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ABSTRACT

SU-8 photoresist has been popularly used as a mold for eectroplating and facilitated low-cost MEMS production in
many previous researches. However, the reachable thickness of eectroplated structures standing on the substrate were
limited to 50 um below due to theinternal stress and deformation of the SU-8 resist in fina stripping process.  In order
to fabricate thicker structures, an embedded root method has been proposed to consolidate the adhesion of the meta
structures to the substrate during the SU-8 removal process. In this paper, detailed investigation on this method is
conducted to characterize the relationship among the root depth, the line-width and the alowable thickness of the
electroplated structures. Some test patterns with embedded roots are designed and tested to generaize the possible
extent of various structural scales associated with different niches in depth, which are completely defined through SO,
masking and KOH etching processes. Based on establishment of the relationship between the root depth and the
geometric sizes, a 3-D integrated coil with 200 um in thickness, 80 um in width and 4 um in root depth is successfully
released by the SU-8 mold with 400 um in height, which can not be achieved by the standard SU-8 molding process.
The UV-LIGA process presented herein may be applied to the fabrication of other microstructures and microactuators.
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1. INTRODUCTION

A metal structure with a vertical sidewall and high aspect ratio can enhance the output force in microactuators, such as
magnetic or electrostatic actuators. Also, this thicker structure will increase the toughness of the components and
prevent the micro devices from cracking due to mechanical failure or stress concentration during long-term operation.
In order to achieve that, the photoresist, NANO™ XP SU-8 (MicroChem Crop., (MCC)) announced by IBM has been
served asamold to electroform the required metal structuresin MEMS production.  On account of its superior optical
transparency and contrast under near-UV light, several studies have been worked on the patterning of ultra-thick
structures and molds with highly vertical profiles by using this photoresist.  Presently, in a single layer spin coating,
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more than 500-um-thick photoresist and an aspect ratio of 18 could be achieved reproducibly.? To implement a
metalized process of the microstructures, Lorenz et al.® and Lee et al.* attempted to fabricate various metal components,
including microgears and microcoils, through the UV-LIGA technique with these resist molds.

Although over a 500-um-thick SU-8 mold may be realized, the thickness of the released electroplated structure standing
on the substrate israre to reach more than 50 um.*> During the mold stripping process, since the SU-8 photoresist will
swell and deform when it isimmersed in the standard commercial remover provided by MCC.  For thicker (>100 um)
electroplated microstrcture, significant internal stress induced at the interface between the metal component and the
mold results in the failure ether to resist remnant or to structure ablation. In order to fabricate a thicker metal
structure, which still adheres to the substrate after the mold removal, Ho et al.® proposed an embedded root method to
consolidate the binding of the eectroplated microstructures with an underlayer, and aso successfully applied this
method to the fabrication of an UV-LIGA micromotor.” However, no advanced researches have been done on the
relationship between the root depth and the allowable height of the electroplated structures.

Here, detailed investigation on this method is conducted to characterize the relationship among the root depth,
line-width and the reachable thickness of the electroplated structures. Some bar-shaped test structures with various
geometric sizes are designed and fabricated, where the depth of aniche is defined by KOH etching processes and using
SO, as a mask. The metal structure with embedded root inside of the wafer is then electroplated to reinforce
structural adhesion and sustain interna stressin the follow-up SU-8 removal process.  Subsequently, the reference data
about limitation of the line-width and the thickness with different roots in depth are established. According to the
experimental results between the root and the alowable eectroplated thickness, a 3-D integrated coil with 200 um in
thickness is completely released to demondgrate the feasibility and reliability of this reference data.  Therefore, the
result and information relevant to this study may be useful to those who are planning to upgrade the output force of
magnetic or el ectrostatic actuators with an UV-LIGA process by the SU-8 photoresist.

