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Abstract

A nanosecond-pulsed laser bonding process with a shadow mask for MEMS packaging applications has been successfully demonstrated.
YAG Surelit II laser with pulse duration of 4-6 ns, a wavelength of 355 nm and a focal diameter of 1 mm is used to provide the bonding energy
for glass-to-silicon bonding using a 4 um thick indium layer as the bonding material. The optimal bonding parameters are found
experimentally when the laser energy is between 8 and 22 mJ and multiple laser shots are used. Furthermore, a regular white paper with
pre-defined patterns has been successfully used as the masking material to achieve selective heating and bonding. Simulation results show that
localized heating can be achieved by using the nanosecond laser. One micro-second after the laser power is applied, the temperature at the
indium/silicon interface drops from 2500 to 760 °C and drops further to 43 °C after 1 ms. This nanosecond laser power is believed to provide
suitable energy and time for localized heating and bonding applications for MEMS. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Various bonding approaches currently applied in MEMS
packaging and fabrication have been reviewed in [1]. Pre-
viously, several bonding schemes based on localized heating
and bonding have been proposed for MEMS packaging
applications such as localized eutectic bonding [2], localized
fusion bonding [3], localized solder bonding [4] and loca-
lized chemical vapor deposition (CVD) bonding [5]. How-
ever, the heating sources of these approaches are coming
from resistive heating such that electrical wiring has to be
provided. In many cases, the electrical wiring is not pre-
ferred.

A comprehensive review on laser welding was given in
[6]. The laser welding represents a delicate balance between
heating and cooling within a spatially localized volume
overlapping two or more solids such that a liquid pool is
formed and remains stable until solidification. The objective
of laser welding is to create the liquid pool by absorption of
incident radiation, allow it to grow to the desired size, and
propagate this liquid pool through the solid interface elim-
inating the original seam between the components to be
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joined. The failure of welding is usually resulted due to too
large or too small liquid pool or significant vaporization. The
porosity and void formation during the welding process will
affect the quality of the resulting weld. Basically, there are
two types of laser welding: (a) conduction welding and (b)
keyhole welding. The surface of the liquid pool in the former
one remains unbroken, while it opens up to allow the laser
beam to enter the liquid pool in the latter one.

Laser welding has advantages of high speed, high preci-
sion, consistent weld integrity, and low heat distortion. It is
finding increasing use in industrial applications. Presently,
people are focusing on welding metals (see, e.g., [7,8]), there
has been little work done on laser welding of some important
non-metal materials such as ceramics and glasses (see
Chapter 6 of [6] for a simple review of laser welding of
non-metals). Nd: YAG and CO, lasers are commonly used in
industrial laser welding.

In the industrial laser welding, the size of two welded
materials is usually large and heat-affected zone is generally
not restricted. However, it is not so for laser bonding in
MEMS packaging. The whole MEMS structure is small. The
corresponding bonding area and heat-affected zone are
highly restricted.

In the micro-scale, laser has been used to manufacture 3D
microstructures [9], to assist alignment [10], and to perform
inner lead bonding process [11]. However, little work has
been presented on micro-scale laser sealing process for
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MEMS packaging applications. If successfully developed,
laser welding could provide the advantages of no electrical
wiring, fast operation and localized heating.

2. Experimental set up and bonding mechanisms

The laser bonding in our experiments belongs to the type
of conduction welding with the surface of the liquid pool
remaining unbroken. An Nd:YAG Surelit II laser with a
pulse duration of 4-6 ns and a wavelength of 355 nm is used
for glass-to-silicon bonding with an intermediate layer of
indium. The experimental set up is shown in Fig. 1. A 4 um
thick indium layer is deposited on a 500 pum thick silicon
wafer and a 500 pm thick Pyrex glass substrate is placed on
top of the indium/silicon substrate. A certain pressure is
applied in order to bring the glass and silicon wafers in close
proximity. A mask consisting of reflective material is used to
define the bonding area. In the first try-out experiment, a
plain white paper with pre-defined open areas is used as the
mask. The glass layer is virtually transparent to laser light
with the wavelength of 355 nm, while the indium layer
absorbs laser irradiation energy. The material at the places
corresponding to the designated bonding area is removed
from the mask such that laser light can pass through the glass
and be absorbed by the bonding material. On the other hand,
a reflective masking material serves as a good mask to
prevent laser light penetration. Bonding material (indium
in the current setup) in the spot of the laser irradiation forms
a good bond with glass at elevated temperature. Experimen-
tally, multiple laser shots at one spot allow more materials to
react and provide more reaction time, which lead to stronger
bonding results.

