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ABSTRACT 

We have developed a variety of processes for fabricating components for micro devices 
based on deep x-ray lithography (DXRL). Although the techniques are applicable to many 
materials, we have demonstrated them using hard (Nd~Fel4B) and soft (Ni-Zn ferrite) magnetic 
materials because of the importance of these materials in magnetic micro-actuators and other 
devices and because of the difficulty fabricating them by other mans. The simplest technique 
involves pressing a mixture of magnetic powder and a binder into a DXRL-formed mold. In the 
second technique, powder is pressed into the mold and then sintered to densify. The other two 
processes involve pressing at high temperature either powder or a dense buIk material into a 
ceramic mold that was previously made using a DXRL mold. These techniques allow arbitrary 
2-dimensional shapes to be made 10 to 1000 pm thick with in-plane dimensions as small as 
50pm and dimensional tolerances in the micron range. Bonded isotropic Nd~Fel4B micro- 
magnets made by these processes had an energy product of 7 MGOe. 

INTRODUCTION 

The LIGA process has been developed in recent years as a means of producing metal parts 
in the 10 to 1000 pm size range for micro-electromechanical (MEMS) systems.” In this 
process, an x-ray mask, consisting of a pattern of an x-ray absorber such as gold on a low 2 
support, is used to expose regions of a PMMA layer on a substrate to synchrotron x-rays 
(DXRL). Since synchrotron x-rays are nearly parallel and have high energy, highly precise 
patterns with straight sidewalls can be formed in a Ph4MA layer up to 1 mm thick after exposure 
and development. Once the PMMA mold is formed, it is filled by plating a metal into the 
desired regions, utilizing the preexisting plating base, This limits the standard LIGA process to 
materials that can be electroplated. The excess plated metal is then removed by precision 
lapping, leaving parts of desired thickness that are then released fiom the substrate by dissolving 
the plating base layer. 

Permanent (hard) magnet materials have numerous applications in MEMS including micro- 
actuators and static field devices such as Halbach  array^.^ They are particularly useful because 
the strength of the magnetic field that they can produce is independent of scale, as opposed to 
electromagnets where the field scales with l e m 4  The hard magnetic materials with the best 
properties are rare-earth transition metal compounds such as NdzFel4B.’ These materials can 
have energy products over 40 MGOe, over 5 times what can be achieved with other materials. 
However, they cannot readily be plated because of their complex chemistry and microstructure 
and therefore cannot be made using the standard LIGA process. Macroscopic magnets of these 
materials are commercially fabricated in bonded form, which consists of a magnetic powder and 
an epoxy binder, or, for better properties, in a dense form made by either sintering or hot- 
pressing.6 Also, isotropic hot-pressed magnets can be subsequently hot-forged, or die-upset, to 
create anisotropic magnets with their preferred direction parallel to the pressing direction.6 

Soft magnetic materials also have applications in h4EMS as cores in electromagnets, for 
example. Since many MEMS devices operate at relatively high frequency, eddy current losses, 
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which increase as the sqm of the frequency, make metallic soft magnetic materials useless in 
these situations. The best high frequency soft magnetic materials are ceramic ferrites that have 
very high electrical resistivity and therefore low eddy current losses? These materials also 
cannot be electroplated. 

processes based on filling DXRL-formed PMMA molds with magnetic powders. These 
techniques keep the benefits of the LIGA process (arbitrary shape, small size, high precision, 
high aspect ratio and batch fhbrication) without having the limitation of electroplating. 

To fabricate micro-components of these magnetic materials, we have develo d a variety of r 

EXPERIMENT 

The DXRL molds used in this work were fabricated on either Si wafer or alumina substrates. 
For bonded magnets, a copper release layer 0.5 pm thick was sputter coated onto the substrate 
prior to bonding on the PMh4A. The PMMA Iayers ranged in thickness fiom lo0 to 500 pm and 
were exposed under x-ray masks using a synchrotron facilities at the Center for Advanced 
Microstructure Devices at Louisiana St. University. 

