DOI: 10.1002/adma.200502364

Integration of Single-Crystal LiNbO; Thin Film on Silicon by Laser
Irradiation and Ion Implantation-Induced Layer Transfer**

By Young-Bae Park,* Bumki Min, Kerry J. Vahala, and Harry A. Atwater

Ferroelectric materials have found extensive application in
microelectronics, microelectromechanical systems (MEMS),
and electro-optic devices.!] Ferroelectric oxides have been
used in modulators, resonators, piezoelectric components, in-
frared-detector elements, acoustic delay lines, microwave-tun-
able devices, and in data processing and memory elements.
The use of thin-film layers of such ferroelectric oxides can
dramatically reduce device operating voltages and enable
monolithic device integration. However, the integration of
high-quality ferroelectric thin films in planar device architec-
tures on silicon substrates remains a technological challenge.
A promising candidate material for such thin-film integration
is LINbO3, a well-known nonlinear optical crystal that exhib-
its an extraordinary spontaneous polarization (71 pCcm™).
LiNbO; optical waveguides are of great importance in
electro-optic applications™! and could be substantially im-
proved through a successful thin-film integration technology.

Direct wafer bonding and layer-transfer techniques are
promising methods for fabricating high-quality single-crystal
thin films without heteroepitaxial growth and the attendant
materials-defect problems associated with lattice mismatch
between the thin-film layer and the silicon substrate. Implan-
tation-induced layer transfer processes have previously been
reported for the layer transfer of Si, InP, Ge, and diamond.[*!
Recently, layer splitting and transfer of ferroelectric materials
such as LiNbOj3, LiTaO5;, KTaOs3, SrTiOs, and BaTiO5; have
also been demonstrated through a sacrificial wet etching and
anodic bonding process combined with a crystal ion slicing
method.[*!) However, because of large mismatch in the coef-
ficient of thermal expansion (CTE) between LiNbO;5 ((7.5-
14.4)x 10° m°C™', depending on cutting orientation) and Si
(2.6x10° m°C™"), thermal mismatch-induced stress at the
LiNbO3/Si interface occurring during heating and cooling
steps in the direct bonding and layer transfer process is quite
large in comparison to other material systems. This compli-
cates the development of layer transfer and bonding processes
for the integration of LiNbO; on silicon.
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Laser lift off (LLO) and laser-induced forward transfer
methods have been widely investigated as an alternative ap-
proach to the integration of PZT (Pb(Zr,Ti)O3), GaN, and Si
thin films. These methods employ excimer laser irradiation
and an intermetallic bonding layer (PdIn) as an adhesive
layer.[lz'“] However, for the microphotonic device applica-
tions anticipated in this study, the LiNbOj thin film needs to
be formed directly on the silicon substrate without any inter-
mediate metallic adhesive layer.

In this communication, we introduce a novel method of
thin-film integration using laser-induced layer transfer in con-
junction with ion implantation to integrate single-crystal
LiNbO; thin films on silicon substrates. Figure 1 represents
the overall process. Light ions such as hydrogen and helium
are implanted into the single-crystal LINbO5; wafer (donor) as
shown in Figure la. The peak concentration location of ion
species can be controlled by the implant energy. An implanta-
tion energy of 30 or 80 keV is selected to achieve an expected
H" peak concentration approximately 0.2 or 0.8 pm below the
donor wafer top surface. The implanted hydrogen and helium
ions subsequently introduce microcavities at the peak concen-
tration location during the post-annealing or laser irradiation
process steps. The straggle range of the ions is approximately
160 nm for hydrogen, which suggests that the root mean
squared (RMS) roughness of the transferred layer is approxi-
mately 80 nm. After the implantation, the donor wafer and
receptor substrates are cleaned to remove organic contamina-
tion and particles and to obtain hydrophilic surfaces, and then
bonded at room temperature (Fig. 1b). To induce layer trans-
fer after the bonding step, continuous wave (cw) CO, laser
irradiation is scanned over the LiNbO; wafer, as shown in Fig-

(c) (d)

Figure 1. Layer transfer process. a) lon implantation thorough donor
bulk crystal. b) Wafer bonding process. c) Laser irradiation using
2A=10.6 pum CO;, laser. d) Transferred layer on Si substrate.
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ure 1c. Thermomechanical shock-induced lateral crack and
forward layer transfer are the result, as in the LLO process-
es.'>14 The transferred thickness is consistent with the values
predicted using SRIM (Stopping and Range of Ions in Matter,
http://www.srim.org/) software (Fig. 1d). This implies that
most laser power is absorbed in the peak concentration re-
gion, where the high-dose implantation (ca. 1 x 10'7 ions cm™)
introduces a great deal of damage. The transferred LiNbO3
thin films have been characterized by optical microscopy
(OM), micro-Raman spectroscopy, and atomic force micros-
copy (AFM)/piezoresponse force microscopy (PFM).