2.METHOD

The removal of crosslinked SU-8 is the most difficult process among the serid UV-LIGA procedures with the resist.
At present, an effective approach to normally dissolve a cured SU-8 mold as well as not to destroy other structural
entities by wet etchant is gill unavailable. Remover PG, which is provided from MCC, may remove the resist from
the substrate by lift-off mechanism. However, during this stripping process the swell effect of SU-8 always generates
extensively increased internal stress at the interface between the mold and the el ectroplated structure, resulting in the
failure either to resist remnant or to structure ablation. An improved method for consolidating the adhesion of the
microstructure to the substrate and for reducing the drag force induced on the sidewalls of SU-8 has been proposed.
By constructing substructure with an embedded root, this novel technique can greatly promote the thickness of the
metal components as well as increase the probability in making the SU-8 mold stripped completely. In this section,
further studies based on the embedded root method are carried out to characterize the relationship in the size effect of
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the dectroplated structure associated with the root construction. After the stripping of the SU-8 mold, smallest
line-width or resolution, appropriate spaces between entities and alowable thickness of the successfully released
microstructure versus its root depth are obtained through the experimental results. The experimental data is then
referred to the design and fabrication of a 3-D integrated coil, which is several times thicker in height than a traditional

planar coil with standard SU-8 molding process, to verify thefeasibility of thetest results.

2.1 Processdesign

The fabrication process of metal structureswith embedded rootsin thisstudy is shown schematicdly inFig. 1. First, a
(100) silicon wafer is thermally grown to produce a thick silicon dioxide layer (Fig. 1(a)). Notably, thislayer is used
as a shield mask for later etching process to construct niches in the substrate.  Following near-UV lithography, the
insulation layer is patterned to expose the underlayer surface in the desired positions (Fig. 1(b)). The etched places are
the locations of the embedded roots to be defined. Next, an anisotropic etching process with a KOH solution is
utilized to form the niches for subsequent el ectrodeposition of theroot structures (Fig. 1(c)). Therequired depth of the
embedded roots inside of the substrate depends on the geometric size of the electroplated structures, which will be
discussed in the section of the experimental results.  To obtain conformal morphology of the root construction, first an
adhesive titanium layer and then a copper seed layer are deposited via sputtering (Fig. 1(d)). This bi-layer is served as
a conductive cathode in the dectroplating processes. Then, SU-8 photoresist is spun over the seed layer via
near-UV-lithographic technique (Fig. 1(€)). The resist layer is delineated to build thick molds with niches in the
substrate.  When immersed in Ni plating bath, this high-aspect-ratio mold is provided for electroplating desired meta
entitieswith rootsforming in the niches (Fig. 1(f)). The deposited thickness of the Ni during the el ectroplating process
must be controlled adequately in order to reduce the internal stress generated between the structures and the mold. In
the mold removal process, the Remover PG is offered to strip SU-8 polymer resin (Fig. 1(g)). With the roots
embedded in the substrate and appropriate height control of the electroplated structures, the metal entities will adhere
strongly to the substrate without ablation, while the crosslinked SU-8 mold can be removed completely.
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Figure 1: Fabrication processes of the UV-LIGA integrated coil with root construction. (a) Silicon dioxide layer formation. (b)
Oxide delineation as mask layer. (c) Anisotropic etching in the silicon substrate. (d) Adhesion/seed layer sputtering. (e) Thick
photoresist patterning, and mold building. (f) Metal structure electroplating. (g) Mold removal in thefinal release.
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2.2 Parameter conditions

Figure 2 shows a schematic diagram concerning the geometric arrangement of test structures. Symbol ‘r’ expresses
the depth of an electroplated root that is deposited in the niche defined through SO, masking and KOH etching
processes and symbol ‘h’ is the desired height (i.e. the thickness) of the entity in the eectroplating fabrication.
Symbols ‘W and ‘I’ denote the width (i.e. the line-width) and length of the metal entity, respectively, and symbol ‘s
presents the space between two metal entities. The SU-8 mold thickness (symbol ‘m’, not shown here) is always kept
at 300 um congantly in thisstudy. To eiminate size effect, which may affect the validity of experimental results, the
dimension of the pattern length | is designed at least five times longer than that of the pattern width w.  For different
placementsin line-width and space, the required root depth and allowable height of the metal entity will be evaluated to
implement the characterization of the embedded root method.

Figure 2: Schematic diagram of the geometric arrangement of test metal structures.

