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Abstract—This paper presents a nano-roughneneing technique to
effectively modify bonding surface for ensuring for the
continuation of hermetic encapsulation shrinkage from MEMS to
NEMS. The roughening is realized via a non-uniform etch
characteristic of PR which is etched then utilized as an etching
mask for the following silicon etching process. UV adhesive
bonding is utilized for the verification of the nano-roughening for
NEMS hermetic encapsulation. The average roughnesses of
silicon substarte before and after the modification are 0.4nm and
12.4nm respectively. The roughness increase can effectively
provide more than 30% bonding strength enhancement and 8%
leakage reduction.
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The advance of nanotechnology has disclosed a new era of
NEMS (Nanoelectromechanical Systems) development.
Nevertheless, poor efforts have been made on manufacture-
related researches. For instance, wafer-level processing is a
key principle that can ensure the success of N/MEMS
commercialization with low manufacturing cost. However,
due to the large surface area-to-volume ratio and free-standing
feature of N/MEMS devices, device structure would be
susceptible to processing damages like the structural stiction or
breakage induced by wafer dicing operation [1]. Thus, like
MEMS fabrication, the incorporation of hermetic encapsulation
into NEMS manufacture for wafer level processing has become
increasingly significant. Previously, utilizing microshells to
encapsulate as-fabricated MEMS devices in wafer-level via an
appropriate wafer bonding technique has been a common
approach for low cost manufacture application. The microshell
provides mechanical support, thermal and electrical path, and
hermetic seal for the MEMS devices.

INTRODUCTION

In the approach, several adhesive bonding techniques have
been proposed and fascinated for MEMS hermetic
encapsulation due to the characteristics of low-processing
temperature and low-sealing cost [2,3]. However, like IC
scaling rule, the conventional MEMS encapsulation size must
shrink from sub-millimeter scale down to sub-micrometer one
as shown in Fig. | in terms of the reduction of parasitic effect
and manufacturing cost of NEM. In the bonding scheme,
bonding strength will decrease with the cap size. Since the
bonding width of a NEMS encapsulation is only several
micrometers or even smaller, the strength reduction would
evidently affect the reliability of encapsulation. Thus, this
paper is to employ a nano-roughening method for the strength
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and reliability improvement of NEMS hermetic encapsulation.
Via the modification of the bonding interface, the cap size can
be reduced effectively.

Contact Pad

Micro actuator

Nanotube actuator
NEMS Packaging

Fig. 1. The scaling rule for the packaging transition from MEMS to NEMS.
The bonding width has to shrink from hundreds micrometers to several
micrometers or even smaller.

II. FABRACTION PROCESS

In the experiment, a glass-to-silicon hermetic encapsulation
scheme using UV curable adhesive [2] is utilized as the
demonstration vehicle for the investigation of nano-roughening
effect. Two kinds of silicon surfaces, with and without nano-
roughening treatment, are utilized for the comparison purpose.
Figure 2  illustrates the fabrication of hermetic
nanoencapsulation. The roughening is first accomplished on a
4” silicon wafer using the previously developed surface
modification method which combines both spin-on photoresist
(PR) and RIE etching [4].

The nanopatterning first comes with 0.5um FH-6400 PR
coating on a silicon substrate followed by 120°C baking for
Smin. The PR coated surface is then reactive-ion-etched using
100W RF powered plasma at a 20mTorr of SF¢ and O, mixture
with the gas flow ratio of 20 to 4 sccm. The roughening is
realized via a non-uniform etch characteristic of PR. The
etched PR is used as an etching mask underneath which the
silicon is exposed and etched. After patterning on the silicon
surface, residual resist is then removed using the mixture of
sulfuric acid and hydro peroxide. Figure 3 shows the surfaces
before and after roughening whose average roughnesses are 0.4
and 12.4nm respectively.
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Fig. 2. The process flow of the hermetic packaging. (a) surface roughening on
a 4” silicon substrate using the surface modification method which combines
both spin-on photoresist and RIE etching [4], (b) 9um deep concave cavity
fabrication using plasma etching, (c) silicon-to-glass  bonding with UV
curable adhesive (d) dicing operation.

(d) Success

(b)

Fig. 3. SEM micrographs of silicon surfaces {a)} without, (b} with nano-
roughening treatment.

