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Batch Transfer of LIGA Microstructures by Selective
Electroplating and Bonding

Li-Wei Pan and Liwei Lin

Abstract—A flip-chip, batch transfer process for Lithographie, processes have very limited applications. Previously, efforts in
Galvanoformung and Abformung (LIGA) microstructures has  the area of batch assembly have been reported to address this
been demonstrated by selective electroplating and bonding. Single problem, such as solder bump bonding [5], conductive polymer

layer LIGA microstructures with thickness of 200 pm are fabri- PV . .
cated on a dummy substrate first. They are then batch transferred bumps [6], and diffusion bonding [7]. These processes aim

to an IC substrate by means of bonding via electroplating. After t0 provide reliable electro-mechanical integration. However,
the selective bonding process, the originally fixed microstructures drawbacks can be identified, including the integrity of solder
become free-standing, moveable devices. The electroplating andbump bonding, degradation of polymer bumps, and high
bonding process is conducted at 50C with applied electroplating  temperature processing requirement for the diffusion bonding.

current density at 68.3 AM? and it takes about 80 minutes to Oth h Iso b d trated in the direct i
complete the bonding process. Experimentally, an electrother- ér processes have also been aemonstrated in the direct in-

mally-driven LIGA microgripper has been demonstrated to tegration of high-aspect-ratio structures with microelectronics
operate after the batch transfer process. When a maximum input [8], [9]. In addition, efforts can be found in making movable
current of 1.6 amp is applied, the tip of the microgripper moves | |GA structures by using an aligned molding and electroplating
92 pm. This flip-chip assembly process enables a new class ofy5cess [10] and a sacrificial layer etching process [11], [12].
integrated electro-mechanical manufacturing at a low processing . - .
temperature massively and in parallel. [551] These recent and on-going efforts |nd|ca_te the importance of
. . S _ integrated electro-mechanical manufacturing.
Galtlr:gi):)f-g?rrnnlsnﬁ?ﬂjdmg‘brer:welfrﬁrgofr:?glrgg'r iglp?e_(r:hlp’ Lithographie A new batch transfer process based on flip-chip, electro-
' plating and bonding is reported in this work. The advantages
of this process include low-temperature processing, reliable
|. INTRODUCTION bonding by batch manufacturing, and capability of making

ROCESS integration for micromechanical structures ajqrjfze—standing microstructures. The electroplating process takes

microelectronics has been one of the most important m ace at a low temperature of 5C suph that pOSSi.b le dam_ages_
ufacturing issues in the field of microelectromechanical sy ue FO h|gh temperatu_re processing are avoided. Fllp_-chlp
tems (MEMS). For example, Analog Devices Inc. and Berkel nding via elt_actroplatmg also .Sh‘?V.VS good characterllsncs
Sensor and Actuator Center have integrated processes for ur_strong bonding and good reliability. Furthermore, fixed

face-micromachined polysilicon microstructures with bipol |crostrl_,|ctures can .be .transferre'd as. movable ‘ones such
metal oxide silicon (BIMOS) [1] and CMOS [2], respectively.t gt device functionality is dramatically increased. As such,

The integrated single crystal reactive etching and metallizatiHHS W|dely_appl|c_able process s SL_ntabIe for the integration
(SCREAM) process has been developed at Cornell Universﬂl/ mechamgal microstructures fabrlcr_:\ted by L.IGA or other
for integrating microelectronics with single crystalline silicorfT0C€SSes with microelectronics massively and in parallel.

[3]. Sandia National Laboratory has also demonstrated an em-
bedded monolithic integration process for microstructures with  1l. THE FLIP-CHIP, SELECTIVE BONDING PROCESS
.CMOS [4]. A".Of these mtegrat.ed processes are designed for SII_A schematic diagram of the flip-chip, batch-assembly process
icon based microstructures with thickness of less thapra0 . B .

