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Abstract—This paper presents a simple, low-cost, and reliable
process for the fabrication of a microfluidic Fabry–Pérot cavity in
a Pyrex glass substrate. The microfluidic channels were etched in
HF solution on a glass substrate using a Cr/Au/photoresist etching
mask resulting in a channel bottom roughness of 1.309 nm. An ef-
fective thermocompressive gold–gold bonding technique was used
to bond the photolithographically etched glass substrates inside
a 350 C oven in a 10

3
torr vacuum. Pressure was applied to

the glass pieces by using two aluminum blocks with intermediate
copper sheets. This method takes advantage of using Cr/Au layers
both as a wet etching mask and as intermediate bonding layers,
requiring only one lithography step for the entire process. The
fabrication method is also compatible with the incorporation of
dielectric mirror coatings in the channels to form a high-finesse
Fabry–Pérot cavity. A parallelism of 0.095 degrees was measured,
and a finesse as high as 30 was obtained using an LED. The
microfluidic cavity developed here can be used in electrophoresis
and intracavity spectroscopy experiments. [1375]

Index Terms—Fabry–Pérot cavity, finesse, gold thermocompres-
sive bonding, microfluidics.

I. INTRODUCTION

VARIOUS microelectromechanical system (MEMS) based
lab-on-a-chip analytical systems have been recently de-

veloped for the analysis of biological samples such as proteins,
cells, and DNA. Among the various detection techniques, op-
tical methods are of great interest due to their large information
capacity, flexibility, and compatibility with present semicon-
ductor processing techniques. Microfluidic Fabry–Pérot (FP)
cavities are being developed for a wide range of applications, in-
cluding microsphere spectroscopy [1], biocavity lasers [2], mi-
crocavity fluidic dye lasers [3], and optical FP filters [4]. For all
these applications, the system performance is highly dependent
on device fabrication techniques. Considerable attention is now
directed toward simplifying and improving the reliability of the
manufacturing steps.

Glass-based microfluidic devices, especially those coated
with reflective thin films inside the etched channels, are very
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attractive for microcavity spectroscopy. Detection of mi-
crostructures within the cavity is based on the optical resonant
frequencies of the fluidic cavity, which are determined by the
cavity geometry. Therefore, cavity stability is a major factor in
the system performance. Compared to polydimethlysiloxane
(PDMS), glass offers better rigidity and easier control of sur-
face properties, which make it desirable for applications that
require robust and stable surface characteristics. Wafer bonding
is a critical step in the fabrication of microfluidic devices
and should not reduce the chemical inertness, uniformity, or
integrity of the etched channels. However, most of the currently
developed FP microfluidic cavities use either a microbridge
without wafer bonding [1], [2] or are sealed with photoresist
[3], [4] or photodefinable epoxy [5]. Controlling the cavity
length and the parallelism between the superstrate and substrate
requires strong bonding. This paper reports an effective and
reliable way to make sealed, microfluidic, FP cavities in a glass
substrate that are suitable for electrophoresis and intracavity
spectroscopy experiments.

In the work reported here, microchannels were wet etched
into glass substrates using a standard photolithographic process.
Two patterned glass wafers were then sealed using a thermo-
compressive gold–gold diffusion bonding technique. This
method has several advantages over present microfluidic FP
cavity fabrication methods in manufacturing complexity, sur-
face smoothness, cavity rigidity, and bonding temperature.
First of all, it makes use of the etching mask as intermediate
bonding layers, which greatly simplifies the fabrication process
by eliminating complicated and strict wafer cleaning processes.
Second, using gold as a bonding layer is compatible with
dielectric or other metallic mirror coatings to be incorporated
in the channels to make high finesse FP cavities as long as
the coatings are limited to the channel bottoms. For example,
while gold provides high reflectivity in the near-infrared, silver
or aluminum would be more suitable in the visible range, and
dielectric coatings could provide low loss reflectors across the
spectrum. Furthermore, the bonding temperature of 350 for
the present paper is much lower than for glass-to-glass direct
wafer bonding, which requires a bonding temperature of 580

for soda-lime glass [6], or 500 to 650 [7]–[9] for
borosilicate glass. Finally, the surface property of the etched
channel is much easier to control than with PDMS. The gold
coating and sealing layer can be further patterned to facilitate
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Fig. 1. Schematic diagram of the device fabrication process. (a) Cr/Au
evaporation. (b) Photolithography. (c) Cr/Au wet etching. (d) Glass wet
etching. (e) Photoresist removal. (f) Mirror coating. (g) Wafer bonding.

the integration of metallic electrodes, which will make it suit-
able for electrophoresis experiments.

