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This paper details a new manufacturing process for compact disc master
stamper production. Stamper is an optical disc industry term for the mold
used to replicate polymer compact discs (CDs) in an injection molding
device. The stamper surface contains a negative image of the CDs more
than 1 billion, submicrometer features embossed in a spiral pattern on a
138-mm diameter substrate. In conventional mastering, nickel submaster
stampers are generated by electroforming from a glass master. In the
proposed process, submaster stampers are not required, and a ceramic
master is used directly as a stamper for injection molding. In the new
process, ceramic substrates are ion machined through a photoresist mask,
resulting in improved productivity, reduced hazardous waste, and lower
production costs. All critical process steps have proved feasible in the
research reported here. The new stamper production technique replaces
the conventional glass master substrate with a tough ceramic and replaces
several difficult electrochemical and manual operations with a single pre-
cision ion machining step. Processes that precede and follow stamper
fabrication remain largely unchanged. In the new process, precision
stamper manufacturing (PSM), more than 200 minutes of chemical pro-
cessing, electroforming, back-polishing, punching, and handling are re-
placed by fewer than 20 minutes of automatically controlled ion machining.
At the same time, PSM eliminates nearly all process steps that produce toxic
and hazardous wastes. The process is suitable for production of CD-audio,
CD-ROM, and high-density DVD formats. A process flow diagram and a
series of proof-of-concept experiments are described. © Elsevier Science
Inc., 1997

Introduction

Optical data storage is currently a $10-billion dol-
lar business per year.! Worldwide sales of optical
data products as a whole are growing at rate of
more than 10% per year, and sales of such prod-
ucts as optical disc drives and CD-ROM discs are
growing at more than 30% per year. In North
America, more than one billion compact discs
(CDs) were sold in 1996. In 1997, the number of
CD-audio and CD-ROM discs produced for the
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North American market will grow to 1.6 billion.
This paper outlines a process that could signifi-
cantly improve stamper manufacturing productiv-
1ty.

Compact discs are made by injection molding
of polycarbonate in a cavity formed between a
mirror block and a submaster stamper. A stamper
has a spiral pattern of ~1 billion bumps measur-
ing 0.6-pm wide, 0.8 to 3.1-pm long, and 150-nm
tall encoded on its surface. Typically, stampers are
138 mm in diameter and 0.3-mm thick, with a
20-40-mm central hole. To manufacture a
stamper, a layer of photoresist on a glass substrate
is first patterned using a laser beam recorder
(LBR) system. After development, the photoresist
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layer contains a unique spiral pattern of elongated
holes corresponding to the digitally encoded data
that is to be reproduced. A thick electroformed
layer of nickel is grown on top of the photoresist to
form a stamper. After peeling it from the glass and
photoresist, this nickel stamper can be used in an
injection molding system to replicate polymer
discs. The number of discs molded with each
stamper is usually determined by the customer’s
order for replicas and not by the maximum possi-
ble stamper life. The average order is 3000 repli-
cas/stamper. In 1997, the North American market
will require more than 500,000 stampers, with an
average sales price of $400-$800 per stamper.
Presently, a stand-alone mastering process line
costs more than $2.5 million, and has a peak yield
of approximately 15 stampers per day.

Although the CD market is flourishing, CD
manufacturing processes have seen little improve-
ment since the product was first introduced more
than a decade ago. Today, the industry faces in-
tense demand for increased production speed, re-
duced toxic waste generation, and increased yield.

The new process described in this paper re-
places several difficult and failure prone process
steps with a radically improved, simpler alterna-
tive. Specifically, the process of electroforming to
generate a submaster stamper and the subsequent
manual processes of peeling, varnishing, back-pol-
ishing, and punching are replaced by a single,
automated process: neutral ion machining of CD
features directly onto a ceramic master stamper.
Ion machining, an emerging precision manufac-
turing technology, is inherently suited to nanom-
eter-scale material removal. In the process de-
scribed here, ion machining of the ceramic master
is performed through a patterned photoresist
mask. By eliminating the processes responsible for
most of the toxic waste byproducts (e.g., heavy
metals, acids, and solvents) generated during
stamper manufacturing, the new process is
cleaner. Also, the processing time for fabricating a
master stamper is cut in half. As a final benefit, the
process eliminates the manual handling required
in conventional stamper manufacturing. Substan-
tial increases in the process yield are expected. By
industry standards these new steps represent a rev-
olutionary change in optical disc mastering tech-
nology.

