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Single crystal silicon MEMS fabrication based on smart-cut technique
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Abstract

A new single crystal silicon MicroElectroMechanical Systems (MEMS) fabrication process is proposed using proton-implantation
smart-cut technique. Compared to conventional silicon on insulator (SOI) wafer fabrication processes for MEMS applications, this tech-
nology can potentially result in a significant substrate and processing cost reduction. A silicon layer with 1.79�m thickness has been
achieved over an oxidized 4-in silicon substrate using the proposed technique. TEM analyses of the silicon thin film reveal single crys-
tal characteristics, which is attractive for potential integration of MEMS devices with microelectronics in the same structural layer.
Implant-induced defect density in the silicon can be substantially reduced to a negligible level through high temperature annealing. Proto-
type single crystal silicon MEMS structures, such as cantilever beams and clamped–clamped micro-bridges with a typical length of a few
hundreds of micrometers, have been successfully fabricated as demonstration vehicles for future micro-systems implementation.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Single crystal silicon material is highly desirable for im-
plementing MicroElectroMechanical devices and systems
due to its reliable and reproducible mechanical and electrical
properties[1]. Silicon on insulator (SOI) wafers have been
used to realize single crystal silicon MEMS inertial sensors,
optical devices, field emission components, etc.[2–5]. The
silicon structural layer is typically obtained through wafer
bonding followed by a grinding and chemical mechanical
polishing (CMP) step[3,6]. This technique, however, results
in a substantial amount of silicon material loss through the
grinding and CMP processes; hence increasing the substrate
and processing cost. In this paper, a new single crystal silicon
MEMS fabrication technology based on proton-implantation
smart-cut technique is presented. This technique has been
proposed to produce low cost SOI wafers, with a typical sili-
con thickness on the order of a hundred nanometers, for low
power microelectronics applications[7,8]. A similar tech-
nique has been employed to demonstrate suspended thin sil-
icon membranes with a comparable thickness over recess
cavities for potential MEMS applications[9]. At present,
most MEMS devices call for silicon structural layer with

∗ Corresponding author. Tel.:+1-216-368-8945; fax:+1-216-368-6039.
E-mail address: djy@po.cwru.edu (D.J. Young).

a thickness of at least 1�m, sometimes a few tens of mi-
crometers, to achieve the desired performance. In this re-
search a single crystal silicon layer with a thickness close
to 2�m is demonstrated by increasing the proton implant
energy for MEMS applications. TEM analyses of the re-
sulting silicon layer reveal a negligible implant-induced de-
fect density due to high temperature annealing and single
crystal material characteristics, which are highly desirable
for potential integration of MEMS devices with sensing and
control electronics in the same structural layer for building
high-performance micro-systems. Furthermore, the silicon
film thickness can be accurately determined through an im-
plant energy control, which presents a key advantage for
high-precision devices fabrication. The proposed technique
eliminates the grinding and CMP processes required in con-
ventional MEMS SOI wafer preparation, potentially result-
ing in a significant substrate and processing cost reduction.
MEMS prototype structures, such as cantilever beams and
clamped–clamped micro-bridges with a typical length of a
few hundreds of micrometers and a thickness of 1.7�m, have
been fabricated as demonstrated vehicles for future sensors,
actuators, and micro-systems implementation. A thicker sil-
icon layer can be obtained by enhancing the implant energy
but will be ultimately limited by the equipment capability.
An additional epitaxial growth on top of the existing sili-
con layer can be potentially considered to increase the layer
thickness[10].
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2. Fabrication process

The proposed single crystal silicon MEMS fabrication
process flow is presented inFig. 1. A 4-in 〈1 0 0〉 N-type
prime grade silicon substrate (Wafer A) is first passivated
with 1000 Å thermal oxide, which serves as a surface protec-
tion layer for wafer handling during the subsequent implant.
A proton dosage ranging from 3× 1016 to 1 × 1017 cm2

has been shown to be adequate for silicon layer splitting
[11]. An implant dose of 7× 1016 cm2 is thus selected for

Fig. 1. Single crystal silicon MEMS process flow: (a) hydrogen implan-
tation; (b) oxidizing carrier wafer; (c) wafer bonding; (d) wafer splitting;
(e) released microstructure.