II. DEVICE FABRICATION

A. Channel Definition and Mirror Formation

Fabrication of thermocompressively bonded, microfluidic
FP cavities began by wet-etching channels into glass substrates
using a Cr/Au/photoresist mask as illustrated with cross-sec-
tional diagrams in Fig. 1(a)–(g). Pyrex 7740 borosilicate glass
slides (1” 1.5” 0.7 mm) were used to form the microfluidic
channels due to their advantages over other materials, such
as robustness, high resistance to chemicals, a wide optical
transmission range, and high electrical insulation. The glass
substrates were first cleaned with acetone, methanol, and
deionized (DI) water prior to the deposition of etch masking
layers. A thin, 30-nm, Cr layer followed by a 120-nm gold
layer were e-beam evaporated on the glass substrate. The Cr
layer was included to increase the adhesion between the gold
film and the glass substrate. Shipley PR1818 photoresist was
spun on the Cr/Au coated glass substrate at 4000 rpm and UV
exposed with an energy density of 15 for 11 s. The
mask used for the photoresist exposure was a high resolution
(1500 dpi) laser printed transparency designed with a computer
illustration program and containing patterns for channel widths
of 50 to 280 . The exposed, positive tone photoresist over
the channels was removed with AZ400K developer for 45 s.
The underlying gold was then etched in commercial etchant
consisting of potassium iodide and a mixture of cerium nitrate.
Subsequently, the Cr over the channel was etched with nitric
acid. Leaving the patterned photoresist as a protective layer for
the gold mask, the whole wafer was dipped into 49% HF at
room temperature for 2 min. A channel depth of 15 was
obtained, as measured by a surface profilometer. The observed
channel edges are curved due to the undercut of the metal mask
during the wet etching step. Consequently, the actual channel
width is larger than the designed value by 30 as a result of
the isotropic etching of glass by the HF solution [10]. Narrow
channels with large aspect ratios could be fabricated without
undercut by using dry etching followed by an optional, brief
wet etch if necessary to improve the roughness of the etched
channel. For completely dry etching, the minimum channel
width would be determined by lithographic constraints and the
anisotropy of the etch.

High-quality mirror coatings are critical to the proper func-
tion of the Fabry–Pérot cavity. In order to remove the parti-
cles left inside the etched channels in the photoresist developing
process, a 30-s reactive ion etch was performed before the mirror
coating. Wet rather than dry etching was primarily used in these
experiments to enhance the smoothness of the etched channel.
In the simple, unmasked process a thin, 35-nm gold mirror layer
was electron beam evaporated on the entire sample after strip-
ping the photoresist. Alternative processes for coatings other
than gold are discussed later.

Surface roughness of the etched channel was studied by
Atomic Force Microscopy (AFM) since roughness affects the
optical reflectivity of the mirror coatings, which imposes an
upper limit on finesse. Fig. 2 shows the AFM images taken
from the bottom of the etched channel. The measurements indi-
cated a rms roughness of 1.309 and 1.765 nm before and after
the gold coating, respectively. This surface roughness meets
the requirements for optical mirrors, which can be utilized
in the intracavity spectroscopy experiments. The detrimental
optical effects of various types of mirror defects have been
extensively studied [11]–[13]. In this paper, the allowed max-
imum finesse was calculated using the closed form formula in
[12], , where is the surface
roughness limit on finesse defined as with
designating the rms surface roughness and being the optical
wavelength. From this expression, the rms surface roughness
of 1.765 nm allows a maximum cavity finesse of 145.56. The
ideal finesse of the cavity is 43.3 based on the 93% reflectivity
of the 35-nm gold mirrors at 890 nm. The resultant total finesse
including surface roughness is . The increased
rms roughness after coating may be caused by small clusters or
other defects in the gold layer resulting from the relatively high
0.3–0.4 nm/s deposition rate. Further improvement of the sur-
face roughness can be expected by decreasing the concentration
of the HF solution in the wet etching process [14]. A multilayer
Cr/Au mask should be used for channel depths larger than 50

