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Abstract

Structuring of glassy carbon(GC) can be performed by various methods such as sawing, laser ablation, and reactive ion
etching(RIE). Laser machining with a tripled Nd:YAG laser at an irradiation wavelength of 355 nm allows the fabrication of V-
shaped channels with depths)600 mm and aspect ratios)5. This method is very flexible for rapid prototyping, but is
comparatively slow due to the sequential machining. A complete flowfield consisting of 100 parallel channels with a depth of
250 mm and a top width of 50mm was prepared by direct laser ablation and tested in a micro fuel cell. As an alternative, a
novel process combining laser structuring of a metal mask with subsequent reactive ion etching was developed. The quality of
the metal layer and the ablation behavior are strongly influenced by the metal adhesion, which depends on the GC pretreatment
and the deposition technique. Reactive ion etching of glassy carbon can be performed with etch rates off40 mm h , but they1

high pressure conditions of 100 mTorr(0.13 mbar) limit the aspect ratio to-1.5 due to pronounced underetching. The fabrication
of structures with aspect ratios)4 and etch rates off10 mm h is possible with the use of alternative etching devices withy1

different design or plasma sources.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Fuel cells are a promising technology for energy
conversion, and have recently gained attention in the
sector of small power supplies for portable applications
such as notebooks, camcorders, and cell phones. For
these applications, a miniaturized cell design was devel-
oped that reduces the number of components and sim-
plifies manufacturing and assembly. A main component
of this miniaturized cell is an electrode made from
glassy carbon(GC, Sigradur G, pyrolyzed at 2200 K)�

that contains a channel structure with typical dimensions
of 50 mm width and 200mm depth. This flowfield
provides the gas supply, a support for the electrocatalyst,
and allows one to study the mechanisms that determine
catalyst utilization.

Several techniques for the fabrication of structures in
GC have been studied in our group. The simplest
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technique is sawing of the structures with a wafer saw,
resulting in channels with a rectangular cross section
(15=150mm) and a maximum aspect ratio of 10w1,2x.
Unfortunately, this method is very slow due to the
sequential machining, and only straight channels reach-
ing from one sample edge to the other can be fabricated.
Therefore, an additional sealing of the cell for the gas
distribution is required.

Another technique for structuring GC is direct laser
ablation that can be performed with pulsed UV lasers
w3x. This method is very flexible for rapid prototyping
of different flowfield layouts, when a computer con-
trolled xyz stage or a galvano scanner are used. This is
also a sequential technique, but the application of a laser
with a kHz repetition rate permits comparably fast
processing. The fabricated channels have a V-shaped
cross-section with maximum aspect ratios off5.

A novel method for the structuring of glassy carbon
is the combination of a laser ablation step with subse-
quent reactive ion etching. In this process, a metal layer
is deposited on the glassy carbon and structured by laser
ablation, in order to create a mask for the reactive ion
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etching step. The structuring step can be very fast,
because the metal film thickness is only a few hundred
nanometers, and it provides the same flexibility as the
laser ablation process. The pattern of this mask is then
transferred into the glassy carbon substrate by a RIE
step in oxygen plasmaw4,5x. RIE chambers have a quite
large working area, e.g. 6 inches in diameter that allows
parallel structuring of up to 70 GC electrodes(size
including flow field and gas supply: 14=14 mm). The
carbon is gasified by the reactive oxygen species with
an additional support by the ion bombardment.

2. Experimental

2.1. Set-up for direct laser ablation of GC

Laser ablation of glassy carbon was performed with
XeCl (308 nm) and ArF (193 nm) excimer lasers and
with a diode-pumped Nd:YAG laser(frequency tripled:
355 nm). Round or square spots with a size of 20–60
mm were ablated by imaging a pin hole on the sample
surface with a lens(fs10 cm). The sample was
mounted on a computer controlledxyz stage while the
position of the laser beam was fixed.

For the fabrication of the micro fuel cell flow fields,
a tripled Nd:YAG with 8 kHz repetition rate, which
cannot be obtained by excimer lasers, was used to
optimize the fabrication speed. A pulse energy of 0.24
mJ was imaged on a spot with a diameter of 20mm,
corresponding to a fluence of 76.4 J cm . The sampley2

was moved with a speed of 76.8 mm s or 9.6mmy1

pulse .y1

2.2. Devices for sample processing and process
characterization

Different methods for pretreating the GC before proc-
essing were characterized by determination of roughness
and electrical resistance, by XPS and SEM, and by
comparison of their effect on ablation properties. A
Dektak 8000 profilometer was used for determining the
average roughness(arithmetic average, i.e. arithmetical
mean deviation of the profile) of the samples surfaces.
The electrical resistance of the GC samples was meas-
ured with a simple two-tip set-up where two gold tips
were pressed on the surface with a separation of 8 mm
and a reproducible force.

