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The heterogeneous integration of silicon thin film and lithium niobate (LN) thin film combines both the advantages of the
excellent electronics properties and mature micro-processing technology of Si and the excellent optical properties of LN,
comprising a potentially promising material platform for photonic integrated circuits. Based on ion-implantation and
wafer-bonding technologies, a 3 inch wafer-scale hybrid mono-crystalline Si/LN thin film was fabricated. A high-resolution
transmission electron microscope was used to investigate the crystal-lattice arrangement of each layer and the
interfaces. Only the H-atom-concentration distribution was investigated using secondary-ion mass spectroscopy. High-
resolution X-ray-diffraction w-26 scanning was used to study the lattice properties of the Si/LN thin films. Raman mea-
surements were performed to investigate the bulk Si and the Si thin films. Si strip-loaded straight waveguides were
fabricated, and the optical propagation loss of a 5-um-width waveguide was 6 dB/cm for the quasi-TE mode at
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1. Introduction

Lithium niobate (LN) was one of the most promising multifunc-
tional materials for integrated optics due to its excellent electro-
optic (E-O), photo-elastic, and nonlinear-optic properties . In
recent years, LN thin film on insulator (LNOI) was prepared
using ion-implantation and wafer-bonding technologies'>),
and it became a useful material platform. Owing to the large
refractive-index contrast between LN and SiO, cladding layers,
strong optical confinement and light guiding were realized!>~").
Various high-performance photonic devices, including
E-O modulators® 1), photonic crystals[“’n], wavelength-
conversion devices!">'”), and erbium-doped lasers!'®*"! and
amplifiers'*"?%), were reported.

Si on insulator (SOI) was one of the most important material
platforms for electronics and photonics due to its excellent elec-
tronics properties, high refraction-index contrast, and transpar-
ency at optical communication wavelengths'>>**!, Furthermore,
SOI had great advantages in mature processing technology and
low fabrication cost®*~%”). However, Si lacks E-O and second-
order nonlinear-optical properties, which impeded the device
applications.

Heterogeneous integration of Si thin film and LN thin film
combines the advantages of two materials, forming a new
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1550 nm. The characterization results provide useful information regarding this hybrid material.
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platform for photonic devices. Several novel devices were fabri-
cated and studied using LN thin film bonded on the top of pat-
terned SOI materials'**~>°), Structuring the Si thin film was first
required, and then the LN thin film was bonded on top.
However, the structured Si thin film made the direct-bonding
process challenging.

If the Si thin film sits on the top of the LNOI (Si-LNOI), due to
the convenience of Si micro-fabrication, it could provide great
design and fabrication flexibility. An amorphous Si (a-Si) layer
was deposited on the LNOI by plasma-enhanced chemical vapor
deposition (PECVD), and Si strip-loaded waveguides were fab-
ricated and investigated'®'!. The simulated waveguide mode size
was smaller than 1 pm?, and the bending radius (bend loss below
10~°dB) was smaller than 50 pm'">'~*!, However, a-Si had
numerous intrinsic defects that induced high-transmission
optical loss.

Mono-crystalline Si thin film has better electronic and optical
properties than a-Si, due to its fewer intrinsic defects. A mono-
crystalline Si thin film is thus preferred for device
application. In this Letter, the fabrication of mono-crystalline
Si thin film on LNOI is reported. The fabrication is based on
ion-implantation and direct-bonding technologies. A 3 inch
wafer of Si-LNOI was demonstrated. This hybrid material was
characterized using a high-resolution transmission electron
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microscope (HRTEM). No voids existed in the interfaces LN surface were brought into contact. Since both surfaces were
between Si/LN, LN/SiO,, and SiO,/Si. Because hydrogen (H)  clean and smooth, a hydrophilic direct bonding was formed

impurity might cause optical propagation loss and refractive- [shown in Fig. 1(b)]. The bonded pair was annealed at 400°C
index changes of Si and LN®*7¢), the H-atom concentration ~ for 10 h. During the annealing process, the implanted H*
was measured by secondary-ion mass spectroscopy (SIMS).  became H, gas, and it created micro-bubbles in the damage

