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Abstract

Microwave-based bonding of polymer substrates is presented in this paper to illustrate a promising technique for achieving precise,
localized, low temperature bonding. Microwave power can absorbed by a very thin film metal layer deposited on a polymer (PMMA)
substrate surface. The intense thin-film volumetric heating promotes localized melting of refractory metals such as gold. One of the
advantages of the process is that PMMA is relatively transparent to microwave energy in the 2.4 GHz regime. This makes it an excellent
substrate material for microwave bonding. Selective heating and melting of the thin layers of metal also causes localized melting of the
PMMA substrates and improves adhesion at the interface. We have shown that ~1 pm of interfacial layer can be generated that is composed
of the melted gold and PMMA, and which can hold two substrates together under applied tension greater than 100 Ib/in.2 (7 kg/cm?). We
also used lithographically patterned metal lines on a PMMA substrate to demonstrate that the PMMA remains optically transparent after
microwave processing. A numerical simulation was also performed and validated with experimental results to show that globally the
PMMA substrates indeed remained below its melting point during the microwave bonding process. The novel bonding process will open
up possibilities for precise and total encapsulation of polymer-based micro/nanofluid devices—which are impossible to built using existing

polymer bonding techniques.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Since the publication of results from silicon die mi-
crowave bonding experiments at the Jet Propulsion Labora-
tory (JPL) in 1999 [1], there has been interest in selective
heating for MEMS applications using electromagnetic en-
ergies at frequencies from radio frequency (rf) up to mi-
crowaves. A group from the University of Wisconsin [2]
showed that direct silicon wafer bonding, which usually
requires temperatures greater than 1000 °C, was possible
using a 2.45 GHz microwave source with a power output
of 1500 W. Complete, void free bonding was achieved
using this process in less than 5min. Similarly, a group
from the University of Minnesota [3] used RF heating to
bond silicon wafers together via a dielectric insulator inter-
face. This group applied 500 W of power from a 14 MHz
source for 7min below 280 °C to bond silicon wafers via
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a 2-20 wm thick polyimide dielectric layer. Other groups
have attempted sealing using compression waves at ultra-
sonic frequencies to get hermetic sealing, similar to that
achieved by the JPL group using electromagnetism. One
group from UC Berkeley [4] used ultrasonic frequencies at
up to 25 W for almost 2 s to bond approximately 2 mm? of
In/Au and up to 50 W for 5 to bond approximately 2 mm?
of Al/Al. However, until now, there has not been much
focused attention on using selective microwave heating to
join thin film metal layers between polymer substrates.

In recent years, polymer-based microfluidic devices have
become increasingly important in biological applications
[5]. However, polymer substrates must be bonded to make
functional microchannels, and adhesion between the sub-
strates is a problem of great practical concern. Existing
polymer-to-polymer substrate bonding methods includes
thermal compression, ultrasonic, or gluing by application of
either epoxy or methanol. Unfortunately, these techniques
are not precise when compared to standard IC/MEMS
bonding processes, i.e., they may induce global and local-
ized geometric deformation of the substrates or leave an
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interfacial layer with significant thickness variation. For
channels in the millimeter to a few hundred micrometers
range, these drawbacks are tolerable. However, it is implau-
sible to construct micrometer- and nanometer-sized chan-
nels using these techniques since significant global and local
material deformations may distort the micro/nanochannel
geometries.

In this paper, we will present our ongoing work to use
localized microwave heating to bond polymer (PMMA)
substrates without causing any global deformation to the
substrates and resulting in a precise and well-controlled in-
terfacial layer thickness of 1 wm. Thus far, we have shown
that microwave energy can be used to selectively melt a
film as thin as 50 nm of gold deposited on cach side of the
two PMMA substrates to be bonded. Melting of these thin
layers of gold caused localized melting of the PMMA sub-
strates and allowed them to bond. The 1 pum interconnect
layer is composed of the melted gold and PMMA and has
been shown to hold the substrates together under applied
pressure greater than 100 1b/in.? (7 kg/cm?).

2. Microwave bonding

The central idea behind microwave bonding is to use the
nature of the interaction of high frequency energies with thin
film metals that are used as bonding interfacial layers in a
single mode cavity (SMC). In such a cavity, the power de-
livered to metal contact is proportional to the conductivity
and the electric field (E?), as shown in Eq. (1) [6]. In Eq. (1),
wq 1s the fundamental frequency, &y the permittivity of free
space, £ the real component of the material dielectric per-
mittivity and tan § the loss tangent of the material:

1
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Tn microwave bonding, most of the power is delivered
through a microwave transparent substrate and is absorbed
by a very thin-film metal of less than 1 um thick (skin depth).
This power induces heating that leads to high temperature
melting of refractory metals such as gold. The low electrical
conductivity of a polymer or semiconductor substrate, rel-
ative to a metal, allows the substrate to essentially remain
unaffected by the energy deposited in the SMC. The high
intensity fields found in a SMC is unique to these types of
cavities and allows the melting of high-melting-temperature
thin films or contact points as found in this application. The
thinness of the metal (skin depth), the high intensity, and
the short application time contribute to the following critical
advantages:

1. Localized power concentration allows for strong hermet-
ically bonded arcas between the substrates. High bond
strength results from the utilization of high melting tem-
perature metals at the interface. This means higher device
reliability.

