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We report herein a rational approach for fabricating metal suspending nanostructures by nanoimprint
lithography (NIL) and isotropic reactive ion etching (RIE). The approach comprises three principal steps:
(1) mold fabrication, (2) structure replication by NIL, and (3) suspending nanostructures creation by
isotropic RIE. Using this approach, suspending nanostructures with Au, Au/Ti or Ti/Au bilayers, and
Au/Ti/Au sandwiched structures are demonstrated. For Au nanostructures, straight suspending
nanostructures can be obtained when the thickness of Au film is up to 50 nm for nano-bridge and 90 nm
for nano-finger patterns. When the thickness of Au is below 50 nm for nano-bridge and 90 nm for
nano-finger, the Au suspending nanostructures bend upward as a result of the mismatch of thermal
expansion between the thin Au films and Si substrate. This leads to residual stresses in the thin Au
films. For Au/Ti or Ti/Au bilayers nanostructures, the cantilevers bend toward Au film, since Au has a
larger thermal expansion coefficient than that of Ti. While in the case of sandwich structures, straight
suspending nanostructures are obtained, this may be due to the balance of residual stress between the

thin films.
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1 Introduction

Micro-electromechanical systems (MEMS) have wide
applications in the development of cantilever sensors for
detection in many fields!". A reduction of the dimen-
sions of the mechanical sensor leads to a new generation
of systems called nano-electromechanical systems
(NEMS)*, which represents an improvement on sensi-
tivity, spatial resolution, integration, energy efficiency
and time of response. So far, applications of nano-
cantilever sensors are mainly focused on dynamic mode
silica based nano-sensors (nano-resonator) used as mass
sensors. The principle of nano-resonator is based on vi-
brating the cantilever and detecting the cantilever reso-
nance frequency shift due to mass changes of the canti-
lever, e.g. due to adsorption of molecules. Such systems

can benefit significantly from miniaturization, e.g. by
simply reducing the dimensions of the cantilever to
nanometre scale. Davis’s research group® ® has de-
scribed effort to develop a silicon based nano-resonator
system directly integrated on a pre-processed CMOS
chip. A mass sensitivity of around 10'%g is expected to
obtain, which is high enough to detect changes in mass
corresponding to a single biomolecule. Gupta et al."”)
have recently fabricated silicon based microresonators
with thickness of 20—30 nm, and have successfully
used the resonators to detect single virus particle.
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Previous attempts at fabricating submicron scale sus-
pending structures include electron beam lithography
(EBL), Atomic Force Microscopy lithography, and di-
recting writing laser lithography (DWL), combined with
wet etching™**!. However, the throughput of the afore-
mentioned lithography techniques is very low and these
techniques are not very suitable for a mass fabrication of
nano-cantilever sensors. What is more, the use of wet
etching for the definition and release of suspending
nanostructures is problematic[lofm. First, KOH broad-
ens the line width of the defined structures due to the
anisotropic etch profile and second, the released struc-
tures might stick to the underlying substrate due to cap-
illary forces, hydrogen bridging, electrostatic forces and
van der Waals forces.

Nanoimprint lithography (NIL) has been proposed by
Chou et al."* "% as an alternative approach for fabrica-
tion of nanostructures with critical dimensions in the
sub-100 nm range at the wafer scale level, which is
based on compression molding and pattern transfer
process. In the imprint process, a mold with nanostruc-
tures on its surface is pressed into a thin resist cast on a
substrate. The resist, a thermal plastic, is deformed read-
ily by the mold when being heated above its glass transi-
tion temperature (due to a low viscosity). After the resist
is cooled below its glass transition temperature, the mold
is removed. In the following pattern transfer process, an
anisotropic etching process, such as anisotropic reactive
ion etching (RIE), is used to remove the residual resist in
the compressed area, transferring the thickness contrast
pattern created in the imprint into the entire resist.
Compared with EBL, SPL and DWL, NIL offers a low
cost method for mass producing nanostructures. Here,
we report on the fabrication of suspending metal nano-
structures using NIL and sequent isotropic RIE.