Figure 2a shows a plan-view polarized OM image of the
thin-film layers after the laser-induced transfer process. In the
transferred LiNbOj thin film, one can see cracks along a par-
ticular orientation. We have observed similar crack genera-
tion in ion-implanted LiNbOj bulk crystals that have been ir-
radiated with a CO, laser. These observations (Fig. 2b) reveal
that cracks form along the domain boundaries with a density
of 1.3x10* cm™. It is frequently observed that the intersec-
tions between lamellar twin defects act as preferred sites for
crack nucleation in bulk LiINbO5.">!®l This is related to polar-
ization vectors that are arranged head-to-tail along the twin

Figure 2. a) Plan-view OM image of transferred LiNbO; layer on Si.
b) Bulk LiNbO; crystal with short-duration laser irradiation on the bulk
crystal at the point marked A. c) A layer exfoliated with 500 °C annealing of
implanted LiNbO; crystal. Implantation energy was 80 keV for the H* dose
(5% 10" ionscm™) and 115 keV for the He* dose (1x10" ionscm™).
Scale baris 1 um.
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boundary. We speculate that these mechanically cleaved lines
are induced by thermal shock during the rapid heating and
quenching caused by the laser irradiation and transfer pro-
cess.'! Figure 2c shows an exfoliated thin film bonded to a
silicon substrate at 500 °C. Room-temperature bonding re-
sulted in discontinuous and wrinkled transferred thin films,
possibly because of lower bond strength associated with
room-temperature wafer bonding. In Figure 2c¢, the thickness
of the blister is approximately 800 nm, which is consistent
with the Monte Carlo ion trajectory simulation (SRIM-2003)
result. Based on the transferred film morphology, we propose
that the fundamental mechanism of our layer transfer process
is the explosive effusion of the implanted species at the pro-
jected ion range. We believe the LiNbO; thin film layer is
thermomechanically delaminated from the donor LiNbO5; wa-
fer and transferred to the receptor substrate (Si) during the
high-power laser irradiation.

Figure 3 shows AFM and PFM images of the transferred
LiNbOj layers on a highly doped Si(100) substrate measured
at the middle of the transferred area (34 pm x 34 pm). The
RMS surface roughness of the LiNbOj crystal was increased
from 2.0 to 11.0 nm by the high-dose implantation. The RMS
roughness of the transferred LiNbOs layer is 30.8 nm, owing
to the implantation-induced damage at the top of the trans-
ferred layer. The increase in RMS roughness is mainly due to
the existence of many cavities on the transferred surface,
which may be related to Li-evaporation at high temperatures
during the rapid heating by the laser.**! Domain walls were
observed through the twin formation from thermal stress dur-
ing the cooling-down process after layer transfer as seen in
Figure 2a. The surface roughness and crystallographic damage
will be a critical issue if this transferred LiNbO; layer is to be
used in an optoelectronic device application. To reduce dam-
age and surface roughness after layer transfer, chemical me-
chanical polishing processes will be required.

In the piezoresponse image (Fig. 3b), bright and dark areas
originate from the downward (positive) and upward (nega-
tive) oriented domains, respectively.[”] Strong dark contrast in
domain regions suggests the existence of highly polarized
areas even without a poling bias. Figure 3c shows piezoelectric
strain versus electric field (P-E) hysteresis curves obtained
from the piezoresponse signal (tip amplitude) as a function of
dc bias. From the displacement caused by the bias applied be-
tween the conducting AFM tip and the substrate, the piezo-
electric strain coefficient, dz3, can be determined from the
equation AZ=ds33V,sinwt, where Z is the longitudinal dis-
placement, V,. the amplitude of the ac voltage, and w the ra-
dial frequency. The piezoelectric strain coefficient in the trans-
ferred thin layer was found to be 2.0-2.5 pm V', which is
smaller than the value obtained for bulk LiNbO5 (6.0 pm V™).
We believe that this small ds; value is due to the clamping
effect of the thick Si substrate in the case of the thin film. The
piezoelectric strain coefficient may also be improved by a
domain poling process step.