Lﬁ]shown in Fig. 1. Two substrates, one has LIGA microstruc-

For processes and materials that are not compatible W] : .
: . : Ures and the other has microelectronics, are to be assembled.
IC manufacturing, such as Lithographie Galvanoformung arj

. X . : In this demonstration example, a Pyrex glass is used as the IC
Abform_ung (LIGA), LIGA-like, and micro electnca_l dISChargesubstrate and the LIGA MUMP’s service provided by MCNC
machining (EDM) processes, batch transfer of microstructu

r : . 7
with substrates that have pre-fabricated microelectronics Fllgﬂls ;Isa iitgufggtrr';geﬂt]gf ilglcé?afggsatﬁeb;g ?\r']\/: dlr\l/vli:tlr?.slég)/&

: . D i
a crucial step in building up a complete system. Wlthouiwomium and 2000 A gold as the bonding pads by using mask

) : ) g C
the integration process, microstructures fabricated by theﬁf Chemical wet etching processes of Au and Cr are applied to

etch the unwanted regions, respectively.
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Fig. 1. The fabrication sequence.

bonding pads, oxygen plasma with excitation power of 100 \Ahd defined by using mask #4. This layer is used to prevent
is applied for 60 seconds before the Cr/Au evaporation procesawanted deposition during the electroplating step. An oxygen
Fig. 1(b) applies after these processes. In both lithography pptasma ashing process is applied afterwards to clean the bonding
cesses (mask #2 and #3), only one kind of positive photoqgad areas. A layer of pm thick nickel is then selectively de-
sist, AZ 1827, is used. Therefore, a special step is introducgdsited by electroplating as the spacers (suspension gaps) as
to keep the sacrificial photoresist from being removed. This idustrated in Fig. 1(c). The thickness of the spacer layer de-
accomplished by introducing a blank exposure step right aftermines the suspension gap between the movable LIGA mi-
the lithography steps by using mask #3. As shown in Fig. 1(lgrostructures and the IC substrate.
photoresist that is used to define the electroplating seed layer i he second substrate uses a LIGA chip from the foundry ser-
exposed by the UV light and can be removed by the photoresiste and it has a size of 08 mm. The flip-chip, cross sectional
development process. On the other hand, sacrificial photoresigtgram is shown in Fig. 1(d). Photoresist is coated to protect
that is under the Cr/Au seed layer during the blank exposuttee sidewall and top surface of LIGA microstructures. In order
process is protected. After the wet etching processes to defin®btain better step coverage, photoresist with lower viscosity is
the Cr/Au seed layer, an added photoresist development progaesserred. A positive photoresist, AZ 1805 is chosen and poured
is used to remove the exposed photoresist. This way, the saori-the LIGA substrate. Two mechanisms, one is natural and the
ficial photoresist remains on the substrate and the exposed pbiber is artificial, help the photoresist coating process. Capillary
toresist is removed. force, that is natural, drives the photoresist to fill small gaps.
After removing the exposed photoresist, a;a8-thick, pro- It is found that a waiting period of 5 min. is required to as-
tective positive photoresist layer made of AZ 9620 is then coatsdre the uniform distribution of photoresist by capillary force.
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Fig. 2. Overview of flip-chip bonded LIGA microstructures on a glas§ig. 3. The close view micrograph of two LIGA microgrippers and bonding
substrate. pads.

A slow spinning process, that is artificial, at 2000 rpm for 30
seconds helps removing excessive photoresist for better unifag
mity. Fig. 1(e) applies after this step. Because of these high-a
pect-ratio structures, photoresist is unevenly distributed on t
sidewalls of LIGA microstructures.

In the flip-chip, selective bonding process, bonding areas o
top of LIGA microstructures should be opened for bonding. In
stead of going through lithography processes to open the u
evenly distributed photoresist, a mechanical grinding proces
is applied by a regular planar grinder. A 1200 grid sand pape
is chosen with the grinder running at 30 rpm. The sample i
held by hand to provide the contact pressure and water is us
as the lubricating fluid. The grinding process takes about five
minutes until the top photoresist is removed as observed und
an optical microscope. The sample is then rinsed by deionized
water to clean the grinding debris. This step opens the top stig- 4. The close view SEM micrograph showing the bonding interface and
face of LIGA microstructures for flip-chip bonding as shown iffX¢essve electroplating.

Fig. 1(f).

