Fabrication of Micro DLC-Nozzles by Plasma Oxidation Printing
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Abstract

The plasma oxidation printing was proposed to make micro-texturing into the DLC (diamond-like carbon) coatings
on the metallic dies and molds. Thick DLC coating method was developed to prepare for the initial DLC-coated
mold and die substrates. The maskless micro-patterning methods with aid of the lithography was employed to
draw the two-dimensional micro-patterns onto the thick DLC films. High density plasma oxidation method was
further utilized to make anisotropic etching and to chemically remove the un-printed DLC films. This anisotropic
etching process was described by experiments; high etching rate was attained for its application to formation of

fine micro-DLC nozzles.
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1. Introduction

DLC (Diamond-Like Carbon) films have been
widely used as a protective coating not only for dies

and tools but also for glass lenses and HDD-discs [1].

This DLC coating has several features suitable to a
structural material for miniature product [2]. First, it
can be deposited on almost all the materials with
sufficient chemical stability. Its mechanical
properties are determined by combination of local
structures and contents of sp2- and sp3 bindings as
well as the hydrogen atoms [3]. In second, its
functional properties are also controllable by metallic
doping into DLC's; e.g. their low friction and wear
behavior is significantly marginal by Si- and W-
doping [4, 5]. DLC has amorphous phase so that
their surface flatness in the order of nano-meter is
preferable to MEMS (Micro Electrical Mechanical
System) or NEMS (Nano Electrical Mechanism
System). Furthermore, as had been reported in [6],
its functional properties and performances are
significantly controllable by nano-column formation
[7], nano-lamination [8] or nano-composite formation
[9], respectively.

The plasma-enhanced etching methods only
provide a means to make micro-patterning onto the
chemically stable DLC films [2]. Among them, the
high density plasma oxidation can afford to make
micro- and nano-texturing with use of masking
techniques [10]. These micro-textured DLC dies
work as a special tool for micro-embossing and
micro-piercing to duplicate fine micro-textures onto
the metallic sheets [11].  Furthermore, this micro-
and nano-texturing approach is expected to be useful
in construction of miniature products [12].

In the present paper, this plasma oxidation
printing (POP) is proposed as a new procedure to
construct the miniature nozzle. In the traditional
processing, the micro-nozzles are machined from the
bare metals with use of fine driling [13]. The
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minimum diameter of through-holes in those micro-
nozzles is limited by 10 um. The ceramic nozzle
heads were difficult to form the through hole even
with the inner diameter of 50 um. This POP is
applied to fabricate the micro DLC-nozzle head. The
maskless micro-patterning is used to print the two
dimensional micro-patterns of nozzle heads. With
use of this drawn pattern as a mask, the micro DLC-
nozzle heads are directly constructed into the thick
DLC film. The complex shaped micro DLC-nozzle
heads other than circular ones are also fabricated by
changing the initial micro-patterns. In addition, an
assembly of micro DLC-nozzles is directly produced
as a new device.
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Fig. 1: The POP-procedure to make micro-textures
into DLC film and to fabricate the DLC-micro-parts
from the Pt deposit drawn on the bare DLC surface.
2. Experimental Procedure
2.1. Plasma Oxidation Printing (POP)

A typical POP procedure is explained by Fig. 1.
Micro- and nano-patterns are directly printed as a
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platinum deposit onto the DLC-coated substrate
surface. In second, the high density plasma
oxidation is used to remove the unprinted DLC films
down to the designated depth. Owing to the
homogeneous and anisotropic etching by the oxygen
plasmas, the micro- and nano- DLC-nozzle heads
are formed on the substrates in an assembly with
regular alignment.

2.2. Preparation of DLC-coated Specimens

Thick DLC films are suitable to construction of
three dimensional miniature DLC-products [12, 14].
In the present study, the plasma enhanced CVD
(PECVD) system with the power of 3 kW and MF of
60 to 70 kHz was utilized to build up the DLC coating
with the thickness up to 20 um on the tool steel
substrate.  After Ar-sputtering and formation of

metallic interlayer onto the substrate, the main DLC
layer was formed by using CzHz gas as carbon and
hydrogen sources of DLC under the pressure of 2.5
Pa. Figure 2 shows a cross-sectional SEM
(Scanning Electron Microscopy) image of formed
DLC film after PECVD for 2. 7 Hrs, or, 9. 72 ks.

Fig.2 The cross-sectional SEM image of the DLC film
deposited by PECVD for 9.72 ks.

2.3. Maskless Micro-Patterning

The maskless micro-patterning method by the
lithography was utilized to draw the initial two
dimensional nozzle-head patterns onto the DLC film
surface. Figure 3 depicts a typical micro-pattern
drawn on the DLC film with use of platinum as a
deposit.
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Fig. 3 Two dimensional micro-nozzle-head pattern
drawn onto the DLC film surface.

