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Abstract—A technique is described for assembly of multiple such as telecommunications, chemical analysis and biomedical
batches of micro components onto a single substrate. The substrateinstrumentation. One major challenge in accomplishing such
is prepared with hydrophobic alkanethiol-coated gold binding - complex micro systems is the integration of different micro

sites. To perform assembly, a hydrocarbon oil, which is applied ts. M lithic int fi f h t is oft
to the substrate, wets exclusively the hydrophobic binding sites components. MonofithiC integration of such systems Is often

in water. Micro components are then added to the water, and limited by poor compatibility between components’ fabrication
assembled on the oil-wetted binding sites. Moreover, assembly canprocesses or materials. Micro assembly provides a solution to
be controlled to take place on desired binding sites by using an circumvent these difficulties, and it allows micro devices to be
electrochemical method to deactivate specific substrate binding o icated and tested independently before they are integrated.
sites. By repeatedly applying this technique, different batches .

of micro components can be sequentially assembled to a singleRecently E .number of techl_’llques have been developed to
substrate. As a post assembly procedure, electroplating is incor- 25s€mble micro components into complex systems. A thorough
porated into the technique to establish electrical connections for study and discussions of various micro assembly strategies
assembled components. Important issues presented are: substratewere presented by Cohn [1]. Conventional “pick and place”
fabrication techniques, electrochemical modulation by using a serial assembly methods have been adopted in the micro

suitable alkanethiol (dodecanethiol), electroplating of tin and lead d in b . iniaturized robot d tools f .
alloy and binding site design simulations. Finally, we demonstrate omain by using miniaturized robots and 100IS 1o organizing

a two-batch assembly of silicon square parts, and establishing Parts. There are two major concerns about this technique:
electrical connectivity for assembled surface-mount light emitting  serial manipulation and the “sticking problem”. When a large

diodes (LEDs) by electroplating. [839] number of parts need to be assembled, the time for assembly
Index Terms_Capi”ary forcel electrochemical modu]a’[ion’ will be limited by the number of manipulators. In addition, with

electroplating, hydrophobicity, interfacial energy, micro as- parts smaller than a millimeter, the adhesive forces between

sembly, reductive desorption, self-assembled monolayer (SAM), manipulator surfaces and parts, primarily due to electrostatics,

self-assembly, surface tension. van der Waals force or surface tension, are significant compared
to gravitational force [2]. Special manipulators and additional
|. INTRODUCTION tools are required to overcome these difficulties [3]—[6].

N THE ¢ two decad ‘or devel s | . In order to accomplish efficient micro assembly of a very
I lect pash WO lecat es, nlcﬂalji?\jls er\]/e optr)nen ? in (;n'grlgrge number of components, parallel assembly approaches have
electro mechanical systems (. ) have heen ounde 891erged, falling into two major categories: deterministic and
exploiting mlcrqmac_hmmg techmqugs and tPOIS trad't'onalI¥tochastic. In the deterministic class, assembly can be achieved
used fOLt.he '\S/I'Ilgl:\;ljg mteglgratedbcwcwés (lﬁ: St) tlkr]ldustry. Culrrg ) transferring microstructures between aligned wafers [7], [8].
resdeqrc mt' ‘ '?le orejf (;y_ont_ Wta h € namr:e callan] 'the stochastic category, assembly of a large number of iden-
and innovative materiais and fabrication techniques have Defy micro parts occurs on specifically designed identical target
combined with traditional semiconductor processes to bui es. The assembly for all the micro components takes place
a wide range of micro functlorjal devices (Se”S'F‘gz acmatm@multaneously and the final assignment of each part to its des-
computing, etc.). Integrated. micro systems consisting of thetﬁ?ed site is random. We also use the term “self-assembly” to
functional components will find promising applications in areéd$. < cribe the stochastic assembly approaches, owing to the prop-
erty that the assembly takes place in a spontaneous manner with
components of specific design [9]. Various driving forces have
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Fig. 1. Schematics of two-batch assembly steps: (a) A fabricated substrate with electrically isolated regions of hydrophilic Au binding siédscirapiing
bases. (b) Alkanethiol SAM adsorbed on Au patterns turns them hydrophobic. (c) Electrochemical SAM desorption from selected binding sitsifg)asight
used to de-activate it. (d) Application and partitioning of a hydrocarbon lubricant to a hydrophobic binding site, followed by assembly of thdytaitamnt
curing in an aqueous environment. () Deposition of alkanethiol SAM on the vacant Au binding site to activate it for another assembly. (f) Resteging (th)

for other micro parts. (g) Establishing electrical connections between assembled parts and the substrate by electroplating. Note thatlineensitinalhave
been exaggerated for illustration purposes.