2. Selective heating of the thin metal means the bonding
process is a globally low-temperature process. The tem-
perature of bulk substrate is less then 100°C, which is
lower than the melting point of the bond metal; this means
a polymer with a low-melting temperature could be used
as a substrate. Also, since the substrate temperatures re-
mains low, adverse thermal coefficient of expansion mis-
matches are minimized.

3. Unlike some laser welding and ultrasonic bonding tech-
niques, the process is low cost because the bonding oc-
curs simultaneously and quickly.

3. Microwave bonding to polymer

In general, we succeeded in bonding PMMA to silicon
and PMMA to PMMA substrates together using selected
microwave frequencies to locally melt the interface metallic
thin films between the substrates. As shown in Fig. 1, the
prototype equipment is capable of handling test dies up to
45 mm in diameter.

Our bonding experiments showed that PMMA is rela-
tively transparent to microwave energy near the 2.4 GHz
frequency band. This makes PMMA an excellent material
for microwave bonding. Most of the microwave energy
is absorbed by the thin film metals at the interface, thus
minimizing heating in the bulk PMMA substrate. An os-
cilloscope was attached to a diode antenna that measures
the amplitude of the resonance peak in the microwave pro-
cessing chamber as the frequency was swept from 2.3 to
2.5 GHz. Data captured from an oscilloscope is shown in
Fig. 2. The resonant peak of the empty chamber is shown in
Fig. 2a. The resonant peak of the chamber loaded with two
sample blocks of PMMA is shown in Fig. 2b. The y-axis is
the measured output voltage in millivolts. We found a maxi-
mum reduction in the value of the resonant peak between the
loaded and empty chamber configurations of less than 1%.

Fig. 1. The prototype of the microwave bonding equipment. The current
design allows up to 45mm in diameter sample to be fitted in to the
sample holder.
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Fig. 2. Resonant peak in the microwave-processing chamber as the
frequency is swept from 2.3 to 25GHz (a) empty chamber; (b)
PMMA-loaded chamber. The x-axis presents time-sequenced data. The
v-axis is the measured output voltage in millivolts,

This shows PMMA essentially transparent to microwave
energy.

4. Experimental result
4.1. Silicon to PMMA bonding

Silicon to PMMA bonding was achieved by using thin
film 63% Sn and 37% Pb solder pre-forms to address the
problem of PMMA substrate flatness, as shown in Fig. 3. The
thickness of silicon and PMMA are 1 and 3 mm, respectively.
A 500A Cr adhesion layer and 500 A Au bonding layer
were e-beam evaporated onto both surfaces. The pre-form
is 50 wm thick and melts at 183 °C. Microwave bonding
of PMMA to a silicon die is shown in Fig. 4. This was
done at approximately 30 W of applied power for 180s.
Note the critical fact that the Au surface of the PMMA was
unaffected (by visual examination) after processing and the
bulk PMMA was still transparent. It was possible to look

Tmm —3 Au Covered Si
0.1um

50pm —pr==
0.1pum

Sn-Pb Preform

3mm

Fig. 3. Illustration of die stack for Au covered silicon and Au covered
PMMA bonding experiment. Solder pre-form films of 63% Sn and 37%
Pb were used to enhance PMMA-Si bonding.

Fig. 4. PMMA to silicon bond. Note, the apparent bottom Si substrate is
a reflection of the top Si substrate off the Au film on PMMA substrate.

Fig. 5. Illustration showing the dimensions of the PMMA substrates and
Au thin film layers used in the PMMA-PMMA bonding experiment.

through the backside of the PMMA to see the unaffected Au
top layer.

4.2. PMMA to PMMA bonding

Embossed PMMA and PMMA bonding is possible via
thin film Au already deposited on the surface, as shown in
Fig. 5. Using hot embossing technique [5], microchannel can
be created on the PMMA. A 500 A Cr adhesion layer and a
500 A Au bonding layer were e-beam deposited onto both
embossed PMMA and bare PMMA surface. An example
of two PMMA substrates successfully bonded together is
shown in Fig. 6. Two substrates were bonded at 10 W for
approximately 120 s. Again, the substrates were not affected
based on visual examination after the microwave bonding
processing.