LiNbOj; belongs to the Cs, point group (R3c-3m) and has
four A; and nine E Raman-active transitions (4 A; +9 E).I'"!
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bending modes and the bands from 450
to 800 cm™ are associated with Nb-O
octahedral stretching modes. After the
H'/He" ion implantation processes, the
local modes decrease due to the local
damage from the high-dose and high-
energy implantation (Fig. 4, spec-
trum b). The most notable local mode
intensity change is in the 250-450 cm™
band for laser-irradiated LiNbO3 sam-
ples, as shown in Figure 4, spectrum c.
This suggests that the niobium octahe-
dra have been distorted or that elemen-

tal Li is partially released from the
LiNbO; structure by laser irradiation.
Similar phenomena have been reported
in proton-exchanged LiNbO; and
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high-energy He® implantation of
1 LiNbO3.[6’19] However, the transferred
LiNbOj; thin films (Fig. 4, spectra d,e)
have the same local mode as the origi-
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Figure 3. Simultaneously obtained a) AFM topographic image with small scan area image and
b) piezoresponse mode image of the transferred LiINbO; layer (200 nm) on the Si. c) Piezore-
sponse hysteresis (P—E) curve obtained by piezoresponse signal at the point marked with the black
triangle in the domain image in (b). The modulation voltage of the tip, V,., was 1.3 V and modula-
tion frequency was 18 kHz. PFM and AFM images were scanned over a 34 um x 34 um area.

In the unprocessed LiNbO; (Fig. 4, spectrum a), the bands
between 250 and 450 cm™ are related to Nb—O octahedral
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Figure 4. Micro-Raman spectra for a) fresh LiNbO3 bulk crystal as a ref-
erence; b) ion-implanted LiNbO;, H* dose (80 keV) is 5x10'® ions cm™
and He" dose (115 keV) is 1x 10" ionscm™; ¢) after cw-CO; laser irra-
diation of bulk LiNbOs; d) the transferred LiNbO; on Si (200 nm); and
e) transferred LiNbO; on Si (800 nm). The strong peak at 520 cm™ is
due to the Si(TO) mode from the Si substrate.
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nal bulk LiNbOj;. These results suggest
that the laser-induced thermal energy is
primarily confined to the peak implan-
tation concentration region.

Using the transferred LiNbOj; thin
film (800 nm) on Si, we fabricated the
micro-disk structure shown in Figure 5.
Details of the fabrication process of the
micro-disk are given elsewhere.”” After
the isotropic dry etch of the Si substrate under the bonded
LiNbO; using XeF,, the thin LiNbOj; layer was observed to
shrink, possibly due to strain relaxation during the dry etch-
ing. In order to prepare a resonator for communication appli-
cations operating at A=1.55 um, the transferred layer thick-
ness will need to be increased in the future. However,
considering that much thicker (several micrometer) LiNbO3
single-crystal films have been reported by Radojevic et al., it
should be possible to obtain a moderately thicker film using
higher energy (several MeV range) implantation.®”) Izuhara
et all”! have also reported freestanding LiNbOj3 layers that
are several micrometers thick, suggesting that the transferred
LiNbOj; thickness is ultimately limited by the equipment ca-
pability and processing time. Conventional medium-current

0 200 400 600

Figure 5. a,b) Secondary electron microscopy images of micro-disk struc-
tures using transferred LiINbO; thin film on a Si substrate. ¢) Schematic
diagram of a micro-disk in a micro-resonator application [20].
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implant equipment commonly employed for achieving the re-
quired implantation dose is typically limited to maximum im-
plant energies of around 400 keV, which corresponds to ap-
proximately 4.5 pm thick LiNbO; thin films. Low-current
implant equipment can offer higher implant energies but re-
quires substantially increased processing time, which can be
prohibitively expensive. Therefore, a future goal of this study
will be epitaxial growth on the transferred single-crystal
LiNbOs; to increase the film thickness. The LiNbO; thin-film
template layer will be essential in this process as epitaxial
growth directly on a Si surface is difficult due to the huge lat-
tice constant and CTE mismatch between Si and LiNbO;.?!
The thin-film thicknesses achieved in this study are sufficient
for these future applications of transferred LiNbO; as tem-
plate layers for epitaxial growth, provided that the damage of
the top layer in the transferred thin film can be removed.