Conventional stamper manufacturing

Major steps in the conventional process for fabri-
cating optical disc stampers are illustrated in Figure
1.2 A flat, polished glass substrate disk is cleaned
and then coated with a thin layer of positive-tone

54

Time (hrs} Input: Flat, smooth
‘ soda-lime glass disk

e 0o RN — Original disk cross section
Clean disk, coat with
—_ 0:20 pasitive-tone photoresist,
bake.
— o N |
= Lo Selectively expose photoresist
using switched, focused argon
—_— 120 laser
Antomaicd
— 0 NN |
. - - I I - Develop photoresist
—2:00 I
—_— 220
Metalize and electroform
with nickel
—_— 240
— 300 v
Poel nickel sub-master stamper
—_—3:20 from glass disk. Apply protective
coating, cure, cool.
— 3:40 Polish back of sub-master
T Manual
Punch L.D. and O.D.
A0 _Peel coating and clean for use in
T U |_injecti iding machi
— 420 '

Qutput: Nickel stamper
itable for injecti 14

Figure 1 Conventional stamper manufacturing
process steps

photoresist. Next begins the recording process. A
focused laser beam traces a spiral path on the disk
surface. A control computer containing the digital
information to be recorded on the disk switches
the beam on and off according to a streaming
binary signal. After recording, the photoresist is
developed, leaving elongated pits where it was ex-
posed to laser irradiation. The patterned photore-
sist is coated with a thin layer of nickel or silver by
sputtering or chemical immersion to make the
surface conductive for subsequent electroforming.
In electroforming, a thick film of nickel is grown
on the substrate. This nickel submaster stamper is
then peeled away from the substrate and cleaned.
A protective varnish coating is temporarily depos-
ited onto the stamper surface and cured. The
stamper back side is polished, and the inner and
outer diameters are punched on a press. The var-
nish is then removed from the stamper, which is
now ready to be used in an injection molding
machine to generate thousands of polycarbonate
CD replicas. The total manufacturing time for a
single CD submaster stamper is a little more than
4 hours. The overall process yield for master
stamper production is typically about 80%.

Toxic waste byproducts of metalization and
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electroforming include, for each stamper gener-
ated, more than 3 liters of treatable chemical waste
containing about 250 ml each of silane, palladium
chloride, tannine, and stannous chloride in aque-
ous solutions. Chemical wastes that must be con-
tained and treated as hazardous include another 3
liters of aqueous solutions containing about 250
m] each of nickel and silver nitrate. Exhaust gases
from metalization and electroforming also contain
hazardous vapors that require treatment, includ-
ing methyl-ether-ketone (MEK), toluol, ammonia,
nickel, and boric acid. In processes following elec-
troforming, further solvent wastes are generated.

In addition to waste generation and yield
problems, the electroforming process fundamen-
tally limits the speed at which CD stampers can be
fabricated. Growth of the nickel, for example, is
already performed at the maximum rate that will
allow acceptable metallurgical properties in the
stamper. In the first few minutes of electroform-
ing, all of the detail and fine structure encoded on
the glass and photoresist master disc are replicated
in the mnickel. Subsequent growth increases
stamper thickness to allow sufficient structural ri-
gidity for stamper use in a mold. Slow procedures
and sensitive processing chemistry make electro-
forming a troublesome, though universally used,
step in CD stamper manufacturing. Batch electro-
forming of multiple stampers has been used in the
past to increase overall manufacturing speed.
However, recent industry demand for turnaround
of individual stamper orders in 24 hours or less
makes in-line processing a more competitive strat-
egy. Most new CD stamper fabrication systems use
in-line manufacturing, for which recording and
electroforming are the principal bottlenecks. In
recent years, double and triple speed recording
systems have been developed, but no parallel pro-
ductivity increases have been made in electroform-
ing.

A revision of the CD manufacturing process
that replaces the latter half of the processing steps
with direct ion machining of the master disc could
dramatically improve the process economy, speed,
and yield while reducing its environmental im-
pact.