3. Mathematical models and simulation results

Different from that in the traditional macro-scale packa-
ging applications, it is desirable to limit the heating area in

Pattern which pre-defines
bonding area

the MEMS bonding process to avoid damages to devices
outside the bonding area. The scheme of nanosecond laser
bonding provides a unique approach to achieve localized
heating and both mathematical model and simulation are
essential to help determine the optimized heating power and
time to achieve localized heating and bonding.

The heat conduction process between two contacting
layers during and after laser irradiation has been discussed
by various papers. For example, Grigoropoulos [12] con-
sidered the case that laser energy was absorbed by the top of
the cap layer, and then passed to the whole cap and substrate
layers. In addition, Gupta et al. [13] set up a one-dimensional
model to consider the heat transfer in the two layers along
the direction perpendicular to the layers after the interface
absorbed laser energy. They assumed that the laser heating is
a surface input directly on the interface. In this work, our
experimental set up is similar to that of [13]. However, we
need to determine the temperature distribution along the
direction parallel to the layers as well as that perpendicular
to the layers. In addition, we consider the laser irradiation as
a volumetric heating source. Therefore, we establish a two-
dimensional model with laser energy as a volumetric input.

Laser heating of metals involves two major microscopic
energy deposition processes: absorption of radiation energy
by free electrons and subsequent heating of the metal lattice
through electron—lattice collisions. It has been characterized
that the absorption depth from a nanosecond laser to indium
is in the order of micro-meter [14] and a volumetric heating
source is assumed. While non-Fourier heat conduction
model is suggested for laser heating process of metals with
a pulse duration of femtoseconds, the conventional Fourier
one is good enough to model heating of metals with a
nanosecond-pulsed laser [15]. Therefore, in this work, we
set up our mathematical models based on the Fourier heat
conduction equations. The incident laser power intensity
distribution is considered as Gaussian

2P 272 .
I(r,z,t) = (1 — R)mexp (— é)exp(—az) H(t), (1)
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Fig. 1. The experimental set up of glass-to-silicon bonding with an intermediate layer of indium and a built-in mask.
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where R is the reflectivity, P the laser output power and o the
radius of the incident laser beam. z represents the coordinate
along vertical direction, r stands for the coordinate along
horizontal direction, ¢ denotes time, a stands for laser light
absorption coefficient, z = 0 at the interface of indium and
glass, r = 0 in the center of laser beam, and H(f) represents
the time variation of the pulse and has the form of a unit step
1nput:

1 asl<t<t,
H({) = {0 ast > tp. @)

The governing equation in the indium layer during the pulse
duration is

10T &°T
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where p denotes mass density, C the specific heat, T stands
for temperature, k denotes heat conduction coefficient, and
p, C and k will change with temperature.

Pyrex glass is virtually transparent to the laser beam with
a wavelength of 355 nm. Also, in our experiments, there is
no visible damage on the glass after laser irradiation of such
a wavelength. Therefore, the absorption of laser irradiation
in the glass layer is negligible. The governing equations in
the glass and silicon are the same during the pulse duration
and of the form:
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The boundary conditions during the pulse duration at the

interface of indium and glass and that of indium and silicon
are the same and of the form

8T) ( 8T)
k—— = |k . (5)
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At t = 0, the temperature of the whole structure is uniform
and is equal to the ambient temperature, 300 K.
T(r,z,t =0) = 300K. (6)

It is assumed that there is no heat loss at the upper surface of
glass layer and lower surface of silicon layer by radiation,
convection, and conduction.

or
dz
At the center, because of the axisymmetry of temperature
distribution;

or
or
At the place, the temperature is the same as the ambient
temperature, 300 K, i.e.

T(r — 00,z,t) = 300K. 9)
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Fig. 2. Two simulation results of isotherms on the cross-section: (a) the
result after 1 ps; (b) the result after 1 ms.