The metal film was structured by pulsed laser ablation
and 20:1 demagnification of a 1 mm pinhole onto the
substrate surface. The ablation characteristics were deter-
mined by varying the fluence in the range of 0.5–3.0 J
cm and the number of pulses between 1 and 100.y2

Line patterns were fabricated by step and repeat imaging.
For the reactive ion etching of GC an Alcatel GIR300

with a glass-covered 6 inch electrode, a maximum RF
power of 600 W and a pressure range of 5–100 mTorr

(6.7=10 –1.3=10 mbar) were applied. Alterna-y3 y1

tively, an Oxford Instruments Plasmafab 100 RIE could
be used.

3. Results and discussion

3.1. Pretreatment and determination of parameters

Before the micro structuring processes could be
accomplished, several stages had to be studied in more
detail.

3.2. Pretreatment

Various methods have been tested for improving the
adhesion of metal layers on GC, i.e. simple ultrasonic
cleaning in solvents, reactive(O ) and non-reactive2

(Ar) ion etchingw6x, and polishing, that yields the best
result. For a better understanding of the adhesion prop-
erties, several characterization steps were performed on
each sample before and after pretreatment. In the follow-
ing, a brief summary of these experiments is given.

The surface roughnessR of the untreated samplesa

was determined in order to see if higher or lower
roughness would be beneficial for the adhesion. Meas-
urements show that the roughness of the untreated
sample (f75 nm) can be reduced to approximately
one-third by ultrasonic cleaning in solvents or by etching
in O or Ar plasma. The higher roughness()90 nm)2

of the polished sample in combination with a great
reduction of craters seems to contribute significantly to
good adhesion properties of the metal film.

The electrical resistance did not change significantly
after solvent cleaning and increased byf20% after O2

plasma etching. After polishing, it increased byf80%,
probably due to the oxidation of the surface, which was
observed by XPS. The Ar plasma etched sample unex-
pectedly exhibited the highest resistance, i.e.)2.5 times
higher than the untreated sample. This result is even
more surprising as the oxygen fraction of the surface,
determined by XPS, is much lower than after O plasma2

treatment. The high resistances could partially result
from a considerable amount of silicon contamination of
the substrate surfaces, probably originating from the
glass covered RF electrode in the RIE device.

The most important criterion for the choice of the
pretreatment method was the ablation behavior, where
the polished sample exhibited the best properties, such
as defined ablation edges with low roughness and no
metal film peeling in the non-irradiated areas.

3.3. Parameters for metal ablation

The ablation behavior of metal layers was compared
for XeCl (308 nm) and ArF (193 nm) excimer lasers.
The ablated spots with a diameter of 70mm were
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Fig. 1. Ablation spot in an Al film on GC, irradiated with 10 pulses
at 308 nm and 1.9 J cm (� 70 mm).y2

Fig. 2. Bulk ablation rate of glassy carbon at different wavelengths. The data labeled by(q) were obtained by Th. Kunzw1x.

studied by SEM after irradiation with 10 pulses. At low
fluences, i.e. approximately 0.5 J cm , melting and re-y2

solidification of the metal without significant ablation is
observed. In the range of 1.0–2.0 J cm , the metaly2

layer is almost completely removed and a zone of re-
deposited Al is formed in the vicinity of the ablated
spot (Fig. 1). Further increase of the fluence results in
the formation of a ‘splash zone’ of molten and re-
solidified Al around the spot. At a fluence of 2.0 J
cm , a nearly complete ablation is reached after twoy2

to three pulses. Fewer pulses lead to more Al particles

remaining in the ablation spot, pulse numbers abovef5
can damage the metal layer surrounding the spot.

3.4. Parameters for glassy carbon ablation

The ablation properties of GC were studied in com-
parison to the metal layer, because it is also etched
during the metal structuring. The ablation rates and
threshold fluences of GC depend on the irradiation
wavelength and were determined for XeCl and ArF
lasers in the low fluence range(Fig. 2) with 1 Hz
repetition rate. Threshold fluences of-400 mJ cm aty2

193 nm andf1 J cm at 308 nm were determined byy2

logarithmic regression using Eq.(1):

B E1 F
C Fd F s ln (1)Ž .
D Ga Feff th

where dsablation depth, a seffective absorptioneff

coefficient,Fsfluence,F sthreshold fluencew7x.th

For fluences above 2 J cm , the ablation rate at 308y2

nm is f3.5 times higher than at 193 nm, probably
caused by plasma shielding, i.e. absorption of the VUV
pulse by the created plasma. The effective absorption
coefficients of glassy carbonw8x are 14.3"0.6 mm aty1

193 nm and 4.1"0.2 mm at 308 nm. Experimentsy1

performed by Kunz w9x with a XeCl laser and
Sigradur K (pyrolyzed at 1000 K) revealed a similar�

effective absorption coefficient of approximately 2.7
mm and ablation rates of approximately 1.1mmy1

pulse at 20 J cm .y1 y2
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Fig. 3. (a) Micro fuel cell electrode with a laser-machined flowfield and gas supply channels fabricated by electrical discharge machining.(b)
SEM micrograph of flowfield channels, viewed from the supply channel, as indicated by the white arrow.