Bonded Magnets 

Both isotropic and anisotropic bonded magnets were fabricated fkom NdZFel4B powder and 
epoxy using PMMA DXRL molds on Si wafers with a Cu release layer. For isotropic magnets, 
Magnequench MQP-C powder was used. The fabrication process for isotropic magnets is shown 
in Figure 1. The powder was ground in inert atmosphere and then sieved to 20 to 25 pm 
typically. It was then mixed with a mom temperature curing epoxy to give 30 to 40 vol% epoxy, 
applied to the mold by a calendering process and then uniaxially pressed at 10 ksi. After curing, 
the excess material was removed by precision lapping and the PMMA was removed. The parts 
were then magnetized at 35 kOe using a magnetizer (LDJ Electronincs). Finally, the parts were 
released by dissolving the release layer in an etchant. 
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Figure 1.  The process for fabricating bonded isotropic 
magnets fiom LIGA molds: 1) LIGA mold 2) Apply 
powder and binder 3) Lap 4) Magnetize 
5) Dissolve PMMA and 6) Dissolve release layer. 

Figure 2. The process for fabricating sintered 
magnets from LIGA molds: 1) LIGA mold 
2) Apply powder 3) Lap 4) Burnout PMMA 
and 5) Sinter. 

A similar process was used to fabricate bonded anisotropic magnets, as shown in Figure 2. 
In this case, Magnequench MQT (HDDR) powder was used after grinding and magnetizing at 35 
kOe. The powder was mixed with epoxy and calendered onto the mold. The mold was then 



placed between the poles of an electromagnet and a field of 10 kOe was applied to align the 
particles. While the field was on, a clamp was used to compress the aligned powder mixture and 
it was subsequently pressed at 10 h i  after removal 5om the field. The rest of the process was 
the same as for the isotropic case. 

Sintered Mamets 

The process used to make sintered micro-magnets is shown in Fig. 3. In this case, a Ni-Zn 
ferrite powder (Steward, #xx) was used as received. The powder was mixed with a solvent and a 
dispersant to form a paste that was then spread onto a PMMA LIGA mold on a Si wafer and 
dried. The excess powder was removed by lapping and the mold was then heated at l”C/min in 
air to 500°C to burnout the PMMA. At this point, the parts released fiom the substrate and were 
transferred to an alumina plate for sintering. Sintering was done in air at 1300°C for 4 hr in a 
closed crucible that contained an excess of the starting powder to limit Zn loss. 

Hot-Pressed and Hot-Forged Marnets 

To fabricate micro-magnets by hot pressing or hot forging, a mold that can withstand the 
required pressure and temperature must first be made since a standard PMMA mold is obviously 
inadequate. Typical hot pressing conditions for NdZFela materials are 750°C at 15 ksi Since 
the mold must not deform if precise dimensions are to be maintained, it is desirable that the mold 
be made of a ceramic such alumina., as most metals will deform severely under these conditions. 
Therefore, a process, shown in Figure 3, was developed to fibricate alumina molds ftom PMMA 
LIGA molds. First, a PMMA LIGA mold with the PMMA in the shapes of the desired magnetic 
parts on an alumina substrate was fabricated. Alumina powder was applied to the mold either by 
uniaxial pressing of by slurry casting with or without the aid of a centrifuge. We used a 94% 
alumina powder with 2 pm average particle size. The excess alumina was removed by lapping 
and the PMMA was then burned out. The sample was then heated to 1250°C in air for 2 hr to 
give the alumina sufficient strength without causing significant densification, which would 
distort the desired shapes. Two SEM images of a fired alumina mold with a 250 pm thick 
alumina layer are shown in Figure 4. As can be seen, features in the 100 pm range were 
reproduced with relatively straight sidewalls. 
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Figure 3. Process for forming a ceramic mold fiom 
a LIGA mold: 1) LIGA mold on alumina 2) Apply 
alumina powder 3) Lap 4) Burnout PMMA and 
5) Bisque fie. 

Figure 4. SEM images of a bisque-fired alumina 
mold made by the process in Fig. 3 for hot 
pressing and forging. 



The process used to make Nd2Fe& micro-magnets by hot-pressing is shown in Figure 5. 
To form isotropic magnets, MCP-C powder was used after being ground in inert atmosphere to - 
20 pm particle size. A 1 pm thick release layer of copper was first sputter coated onto the 
alumina mold using conditions that maximize sidewall coverage. Copper was chosen because it 
is inert with respect to the Nd2Fel4B at the pressing temperature and because it is soluble in a 
solvent that does not react with the Nd2Fed3. A layer of the powder about 2 mm thick was 
pressed onto the mold at room temperature and the 

1. 
1. 