In conclusion, we have investigated a novel fabrication pro-
cess for the integration of single-crystal LiNbOj thin films on
silicon using a combination of wafer bonding and layer trans-
fer induced by laser irradiation in conjunction with ion im-
plantation. High-dose and high-energy H" and He* co-implan-
tation is used to synthesize a buried damage layer in the
LiNbO; bulk crystal, which is bonded to the Si substrate.
After bonding, high power cw-CO, laser-irradiation is used to
induce the formation and lateral propagation of gas microcav-
ities at the buried damage layer through the rapid absorption
of radiation heat, eventually leading to localized layer exfolia-
tion from the LiNbO; donor substrate. Large-area single-crys-
tal LiNbOj3 thin films (6 mm?, 200-800 nm thick) have been
transferred to the Si(100) substrates and exhibit typical piezo-
electric characteristics. A suspended micro-disk resonator
structure has been successfully fabricated, suggesting that our
fabrication approach may be useful in optoelectronic device
applications. The thin LiNbOj layer transferred to the Si wa-
fer may additionally serve as a template layer for subsequent
thick LiNbO; growth. This templated growth process may be
more feasible for commercial application in consideration of
the cost of high-energy ion implantation.

Experimental

Layer Transfer Processes: To achieve implantation-induced layer
transfer, ion implantation was performed with H* and He" co-implan-
tation into bulk single-crystal LINbO; (double side polished, z-cut,
10 mm x 10 mm x 0.5 mm) as shown in Figure 1a. During the implan-
tation, LiNbOj; crystals were placed on 4 inch (ca.10 cm) Si wafer.
The ion implantation energy was 20-80 keV with a dose of (0.5
1)x 10" em™ for the H* ions and 30-115 keV with a dose of (0.5—
1) x 10" ecm™ for the He" ions. Implantation was performed at 25 °C
to prevent blistering during implantation. The substrate used for
bonding and layer transfer was a highly doped n-Si(100) wafer with
RMS surface roughness of 0.2 nm. Prior to the layer transfer process,
acetone (5 min)/ methanol (5 min)/deionized water (10 min) dip-
ping was repeatedly performed to remove particles from the surface.
After this cleaning process, the Si wafer and LiNbOj crystal were
bonded at room temperature and at 500 °C without HF dipping in or-
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der to preserve hydrophilic surface conditions. Wafer bonding was
performed under uniaxial pressure of 1-2 MPa using a custom wafer
bonding tool.

High power cw-CO, laser (100 MW m™) irradiation was used as a
heat source to induce layer transfer instead of thermal annealing. Un-
der the fixed laser power, the sample stage was scanned across the
bonding area. The bonded LiNbO; crystal/Si substrate was clamped
to the translation stage by a clip at the edge of the layer.

Characterization: Polarized optical microscopy, secondary electron
microscopy, and AFM were used to image the transferred layer. Mi-
cro-Raman spectroscopy measurements were made using 514.5 nm
Ar" laser excitation and imaging with a charge-coupled device camera
cooled to —65 °C. Laser power was maintained at 16 mW cm™ to avoid
surface heating during the measurement. PFM and contact-mode
AFM were used to investigate the ferroelectric domain structure
using a lock-in amplifier (Stanford Research Model SR-850). An ac
voltage, V,.=1.5 V, was applied at a frequency of 1.5-10 kHz through
the conductive AFM tip (highly n-doped Si or Co-coated Si), while
the dc bias voltage was varied between —10 and +10 V [17].

Micro-disk Fabrication: Conventional photolithography was used
to define the LiNbO; micro-disk. After photoresist had been pat-
terned on the transferred LiNbOj; layer, a buffered HF (1:10) solution
was used to etch LiNbOj;. The suspended micro-disk was defined by
XeF; etching of the Si using the LiNbO; layer as a mask. XeF, selec-
tively etches Si over the LiNbOj3 disk. More details of the fabrication
process are given elsewhere [20].
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