After the pulse duration, the governing equations in each
layer are the same and of the form
T FT 10T T
ot 8r2+r8r+822 '
In this case, the boundary conditions (5) and (7)—(9) are still
valid, while Eq. (6) cannot be used as the initial condition.
The initial temperature distribution in this case is the one just
after one pulse duration.

As shown in Fig. 2, two simulations using software
ANSYS 5.5 have been conducted to examine heating zones
on the cross-section after 1ps and 1 ms after the indium layer
absorbs energy, respectively. The laser beam is 1 mm in
diameter in this case, and the energy is 22 mJ. This energy of
22 m]J is the maximum energy found to achieve a good bond
in our experiments (see Fig. 3), which will be given in details
in the next section. Due to symmetry of the problem, only
half of the domain is simulated. It is estimated that the initial
temperature at the bonding interface can be as high as
2500 °C after the nanosecond laser is applied. The heat
conduction occurs rapidly such that highest temperature
decreases to 760 °C in 1 ps and 43 °C in 1 ms. Previously,
it has been demonstrated that rapid thermal processing is
capable of creating hermetic bonding with a temperature at
990 °C for 2 s for the aluminum-—nitride bonding system
[16]. It appears from this numerical simulation that the high
temperature zone of more than 760 °C can last less than 1 ps
in the bonding process. Therefore, the processing time may
not be enough for diffusion bonding as suggested in [16]. On

(10)
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Fig. 3. A good bonding region used to choose laser output energy and
shots at one spot with other parameters fixed.

the other hand, the temperature distribution drops dramati-
cally after only 1 ps as seen in the simulation result such that
the heat-affected zone is very limited in this case.

4. Experimental results

To examine the applicability of nanosecond laser bond-
ing, experimental work on good bonding region, bonding
strength, and masking materials have been investigated.
Since the laser power density has a Gaussian distribution,
the bonding area is expected to be a circular shape on the
bonding plane and the bonding diameter depends on the
applied laser energy and duration of the laser shots. Different
levels of laser energy and shots have been investigated to
determine the optimal bonding conditions. Several observa-
tions are concluded. (1) Laser output energy higher than
22 mJ damages the bonding interface and leads to the failure
of bonding. It is believed that the failure is due to significant
vaporization. (2) Laser output energy lower than 7 mJ fails
to generate enough energy to form a strong bond. In our
understanding, it is due to that the liquid pool is too small.
(3) A single shot at one spot normally does not form a good
bond. It is believed that the high power nanosecond laser
creates a shock wave in the interface and that may signifi-
cantly degrade the intimate contact and cause bonding
failure. After the first shot, the melted indium forms uneven
surface at the interface and those peak areas may achieve
intimate contact with the top glass wafer and become
bonding sites in the subsequent laser bonding shots. (4)
Too many shots at one spot may destroy the bond which has
already been formed previously. For example, over 40 shots
with the laser output energy of 7 mJ and over eight shots
with the laser output energy of 22 mJ get poor bonding
results. Experimental results show that high energy laser
together with multiple shots may severely damage the
bonding surface to a certain degree such that the uneven

surface fail to produce enough contact areas for good bonds.
Therefore, they are characterized as bonding failures. If the
bonding strength is comparable to the yielding strength of
indium of 2.6 MPa (note that Pyrex glass is stronger than
indium), then we define the bond as a good one. Based on the
general observations and the definition of a good bond, a
successfully bonding region is drawn with respect to the
laser output energy and shots as shown in Fig. 3.

The typical bonding result is shown in the optical photo-
graph of Fig. 4(a) that is taken after laser output energy of
10 mJ of 1 mm in diameter for 10 shots. In this case, glass-
to-indium bond is forcefully broken in order to examine the
bonding interface. The dark color on the silicon substrate is
believed to be the residuals of indium after high-energy laser
is applied. The SEM pictures shown in Fig. 4(b) and (c) are
taken from the glass and silicon substrates, respectively, at
the bonding interface. It can be seen that part of the indium
layer is attached to the glass substrate. It is believed some of
the indium residuals may be coming off the silicon substrate
due to evaporation. However, a flat ring shape boundary can
be identified in Fig. 4(c) and it seems to represent intimate
contact with the top glass wafer and is being separated under
the external force. Therefore, it is believed that the bonding
strength as these areas may be comparable to the yielding
strength of indium of 2.6 MPa.