An SEM image of the cross-section of the PMMA-PMMA
substrates is shown in Fig. 7. As shown in the figure, the

_:i{-ut embossed
micro channel

Fig. 6. Embossed PMMA to bare PMMA bond.
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Fig. 7. (a) SEM image of PMMA to PMMA bonding interface. (b) EDX
spectra of interface region showing that it mainly composes of Au. (c)
EDX spectra of PMMA, showing that it is mostly carbon.

thickness of the interfacial layer is approximately 1| pm
and is a precise and well-controlled layer. From the EDX
spectra, as shown in Fig. 7b and c, the interfacial layer
composes of the mixture of Au and carbon, which indicates
that the microwave energy melted the Au layer causing
localized melting of the PMMA substrates to be bonded.
This bond was shown to hold the substrates together under
applied tension greater than 1001b/in.2 (7 kg/cm?).

4.3. Si—In to Au—PMMA bonding

We have also successfully bonded PMMA substrates with
patterned Au layers to Si substrates with patterned In lay-
ers. The Si substrates are 1cm x 1em x 400 wm thick,
lightly doped silicon covered with patterned thin film lay-
ers of 300 A Cr/1000 A Au and 2 pm In. The PMMA sub-
strates are 2mm thick with patterned thin film layers of
500 A Au/500 A Cr. Samples were bonded using less than

Si substrate with
patterned In “grids”

PMMA substrate with
patterned Au “rings”

Fig. 8. An example if Si—In to Au—-PMMA bond. Note that the PMMA
is still transparent after the bond and the Au “rings” are still clearly
defined. This proves that microwave bonding affects only the interfacial
metal layer and will not globally heat the PMMA substrate.

Fig. 9. IR image of PMMA stack in the microwave chamber after 20 W
of power is applied for 5s. Note that edges are heated (darker shade),
possibly caused by IR emission from gold visible on the sides of the
sample due to misalignment; IR reflection from the sides of the sample
holder tube is also visible. Clearly, the center body of the PMMA stack
is near room temperature (stripes).

5W of power processed for exactly 45s. An example of
bonded substrates is shown in Fig. 8.

IR measurements, as shown in Fig. 9, were carried out
in real-time during the bonding process of 20 W power
in 5s to study the temperature distribution on the bond-
ing substrates. In general, we found that some parts of the
bonding substrates reached 70 °C, which is below the melt-
ing temperature of PMMA, but the bulk of the bonding
substrates remained near room temperature. After the mi-
crowave bonding process, the transparency of bulk PMMA
was not changed and there was no global deformation to the
substrates.

5. Heat transfer numerical simulation

A thermal-dynamical two-dimensional time-dependent
simulation was performed using a finite element method
solver to provide insight into the heat transfer mech-
anism during the microwave bonding process. The
two-dimensional heat transfer equation solved is:

oT 4 4
pC— = VD = Q+ T, —D+C(T -TH @)

where p is the density of the material, C the specific heat, k
the thermal conductivity, T the temperature at a point inside
the material, /i the convective heat coefficient, 7, the ambient
temperature, and Q the generated heat density.

In the simulation, the three main structural layers are sil-
icon, PMMA and gold as illustrated in Fig. 10. The gold

tmm : Au Covered Si
0.1um Cr/Au ¢ : :

0.1um Cr/Au

3mm

Fig. 10. Mustration showing the substrate and thin film used in the heat
transfer simulation.
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Table |
Properties used to model the structural layer in the simulation

Density Specific heat Thermal conductivity
(kg/m?*) (Uikg K)) (W/(mK))

Silicon 2333 700 142

Gold 19300 128 320

PMMA 930 2386 0.217

metallization: is locally and volumetrically heated via mi-
crowave processing techniques. Heat is generated mainly
inside the gold layer. The microwave power is dissipated
uniformly inside the gold layer. This heat is transferred to
PMMA and silicon by thermal conduction. The heat from
the surface is dissipated to the surroundings by convection
and radiation.

As the sample is symmetrical in length, only half of the
sample was simulated. The thickness of silicon and PMMA
layers used were 1 and 3 mm, respectively, and the total gold
layer thickness was 0.2 pm. The convective heat transfer co-
efficient at the boundary of the sample, 4, is 3 W/(m? K),
based on previous experimental and simulated results with
other silicon die stack combinations. Heat transfer through
radiation was also taken into consideration. In order to ac-
curately model the existence of thermal impedance at inter-
layer boundaries, two artificial junction layers are added to
the simulation. They represent the omnipresence of surface
irregularities between the layers leading to a lower thermal
conductivity than an ideal case, allowing the model to better
approximate measured data and reality. One layer (25 pm
thick) is between the silicon and the gold and the other layer
(75 um thick) is between the gold and the PMMA. Both
layers were given a thermal conductivity of 0.05 W/(m K).
A summary of the relevant physical parameters used for the
materials in the simulation is given in Table 1.