Fig. 4. Process flow scheme of the combined Laser-RIE-process. Each step(x) is explained in the text.

3.5. Laser machining of glassy carbon electrodes

Glassy carbon electrodes were laser-structured with
the frequency-tripled Nd:YAG(355 nm, 8 kHz). The
simple fuel cell flow field fabricated in GC is 1 cm in2

size and consists of 100 parallel channels with a pitch
of 100 mm and a length of 10 mm(Fig. 3a). After
seven runs, V-shaped channels with a depth off250
mm and a top width off50 mm were achieved(Fig.
3b), corresponding to an aspect ratio of 5. The ablation
rate is decreasing with increasing channel depth due to
reflections at the channel walls and possibly due to
redeposition of ablated material on the walls. An average
ablation rate of 18mm pulse was obtained for they1

electrode shown in Fig. 3.
A pair of electrodes was sputter-coated with platinum

and assembled with a Nafion membrane. This micro
fuel cell was tested with hydrogen and oxygen gas and
proved that the principle is working. The cell was gas
tight up to)200 kPa and achieved a power of 2.5 mW.

3.6. Laser–RIE process

Due to the sequential nature of the laser process,
alternative methods were developed, i.e. a combination
of a laser ablation step for the fabrication of a mask
with a reactive ion etching step for the glassy carbon
etching. Fig. 4 shows a process flow scheme of the
complete process steps.
(1) The first step in this process is the pretreatment

of the glassy carbon sample, which ensures good adhe-
sion of the metal film to the carbon. Polishing resulted
in the best adhesion and ablation properties.
(2) The second step is the deposition of the metal

film, which either consists of a single Al layer with 400
nm thickness or can be supported by an additional
adhesion promoting Cr layer of 10 nm thickness. Ther-
mal evaporation or sputtering can both be applied, but
the density and adhesion of sputtered films are higher,
which was determined by measuring the thickness and
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Fig. 5. Line structures in an Al layer on GC with 60mm
widthyspacing.

Fig. 7. SEM micrograph of GC etched with an alternative RIE set-
up.

Fig. 6. SEM micrograph of oxygen plasma etched GC; the mask is partially removed(indicated by the arrow).

transmission of the film. The sputtered films revealed a
lower transmission for a comparable thickness.
(3) The metal film is then structured by pulsed laser

ablation with 2.0 J cm . Line structures for a masky2

were obtained by step and repeat processing with over-
lapping ablation spots. Fig. 5 shows a 1.2=1.2 mm2

line pattern with a widthyspacing of 60mm. At a feed
speed of 20mm pulse , the resulting edge roughnessy1

wasf3 mm.
(4) After patterning the etch mask, the sample was

etched with 1.1 W cm power(800 V bias) at 100y2

mTorr (0.13 mbar) pressure and 5 sccm oxygen flow.
Channels with a depth of)70 mm and a top width of
109 mm were obtained at an etch rate of)35 mm hy1

(Fig. 6). The picture shows strong underetching due to

the high-pressure applied in the experiment. With these
conditions, the sidewall angle isf198, corresponding
to a maximum achievable aspect ratio of-1.5. Despite
the high bias voltage, the aluminum mask revealed a
good durability and an acceptable etch rate off150
mm h . The achieved selectivity, i.e. the ratio of they1

etch rates in GC and in Al, is in the range of 200–250.
With a different RIE device(Oxford Instruments

Plasmafab 100), aspect ratios of)4 were reached at
lower bias voltages and lower etch rates(f10 mm
h , see Fig. 7). With the different chamber designy1

corresponding to a lower bias voltage, the etch rate was
lower than in the Alcatel Instrument(at same conditions
of power, pressure and oxygen flow).
(5) The last step is the removal of the metal mask by

wet chemical etching.
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4. Conclusion

Laser ablation is a fast and simple technique for rapid
fabrication of structures in GC, e.g. for prototypes of
model electrodes. Due to the sequential processing it is
probably not suitable for a commercial fabrication pro-
cess. Deep V-shaped channels can be fabricated with
high aspect ratios, but the channel bottoms are poorly
defined.

The novel process combining a laser ablation step
with a reactive ion-etching step is more complicated but
also more flexible due to various parameters and proc-
essing steps. One of the main advantages is the parallel
processing of many samples at the same time, resulting
in relatively cheap fabrication. Low aspect ratio struc-
tures with depths of several hundred micrometers are
easy to achieve, but it is necessary to optimize the
process to obtain high aspect ratio structures. More

sophisticated etching devices with higher plasma density
and lower bias voltage allow higher etch rates and lower
mask degradation, resulting in aspect ratios)4.
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