At present, the drawing area is limited by 10 x 10
mm? with the spatial resolution down to 1 um. No
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masks are used in this approach. Various kinds of
micro-units with the geometric complexity is
straightforwardly designed by CAD and drawn on the
DLC films coated on the any material substrates.
This maskless micro-patterning is useful to draw any
designed micro-head pattern with the complex
geometries and within the high spatial resolution. In
addition, an assembly of micro-nozzles is also
designed and drawn on the DLC film.

3. Experimental Results
3.1. Plasma Oxidation Process

The plasma oxidation process plays a main role
in this plasma oxidation printing; i.e. carbon (in DLC
films) reacts with the oxygen atom flux from the
plasmas by C + O - CO. Tthe carbon mono-oxide
(CO) is synthesized and ejected from the chamber.
This expecting plasma oxidation process is analyzed
and monitored by the emissive light optical
spectroscopy (EOS). Figure 4 depicts the measured
spectrum during the present plasma oxygen etching.
Besides for the oxygen atom and ion peaks with high
intensities, several CO peaks were detected at the
specified wave length. The CO-peak at the wave
length of 256 nm had the highest intensity among
four peaks in Fig. 4, was used as a monitoring
species to control the oxygen plasmas.
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Fig. 4 In-situ measured emissive light optical
spectroscopy during the plasma oxidation process.

Time history of the detected CO-peak intensity
helps to make temporal monitoring on the etching
process to the DLC films. Under the constant oxygen
plasma state, this CO-peak intensity takes maximum
at the initial stage of oxidation since the oxygen atom
flux reacts with huge amount of carbon source on the
unprinted DLC film surface. In parallel with the
etching process, this peak monotonically decreases
and becomes minimum at the end of etching. This
minimization of CO-peak intensity tells that most of
unprinted DLC films is removed.

The etching rate of DLC is strongly dependent
on the oxygen ion density. When the oxygen ion
density is around 5 to 7 x 10"7 ions/m?, the etching
rate of DLC reaches to 10 um/Hr. The etching rate is
decelerated with time to improve the surface quality
of etched micro DLC-nozzles by controlling the RF-
voltage.
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3.2. Formation of Micro DLC-Nozzles

As had been stated in 3.1, the POP procedure to
form the micro DLC-nozzle with the circular outlet
started from the two dimensional drawing of open
circle onto the DLC films. As illustrated in Fig. 5, this
initial micro-pattern consists of three parts; i.e., A-
part is an unprinted inner circle with the diameter of
10 um, B-part, the printed circular contour with the
width of 5 pum, and, C-part, the unprinted bare
surface.

A-Part: Bare DLC

B-Part: Pt-Deposit

C-Part: Bare-DLC

Fig. 5: A circular ring initially drawn by the maskless
patterning with the outer diameter of 20 um and the
inner diameter of 10 pm.

The unprinted DLC film surfaces both for A-part and
C-part are to be removed by the plasma oxidation.
The printed unit for B-part is left as a micro-nozzle
outlet top surface. Figure 6 depicts a single micro
DLC-nozzle after plasma oxidation at 60 Pa for 3.6 ks.
Since A-part was selectively drilled by the plasma
oxidation, the circular hole of micro-nozzle was
constructed to have the inner diameter of 10 pm. The
Pt-deposited B-part was free from oxidation as
expected; the flatness of original DLC-films was
preserved even after the plasma printing. The micro-
nozzle wall with the height of 10 um and the
thickness of 5 um is also constructed from the B-part
by uniformly removing the C-part. Since the original
thickness of DLC film was 10 um, the surrounding
DLC films in the C-part other than the micro DLC-
nozzle, were completely removed by this POP. Then,
the micro DLC-nozzle was formed to stand on the
tool steel substrate.

10 pm
2015/12/28 001516

Fig. 6: Construction of a micro-DLC-nozzle by the
present POP method.

During this plasma printing, the inner and outer
walls as well as the bottom surface of hole were
newly formed as a rough surface. As stated in 3.1,
the temporal control of RF-voltage is the first item to
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improve the inner and outer surface quality of this
DLC-nozzle. Reference [15] also suggests that the
post treatment might be also effective to screen out
and polish the rough outer and inner wall surfaces of
DLC-nozzle in Fig. 5 without etching by controlling
the oxygen atom flux intensity in the plasma oxidation
process.
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Fig. 7 Initial drawing of the cross-star shaped micro-
pattern in the bare DLC coated tool steel.