this experiment to ensure enough buried protons for a suc-
cessful splitting. An implant energy of 200 keV is chosen
to achieve an expected H+ peak concentration of approx-
imately 1.8�m below the wafer surface, as illustrated in
Fig. 1a, based on an implant projected range calculation of
approximately 90 nm/keV in silicon[11]. The implanted hy-
drogen ions introduce micro-cavities along the peak concen-
tration. After bonded to a carrier substrate, the micro-cavities
will cause the silicon wafer to split along the peak concen-
tration by a high temperature annealing step[7,8], thus re-
sulting in a single crystal silicon layer with a thickness of
about 1.8�m over the carrier substrate. This silicon layer
thus can be used as a structural material for building MEMS
sensors and actuators. The silicon thickness can be increased
by enhancing the implant energy but is ultimately limited by
the equipment capability and processing time. Conventional
medium-current implant equipment employed for achieving
the required dose range is typically limited to a maximum
implant energy of around 400 keV, corresponding to a thick-
ness of 3.6�m. Low-current implant equipment can offer
higher implant energy but making the processing time and
cost prohibitive. A thicker silicon layer, however, can be po-
tentially obtained through an additional epitaxial growth on
top of the existing layer. After the implant the oxide pas-
sivation layer is removed by HF to obtain a smooth wafer
surface, which is critical for the subsequent wafer bonding.
In the next step, another 4-in〈1 0 0〉 N-type silicon sub-
strate (Wafer B) serving as a carrier wafer is passivated by
a thermal oxide. An oxide thickness of 1.5�m is chosen for
the prototype fabrication as shown inFig. 1b. After a mi-
nor polishing of the oxide surface, Wafer A and Wafer B
are cleaned in a base solution (H2O:NH4OH:H2O2 = 5:1:1)
to obtain a hydrophilic wafer surface followed by a fur-
ther cleaning in a standard RCA to remove any possible
ionic contaminations. At the point, the as-cleaned wafers are
rinsed in DI wafer for an extensive period of time to keep
the surfaces free of particles while maintaining hydrophilic-
ity. The two substrates are then brought into contact and
bonded together by a compression bonding technique with
an in situ infrared-based heating to dispel any trapped wa-
ter vapor drops, as shown inFig. 1c. The bonded wafers are
annealed at 270◦C for 12 h to enhance the initial bonding
strength followed by heating at 485◦C for 30 min to initiate
the splitting, causing an approximately 1.8�m-thick single
crystal silicon layer transferred from wafer A to wafer B,
as depicted inFig. 1d. The splitting condition is experimen-
tally determined for the prototype fabrication since a lower
temperature process would require an excessive annealing
time to initiate the splitting, while a higher temperature an-
nealing may separate the wafers from the bonding interface
if the initial bonding is weak. After the splitting, Wafer A
can be polished and reused by the same procedure to form
SOI substrates, thus eliminating silicon material loss occur-
ring in conventional MEMS SOI wafer preparation, poten-
tially reducing substrate cost. The split silicon layer is then
annealed at 1100◦C for over 2 h. This annealing step not
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only forms a strong chemical bond between the silicon and
underneath thermal oxide but also substantially reduces the
implant-induced defects in the transferred layer to a negligi-
ble level, as will be illustrated in the following section. The
split silicon layer is patterned with a standard lithography
process and dry etched to form various microstructures, such
as cantilever beams and clamped–clamped micro-bridges.
The wafer is then diced followed by a timed etch in HF and
a super critical drying process to release the microstructures
as shown inFig. 1e.

3. Fabrication and measurement results

Fig. 2 presents an SEM photo of the wafer cross-section
after the splitting, showing that a 1.79�m-thick silicon
layer is transferred onto the carrier wafer passivated by
a 1.5�m-thick thermal oxide. The obtained silicon layer
achieves a uniform thickness with a variation of 100 Å and
a smooth surface. The surface quality is characterized by an

Fig. 2. Wafer cross-sectional view after splitting.

Fig. 3. AFM three-dimensional surface profile.