An alternative technical approach to
stamper fabrication

A new manufacturing process for stamper fabrica-
tion that uses ion machining to etch CD features
directly onto a stamper surface is described below.
The new process, precision stamper (PSM), calls
for two major changes in the manufacturing pro-
cess for stampers:
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Figure 2 Schematic of the new process for preci-
sion stamper manufacturing (PSM)

1. replacing the glass master disk substrate with
a tough ceramic, which is used as the injec-
tion molding stamper; and

2. replacing metalization, electroforming, peel-
ing, protecting, polishing, and punching op-
erations with a single ion machining step on
the ceramic substrate through a photoresist
mask.

All other processes, including cleaning the
master disc, spinning on a photoresist layer, laser
recording, and photoresist development remain
largely unchanged. In PSM, production of a sub-
master nickel stamper is no longer necessary. The
ion-machined ceramic master stamper is used di-
rectly for polymer injection molding. The pro-
posed manufacturing cycle is illustrated schemat-
ically in Figure 2. Note that the processing time is
reduced by a factor of 2 from the conventional
manufacturing process detailed in Figure 1. More
than 200 minutes of the present manufacturing
processes are replaced by 10-20 minutes of ion-
machining processes (inclusive of time for part
handling, transfer through a vacuum interlock,
and cleaning). Capital equipment costs and direct
manufacturing costs for PSM are similar to those
required for the present process. An additional
benefit of the proposed process in comparison
with the conventional process is that it eliminates
many of the process steps that produce toxic and
hazardous wastes.

Ion machining as a precision material re-
moval process has been refined for use in subap-
erture shaping of glass and ceramic substrates, and
for such high-technology applications as fabrica-
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Table 1 Prospective stamper substrate materials and relevant properties

Thermal shock

Ion machinabil-

Knoop hardness, Fracture toughness, resistance, Thermal conductiv- ity (surface
Substrate (kg/ mm2) (MPa m‘/ 2) (W/m) ity, (W/m K) quality)
Nickel 100 ~100 7138 80 Poor
Al Oq 2100 4 3225 30 Very good
SiC 2500 3 19149 90 Excellent
Glassy carbon® 500 2 135517 120 Excellent
Corning 9647% 450 1.3 546 2.5 Excellent

tion of individual three-dimensional (3-D) micro-
structures, sharpening of scanning probe tips, and
imprinting patterns on carbides.>-® The process,
which is distinct from the more well-known pro-
cess of reactive ion etching, employs a plasma-gener-
ating source that ionizes argon gas in an evacuated
chamber. While still in the source, ionized atoms
(usually argon, but helium and other inert gasses
have also been used) are accelerated by a DC
electric field through a grid-shaped aperture. As
they leave the source at high velocity, the colli-
mated beam of chemically inert ions is electrically
neutralized by an oblique beam of electrons
emerging from an adjacent source. This neutral
plasma is directed toward a target surface, from
which it sputters molecules in a finely controlled
erosion process. Typical beam current densities
used in the PSM process are 1-2 mA/cm?, accel-
erated by a 1000-volt potential. For many ceramic
and glass materials, this results in a sputtering rate
of several tens of nanometers per minute. Sources
range in diameter from 3 cm to more than 60 cm,
and a number of unusual geometries of aperture
(and consequently beam shape) have been re-
ported.

Adaptation of ion machining to optical sur-
face contouring was first demonstrated by McNeil
etal.” The most visible success of this process came
with the Keck mirror telescope project.® Although
it was not part of the original manufacturing pro-
posal for that project, ion machining succeeded
where fine polishing had failed as a final contour-
ing process for the Keck’s 36 hexagonal optical
segments (each measuring more than 1 m across.)
More recently, ion machining has been used to
fabricate ceramic optical elements for space-based
applications.®~!! The process has not been used
previously in an advanced manufacturing applica-
tion requiring micrometer-sized lateral features
on a large surface area. Producing billions of such
features with uniform good quality on a single
substrate by broad-beam ion machining through a
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mask is a principal focus of the research reported
in this paper.

Process feasibility experiments for precision
stamper manufacturing

Objectives of the experimental research reported
here were to verify feasibility of a newly proposed
manufacturing method for CD stampers, and to
manufacture prototype CD stampers using the
new method. The feasibility of all process steps in
the new method has been demonstrated. At the
same time, several important limitations for each
process step have been uncovered and quantified.
Each of the processing steps has been combined
into a manufacturing cycle through which a full-
scale working stamper prototype can be made.
These experiments made use of available facilities
at two disc-mastering equipment suppliers, an ion-
machining equipment supplier, and a national
laboratory facility, in addition to facilities at Bos-
ton University and Prism Corporation.