three-dimensional hinged micro structures [16], can also be Blectrochemical modulation of the hydrophobicity of specific
volved as the driving force for micro assembly. Syetsl.re- binding sites is used to alter the driving force for assembly. With
viewed the state of art surface-tension driven self-assembly #ipis innovation, assembly can be controlled to take place only
proaches in [17]. Whitesides and coworkers first developedoa desired binding sites. By repeating the process to activate
strategy driven by capillary force to assemble simple electricdifferent sites on the substrate for assembly, different batches
circuits [18], [19], and later three-dimensional electrical nebf micro parts can be assembled on a single substrate in a se-
works [20]. Srinivasaret al. adopted the capillary force drivenquential manner. Electroplating is exploited as a post assembly
assembly technique in [18], [19] to assemble microscopic papocess to establish electrical connections for assembled com-
onto desired sites on silicon and quartz substrates [21], [22].donents, such as LEDs.
this technique, the substrate had hydrophobic alkanethiol SAM-In the following sections, we discuss important issues of the
coated gold patterns on hydrophilic background. A hydrocarbtechnique: principal concepts of our two-batch micro assembly
lubricant, deposited exclusively on the hydrophobic patterns, @rocess, experimental details of the processes, and a simulation
tracted and assembled the microscopic parts in water, and it waal to evaluate and choose assembly binding site design for the
then cured to physically bond the parts. Recently, self-assemblybstrate.
arrays of GaAs/GaAlAs LEDs on a flexible curved substrate
was demonstrated in [23]. In this approach, metal solder was
used as the lubricant to establish both physical and electrical
connectivity between the LEDs and a flexible substrate. In all In Fig.1(a)—(g), we illustrate the schematic flow of our self-
the studies in [18]-[23] parallel assembly was performed witissembly approach, which is explained step by step in this sec-
identical components in a single batch. However, in most miction. First, a supporting structure destined for the assembly (re-
systems, integration of multiple devices is desired. ferred to as “substrate” hereafter) is fabricated with exposed
In the area of cell biology, patterning of different cell popuelean hydrophilic gold (Au) patterns [see Fig. 1(a)]. The as-
lations has been successfully demonstrated [24]. To attach eaembly “parts”, defined as those objects that are to be assem-
type of cell cultures onto a substrate, different regions were adiied, are prepared with corresponding patterns. For simplicity,
vated by electrochemically changing the surface chemistry. Thie use the term “binding sites” for the exposed gold patterns on
method used specific chemistries to attach cells, and cannotthe substrate and the corresponding patterns on the parts.
applied to generic assembly. Second, the substrate is soaked in ethanolic alkanethiol
For general micro devices assembly, we develop a new &@*H3(CH,), SH) solution and a hydrophobic alkanethiol
proach to assemble multiple batches of components. In our api-assembled monolayer is chemisorbed on the exposed
proach, assembly is driven by capillary force and it proceedal patterns [25]. The SAM adsorption activates all the Au
on specially treated hydrophobic sites on the substrate. With thieding sites on the substrate for assembly. The remaining
ability to change the surface chemistry, we are able to selectivalyeas on the substrate stay hydrophilic [see Fig. 1(b)]. In
assemble different batches of components on a single substratder to control the assembly to take place on selected

Il. PROCESSCONCEPT
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binding sites, we use an electrochemical method to ma

ulate the hydrophobicity of the binding sites we wish ti Si substrate
deactivate [see Fig. 1(c)]. Electrochemical desorption
alkanethiol SAM from these binding sites [26], [27], i.e. (a)

CH3(CHy),SAu + e~ — Au + CH3(CH,), S~ changes
them from hydrophobic to hydrophilic. Based on reduc
tive desorption characterization of different alkanethic

SAMs, discussed later in the text, we chose dodecaneth Si substrate
(CH3(CH»),,SH) for our assembly experiments. After the

desorption process, assembly occurs only at the hydropho (b)
binding sites.