As shown in Fig. 11, the experimental heating profile (in
solid line) and numerical simulation (in dotted line) match
well for the given power input and heating time (355). The
experimental data was taken by a pyrometer targeted at the
top silicon surface of the stack inside of the microwave cav-
ity during processing. This measured temperature serves as
one boundary condition for the simulation, and it should be
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Fig. 11. Temperature (K, vertical axis) vs. time (s, horizontal axis) profile
of top surface of the silicon as power is being applied.

350
=35
S i {540 8¢
<
L]
E
o
o
(=N
£ 400
h
e et L e ot s NS X
300 ) ¥ 5 5 4
y-location (m) x10e-3

Fig. 12. PMMA and silicon die stack centerline temperature (K) profile
at different times during heating.

noted that this measured temperature is an average value
due to the fact that the IR transparency of silicon is tem-
perature dependant. All temperature is in degrees Kelvin. In
this simulation, a Q of 4.05 x 10? W/m? was input to match
the experimental power input, and the physical requirement
that the melting point of indium was reached. Fig. 12 shows
the centerline temperature profile at various times during the
35 s that power is applied. Along the x-axis, at x = 0 corre-
sponds to the bottom of the PMMA layer. Due to the high
thermal conductivity of silicon, the temperature at x = 3
(the approximate thin film interface location in Fig. 12) and
x = 4 (the top of the silicon layer) is almost identical at
any instant in the simulation. The centerline position is il-
lustrated by the vertical line through the die stack in Fig. 12.

Based on the close match with the experimental data at the
top silicon surface, we argued that these calculated internal
centerline values accurately measure the internal tempera-
ture distribution of the stack. Thus, although the temperature
at the metal layer (x = 3) is high enough to melt any indium
or solder pre-forms that may be inserted during the physical
bonding experiments, the PMMA temperature (0 < x < 3
in Fig. 12) remains below its melting point due to the local-
ized heating advantages of microwave processing. The sim-
ulated spatial temperature distribution of the Si-Au-PMMA
bond at this time is shown in Fig. 13. As shown, most of

x 10e-3

5
B2 330K
g [ . _ 4
4 —PMMA

f f 303K :
0 ks ; ;

1 (1] 2 3 4 5 6
meter x10e-3

Fig. 13. Simulation result at time 35 s. Temperature distribution across the
entire die stack immediately before the input power is turned off (x-axis
and y-axis are distance in (m}).
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the PMMA layer is below its melting point, with an aver-
age bulk temperature around 380 K. This reinforces the con-
clusion that microwave thermal processing can be used for
bonding of metals and PMMA without global deformation
of the PMMA substrate, i.e., heating only occurs locally near
the bonding metal layer between the substrates.

6. Future work

We have already demonstrated that it is possible to pro-
duce micro/nanostructure using micromolding technique [7],
as shown in Fig. 14. It includes mastering and replication
processes. In the mastering process, a molding master is fab-
ricated by lithography and electroforming. After obtaining
the molding master, the micro/nanostructures on the mold-
ing master can be transferred to a polymer substrate by a hot
embossing machine. However, none of the existing bond-
ing techniques, such as thermal compression, ultrasonic, or
gluing, would allow us to seal them. From the above ini-
tial microwave bonding results, we have proved that mi-
crowave bonding can be used to bond polymer substrates to
Si or other polymer substrates. So, our ongoing work is to
use microwave bonding technique to seal the microcavities
by lithographically patterned metal lines around the cavities
and bond them with a flat substrate. We will shortly report
our experimental results on this process elsewhere.

view sngle

20um

Fig. 14. (a) Scanning probe microscope (SPM) image of a molded
PMMA substrate with nanocavities. The cavities have dimensions of
width ~680nm, depth ~200nm, and lengths of ~1.08, ~2.19, and
~3.88 pm, respectively. (b) AFM image of a microchannel made by com-
pact disc-based injection molding process. The dimension is 51.9 um in
width, 283.2nm in depth.

7. Conclusions

A low temperature bonding technique for polymer-based
substrates to achieve a precise and well-controlled bond-
ing interfacial layer has been described. These initial
results indicate that microwave bonding has great ad-
vantages over thermal compression and other conven-
tional polymer-to-polymer bonding techniques, especially
when micro/nanostructure is to be encapsulated. For mi-
cro/nanofluidic applications, microwave bonding will give
much advantage for bonding polymer substrates to make
functional devices.
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