Both substrates are now aligned under an optical microscopé-ig. 2 shows the SEM microphoto of several assembled
manually, and fixed by a clip. In order to keep the two sul-IGA microstructures, including two microgrippers, one
strates from moving after the alignment process, a small amogoinb-drive resonator, one accelerometer and one mechanical
of deionized water is applied at the contact interface to prolip. The total transferable device area is abouk&0mm as
vide the adhesion force. The assembled substrates are put limdited by the LIGA foundry service. However, whole wafer
nickel plating bath consisting of aqueous nickel sulfamate solinansfer is feasible based on the demonstrated process. Fig. 3
tion (1600 ml), boric acid (24 g), and wetting agent (16 ml) [L15shows two microgrippers, which are suspendednd above
The protective photoresist layer as illustrated in Fig. 1(g) is ustte substrate as predefined by the nickel spacer. These LIGA
to prevent unwanted electroplating by pressing the LIGA strupiicrogrippers have arm length of 270én, width of 40m and
ture into the protective photoresist layer. Electroplating processckness of 20Q:m. They are designed for actuation by means
at 50°C with current density at 68.3 Am/fris conducted for of electrothermal expansion [16]. Because of the selective
80 minutes to complete the bonding. The electroplated nickebnding process, the anchors are fixed on the substrate but the
fills the gap between two substrates and bonds them togetimsicrostructures are suspended and free to move. A close view
Acetone is used after the bonding process with an ultrasol &M microphoto in Fig. 4 reveals the bonding interface, where
stripper to remove both sacrificial and protective photoresishe newly electroplated nickel fills the gap between LIGA
The copper adhesion layer that holds the LIGA microstructuneicrostructures and the IC substrate. Due to process imper-
with the original LIGA substrate is now etched away by usinfgctions such as cracks and damages on protective photoresist,
copper etchant which consists of Cu,S6lH,OH and water. excessive electroplating sometimes occurs as irregular beads
The whole process is completed as shown in Fig. 1(h) after thesethe sidewalls of microstructures as shown in Fig. 4. It is
steps. The total number of masks for this batch transfer procéssnd that when the separation gap between two structures is
is four and the estimated overall alignment tolerance ig20 smaller thar20 pm, this excessive deposition may connect the
with manual operation. gap and cause electrical short circuit.
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Fig. 5. (a) The tips of the LIGA microgripper before applying input power.(b) The tips of the LIGA micrographer after applying a 1.6-A input current.

[Il. EXPERIMENTAL AND SIMULATION RESULTS acterization of these LIGA microgrippers is only appropriate as

@t-order estimation.

In order to characterize the microgripper performance, a cur-
t versus displacement (at the tip of the microgripper) and

-A results are plotted in Fig. 7. When the input current is

In this demonstration process, microgrippers are found toB
functional. Both microaccelerometer and comb-drive resonator
are not operational due to the excessive electroplating th

shorted the small gaps of these microstructures. These micr 6 A th t of the mi ) is om and th
grippers are high-aspect-ratio such that they are expecteoai -0 A, the movement of the microgripper 1s Al an ¢
evice failed to operate. The measured power consumption is

deliver large force when compared with thermal actuators fag . ; . . .
ricated by surface-micromachining processes [16]. Howev 93 W at this point. According to FEA simulation, the anchor

r@t’ the thinner beam reaches 123@. This high temperature

because of their low electrical resistance. Shown in Fig. 5(a)q§a|¥ tlrlggc(jar Istructural fﬁulur?hdue to tgle rma;l ml_smatfchl betw:f(: n
the tip region of the LIGA microgripper before any electrica]) ©K€! and giass as well as the possible Sottening of glass. Alter