High-resolution X-ray-diffraction (HRXRD) w-26 scanning  layer. When the bubbles connected with each other, the Si thin
was used to investigate the crystal lattices of Si and LN. Results  film finally split from substrate B [shown in Fig. 1(c)]. The Si-
showed that the Si/LN thin films were mono-crystallineand had ~ LNOI wafer was put into a tube furnace and annealed at 500°C

good crystal-lattice arrangement. The Si thin films were ana-  for 3 h in an oxygen atmosphere to remove lattice damage dur-
lyzed by laser confocal Raman micro-spectroscopy. Si strip-  ing the implantation process. A higher annealing temperature
loaded waveguides were prepared, and light transmissions in ~ was preferred to the damage recovery of the implanted Si.
them at the 1550 nm wavelength were observed. The propaga- ~ However, because of the thermal mismatch between the LN thin

tion losses were evaluated. These hybrid Si/LN thin films com-  film and Si substrate, the LNOI could not be annealed above
prise a potentially promising platform for integrated photonics. ~ 550°C, otherwise the LN thin film could peel off. Then, chemical
mechanical polishing was used to remove approximately 300 nm
Si film. The final Si thickness was 600 nm. The photograph of the
.. . Si-LNOI is shown in Fig. 1(e), and the wafer is 3 inch in diam-
2. Fabrication and Experiments eter. The roughness of the surface is 0.15 nm measured by an
A commercial 3 inch X-cut LNOI wafer (substrate A) (supplied ~ AFM, which is shown in Fig. 1(f).

by NANOLN) and a 3 inch floating-zone (FZ) melting bulk Si HRTEM (Tecnai G2 F20 S-Twin, FEI Co., USA) was used to
wafer (substrate B) were used as initial materials. The bulk Siwas  investigate the thin films and interfaces of the Si-LNOI. SIMS
mono-crystalline, and its orientation was (100). The fabrication =~ (ADEPT-1010, ULVAC-PHI, Inc., Japan) was used to investi-
steps of the Si-LNOI wafer are shown in Figs. 1(a)-1(d). Hions ~ gate the H concentration in the Si-LNOL The sample
(H*) were implanted into the polishing side of substrate B was scanned from the surface to 3200 nm beneath it. The con-
[Ra < 0.5nm, measured by an atomic-force microscope centration of H atoms was calibrated by Ta,0;. HRXRD
(AFM)]. The H™ energy was 100 keV, and the dose was (Smartlab3KW, Rigaku Corp., Japan) was used to study the crys-
1x 107 cm™2. The concentration of implanted H* had an tal lattice of the Si-LNOI. The X-ray radiation source was Cu K
approximate Gaussian distribution along the depth®”*®), A (1=1.54056 A). First, an w scan (rocking curve) was performed
damage layer was formed at the Gaussian peak [red arrow in  to find the crystal plane of the sample. Then, the @ was fixed, and
Fig. 1(a)]. After careful cleaning, the implanted surface and a 20 scan was used to measure the diffraction peak. Raman

H* Implantation Direct Bonding Annealing and Splitting Annealing and Polishing

Damage layer
Substrate B

(bulk Si)

S
%’ Substrate A

(LNOI)

(a)

(c) (d)

g 673.6 pm

I 1 784.1 pm
(f 0.0 5.0 um

(e)