Fig. 4. Dark field TEM of as-implanted silicon cross-section.

atomic force microscope (AFM).Fig. 3 presents an AFM
three-dimensional surface profile with an average roughness
of 10 nm. The small surface roughness can be readily elim-
inated by a minor polishing step to obtain a high quality
surface and is attractive for high-performance micro-system
applications, such as low loss optical communications and
biomedical imaging detections.

TEM analyses have been performed to analyze the sil-
icon material characteristics before and after the splitting.
Fig. 4 shows a dark field TEM cross-sectional image of
an as-implanted silicon wafer along the〈0 1 1〉 orientation.
From the figure, it can be seen that an implant-induced
highly damaged silicon layer with a width of 500 nm is lo-
cated approximately 1.75�m below the wafer surface. This
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Fig. 5. Dark field TEM of annealed split silicon cross-section.

damaged layer causes the wafer to split when annealed at
elevated temperatures. The implant-induced defect density
decreases toward the silicon surface and is estimated as
2× 1011, 8× 1010, and 3× 1010 cm−2 at 1.2, 1, and 0.8�m
away from the surface, respectively. The defect density can
be significantly reduced by the 1100◦C annealing step af-
ter the silicon splitting.Fig. 5presents a corresponding dark
field TEM cross-sectional image of an annealed split silicon
layer. Compared toFig. 4, the defect density in silicon is re-
duced to a negligible level. An X-ray analysis indicates that
a thin oxide layer with a thickness of 0.2�m is formed at the
wafer surface caused by the high temperature annealing in
an oxygen environment, thus resulting in a final thickness of
1.7�m for the split silicon layer.Fig. 6 shows a close view
of the interface between the surface oxide and split silicon
layer. A thin residual layer of defects with a thickness of
10 nm is found under the surface oxide. However, the TEM
of the silicon region underneath is indistinquishable from
that of single crystal silicon substrates used for microelec-
tronics fabrication. The surface oxide can be removed by HF
followed by a minor CMP process to eliminate the residual
defect region to obtain high quality silicon. The high tem-
perature annealing can also be performed in a non-oxygen
environment to avoid surface oxidation. However, a CMP
step may still be necessary to eliminate any residual defect
layer at the split surface.Fig. 7presents a selected area elec-
tron diffraction pattern (SAD) of the split silicon material.
The diffraction pattern indicates single crystal characteris-
tics, which is critical for realizing high-performance MEMS
devices and potential system integration with microelectron-
ics in the same structural layer.

A number of prototype microstructures have been success-
fully fabricated using the proposed fabrication technology.

Fig. 6. Close view of the interface between oxide and silicon.

Fig. 8a and bpresent SEM photos of fabricated cantilever
beams and clamped–clamped micro-bridges. These mi-
crostructures exhibit a width of 5�m and lengths ranging
from 100 to 190�m. The structures have a thickness of
1.7�m since the surface oxide is removed along with

Fig. 7. SAD of the split silicon layer.
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Fig. 8. (a) Fabricated cantilever beams top view. (b) Fabricated clamped–clamped beams top view. (c) Cantilever beams cross-sectional view. (d)
Micro-bridges cross-sectional view.

the sacrificial layer during the release. The corresponding
cross-sectional views of the structures are shown inFig. 8c
and d, indicating that the beams are freely released and the
cantilevers are virtually free of warpage, which is critical
for various MEMS applications. These demonstrated struc-
tures can be used as building blocks to design and fabricate
more complex MEMS sensors and actuators in the future.

4. Conclusions

A single crystal silicon MEMS fabrication technology
has been demonstrated using proton-implantation smart-cut
technique. The proposed technology, compared to conven-
tional SOI wafer fabrication processes for MEMS applica-
tions, can potentially result in a significant substrate and
processing cost reduction. Prototype cantilever beams and
clamped–clamped micro-bridges have been successfully
fabricated as demonstration vehicles for future micro-system

implementations. Material analyses show that the trans-
ferred silicon layer reveals single crystal characteristics and
exhibits a negligible defect density after high temperature
annealing. These characteristics are critical for realizing
high-performance MEMS sensors, actuators, and potential
system integration with microelectronics in the same struc-
tural layer. The proposed technology is also attractive for
potentially realizing other single crystal thin films, such as
SiC, GaAs, and GaN, for implementing micro-systems and
electronic devices for harsh environment applications and
integration with optoelectronics.
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