in order to prevent pinholes in the masked area [15].
Dielectric or a variety of metallic mirror coatings, such as

aluminum or silver, can also be deposited in the channel without
interfering with the gold surfaces for bonding, by slightly mod-
ifying the fabrication steps. In this case, the steps through
channel etching would be carried out as described earlier, but
the etch masking photoresist would be left in place while the
mirror coating is deposited in the exposed channel. The pho-
toresist can then be used to lift off the mirror coating material
outside the channel, leaving the underlying gold exposed for
subsequent bonding. The mirror deposition temperature must
be kept below the photoresist reflow temperature to allow
optimum lift off. In the design process developed in this work,
only the etched channel portions are optically transparent or
selectively coated with thin-film mirrors so that light will be
blocked outside the channel region.

Another, unetched, Pyrex glass sample was prepared for
the superstrate at the same time as the substrate containing
the etched channel. The superstrate was fabricated in a nearly
identical process as that used for the substrate including etching
of the metal layers in the channel region, but without etching



758 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 14, NO. 4, AUGUST 2005

Fig. 2. (a) AFM image of a 15 �m deep etched Pyrex glass channel surface before gold coating. The rms roughness is 1.309 nm. (b) AFM image of an etched
channel surface, with a RMS roughness of 1.765 nm, after evaporating a layer of 35-nm gold at a 0.4 nm/s evaporation rate.

Fig. 3. (a) Schematic diagram of thermal compressive gold-gold diffusion bonding.(b) Plates that were used to apply pressure to the glass substrates.

the glass layer. The thin gold mirror layer was evaporated on
the superstrate at the same time as the substrate in order to keep
the substrate and superstrate mirror layer thicknesses and thus
optical reflectivities matched as this provides a higher finesse
FP cavity.

B. Thermocompressive Gold-Gold Diffusion Bonding

The patterned glass substrate and superstrate with gold coat-
ings were bonded together using the thermocompressive gold-
gold diffusion bonding technique [16]. The schematic diagram
in Fig. 3(a) shows the bonding of the glass substrate and su-
perstrate including Au mirror coatings in the channel. Strong
bonding was obtained by applying pressure to the glass samples
by clamping them between aluminum plates shown in Fig. 3(b).
Four bolts at the corners of the plates were tightened using an
Allen wrench to apply a torque of approximately 130 lbs in.
Prior to the final clamping the superstrate and substrate were
aligned under a microscope system with the help of alignment
marks visible through open holes in the plates.

Shearing tests and subsequent failure analysis showed that
bonding occurred primarily at the outer edges of the sample
using the apparatus just discussed. This is attributed to the bolt

placement at the corners of the plate causing minute bowing in
the plates and thus greater pressure near the edges of the sample.
In order to deliver force more uniformly to the central part of
the glass substrates, two small (1.85 cm 1.85 cm 0.142
cm) polished copper sheets were inserted between both glass
and aluminum interfaces. Other researchers have suggested
the use of temporary flat metal plates in the initial bonding
process for thermocompressive glass wafer bonding [17]. The
high thermal conductance of copper, 4 times higher than that of
the aluminum, promotes more uniform heat distribution across
the glass samples as well. An initial bonding process without
inserting the copper plates needs to be performed if the patterns
on the glass substrate and superstrate need to be aligned by
seeing through the clamps. The clamped assembly of the glass
samples, copper sheets, and aluminum plates was then put
into an oven evacuated to a pressure of about . The
sample temperature was gradually increased over 4 h to a final
temperature of 310–350 , which was held for 20 min before
cooling the samples for 2 h. Strong and homogenous bonding
was achieved using this method. The impact of the bonding
temperature on the strength of the bonded interface is discussed
in the next section.
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TABLE I
SHEAR TEST OF THERMAL COMPRESSIVE BONDING STRENGTH

Fig. 4. SEM picture of a cavity cross section after thermocompressive
bonding. Ordinary glass coverslips were used for making this cavity to simplify
cutting the bonded sample in cross section.