Table 1 displays the parametersin reglizing the UV-LIGA process with SU-8 mold shown in Fig.1. The thick silicon
dioxide layer is 1 um in thickness and needs an isotropic wet etching continuing about 10 minutes in the standard
buffered oxide etchant (BOE). In the niche construction, 4-um-deep (i.e. SO, of 1 um + S of 3 um), 7-um-deep (i.e.
SiO; of 1 um + Si of 6 um) or 10-um-deep (i.e. SO, of 1 um + Si of 9 um) root depth are optionally fabricated by hot
KOH etchant (40% in weight, 80 °C). For the seed layer formation, Ti of 500 A is physically sputtered on the
substrate first, and then a 5000-A-thick Cu layer is superposed on this Ti layer in the same chamber.

Table 1: Parameter conditions of UV-LIGA process with SU-8 mold.

Process Step Parameters Equipment and Chemical Solvent
[Thermally wet Oxidation |1 um in thickness, 1050 °C for 3.2 hrs |Quartz Furnace

SiO, Lithography Standard Recipe FH 6400

SiO, Wet Etching 12 minimmersion Buffered Oxide Etchant (BOE)

Roots of 4, 7 or 10 um in depth
Anisotropic Etching 40% in weight, 80 °C Potassium Hydroxide (KOH)
0.3 um/minin etching rate

N Ti 500 A, 0.23 A/min i
Seed Layer Deposition Cu5000 A, 1.2 A/min Physical Sputter
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Table 2 specifically summarizes the process parameters and the related equipment to create the 300-um-thick SU-8
mold. Although SU-8 photoresist has been widely employed in MEMS, recommended operational parameters differ
from one another in these published references.  Asthe SU-8 coating techniqueis yet not standardized, the particularly
conditional data depends not only on the local experimental equipment, but also on the structure geometry.

Table 2: Process Conditions of NANO™ X P SU-8 50 for 300 um in height.

Parameters Equipment and Chemical Solvent

Vacuum Oven
No HMDS Priming

150 °Cfor 15-20 min

Spread: 300 rpm for 25 sec
Spin: 500 rpm for 45 sec
Acceleration: 100 rpm/sec
0.5-1 min

3.1-3.3¢g Precision Balance
90 °C for 10 hrs Hotplate

8 hrs
. 3 Karl Suss MJB3
Dose: 1350 mJcm Broad Band Near UV

90 °C for 20 min Hotplate
24 hrs

Karl Suss
GYRSET RC8 (Open)

PGMEA from MCC

Ultrasonic Cleaner (Optional)
Hot REMOVER PG from MCC
70°Cfor 12 hrs Hotplate

Ultrasonic Cleaner (Optional)

20 min immersion

Following the niche construction and SU-8 mold preparation, samples are electroplated in a nickel-sulfamate-based

solution. The bath condition, including compositions, pH and operational temperature, can bereferred to Table 3.

Table 3: Process Conditions of Ni electroplating bath.
Composition Operational condition
Ni(NH,SO5),- 4H,0 450 ¢/l [pH value
NiCl,- 6H,0 39/l |Temperature
H3:BOs 359/l |Current density

etting and leveling agent alittle |Flow of jet agitation

3. RESULTS AND DISCUSSION

This section presents the key results with respect to the characterigtic investigation of the embedded root method in an
UV-LIGA process. Some photographs of test microstructures, comprising SU-8 resist molds before el ectrodeposition
and electroplated metal entities after the mold removal process, are illustrated and discussed. The collected data
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pertaining to the reationship between geometric features and root structures are formulated with related charts.  These
diagrams also exhibit a limitation of reachable thickness of the electroplated microstructures with various root depths.
Based on the established relationship, an integrated coil with high aspect ratio is successfully fabricated, which can not
be achieved by the standard SU-8 molding process.