Substrates for ceramic stamper prototypes

Various subprocesses required in PSM have been
modeled, the results of which revealed several crit-
ical property requirements for stamper substrates.
The principal attributes required of a stamper sub-
strate are toughness, thermal shock resistance, ion
machinability, thermal conductivity, and hardness.
Thermal shock resistance is the product of a ma-
terial’s modulus of rupture or tensile strength and
its thermal conductivity, divided by the product of
its coefficient of thermal expansion and its mod-
ulus of elasticity. Larger numbers imply greater
ability to absorb rapid heating or cooling without
fracture or yielding. These properties are impor-
tant for raw substrate fabrication, ion machining,
and injection molding. For injection molding in
particular, toughness, thermal shock resistance,
and thermal conductivity of the stamper are criti-
cal. Table 1, tabulated from various reference
sources,'?13 shows some of these properties of
substrate materials considered in the feasibility re-
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search. Also included in the table are properties
for the currently used stamper material: electro-
formed nickel. For PSM, the stamper substrate
must exhibit high values of hardness, toughness,
and thermal shock resistance. In addition, to
maintain compatibility with the thermal cooling
systems used on conventional injection molding
machines, it would be advantageous to use a ma-
terial with thermal conductivity similar to that of
nickel. Finally, it is important that the stamper
substrate is ion machinable: it must erode at a
uniform, controllable rate without sustaining an
increase in surface roughness. Chemical vapor-
deposited silicon carbide (CVD SiC) is the clear
choice based on its physical properties. It is excep-
tionally hard, reasonably tough, and very resistant
to thermal shock. Also, it has been demonstrated
to be an ideal material for ion machining, and its
thermal conductivity is a near match to that of
nickel. Chemical vapor-deposited silicon carbide
is, however quite expensive, because of both raw
material and finishing costs. For that reason, al-
though most of the feasibility research reported
here has been conducted on CVD SiC, substrate
samples in all of the other materials listed in Table
1 have been fabricated, and several have been
tested as stamper prototypes.

Compact disc stampers are nominally
138-mm in diameter with a 35.4-mm diameter cen-
tral hole, and 0.3-mm thick. Required finish qual-
ity is specular, with roughness lower than 10 nm.
Silicon carbide ceramic stamper substrates were
designed to meet these specifications, and were
further constrained in flatness (* 5 pm), rough-
ness (1.0 nm Ra), and surface damage (none vis-
ible with 1000 X optical microscopy). For ceramic
stampers, the 0.3-mm thickness is probably insuf-
ficient to avoid fracture in injection molding. For
these feasibility tests, 0.9 mm was chosen as a thick-
ness specification for stamper substrates. Two CVD
SiC substrate samples and one Corning 9647 glass
substrate sample were made to these specifications
by double-sided lapping and polishing.

lon-machining experiments

An ion-machining system was assembled and used
in a series of PSM feasibility experiments. A sche-
matic of the system is shown in Figure 3. In this
system, which uses a 100-mm diameter source with
a slightly divergent beam, it is possible to ion ma-
chine samples uniformly as large as 140-mm in
diameter.

Material classes that can be ion machined
without compromising surface quality include
amorphous glass and single-phase polycrystalline
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Figure 3 Schematic of the ion-machining system
used in these experiments

ceramics. Small test samples of CVD SiC and Corn-
ing 9647 glass were machined. Samples were first
lapped and polished to remove all subsurface
damage and to obtain a specular finish. They were
then ion machined using the conditions summa-
rized in Table 2, which are typical of those used
previously in optical contouring research.!!

A portion of each sample was masked from
ion beam exposure to provide an unmachined
reference surface. After machining, surface rough-
ness and machining depth were measured for
each sample using a stylus profilometer, and all
surfaces were examined using optical and scan-
ning electron microscopy (SEM). For both sam-
ples tested, no roughening or damage occurred as
a result of ion machining.