Fig.1. Si-LNOI fabrication processes. (a) H ions were implanted into substrate B. (b) Substrates A and B were bonded by direct wafer bonding. (c) The bonded pair
was annealed, and a Si thin film was split from substrate B. (d) The Si-LNOI wafer was annealed, and the surface was polished. (€] Photograph of 3 inch Si-LNOI
wafer. (f) Surface roughness of Si thin film measured by AFM.
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measurements (LabRAM HR Evolution, Horiba Corp., Japan) layers. The interface thickness was approximately 1.3 nm.
were performed to study the samples. A 325 nm wavelengthlaser =~ Some LN-lattice distortion occurred near the boundary due to
was used to excite the samples with a 74X objective. Si thin film  lattice mismatch between LN and SiO,. Figure 2(d) shows the
on the 3 inch wafer was further polished to 300 nm, and the interface between the thermal SiO, layer and Si substrate. The
wafer was diced into 12 X 11 mm” chips. The photolithography interface between Si and SiO, was approximately 1.4 nm, and
and standard Si inductively coupled plasma (ICP) etching proc- some Si-lattice distortion still occurred near the boundary.
esses were used to fabricate the Si strip-loaded channel wave- Since the Si thin film was very thin (600 nm), it was almost trans-
guides along the y axis of the LN thin film. A 1-um-thick  parent at visible light. The bonded interface was checked by an
SiO, layer was covered on the waveguide by PECVD to avoid  optical microscope, and there was no void.
the Si thin film peeling off during the subsequent end face pol- The H-atom-concentration distribution along the depth
ishing process. The propagation loss of the Si strip-loaded wave-  direction determined with SIMS is shown in Fig. 3. In the
guide was evaluated by the Fabry-Perot resonator method”®*?).  600-nm-thick Si thin film layer on top of the sample, we found
The optical mode at the waveguide output was magnified by an ~ H atoms, which we attributed to the remaining H atoms from
objective and measured by an InGaAs camera. ion implantation and subsequent processes. In this layer, the
H concentration decreased rapidly with the increasing depth.
Atadepth of around 600 nm, at the interface between the Si thin
3. Results and Discussion film and LN thin film, the H concentration exhibited a

20 3 : :
Using HRTEM, the cross section of the fabricated hybrid Si- sharp peak of 4'43X. 10 atoms/cm . ,Thls pe.ak might come
LNOI thin films is shown in Fig. 2(a). The sample consists of, from the water during the hydrophilic-bonding process. In

from top to bottom, a layer of protection glue (M-bond 610), the following LN thin ﬁl.m laye'r m the depth around
a 600-nm-thick Si thin film, a 700-nm-thick LN thin film, a 1400 nm, the H concentration exhibited another sharp peak
2000-nm-thick SiO, layer, and a 400-pm-thick Si substrate. of 2.55 X 10* atoms/cm’. In the SiO, layer underpeath in a
Figure 2(b) shows the interface between Si/LN layers. The inter- depth of 1400 nm to 3200 nm, the H concentration slowly
face was smooth without voids, and the interface thickness was ~ decreased to 1.72 X 10 atoms/cm®.

10.5 nm. The interface was formed by the reaction of Si and LN An o scan (rocking curve) was performed at approximately
during the annealing process. There was some lattice distortion 34.5° with a step of 0.001°, and two peaks were found, as shown
near the boundary, which was due to lattice mismatch between in Fig. 4(a). Owing to the limited thickness (600 nm) of the Si

Si and LN. Figure 2(c) shows the interface between LN/SiO, thin film, the lower and wider peak was from the Si thin film,
and the higher and sharper peak was from the Si substrate.

There was approximately a 0.149° difference between these
two peaks, indicating a slight cutting-angle difference between
the implanted Si wafer and Si substrate wafer. The 20 scans were
conducted separately on the (400) crystal planes of the Si thin
si thin film B _ film and bulk Si. The scan step was 0.0012°. The results are
j shown in Fig. 4(b). The peak (red curve) at 69.174° was from
the Si thin film. The peak (black curve) at 69.133° was from
the Si substrate. Approximately a 0.041° difference existed
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Fig. 2. (a) Cross section of Si-LNOI. (b] Interface between Si/LN thin films. Depth (nm)