3.1 SU-8 mold formation

Figure 3(a) shows a scanning electron micrograph (SEM) of the molds of bar-shaped test structures created with SU-8
photoresist. In this study, the resist mold is restricted at a given thickness of 300 um (i.e. m = 300 um) through the
whole experiment. By using lithographic parameterslisted in Table 2, the SU-8 structure with the best resolution of 20
um, and an aspect ratio of 15 isachieved, where thisresist width is aso the space s between meta entities, as shown in
Fig. 2. However, by the given parameters, the best resolution of the SU-8 mold that is expressed aswis40 um. For
smaller line-width w, devel oper ishard to flow into the deep trench of the mold to completely clean the unexposed and
uncrosslinked SU-8 resist. Therefore, Ni meta is rarely deposited on the conductive Ti/Cu seed layer in later
electroplating process. Figure 3(b) exhibits the metal structures that are successfully electroplated in the mold of 40

um inwidth wand also stand well on the substrate after final mold release process.

25.8kV XS50.8 35@sm

3 (b)
Figure 3: Achievable best resolution of SU-8 by process conditions in Table 2. (8) SU-8 molds of 20 um in resist space s. (b) Ni

structures of 40 um in line-width w.

3.2 Structureswithout embedded roots

Figure 4 displays an exemplary illustration regarding the difficult problem occurring when the crosslinked SU-8 mold is
immersed in the hot remover for stripping process. Before electroplating, amold of 40 um in space s, 80 um in width
w and 300 um in height h is previoudly exhibited in Fig. 4(a). After the eectroplating, the sample without embedded
root construction is proceeded to strip the mold by the remover. Apparently, for higher eectroplated structures,

segments of the photoresist remain on the substrate, particularly in the clearance between two entities (Fig. 4(b)). This
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phenomenon may be caused by the accumulated interna stress, which isinduced among the junctions of the seed layer,
the Ni structure, and the polymerized resist during the fabrication processes, such as lithography, eectroplating, and
mold removal. Figure 4(c) presents another case that often appears when hot remover is employed to clean the
crosslinked SU-8.  Since the adhesion at the Ni/Cu interface can not withstand the lift force, some electroplated metal

structures are al so detached from the substrate when the mold is heaved in the remover.

25.0kV X58.9 360 sm "F11is 25.0kv %X50.0

(€Y (b) (©
Figure 4: SEM of SU-8 stripping via hot remover without embedded roots. (a) Molds before eectroplating. (b) SU-8 remnants after

mold stripping. (c) SU-8 removal accompanied metal structure ablation.

3.3 Structureswith embedded roots

There are two key techniques to construct the electroplated structures while using SU8, including the embedded root
method and the height control in electroplating. During the SU-8 stripping process, swelling and deformation of the
photoresist induce significant stress on the dectroplated structures. With roots embedded in the substrate, the
electroplated structures become stronger to withstand the stress from the swelling SU-8 resist. On the other hand, when
the height of the electroplated structure is scaled down, the contact area between the photoresist mold and electropl ated
structure also becomes smaller.  Then, the net clamping force on the mold can be effectively reduced, which resultsin
successful removal of the SU-8 resist in the lift-off process by Remover PG.

With the same sze of SU-8 mold shown in Fig. 4(a), successfully released structures standing on the substrate are
presented in Fig. 5. Figure 5(a) showsthe electroplated entitieswith 160 um in height, 80 um in width and 7-um-deep
roots inside of the substrate. By the root construction, the metal structures can endure the internal stress from the
swelling photoresist during the mold stripping with hot remover.  Additionally, an ultrasonic vibration is also utilized
to assist this removal process. Figure 5(b) illustrates the electroplated structures with 120 um in height, 80 um in
width and 1-um-deep roots inside of the substrate. A reduction in the electroplated thickness (e.g. 120-um-thick
structures for 300-um-thick molds in this example) is beneficial to the decrement of the stressed force on the sidewalls
of SU-8. Therefore, only an embedded root of 1 um is sufficient to completely strip the crosslinked photoresist as well.
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NOPOLI 25.8kV X5@.8

@ (b)
Figure 5: Successfully released structures standing on the substrate. (a) Structures with deep embedded roots (160 um in structure
height, 7-um-deep roots). (b) Height control in electroplated structures (120 um in structure height, 1-um-deep roots).