Surface normal material removal rates, deter-
mined by the ion machined step height measured
on each sample, are listed in Table 3. Also in Table
3 is the machining time to remove 150 nm from

Table 2 Process conditions for ion-machining ex-
periments

Source 110-mm Diameter
Beam voltage 1000 V

Beam current 300 mA

Argon flow rate 6.5 sccm

<1.2 X 107? Torr

Base pressure
2.2 X 10* Torr

Process pressure
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Table 3 lon-maching rates for two materials
tested and projected machining times for machin-
ing to a depth of 1560 nm*

Ion-machining Required machining

Substrate rate, nm/min  time, min
Corning 9647 17.9 8.4
CVD SiC 12.3 12.2

* Machining conditions listed in Table 2

the surface, as would be required in a stamper
manufacturing process.

Laser beam recording on ceramic
stamper prototypes

A typical LBR for compact disc encoding uses a
focused argon-ion beam, modulated by an opto-
acoustic coupler, to selectively expose photoresist
on a substrate surface. The beam exiting from the
argon laser measures 1.87-mm in diameter, and it
passes through optics with a total combined nu-
merical aperture of 0.52. The resulting beam used
to write the information onto the master is fo-
cused to a spot size of 0.6 pm. The laser focus
tracks a spiral on the substrate surface.

A number of experiments were performed on
prototype stamper substrates using a commercially
available LBR. In the first series of experiments,
stamper substrates were coated with thin layers of
negative-tone photoresist (JSR-NFR-012R), and
then recorded with the LBR. Three different
thicknesses of photoresist were tested (200 nm,
680 nm, and 1010 nm), corresponding to three
dilutions of the base photoresist compound used.
Photoresist coating was achieved using nominally
identical conditions on a commercially available
photoresist spinner. During 60 minute recording
cycles using the LBR on these substrates, digitally
encoded signals were used to switch the laser
beam as it tracked along a spiral on the spinning
and translating substrate. The argon-ion laser
power used to record on the substrate was varied
by adjusting a neutral density filter in the optical
path. Because the optimal beam power for expo-
sure was unknown, beam power was varied from
1.0 mW to 30.0 mW in 0.5 mW steps during the
recording cycle. After recording, the photoresist
was developed, rinsed, and dried.

With the 200-nm thick photoresist, it was
found that the ideal feature geometry (i.e., a fea-
ture width of ~0.6 pm) was obtained at an inci-
dent power of 15 mW. At a writing speed of 1.2
m/s and a laser spot size of 0.6 wm, this input
power corresponds to an exposure dosage of ~2.0

58

12 4
114
10 4
94

200 300 400 500 600 700 800
Feature Width (nm)

Figure 4 Feature width in developed photoresist
as a function of incident laser power from the laser
beam recorder system; results shown are for
680-nm thick JSR NFR-012R negative tone photore-
sist on CVD SiC; Desired feature width is 600 nm

]/CmQ. The absorption coefficient of this photore-
sist was measured and found to be 1.5 cm ™! at the
argon-ion laser wavelength (458 nm). (Commer-
cially available negative-tone photoresists all ex-
hibit low absorption at 458 nm. Most are opti-
mized for maximum absorption at UV wavelengths
from 200-365 nm.) The 200-nm photoresist used
in this test, then, transmits 99.993% of the inci-
dent beam. As a result, only a small fraction of the
incident energy is available for the photochemical
reaction needed to transform the photoresist. In
addition, the coherent radiation from the argon-
ion laser was found to create standing waves (i.e.,
destructively interfering internal reflections) in
the photoresist film, further reducing the ab-
sorbed power. The standing wave phenomenon is
well known in coherent photolithography and is
most detrimental when the film thickness is an
odd multiple of a quarter of the incident beam
wavelength as it passes through the photoresist. As
a result, optimal exposure dosage is a strong, pe-
riodic function of photoresist thickness. In a sub-
sequent series of LBR experiments using this com-
bination of laser and photoresist, it was found that
found that optimal exposure dosage varied by up
an to order of magnitude for this photoresist in
response to film thickness changes as little as 70
nm. Therefore, the degree to which photoresist
films can be deposited uniformly and to precise
thickness tolerances on PSM substrates is critical.
Photoresist films were repeatedly deposited on
PSM substrates and measured using a standard
ellipsometer. It was found that submicrometer-
thick films of this photoresist could be repeatably
and uniformly deposited to tolerances of ~5 nm
using commercial photoresist spinning equip-
ment, in a clean room environment.