2 Fabrication procedures

The schematic diagram of the fabrication procedure is
shown in Figure 1, which comprises of three principal
steps: (1) mold fabrication by EBL; (2) structure replica-
tion by NIL; and (3) suspending nanostructures creation
by isotropic RIE. Au and Ti are demonstrated as
monolayer, bilayer and sandwiched cantilevers.

The first step in fabrication was to make imprint
molds using EBL and RIE. Two kinds of patterns were
designed, nano-finger and nano-bridge patterns. The
nano-finger patterns had line width of 100, 200, 300 and
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Figure 1 Schematic diagram of the procedures for fabricating suspend-

ing metal nanostructures by nanoimprint lithography and isotropic reactive
ion etch. Mold is first defined by EBL (a), then the patterns on the mold is
imprinted in PMMA coated on Si substrate (b). Metal was thermally
evaporated and lifted off in warm acetone, forming metal patterns on the
Si substrate (c). Finally, suspending nanostructures are released by iso-
tropic reactive ion etch (d).

500 nm, respectively, and with length ranging from 2
pm to 12 pum. Each nano-bridge pattern has lines with
width of 100, 200, 300 and 500 nm, with length ranging
from 4 pm to 16 um. 10 mmx10 mm Si wafers with
600-nm thick thermal SiO, are used. The wafers were
spin coated with ~150 nm PMMA resists, exposed with
EBL at 35 keV with a probe current of 20 pA. After re-
sist development, 2-nm-thick Ti and 25-nm-thick Au
were thermally evaporated and lifted off in warm ace-
tone. Ultrasonic agitation was used in the lift-off proce-
dure. The Ti+Au layer (Ti served as adhesion layer) was
then used as an etch mask in reactive ion etching of SiO,
in Ar/CHF; chemistry for 120 s (Ar 25 sccm, CHF; 25
sccm, 30 mTorr, 15 W). Immediately after the reactive
ion etching, the metal mask was removed and the SiO,
surface was treated by vapor deposition of tridecafluoro
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(1, 1, 2, 2-) tetrahydrooctyl trichlososilane (F;3-TCS) to
prevent sticking of resist to the stamp. SEM images of a
nano-finger pattern with 300 nm line in width and a
nano-bridge pattern with 8§ um in length are shown in
Figure 2(a) and (b). The protrusion on the mold is ap-
proximately 120 nm high.

For the NIL experiments, Si wafers were spin coated
with ~150 nm thick PMMA (MW 5000) and imprinted
at 45 bar and 200°C for 300 s. After printing, the wafers
were exposed to oxygen plasma (O, 20 sccm, 30 mTorr,
15 W) for 40 s to remove residual PMMA in the pat-
terned regions. Then metals, Au or Cr used as materials
of suspending nanostructures, were thermally evapo-
rated and then lifted off in warm acetone, forming metal
patterns on the Si substrate. Finally, isotropic reactive
ion etching was performed to etch Si substrate with
SF¢/O; (SFg 30 sccm, O; 5 sccm, 80 mTorr and 100 W)
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for 60 s to release the suspending nanostructures. SF¢/O,
chemistry performs almost isotropic etching for Si
substrate, and shows high etching selectivity between Si
and metal mask, which resulted in severe undercut dur-
ing etching. The Si under the metal mask was etched
gradually, and the metal cantilever was fully suspended
at last.

An ultrahigh resolution electron beam lithography
patterning tool (Raith 150) was used to fabricate SiO,/Si
molds for nanoimpint. Metal thermal evaporation was
carried out using a BOC EDWARDS AUTO306 evapo-
rator. Imprinting work was done on an Obducat Nano-
imprinter with a 60-mm-diam substrate holder, and reac-
tive ion etching was performed on an Oxford 80Plus
RIE. The SEM images were taken with a LEO 1530 VP
scanning electron microscope (LEO Elektronenmik-
roskopie GmbH, Oberkochen, Germany).