The roughened substrates are then plasma etched to form
9um deep microcavities to define bonding areas. Two different
bonding widths, 2 and 4pm, are chosen for bonding
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characterization. At final, the substrate is tentatively adhered
with another substrate, which is a flat Pyrex 7740 glass wafer
spin-coated with a layer of 3um thick UV curable adhesive.
After a 40mW/cm” flood exposure of UV light onto the two
substrates for 90mins, the adhesive bond is formed and
hermetically sealed microcavities are fabricated as shown in
Fig. 4. The adhesive, LOCTITE product 3491, chosen for the
testing is provided by Henkel company due to its low viscosity,
single component, and excellent resistance to prolonged
humidity or water immersion [5].

Fig. 4. Optical micrographs of silicon-to-glass bonding with UV curable
adhesive. (a) overall view , (b) enlarged view. The microcavities is designed
with a 4um wide bonding width.

III. RESULTS AND DISCUSSION

Figure 5 shows a uniform bond formed between two
substrates while the adhesive is well UV-cured. The enlarged
cross sectional view shows a layer of 4um thick cured adhesive
is formed between silicon and glass substrates.  The
hermeticity of encapsulation is then examined by immersing
the microcavities into water, Due to the contrast difference
resulted by the refraction index difference between water and
air, the failed encapsulation can be easily observed under an



optical microscope as shown in Fig. 6. Fig. 6(a) shows an
optical micrograph of hermetic sealed microcavitites after
leakage test. The darken region represents the leaky path with
trapped moisture. The leakage is mainly caused by an
incomplete bond formed in the bonding interface as shown Fig.
6(b). The testing result shows that the addition of nano-
roughening can have about 8% failure rate reduction.

(b)

Fig. 5. SEM cross sectional micrograph of silicon-to-glass bonding with UV
curable adhesive. (a) overall view , (b) enlarged view.
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(b)

Fig. 6. Hermeticity test results (a) optical micrograph of the hermetic
packages after leakage testing (b) enlarged SEM cross sectional view taken
from the bonding interface of the failed package.
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Fig. 7. Bonding strength characterization. (a) pull test results for the
microcavities designed with 2 and 4um bonding width respectively, (b} pull
test stage.

The bonding strength is characterized using a home-made
pull testing stage shown in Fig. 7. The top and bottom sides of
tested die are first glued to stainless plates. Then, a pull gate is
connected to the plates and utilized to measure the bonding



strength. The intrinsic bonding strength of Si-to-glass bond
using UV adhesive is 7.29MPa. The strength is mainly limited
by the poor adhesive force between the silicon or glass surface
and the UV glue. Thus, the experiment further shows that UV
curable adhesive bond with higher surface roughness has larger
bonding force. The bonding strength can be enhanced up to
34.6% in the 2um bonding width and 43.2% in the 4um
bonding width.

According to the stamp-and-stick test, it is found that the
nano-roughening can provide a better adhesive characteristic to
the UV glue as shown in Fig. 8. The darken region represents
the surface covered with the glue after stamp-and-stick
processing. The contrast indicates the non-uniform distribution
of UV adhesive on the microcavitites. Thus, the microcavities
with the surface roughening treatment can be uniformly coated
with a layer of UV glue in comparison with the one without
having the roughening. Since the stamp-and-stick process has
been a common nano/microfabrication technique for various
applications, such as microfluidic device fabrication and
nanoimprinting [6,7], the result can further ensure the success
of the applications via the utilization of nano-roughening.
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Fig. 8. Stamp-and-stick test results: (a) and (b) show the silicon surface
without nano-roughening before and after stamp-and-stick to UV curable
adhesive, respectively. (c¢) and (d) show the silicon surface with nano-
roughening before and after stamp-and-stick to UV curable adhesive,
respectively.

Iv. CONCLUSION

This paper reveals the importance of employing non-
roughening for reliable hermetic encapsulation of N/MEMS
manufacture. The surface roughening is realized via a non-
uniform etch characteristic of PR which is etched then utilized
as an etching mask for the following silicon etching process.
The roughening can enhance not only adhesive bonding
strength, hermetic encapsulation yield for N/MEMS
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manufacture but also provide better sticky characteristics
possible for nanoimprinting applications.
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