current is applied. Under a high input current, one microgrippl&t}e gxperlment, cracks are foupd around the anchors as shown
arm moves to close the gap as shown in Fig. 5(b). The Fig. 8. Moreover, the anc_hor is found to be Qetached from the
metal-based electrothermal actuators may not be desirable gi#ss substrate as the device failure mechanism.
to the low resistivity of metal and high current requirement for
actuation. For example, based on the macro scale resistivity of
nickel at 6.84.2-cm, the LIGA microgripper has the resistance During the experiments, it is observed that for any gap less
of only 0.0352. Experimentally, the contact resistance betwedhan 20.m, excessive electroplating may occur and short the
the electrical probe and the contact pad can be as high &k 1.hickel structure. This gives a good guideline for various design
Therefore, when an input current is applied, the two contaobnsiderations. For example, alignment between LIGA and
pads become the major sources of heat generation. IC substrates is required during the flip-chip bonding process.
Finite element analysis (FEA) is introduced to investigate this work, the alignment process is performed manually
the temperature distribution and displacement of LIGA micramnder an optical microscope and the estimated alignment
gripper under various input current levels. The analysis is paror is 20:m. Therefore, to prevent short circuitry due to
formed on ANSYS 5.5 [17] with 2-D electrical-thermal ele-excessive electroplating, the minimum distance between two
ments. The bottom of the glass substrate is set at room temg®nding pads on the IC substrate should be at leagird@or
ature and both heat conduction and heat convection are consictounting both the possible alignment error of20 and ex-
ered as the heat dissipation mechanisms. In the numerical sgessive deposition of 20m. Moreover, in the structure design,
ulation, extra heat generated by contact resistance is modedegt gap of adjacent microstructures should be at leagtra0
by putting two additional heat generation sources at the anchtprevent possible electrical short circuit due to the excessive
of the LIGA microgripper. The temperature distribution as predeposition. It should be pointed out that a glass substrate is
dicted in Fig. 6 shows a highest temperature of 12@1at the used in this work such that manual alignment is possible under
anchor of the thinner beam when the input currentis 1.6 A. Thas optical microscope. If a double-side aligner or advanced
is close to the melting temperature of nickel at 1485 Under flip-chip bonding equipment is used for the alignment step, the
the same input current, the tip of the microgripper has a temlignment error is expected to be further reduced.
perature of 286 C. The operation of the LIGA microgripper To eliminate the problem of excessive deposition, protective
clearly depends on various material properties with respectgbotoresist should be coated on the LIGA microstructure as
temperature variations, including electrical resistivity, Young'shown in Fig. 1(e). After this coating process, a planar grinding
modulus, and thermal expansion coefficient of nickel. Due to tlpeocess is used to open the top surface for bonding. One fab-
lack of material database in the micro scale, the numerical chacation result after the mechanical grinding process is shown

the driving current is extremely high for these microgrippe

IV. DISCUSSIONS
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Fig. 6. FEA simulation result of temperature distributions under an input current of 1.6 A.

- | © Exp.Data is later compensated by covering the LIGA microstructure
- | —&— Simulation

100 e T o } probably during the grinding process. This process defect

80 with the 25-um thick protective photoresist in the flip-chip
i ] bonding step as illustrated in Fig. 1(g). However, there are

1 still two common places that may have excessive deposition.

0T / ] First, corners of LIGA microstructures generate high electric

] field during the electroplating process such that it is easy to
introduce excessive electroplating at corners. Second, the top
surface areas that are not designed as selective bonding pads
. but were opened during the grinding process are possible
_ electroplating sites. Although a layer of protective photoresist
] is utilized to allow the immersion and protection of these areas
S S during the bonding process, excessive electroplating may still
0 02 04 06 08 1 12 14 16 occur due to process and photoresist imperfections. To achieve
Input Current (A) excellent protection of the microstructure and to open only the
bonding areas during the electroplating process require further
Fig. 7. Experimental and FEA simulation results of lateral displacemeprocess development.
versus the input current for the thermal actuator. In order to investigate the bonding strength and bonding in-
terface, various microstructures are forcefully detached from the
in the SEM microphoto of Fig. 9. In this figure, a comb-driveglass substrate by using a probe from the probe station. Three
resonator with finger width of 3Q«m and separation gap oftypical results are identified as illustrated in Fig. 11. First, the
10 zm between two comb structures is coated with photoresi€it/Au bonding pad on the glass substrate is removed as shown
It is observed that photoresist is accumulated between the snoallthe site of the mechanical clip in Fig. 11. This indicates
separation gaps and the coating is relatively uniform at othiliat the bonding strength via electroplating maybe stronger than
areas. A closed view SEM microphoto is shown in Fig. 10. the adhesion force between Cr/Au and glass substrate. Second,
reveals that a strip of photoresist about20-wide measured the probe cannot break the bond and remove the microstructure
from the top surface of LIGA microstructure is peeled ofés exemplified by the fixed, upper electrode of the micro ac-
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sult, the bonding quality is affected. In order to improve the dif-
fusion process, pulse electroplating [18] has been suggested to
provide ample diffusion time for nickel ion to reach the bonding
area. Previously, an electroplating experiment has been set up to
characterize the effective bonding distance [19]. Itis found that
the characteristic bonding length for reliable bonding is 260