3.4 Relationship between root depth and geometric dimensions

Figure 6 summaries the experimental results of the relationship among the root depth r, the line-width w, the space r
and the allowable thickness of the eectroplated structure h.  In thisinvestigation, the thickness of the SU-8 mold mis
constant a 300 um and the el ectroplated structures are changed from 240, 200, 160 to 120 um in height, as shown in
Fig. 6(a)—6(d), respectively.

For thicker metal structures, where his 240 um and theratio of h to mis 0.8 asillustrated in Fig. 6(3), the crosslinked
SU-8 is very difficult to remove with hot remover and even an ultrasonic vibration. The stripping process chiefly fails
in residual resist wedged into the gaps between the structures.  The smallest line-width falls on 120 um for the space of
200 um and 4 um in root depth. Therefore, the trade-off between line-width and space at thick structures are evident.
Figure 6(b) and Figure 6(c) show a crucid distinction among the space, the line-width and the root depth. In the case of
structures with 200 um in height, various scalesin space produce much more difference in the smallest line-width of the
metal entities (Fig. 6(b)). As shown on line E (i.e. 40 um in space) in Fig. 6(b), a reason for the dight increase in
line-width with the root depth may be the mask misalignment of the SU-8 mold with the underlayer, which causes the
resist harder to strip on the flat surface than on the niches of the substrate.  On the other hand, for h/ m=0.53 (h = 160
um) in Fig. 6(c), there is much variance at the root of 4 um below in depth.  For example, the line-width reaches 2.5
times smaller on 4-um-deep root than on 0-um-deep one with space of 80 um (i.e. line D) in Fig. 6(c).

Figure 6(d) indicates the characterization of the embedded root method with the electroplated height of 120 um.  With
the lower structural thickness (h/ m = 0.4), the root depth just needs to be 1 um and the smallest line-width for different
spaces can be achieved at around 40 to 60 um. This means that for h < 120 um, s> 60 yum and m = 300 um, an
1-um-deep root is sufficient to withstand the internal stressinduced during the SU-8 mold stripping process.
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Figure 6: Relationship among the root depth r, the line-width w, the space r and the allowable thickness of the eectroplated

structures h.

3.5 Ratio of electroplated height to mold thickness

In this subsection, a concept concerning the ratio of the electroplated height h to the mold thickness mis introduced to
apply the characteristic data in Fig. 6 to different mold thickness and structural height. In Fig. 7, a comparison of
integrated coils is shown where oneis successfully released by the embedded root method (Fig. 7(c)) and the others fail
due to photoresist residue and structure ablation (Fig. 7(a) and Fig. 7(b)). It isfound that the SU-8 mold with 400 um
in thickness m and 80 um in width s can be dectroplated with an integrated coil with 200 um in height h, 80 um in
linewidth wand 4 um in root depth r.  The ratio of h/ m equals 0.5 which corresponds to the criterion on line D (i.e.
80 um in space) in Fig. 6(c).
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Figure 7: Comparison in the fabrication of integrated coil based on ratio of electroplated height h to mold thickness m. (a) Photoresist

residue. (b) Structure ablation. (c) Successful release according to the ratio of hto m.

4. CONCLUSIONS

In this paper, characterigtic study of an embedded root method is established to provide useful and reliable reference
data for an UV-LIGA process with SU-8 photoresist.  Some test structures have been fabricated to investigate the
relationship among the root depth, the line-width and the possible thickness of eectroplated structures.  Various scales
of niche depth are completely defined through SiO, masking and KOH etching processes. The metal structure with
embedded root inside of the substrate is then electroplated to reinforce structural adhesion and resist interna stress in
the subsequent SU-8 removal process. By this reference data, an integrated coil with the embedded root can be
successfully released according to a given ratio of the eectroplated height to the mold thickness. The electroplated
integrated coil with at least 200 um in thickness, 80 um in width and 4 um in root depth can be achieved by the SU-8
mold with 400 um in thickness, and the traditional standard method can fabricate the same integrated coil only about 50
um in thickness. The techniques outlined herein may solve the notorious problem of the hard-to-strip polymerized

SU-8 resist and assist the fabrication of other microstructureswith similar needsby the UV -LIGA process.
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