Figure 4 shows the relationship between fea-
ture width on the exposed and developed pho-
toresist and incident laser power for 680-nm thick
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photoresist exposed using the LBR. The thicker
photoresist was used here, because it was found to
be considerably more absorptive to the argon-ion
laser than the thinner photoresist (probably be-
cause of strong standing waves in the thinner pho-
toresist).

Figure 5 is a collection of three SEM photo-
graphs from this set of experiments. These corre-
spond to regions on the substrate exposed to laser
powers of 8.0 mW (a), 11.5 mW (b), and 4.6 mW
(c). Because it is desired that the stamper’s feature
width be 600 nm for optimum replication and
playback of the CD, 8.0-mW incident is best suited
for this photoresist thickness. (Note, however, that
the features produced using 5>-mW laser power are
of approximately the correct width for high-den-
sity storage.)

The low absorption of this photoresist to ar-
gon—ion laser exposure suggests the use of a
shorter wavelength recording laser. Some prelim-
inary experiments were performed with a krypton
laser, (wavelength 411 nm), and the features ob-
tained were sharp and well defined. The power
needed for correct exposure was more than two
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Figure 5 Scanning electron micrographs of ex-
posure power tests; these display the relation-
ship between LBR exposure power and photore-
sist “feature” size; LBR exposure powers are 8.0
mW, 11.5 mW, and 4.6 mW {a, b, c, respectively);
higher power overexposes the photoresist, and
lower power underexposes it; 8.0 mW power
correctly exposes the photoresist, producing
correct feature geometry on the PSM substrate

orders of magnitude lower for the krypton laser
than for the argon ion laser, because of greater
sensitivity of the photoresist to lower wavelength
irradiation. Results of these tests indicate that it is
feasible to record CD-like features on PSM sub-
strates using commercially available LBR equip-
ment.

lon machining of ceramic
stamper prototypes

Two ion machining tests were carried out on full-
scale stamper prototypes. In the first, a stamper
substrate was ion machined after first spinning on
a 200-nm thick layer of photoresist and then re-
cording with an argon—ion LBR at 15-mW incident
laser power, and finally developing the photoresist
to create a mask on the PSM substrate. lon ma-
chining was performed at Oak Ridge National
Laboratory (ORNL), and involved rastering a
3-cm source over the surface of the substrate. The
ion beam current, acceleration voltage, and trans-
lational rastering speed were chosen to result in
150 nm material removal depth on the unmasked
areas of the SiC substrate, based on previous ion-
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machining experiments. This rastering process re-
quired about 1 h of continuous machining with
the 3-cm ion source.

In this experiment, the photoresist mask itself
was machined by the ion beam at a higher rate
than expected. As a result, by the time that 50-nm
deep features had been ion machined into the SiC
substrate, the 200-nm thick protective photoresist
mask had been completely machined away. Fur-
ther machining removed material at both the top
and the bottom of the stamper features at an equal
rate, resulting in no net change in feature height.
Because stampers need to have feature heights of
~150 nm, the prototype stamper produced in this
experiment was not useful for replication. How-
ever, SEMs of the photoresist mask before ion
machining and of the silicon carbide surface after
ion machining showed excellent feature transfer
through ion machining.

The second set of full-scale ion-machining
experiments employed a thicker photoresist
layer (1000 nm) to avoid machining away the
entire mask during stamper fabrication. These
were recorded using a krypton laser (45 pW
power) on a commercially available LBR. Also,
instead of rastering, in these experiments, a sta-
tionary 110-mm diameter broad-beam ion source
was used. By using a fixed broad source instead
of a rastered small source, the ion-machining
time was reduced to 7 min from more than 180
min, while maintaining the same beam power
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Figure 6 Scanning electron micrographs of: (a)
laser recorded photoresist mask on PSM sub-
strate; (b) ion-machined substrate surface; and
{c) conventional electroformed nickel stamper
(for comparison)

density (~1 mW/cm® accelerated at 1000 V).
Good feature quality was obtained, as shown in
the SEMs in Figure 6. Also, a feature height of 150
nm (+/— 5 nm) was obtained, as measured by
scanning profilometry.