2. 
2. 

3. 

4. 

5. 
5. 

Figure 5. The process for fabricating micro-magnets Figure 6. The process for fabricating hot-forged 
by hot-pressing: 1) Ceramic mold 2) Coat with release micro-magnets: 1)  Ceramic mold 2) Coat with 
layer 3) Apply powder 4) Hot-press 5) Lap and release layer 3) Apply slice of bulk magnet 4) 
magnetize and 6) Dissolve release layer. Hot-forge 5) Lap and magnetize and 6) 

Dissolve release layer. 

sample was then heated under high vacuum to 700°C at which time a compressive stress of 10 
ksi was applied for 30 min. After cooling, the excess material was lapped off and the sample 
was magnetized. Finally, the copper layer was dissolved in ammonium hydroxide to release the 
parts. Anisotropic magnets were made by a similar process using powder formed by regrinding a 
bulk Nd2Fel4B MQP-3 magnet fiom Magnequench to a 20 pm particle size. This is an 
anisotropic material that was made by hot-pressing and then die-upsetting a melt-spun powder. 
The powder was then magnetized and placed on the copper coated alumina mold in a 10 kOe 
field to align the particles. The powder was then vacuum hot-pressed, lapped, magnetized and 
released as described above. 

The hot-forging process developed to make Nd2Fela micro-magnets is shown in Figure 6.  
The process is essentially identical to the hot-pressing process except that a dense slice of 
Magnequench MQP-3 magnet 2 rnm thick was used instead of powder. The slice was oriented 
With its preferred direction parallel to the plane of the substrate in the desired direction with 
respect to the shapes of the parts. 

RESULTS 

Bonded isotropic micro-magnets are shown in Figure 7. Shapes with high dimensional 
tolerance with features below 100 pm were formed as thick as 0.5 mm. A SQUID magnetometer 
was used to measure the magnetic hysteresis loop for some of the parts. The measurements 
indicated that the isotropic magnets had an energy product of 7 MGOe. 
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Figure 7. SEM micrographs of isotropic bonded micromagnets. 

Two SEM images of a micro-toroid of Ni-Zn ferrite made by the sintering process are 
shown in Figure 8. The toroid bas an OD of 800 pm and a wall thickness of 80 pm, indicating 
that 20% linear shrinkage occurred during sintering since the initial dimensions were 1 mm and 
100 pm, respectively. The micrograph indicates that full density was achieved with an average 
grain size of about 15 pm, a microstructure that produces optimal properties in this  material^.^ 
Also, no distortion occurred to the circular shape of the toroid during processing. 

Figure 8. SEM micrographs of a Ni-Zn femtes micro-toroid made using sintering-DXRL process. 

The hot-pressing and hot-forging processes were developed as ways to produce dense parts 
without the in-plane shrinkage that occurs during sintering so that higher precision could be 
achieved. If the mold used in these processes is rigid, as we believe it was for the alumina 
molds, then the part tolerance is determined by the initial mold tolerance. This is in turn set by 
any distortion that occurs during bisque-firing of the mold. We noticed a slight sloping of the 
sidewalls on our alumina molds. Using hot-forging, parts 100 pm wide and 250 p thick were 
fabricated using the following pressing conditions: 800°C, 15 ksi for 1 hr. 

The bonded magnet technique is the simplest and yields the most precise parts. However, it 
gives the worst magnetic properties due to the presence of the bonding phase. The sintering 
method is also relatively simple and it can produce dense parts with excellent properties. 
However, dimensional change due to sintering shrinkage must be compensated for in mask 
design and final part dimensional tolerance is decreased due to shrmkage variability. The hot- 
pressing and hot-forging techniques are the most difficult since they require the fabrication of a 
ceramic mold and the use of a hot-press. However, they yield excellent properties and have the 
potential for excellent dimensional tolerance if the tolerance of the ceramic mold is optimized. 

Each of the four techniques developed has their own relative advantages and disadvantages. 

CONCLUSIONS 

Four processes have been developed for fabricating both hard and soft micro-magnets based 
on the LIGA process. They were used to make magnets with precise dimensions in the 100 to 
1000 pm range with excellent magnetic properties. Finally, these processes are applicable to 
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