20 pm

300.0 nm

0.0 1:Height 20.0
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Figure 2 SEM images of mold (a, b) and AFM images of corresponding nanoimprint results (c, d). (a, ¢) Nano-finger pattern with line width of 300 nm
and length ranging from 2 um to 12 um; (b, d) nano-bridge pattern with lines width of 100, 200, 300 and 500 nm and length of 8 um.
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3 Results and discussion

3.1 Results of nanoimprint

The typical AFM (Nanoscope V, DI) images of the rep-
licated nano-finger (with 300 nm line width) and nano-
bridge (with 8 um long) patterns are shown in Figure 2
(c) and (d). It can be seen that the replicated patterns
show excellent surface uniformity over the area that is
imprinted. The geometry of the patterned PMMA sur-
face is in close agreement with that expected from that
of the original mold (patterns in Figure 2 (a) and (b)).
This indicates that NIL is competent for pattern defini-
tion in the fabrication of suspending nanostructures. It
can also be found that the 100-nm-wide line in the
nano-bridge pattern is not replicated (Figure 2(d)).
Characterization of the post-imprinted mold shows that

2 um
—

2 um
—

the 100-nm-wide lines are absent. This indicates that the
100-nm-wide lines have been destroyed during the im-
printing process, which may be due to undercut RIE
during mold fabrication.

3.2 Results of suspending nanostructures fabrica-
tion

3.2.1 Monolayer suspending metal nanostructures.

Figures 3 and 4 show the SEM images of monolayer
metal suspending nanostructures. The thickness of Au
films ranges from 17 to 90 nm, and a 2-nm thick Ti layer
is used as adhesion layer for Au deposition. It can be
seen from Figure 3 that the nanocantilevers with 17 nm
thick Au (Figure 3(a)) coil upward. This may be mainly
due to the mismatch of thermal expansion between the
thin Au films and the Si substrate, which may lead to
residual stresses in the thin Au films!”,

2 um
—

2 um 2 um
— —i

Figure 3 SEM images of monolayer suspending nano-finger patterns with line width of 200, 300 and 500 nm from left to right, as a function of Au layer
thickness. (a) 17-nm-thick Au, (b) 50-nm-thick Au, (c) 90-nm-thick Au. 2-nm-thick Ti is deposited between Au film and substrate Si as adhesion layer.

Figure 4 SEM images of monolayer suspending nano-bridge patterns, with length of 8 um, as a function of Au layer thickness. (a) 17-nm-thick Au, (b)
50-nm-thick Au, (c) 90-nm-thick Au. 2-nm-thick Ti is deposited between Au film and substrate Si as adhesion layer.
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Residual stress in thin film, mainly resulting from
mismatch of thermal expansions between different ma-
terials, is an important mechanical behavior in the areas
of MEMS and NEMS. For a thin film with an effective
young’s mould Es and an effective thermal expansion
coefficient a4, the residual stress oy, which arises from a
temperature increase AT can be expressed as eq. (1)!'7).

on=Es- &n = Es(a1 —02)AT, (1)
where a, denotes the thermal expansion coefficient of
the substrate, and &, denotes the corresponding elastic
deformation. If a;>a,, the thin film is under residual
compression. Otherwise, the thin film is under residual
tension in the case of a;<<a,. Effects of the residual
tress in thin film are in two-fold: on the one hand, the
micromachined or nanomachined structures may be
damaged or deformed with release of residual tress'™;
on the other hand, the residual tress can be exploited to
drive microactuators or nanoactuators!'® 2%,

It is interesting to note that the curvatures radius of
the cantilevers in Figure 5 increases with the increase of
Au film thickness. When the thickness of the Au film
reaches to 90 nm, slight bent effect can be found. Canti-
levers shorter than 8 um are nearly straight. It is re-
ported that the curvature radius p of the deformed film
can be expressed as'*'!

p=_ar, @

- ay)

where /1 denotes the film thickness. If the thermal ex-
pansion coefficient mismatch between the two thin films
(a1—a) is stable, curvature radius p is directly propor-
tional to the film thickness /. This may be a reasonable
explanation for the above results. For suspending
nano-bridge structures, as shown in Figure 4, straight
beams are obtained when the thickness of Au film
reaches up to 50 nm. Hence, straight nanocantilevers
can be obtained by increasing film thickness. From Fig-
ures 3 and 4, it can also be found that stiction of sus-
pending nanostructures to substrate is not observed,
which indicates that isotropic RIE is suitable to releas-
ing suspending nanostructures.
3.2.2 Bilayer suspending metal nanostructures. Based
on the fact that mismatch of thermal expansion between
different thin films may lead to deformation of nanocan-
tilever, Auw/Ti or Ti/Au bilayers, and Auw/Ti/Au multi-
sandwich-layer structures were used to fabricate nano-
cantilevers with anticipative shape. SEM images in Fig-
ure 5 are the fabrication results of bilayer nanocantilevers.