In case of the micro-machining to make a micro-
nozzle, the nozzle outlet is only limited to be circular
in nature. In the present plasma oxidation printing,
the outlet geometry of DLC-nozzle is easily varied
from the circular hole to any shaped one In order to
investigate the effect of nozzle outlet geometry on
the dispensing behavior of inner liquids through the
micro-nozzle. Just in the similar manner to the
above POP procedure, the initial two dimensional
micro-pattern was changed from the open circle or
the circular ring in Fig. 3 to the solid circle with an
open cross-star shaped area at the center, as shown
in Fig. 7. Then, the same processing conditions in
POP as used in formation of the micro DLC-nozzles
with the circular hole in Fig. 6, were employed and
applied to fabricate the micro-DLC-nozzle with a
cross-star shaped outlet, as shown in Fig. 8. Owing
to the RF-voltage control as stated in the above, fine
micro-DLC-nozzle with star-shaped outlet was
formed on the tool substrate.
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Fig. 8 Construction of a micro-DLC-nozzle with the
cross-star shaped outlet by the present POP method.

4. Discussion

The micro-nozzles as well as the regularly sized
nozzles were all fabricated by end-milling and drilling.
In particular, the nozzle head with the straight holes
was precisely machined to have smooth inner
surfaces. Its inner diameter was limited by 10 um at
most even when using the fine drilling tool; the
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circularity of outlet was also limited to be more than 1
um. On the other hands, the micro-nozzles with the
outlet diameter less than 10 pym have been expected
to be used in the wide variety of engineering fields.
In the fine micro-joining, the chemical adhesives are
ejected from the nozzle outlet and fixed on the joined
interfaces as a micro-droplet or a micro-line. In the
precise micro-drawing of electric circuits, the solders,
the liquid metals and the conductive inks are ejected
with high controllability in positioning and placed with
sufficient stability.

The micro DLC-nozzles have high hardness of
25 GPa, high wear resistance with low friction in dry
by n = 0.1, and, flat surface. Their nozzle outlet
diameter can be accurately controlled to be less than
10 um. The inner surface of hole, made of DLC, has
sufficient chemical stability against the solders, the
adhesives, the liquid metals or the bio-polymers. In
particular, the present POP method provides a
means to make adaptive design of nozzle heads to
each ejection mode of materials. High viscosity
fluids often become difficult to be homogeneously
ejected from the circular outlet of micro-nozzle;
however, the star-shaped outlet is effective to eject
the viscous liquids with constant volumetric velocity.
Almost all the designed micro-nozzle head can be
fabricated by this POP procedure.

In the standard dispensing system, a single
micro-nozzle was attached to the syringe for micro-
dot and micro-line drawing. Then, the drawing
process of complex geometry with use of this
dispenser required for long, tedious time. An
assembly of micro DLC-nozzles provides two
solutions to the above issues. First, a set of micro-
dots is simultaneously drawn onto the designated
positions. In this first style of micro-nozzle assembly,
the spatial resolution in the micro-line drawing is
significantly improved by simultaneous ejection of
droplets through the assembly with the tens or
hundreds of micro-nozzles.

In the second assembling strategy, the micro-
nozzle head assembly is designed to have the same
area as the whole area to be drawn. In case of the
micro-joining of two parts, the assembly with the
same area as the joined interface is designed and
fabricated by POP to shorten the leading time for
micro-joining process.

5. Conclusions

The plasma oxidation printing (POP) is proposed
to construct the micro-DLC-nozzle with the inner
diameter of 10 um as well as its assembly with the
tailored alignment within shorter processing time.
Since the minimum nozzle head diameter is
determined by the spatial resolution in lithography,
the outlet hole diameter is reduced down to 10 pum,
which is equivalent to the minimum through-hole
diameter, attained by the traditional micro-milling and
micro-drilling. In addition, any tailored micro-nozzle
heads are fabricated by the present POP in adaptive
manner to the liquid materials to be ejected. In
particular, the star-shaped outlet of micro-nozzle
heads might well be adaptive to the high viscosity of
liquid media.

Furthermore, the micro-DLC-nozzle head
assembly is expected to facilitate a new type of
dispensing method, where micro-dots and micro-
lines are drawn in concurrent to significantly reduce

258 Guido Tosello, Hans Nergaard Hansen, Kornel Ehmann and Stefan Dimov (Eds.)

the leading time to essentially improve the micro-dot
and micro-line quality. At present, this micro-DLC-
nozzle head as well as its assembly are formed on
the stainless steel and tool steel substrate sheets.
This metallic sheet was cut and used to fix the micro-
DLC-nozzle to the head of dispenser. This metallic
sheet can be separate from the DLC-film with
nozzles by chemical treatment.
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