III. EXPERIMENTS

Accurate control of the FP cavity length and thus trans-
mission spectrum requires uniform bonding of the substrate
and superstrate without an intervening gap that can vary in
size. In this paper, bonding strength has been used to quantify
the quality and completeness of bonding. In order to test the
bonding strength, shear tests were performed on three (2 cm 3
cm) samples bonded at 310 , 330 , and 350 . Table I
lists the shear force per bonded area required to separate the
substrate and superstrate as well as the observed failure modes.
The observed failure location of the samples indicates that
the bonding happens mostly on the outer edges of the wafer
at temperatures lower than 350 . Strong bonding across
the entire sample occurs around 350 , which significantly
increases the shear force.

A scanning electron microscope image of the sealed channel
resulting from the 350 thermocompressive bonding process
is shown in Fig. 4. The image shows there are no gaps between
the metal films in the regions outside the channel. Undercut
metal layers are apparent at the edges of the channel. Typical
of gold thermocompressive bonding [16] is that the combination
of heating and clamping pressure in the vacuum causes atoms to
diffuse and mix between the gold layers on the two glass slides,
forming a single gold layer that bonds the two parts together.
The diffusion process requires clean surfaces to allow intimate
contact between the gold layers.

The channel layout can also impact the quality of the bonding.
Large unetched areas should be provided between channel re-
gions to ensure successful bonding. Designs with channels ex-
tending to the sample edge allow trapped air to readily escape
from the bonded cavity. The gold bonded glass technique pre-
sented here does allow greater flexibility in channel layout than

some other methods. For example, cavities sealed with photo-
sensitive epoxy require a critical bonding temperature to pre-
vent a clog within the channel while still maintaining a strong
bonding strength [5].

Optical measurements of the microfluidic cavity are useful
for verifying the quality of the bonding without resorting to de-
structive tests required for cross sectioning. The cavity depth
after bonding can be extracted from the transmission spectra
based on the wavelength position and spacing of the optical mi-
crocavity modes. Fig. 5 shows the optical transmission spectra
of the FP microfluidic cavity when flood exposed by a broad-
band microscope white light from the superstrate side while a
62.5 core diameter multimode optical fiber was used to col-
lect the transmitted light on the opposite side. The figure shows
spectra for both an air filled and water filled channel. The shift
in the spectrum corresponds to an increased optical thickness
due to the refractive index of water. The broadband microscope
white light excites several longitudinal modes in the transmis-
sion spectra, which makes the cavity depth measurement more
accurate by fitting a large number of modes with the theoret-
ical simulations. TFCalc, a thin-film design software package,
was used to simulate the cavity transmission spectrum for the air
filled cavity with the results presented in Fig. 5. A cavity length
of 14.828 predicted by fitting the simulation result to the ex-
perimental spectra corresponds very well with the etching depth
of 15 measured by the surface profiler. The good correspon-
dence between the measured etch depth and the measured depth
of the bonded cavity indicates the accurate cavity length control
that is available using the method presented in this paper. Other
methods may have greater variation between the designed and
measured cavity lengths. For example, an uncertainty of 1 in
the thickness of the bonding layer of a 15 deep microfluidic
dye laser cavity, formed and bonded using the SU-8 photoresist,
was previously reported [18].

The measured finesse using the broadband microscope light is
much lower than corresponding simulations in Fig. 5 due to the
imperfect collimation of the extended source. A customized mi-
croscope system, shown in Fig. 6, was used to analyze the trans-
mission spectra of the microfluidic cavity illuminated by LEDs
from the bottom side. The fiber coupled Ocean Optic Spectrom-
eter (HR2000), with a 0.3-nm resolution and a spectral response
range of 865–1020 nm, collects the transmitted light. An im-
proved finesse over a narrow-band obtained by using a well-col-
limated high power LED (Hamamatsu L2690-02) is shown in
Fig. 7. Although the LED has a narrower wavelength range
than the microscope light, leading to fewer excited longitudinal
modes of the cavity, it results in higher finesse. A biconvex lens
( ) collimated the LED light from the bottom side of
the microfluidic cavity. The transmission peak at 908.76 nm has
a FWHM of , corresponding to a cavity finesse of 30.
Further improvement of the measured cavity finesse is expected
by exciting the cavity modes with a highly collimated tunable
laser source.