(c) Interface between LN/Si0, thin films. (d) Interface between Si0, layer

and Si substrate. Fig. 3. H-atom concentration in Si-LNOI along the depth direction.
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Fig. 4. (a) e scans of (400) crystal planes of Si thin film and Si substrate. (b) 26 scans of (400) crystal planes of Si thin film and bulk Si. (¢) @ scan of (110) crystal
plane of LN thin film. {d) The 26 scans of (110) crystal planes of LN thin film and bulk LN.

to the lattice distortion of the Si thin film. The full width at
half-maximum (FWHM) of the Si thin film was 0.054°, which
was small, showing that the Si thin film was mono-crystalline,
and the crystal lattice was in good arrangement.

An o scan was performed at approximately 17.5° with a step
0f0.001° on the LN thin film, and the result is shown in Fig. 4(c).
The 26 scans were performed on the (110) crystal plane of LN at
approximately 34.8° with a step of 0.0012°, and the results are
shown in Fig. 4(d). The LN thin film had a peak (red curve)
at 34.841°, and the LN bulk material had a peak (black curve)
at 34.805°. A 0.036° difference existed between these two peaks
that was attributed to the lattice distortion of the LN thin film.
The FWHM of LN thin film was only 0.039°, which was very
small, showing that the LN thin film was mono-crystalline,
and the crystal lattice had a good arrangement.

Figure 5 shows the Raman spectra. The penetration depth of
the 325 nm laser in Si was about 10 nm. The black curve was
from bulk Si. The transverse optical phonons mode (TO) peak
of bulk Si was at 521.09 cm™!. The peak intensity and FWHM
were 68.741 and 5.18 cm™, respectively. The red curve was from
mono-crystalline Si thin film (Si-LNOI). The TO peak was at
521.55 cm™!, which indicated a compressive stress in the Si thin
film'*°!. The peak intensity and FWHM were 66.199 and
6.09 cm™!, respectively, which were slightly lower and wider
than those of the bulk Si. A Raman spectrum of a-Si (blue curve)
was shown for comparison. The TO peak shifted to around
480 cm™!, and the peak intensity decreased. The FWHM became
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Fig. 5. Raman spectra of bulk Si, mono-crystalline Si thin film, and a-Si thin
film.

very broad (> 50cm™'), which was due to the out-of-order
arrangements of Si atoms.

Figure 6(a) shows an optical microscope picture of the pol-
ished end face (in the blue ellipse) of a Si strip-loaded waveguide.
Figure 6(b) shows the cross section of a Si strip measured by
AFM. The waveguide height was 290 nm, and the waveguide
width was 5 pm. The waveguide length was 3 mm. Figure 6(c)
shows the measured optical intensity distribution (upper-right)
at the 1550 nm wavelength, and the normalized transmission of
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Fig. 6. (a) Optical microscopy image of Si strip-loaded waveguide with a polished end face. (b) Cross section of a waveguide measured by AFM. (c]) Measured
optical intensity distribution, and normalized transmission of g-TE mode in Si strip-loaded waveguide.

the quasi-TE (q-TE) mode. The propagation loss was about 7.

6 dB/cm.

4. Conclusions 9

Using ion-implantation and direct-bonding technologies, a
3 inch wafer-scale hybrid Si/LN thin film was successfully fab-

ricated. HRTEM showed that there were clear and smooth 10.

amorphous interfaces between the Si/LN thin films, LN/SiO,

thin films, and SiO, layer and Si substrate. There were sharp
H-atom-concentration peaks near the interfaces between Si/
LN thin films and LN/SiO, thin films. Si/LN thin films were
proved to be mono-crystalline by HRXRD, and the 26 and
FWHM values showed excellent crystallization properties.

The Raman spectra showed that the Si thin film was in compres- 13.

sive stress. The fabricated Si strip-loaded waveguides exhibited a
propagation loss of 6 dB/cm. The Si-LNOI material discussed |,
herein is potentially a useful platform for integrated photonic

devices. 15.
6.
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