi@after ion implan-
C?f tetragonal B,aT!@Smgle crystal. However, dou_ble Fhffraq tation at 300 °C for 30 min(b) an as-implanted bulk BaTiXrystal andc)
tion patterns, indicated by arrows near the main diffractiony, transferred layer on the §i,(50 nm/Si. The sharp peak at 520 chis

spots, are observed, indicative of defect structures such ase to the Si TO mode from the substrate.
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FIG. 4. Simultaneously obtaingd) AFM topographic andb) PFM images of the transferred BaTiyer on Pt-coated Si an@) piezoelectric hysteresis
curve at pointA in (a). The scanning area is 40m x40 um. The frequency and ac voltage applied on the AFM tip are 20 kHz and 1.5 V, respectively.

Figure 4 shows a typical AFM topographic image and aby single crystal§7—10 kV/cm),*® indicating that the trans-
simultaneously acquired piezoresponse image of the trangerred BaTiQ layer shows nearly single crystal coercivity
ferred BaTiQ layer on the Pt/Si substrate of 40m  despite the presence of some domain-related defects.

X 40 um. From the AFM and PFM images, it can be seen ] .
that the transferred film consists of 98%c single domains This work was supported by the Army Research Office
with widths of 5—20um, which is a larger domain size than (ARO-MURI) under Grant No. DAAD 19-01-1-0517. One
that typically reported for polycrystalline or epitaxial Bajio Of the authors(Y.-B.P) wishes to acknowledge support by
thin films. The domain structure as shown in Figbyicor-  the Postdoctoral Fellowship Program of the Korea Science
responds to the bulk BaTiOstructure in which tetragonal and Engineering FoundatiqiOSEP.

and rectangular shape domains have been obsé&tvEie .
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