Uniform clamping forces and a smooth bonding interface are
required to assure the parallelism between the superstrate and
the substrate. In this paper, the parallelism between the top and
bottom cavity mirrors after the bonding process was determined
from the variation in the absolute cavity length as a function of
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Fig. 5. Transmission spectra of a bonded microfluidic cavity filled with water and air, respectively, flood exposed by a broadband microscope white light. Also
shown is a TFCalc simulation of the transmission spectra of the microfluidic Fabry–Pérot cavity after the thermocompressive bonding.

Fig. 6. Customized microscope system used to measure the optical spectra of the microfluidic Fabry–Pérot cavity.

Fig. 7. Microfluidic FP cavity transmission spectrum illuminated with a well-collimated LED biased with a 100-mA current source. The spectrometer integration
time was reduced by a factor of 30 for the LED spectrum in order to match with the intensity level of the microfluidic cavity spectrum.

position along the microfluidic channel. Fig. 8 shows the trans-
mission spectra taken at seven different positions in a 200
wide, deep microfluidic cavity filled with water. The
transmitted light is collected from a circular spot of approxi-
mately 10 in diameter by adjusting the focus of the micro-
scope system shown in Fig. 6. The absolute cavity length at each
position can be calculated using , where

is the frequency difference of two neighboring longitudinal

modes of the Fabry–Pérot cavity, is the speed of light in air,
and is the refractive index of the water inside the mi-
crofluidic cavity. The deeper microfluidic cavity and larger re-
fractive index used in this experiment allows many longitudinal
modes in the transmission spectra, which increases the accu-
racy of the cavity length measurement and thus the mirror tilt
angle calculation. The rms value of for each spectrum is ex-
tracted from the curve and listed in Table II along with the corre-
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Fig. 8. Transmission spectra taken at seven different spots in a 200 �m wide, � 25 �m deep microfluidic cavity filled with water after the thermocompressive
wafer bonding. The inserted plot shows the spectra taken positions.

TABLE II
FABRY-PÉROT CAVITY MIRROR PARALLELISM MEASUREMENT

sponding cavity length. The cavity mirror-tilting angle is calcu-
lated from . Here is the
cavity length change from one position to the next position, and

is the distance between the two positions. The maximum tilt
angles calculated from Table II are 0.095 and 0.053 in the di-
rection transverse to and along the channel layout, respectively.

Departures of flat mirrors from perfect parallelism have
been studied as a form of surface defect in FP cavities
[12]. Mirror tilt induced cavity finesse can be calcu-
lated using a closed form formula derived by Sloggett,

, where is the
round-trip peak-to-peak phase variation across a circular aper-
ture due to the nonparallelism of the flat interferometer plates. It
can be calculated as , where

is the effective aperture size, is the refractive index
of water inside the microfluidic cavity, and is the mirror tilt
angle. The allowed maximum finesse of a tilted mirror FP
cavity depends on and the ideal finesse according
to . The measured tilt angles of
0.095 and 0.053 correspond to cavity finesses of 31.71 and
38.42, respectively, for an aperture size of 10 in diameter
and an ideal finesse of 43.28. For intracavity spectroscopy
applications, exciting the microfluidic FP cavity using a smaller
beam size is an effective way of reducing the mirror titling
effects [19]. Consideration of the combined effects of the mea-

sured surface roughness and mirror tilt provides a maximum
calculated finesse of 30.99, which is in good agreement with
the observed finesse of 30.

IV. CONCLUSION

In this paper, we reported a simple microfluidic channel fab-
rication process, which can be easily performed using simple
fabrication equipment. The process described here allows the
fabrication of microfluidic FP cavities without using additional
spin-on glass layers or other types of UV sensitive glue to bond
the glass substrates. It relies only on the metal films already
deposited as an etch mask without further material deposition.
Good reproducibility has been obtained using cleanroom proce-
dures. Since the method does not require sophisticated polishing
and cleaning steps, it should enable a wider range of researchers
to fabricate customized microfluidic chips. Furthermore, it can
be combined with highly reflective dielectric or metal thin film
optical coatings in the etched channels to perform intracavity
microscopy experiments in different wavelength ranges. The
in-channel metal coating can also be used as electrodes to form
microchips that are suitable for electrophoresis experiments. In
general, the flexibility offered by this fabrication method should
extend the applications of the conventional microfluidic FP cav-
ities into chemical and biological spectroscopy experiments.
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