After the nanosecond laser bonding experiments are
investigated, masking materials are studied, which are used
to protect devices outside the bonding area. In laser man-
ufacturing, several methods have been adopted to reduce the
loss of laser energy due to reflectivity on the surface of target
metal [17].

1. A thin film of metal of relatively lower reflectivity is put
on the layer of target metal to absorb laser irradiation.
The introduced metal is required to be able to form alloy
with target metal.

2. Ttis well known that black color is of the highest absorption
rate to a visible laser light. A thin film of the color of black
is deposited on the layer of target metal using chemical or
physical treatment to absorb relatively more laser irradia-
tion. This is so-called blackening treatment.

3. The reflectivity of target metal might increase with the
decrease of laser incident angle.

4. The absorbed laser irradiation will increase together
with the surface roughness of target metal.

However, in our case, it is expected that most of laser
irradiation outside the pattern is reflected by the masking
material and that pattern on the mask remains unchanged
during the bonding process. Based on these, there are two
basic requirements for a good reflective masking material.
(1) At best only a small amount of the material is molten
after the laser irradiation. Otherwise, the pattern on the
material to pre-define the bonding shape will be destroyed.
(2) To avoid damage to the devices outside the bonding area,
laser light is not allowed to go through the material in the
places outside the pattern.
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on the glass layer
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Fig. 4. A bonding result: (a) a top view (optical photo) of glass-to-indium bonding spot; (b) a cross-sectional view (SEM) of the bonding spot on the glass
layer after the glass-to-indium bond is forcefully broken; (c) a cross-sectional view (SEM) of the bonding spot on silicon substrate.

The above methods in the laser manufacture aim to
increase the target metal’s absorption of laser irradiation,
while the purpose in our case is to reduce the effect of laser
irradiation on the masking material. We can use the ideas
opposite to those adopted in the above methods in the laser
manufacture to meet the two requirements for a good
masking material. With this in mind, we have proposed five
principles in choosing a reflective masking material. (1)
Most of the laser lights should be reflected by the material.
According to this, the color of the material is recommended
to be white. The reason is that in principle all visible laser
lights can be reflected by the material with the white color.
(2) The higher the melting temperature of the material is,
the better it is. A small portion of laser irradiation may be
absorbed by the material. Consequently, the material of the

relatively low melting temperature might be molten, while
the material of the relatively high melting temperature might
not. (3) Decrease the surface roughness as much as possible
so that the absorbed laser irradiation will be decreased. (4)
Control the incident angle of laser light to be 0°, i.e. the laser
beam is irradiated perpendicular to the surface of target
metal. (5) The mask material should have a certain thickness
such that the pattern on a mask material could still be
maintained even if the top part of mask material suffers
small damage due to laser irradiation.

During our experiments, it is found that a plain white
paper can serve as a good masking material to the YAG laser
of the parameters indicated at the beginning of this paper.
Our pattern generation on the paper is as follows: first print
the desired pattern on the paper using a printer, and then cut
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0.5 mm

(a) (b)

Fig. 5. A top view of two bonding results using a shadow mask after
random shots by laser beam of 1 mm in diameter on the mask: (a) a ring-
shape pattern on the mask and the corresponding bonding result; (b) a
rectangular pattern on the mask and the corresponding bonding result.

the pattern using a commercial carving knife under a
microscope. In such a way, the error in a pattern size is
50 um. A way with a better control of the pattern size needs
to be explored. In Fig. 5, two results are shown, respectively,
corresponding to different patterns on plain white paper
masks. The first one is a ring-shape pattern on the mask with
a characteristic length of 1.1 mm, and the second one is a
rectangular pattern on the mask with a characteristic length
of 0.5 mm. As shown in Fig. 5, corresponding to different
patterns on plain white paper masks, the laser light does not
go beyond the pre-defined bonding area. Therefore, laser
beam sizes can be larger or smaller than characteristic length
of bonding area. This provides various options to choose
laser beam sizes in the bonding process.

5. Conclusions

Based on the results described above, this approach has
potential applications in MEMS packaging process. In the
near future, we will focus on two issues to improve our
approach. The first one is to explore more mask materials,
and the second one is to investigate the exact mechanisms of
indium—glass bond.
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