All the bilayer nanocantilevers have a total thickness of
100 nm, 50-nm-thick Au and 50-nm-thick Ti. Figure 5
shows that the nanocantilevers bend downward when
the Ti film is deposited on the top of Au film, whereas
the bend orientation is inverse when the Au film is de-
posited on the top of Ti film. In other words, the nano-
cantilevers bend toward Au side. It is known that bulk
Au has a larger thermal expansion coefficient (14x107°
‘C™") than that of bulk Ti (8.2x10™° C™"). According to
eq. (1), the Au film is under residual tension, and the Ti
film is under residual compression, which is the reason
for nanocantilever’s curving toward Au side.

Figure 5 SEM images of bilayer suspending nano-finger patterns. (a),
(b), (¢) 50-nm-thick Ti deposited on 50-nm-thick Au (50nmAu+50nmTi),
with line width of 200, 300 and 500 nm, respectively; (d), (e), (f)
50-nm-thick Au deposited on 50-nm-thick Ti (50nmTi+50nmAu), with
line width of 200, 300 and 500 nm, respectively.

3.2.3 Multi-sandwich-layer suspending metal nano-
structures.  Figure 6 shows the results of multi-sandwich-
layer nanocantilevers. Two kinds of 100-nm-thick
sandwiched structures are designed, (1) Ti layer is sand-
wiched with Au layers (25 nmAu+50 nmTi+25 nmAu)
(Figure 6(a), (b), (c)); (2) Au layers and Ti layers are
sandwiched with each other (20nmAu+20nmTi+20nmAu
+20nmTi+20nm Au) (Figure 6(e)). It can be seen that
nearly straight shape is obtained for these sandwiched
structures. This indicates that, in the sandwiched struc-
tures, the residual tress of side layers may be balanced in
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the middle layer. Cantilevers with line width of 500 nm
are completely straight, as shown in Figure 6(c) and (d).
However, slightly downward curve at tips can be found
for the cantilevers with line width of 200 and 300 nm,
which may be due to boundary or tip effect existing in
nano- scale structures. Anyway, unpredictable factors in
the experiment may also affect the results. From the
aforementioned results, straight nanocantilevers may be
fabricated by changing metal film deposition sequence
or film thickness, considering the residual stress in thin
film.

Figure 6 SEM images of multi-sandwich-layer suspending nano-finger
patterns. Two kinds of 100-nm-thick sandwiched structures are designed,
(a), (b), (c) Ti layer is sandwiched with Au layers (25nmAu+50nmTi+
25nmAu) with line width of 200, 300 and 500 nm, respectively; (d) Au
layers and Ti layers are sandwiched with each other (20nmAu+20nmTi+
20nmAu+20nmTi+20nmAu) with line width of 500 nm.

4 Summary

In conclusion, we have described a simple and low cost
method for the fabrication of suspending metal nano-
structures. Nanoimprint lithography is used as a mask
definition technique with the advantage of low cost and
high throughput. Isotropic reactive ion etch is effec-
tively used to release suspending nanostructures, which
avoids the problems met in wet etching. Nanocantilever
shape is controlled by designing the metal deposition
sequence and film thickness, considering mismatch of
thermal expansion between different thin films.

The suspending metal nanostructures may be used
both as nanoresonators and nanoactuators with high
sensitivity. Furthermore, nanoimprint lithography and
reactive ion etching are metal-oxide-semiconductor
(CMOS) compatible, which makes it possible to fabri-
cate suspending metal nanostructures with integrated
microelectronics.
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