into the bonding pad edges. Therefore, bonding pads used in this
paper are designed by using this characteristic bonding length
and complete bonding is expected. Fig. 11 also provides clear
evidence of excessive electroplating between small gaps of the
micro accelerometer. A close view SEM microphoto at the far
end edge in Fig. 12 reveals that excessive electroplating not only
occurs in the small gap of the moving mass but also shorts the
fixed electrodes and the moving mass. Furthermore, excessive
electroplating can also be identified at the bottom edges of the

Fig. 9. The SEM microphoto of the LIGA microstructure after the protectivmoving mass. This may prevent the mass from moving due to

photoresist coating and mechanical grinding process.

high frictional force.
Nickel electroplating is the combination/competition of two

celerometer as shown in Fig. 11. Even after several trials, thocesses, the growth along the epitaxial orientation of the
microstructure remains intact and cannot be detached. This iptating surface and the nickel crystallites of various crystal
plies structural defects are too small to cause cracks to propaentations [20]-[22]. The face of preferential growth is deter-
gate under external force. Third, the microstructure is detachméhed by the electrode potential and pH value of the electrolyte.
from the electroplating interface and the spacer layer and theomentet al. [23] reported that five different textures may be
Cr/Au bonding pads stay on the glass substrate. This confitirmed as affected by the pH value of the plating bath and the
tion is shown in Fig. 11 at the lower electrode site of the microurrent density during electroplating. These parameters clearly
accelerometer. Although further studies are required to chaffect the electroplating and bonding process and should be
acterize these various bonding results, observations are matlelied further. The typical growth pattern of nickel in this
to provide qualitative explanations. In this flip-chip assemblgelective bonding via electroplating process can be shown in
process, electrolyte has to be able to diffuse into the bondikgy. 13. In this corner region, electric field is expected to be
gaps for electroplating and bonding. However, low concentrstrong such that large-size of nickel grains are observed. The
tion of nickel ion is expected if the bonding area is far away frottypical grain size is about 10m at the corner regions as com-
the electrolyte supply. Intuitively, devices at the global center phared with 1;m of grain size at the bonding interface under
the LIGA substrate and areas at the central region of a bondiing microstructures. Although the growth of nickel grain is not
pad may have this problem of poor nickel ion supply. As a réhe main focus of this work, investigations should be continued
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Fig. 10. The close view SEM microphoto showing that part of the protective photoresist layer was peeled-off after the grinding process.
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Fig. 11. The SEM microphoto showing detached bonding interfaces on the glass substrate.

Large nickel grains are found at the corner regions.

Fig. 12. Excessive electroplating is found at various places. Fig. 13.

in the electrolyte concentration, process temperature, time éﬁ&t LIGA MICTOgrippers are operative after the' batch transfer
rocess and a maximum displacement of;98 is achieved

the growth of nickel with respect to the bonding characteristi Siader an input current of 1.6 A. An FEA simulation program
is established to model the microgripper. It is found that the
V. ConcLUsIoNS highest temperature is about 12Clat the anchor of the thinner
LIGA microstructures have been successfully transferred tdbaam when the microgripper moves géh. Process iterations
glass substrate by means of selective bonding via electroplatiage necessary to improve the yield for successful transfer and to
A selective nickel bonding process is developed as the demeastablish the design rules such as the minimum distance between
stration example in this work with processing temperature at 580 microstructures to avoid excessive deposition as observed in
°C and current density at 68.3&mExperimental results show this work. In summary, this flip-chip assembly process enables
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