For singly ionized argon beams, incident
beam power density varies proportionally to ma-
chining rate for a given material and a given ac-
celerating voltage. However, total power incident
on the workpiece is the product of power density
and beam area. For the broad-beam experiments,
then, power input to the substrate was roughly 20
times as large as in the rastering experiments with
a narrow ion beam. This additional power input
has the potential to cause rapid thermal break-
down of the photoresist mask material. Figure 7 is

Trm O30

Figure 7 Photoresist mask material damaged by
excessive heating during ion machining
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Table 4 Conditions for injection-molding
experiments

Mold temperature 85°C
Polycarbonate temperature 330°C
Clamping force 60 tons
Injection time Is
Cooling time 2s

an SEM of an ion-machined PSM substrate for
which the incident ion power was approximately
twice as large as that used to produce the PSM
substrate shown in Figure 6. Care must be taken,
then, to limit overheating of the photomask ma-
terial. This could be accomplished by limiting the
incident power of the beam, by actively cooling
the substrate, or by choosing a masking material
with more resistance to thermal breakdown.
Removal of photoresist after machining is dif-
ficult, because the film becomes considerably
harder and less soluble after exposure to the ion
beam. Two techniques of photoresist removal
were implemented successfully: oxygen plasma
etching (also known as “dry ashing”), and wet
etching with a solution of heated sulfuric acid and
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hydrogen peroxide (also known as “piranha etch-
ing”). Oxygen plasma etching worked well, but
slowly, requiring several hours to completely re-
move the hardened photoresist. In wet etching,
residual resist is removed in a few minutes, but the
addition of an acid etchant process introduces an
undesirable chemical-etching step in an otherwise
waste-free process. A third alternative, designing
the photoresist film to be completely eroded in
the ion-machining process itself, has not been
tested to date. For such a process to be successful,
the photoresist mask thickness would have to be
precisely controlled. Further testing of this ap-
proach is currently underway.

Injection molding with a ceramic
stamper prototype

Injection-molding tests using PSM substrates were
performed on a commercial CD-molding ma-
chine. As mentioned earlier, the stamper sub-
strates used for PSM were made 0.9-mm thick, as
compared to conventional nickel stampers, which
are 0.3-mm thick. Modified stamper venting rings
were then used on the injection-molding machine
so that these thicker stamper substrates could be
used to mold conventional 1.2-mm thick CDs. Sev-
eral hundred replicas were made with CVD SiC,
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Alumina, and Corning 9647 glass. Molding took
place using the conditions outlined in 7Table 4.
None of these stamper substrates showed visible
signs of fracture or wear as a result of molding.
Work is continuing on this, to quantify the
stamper performance in terms of CD quality and
stamper lifetime as a function of molding param-
eters.

Analysis of stamper quality and
feature geometry

An atomic force microscope (AFM) profile of a
typical feature on an ion-machined stamper pro-
totype is shown in Figure 8. The AFM profile was
recorded in tapping mode with an etched silicon
probe on a Nanoscope Dimension 3000. The pa-
rameters of this silicon tip include a cantilever
length of 125 wm and the tip half cone angle of
18° side, 25° front, and 10° back. Several impor-
tant observations can be made from this data.
First, it is clear that both the masked areas (on top
of the bump) and the unmasked areas have similar
roughness. That is, the roughness of the sample
was not increased by ion machining. Second, the
wall slope of the feature is seen to be ~35°. The
observed wall slope is well suited to the task of
replicating CDs through injection molding. Sub-
stantially steeper slopes would adversely affect
polymer release from the mold; whereas, shal-
lower slopes would reduce the signal level pro-
duced by the CD in a player. Finally, it can be seen
from this SEM that the feature shape is sharply
defined, with edge straightness of better than 30
nm over the length of the feature. No feature
analysis on polymer replicas has been performed
to date.

Conclusions

A novel process for precision manufacture of op-
tical disc stampers has been introduced in this
paper. The process uses ceramic instead of nickel
substrates, and uses neutral ion machining instead
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of electroforming as a fabrication method. It
promises to be faster, cleaner, more reliable, and
more precise than the conventional process. Re-
sults from full-scale prototype fabrication experi-
ments conducted on commercial equipment have
verified that all production steps in the new pro-
cess are feasible, and that the process is compati-
ble with the conventional production systems that
precede and follow stamper fabrication (i.e., laser
beam recording and injection molding, respective-
ly). Technical challenges related to integration
and optimization of process steps have been iden-
tified, as have alternate substrate and mask mate-
rials.
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