Fig. 1(d) depicts the assembly process, which includes lub
cant application, part transferring and alignment steps. For i
sembly, the capillary driving force is created by a hydrocarbo

based lubricant liquid bridge between binding sites on a p: Si substrate
and on a substrate in an aqueous environment. The lubricar
spread on the dry substrate. Since the interfacial tension of (c)

lubricant-SAM interface{ < 1 mJ/n? [28]) is much lower
than the interfacial tension of the water-SAM interfage £
50 mJ/nt [28]), the lubricant wets only the SAM-coated hy-
drophobic patterns after being immersed in water. Parts are t :
transferred into water. The capillarity aligns the part to a bindir Si substrate
site on the substrate. This self-alignment phenomenon is the
sult of minimization of the interfacial energy between the Iu (d)
bricant bridges and water. Next, the lubricant is polymerize

by heat and the parts are permanently bonded to the substr Au binding sites Passivation layer
During the assembly process, the hydrophilic Au binding sitt

which have gone through SAM desorption remain clean and ¢ j l l

reserved for future assembly. By repeating the SAM adsorpti

and assembly process, another batch of micro parts can be

sembled on the vacant binding sites [see Fig. 1(e) and (f)].
After assembly, different micro parts are physically bonded-

the substrate. In most cases, electrical connections and cont f_ N B B B _ _________ _1\

for these parts are needed. An electroplating method has b

investigated for this purpose. By electroplating, metal alloy ct

be deposited on the plating bases on the substrate to estat

electrical connections between the assembled parts and the

strate in a parallel manner [see Fig. 1(g)].

We have so far discussed the principles of our technique. \ (e)
now turn to describe the fabrication and experimental details fiag. 2.  Fabrication flow of substrates designed for square test parts assembly.
our multibatch micro assemb|y process. (a) Silicon substrate. (b) Silicon dioxide layer, which isolates the silicon

substrate from the metal layer. (c) Cr—Au metallization layer. Here, this layer
is patterned as an array of electrically isolated stripes. (d) Passivation layer of

11l. EXPERIMENTAL APPROACHES SOG. This layer has openings that expose the square binding sites on the Au
stripes. (e) Top view of a fabricated substrate.

In this section, we describe the principal experimental
methods used to perform the self-assembly. This includes

L ; A chrome (Cr) and 1008, Au sputtered on the polished
fabnc_atlon process_of suitab Ie_ substrates and parts, SAM de. The square test parts are used as fabricated without any
sorption and selective desorption, assembly setup, and fin

the electroplating process rther process. Untreated Au surfaces have a contact angle of
’ 70° [29] after exposure to lab atmosphere, which is sufficient to

ensure assembly.

Commercial devices, i.e., surface mount LEDs (8.81.6

1) Test Part Fabrication: For two-batch assembly, we usemm, Lumex), are used as assembly components to demonstrate
two types of 1x 1 mm silicon test parts. The first batch partshe electroplating method.
have square Au patterns ¢ 1 mm) on one side, serving as 2) Substrate Fabrication:In Fig. 2(a)—(e), we show the
the binding site, and Au patterns of 0x80.8 mm on the other schematic fabrication flow of a substrate designed to support
side. The second batch parts are patterned withllmm Au self-assembly of square test parts. The substrate is prepared
binding sites on one side. The second batch of parts are falwith a thermal oxidation layer of approximately 4500 as
cated by dicing a silicon wafer, which has an adhesion layer afi isolation layer on a’”3(100) silicon wafer [see Fig. 2(b)].

A. Fabrication of Substrates and Parts
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C. SAM Adsorption

Immediately after the oxygen plasma treatment, the cleaned
substrate is placed into a glass container with freshly prepared
alkanethiol solution. The solution is prepared with 1 mM dode-
canethiol C H3(C'H,),,SH, Aldrich) in ethanol, and the sub-

Silicon nitride passivation layer

Si substrate

(@)

Ni electroplating bases Au binding sites strate is soaked in the solution for at least two hours to allow

L | SAM adsorption. Thus, an alkanethiol monolayer is deposited
T_ - 1 = { on the exposed Au areas on the substrate. After the adsorption
I B B = o = = B process, the exposed Au binding sites turn hydrophobic with a

contact angle in the range of 1%[29].

D. Gold on Mica Samples
! - - - . For the purpose of characterizing different alkanethiol SAM
Ni electrical contacts () Ni electrical connections desorptions,_we use single crystalline Au(111) tr_\in film, evap-
orated on mica [30]. The samples are soaked in 1 mM alka-

Fig.3. Schematic plots of a fabricated substrate to support LED assembly &thiol (C H3(C'H»), SH, n= 2, 7, 11, 17, Aldrich) solutions
electroplating. (a) Cross-section of the substrate. (b) A top view of the substratg. ethanol for at least two hours to allow SAM adsorption_

Next, a layer of Cr—Au is patterned on the substrate by@ SAM Desorption
lift-off process. The substrate is first patterned with photoresist

(AZ1512, Clariant), followed by sputtering of Cr (100) and The electrochemical desorption of alkanethiol SAMs is em-

Au (1000A) on the substrate. The photoresist is then dissovaJJOyed to modulate surface hydrophobicity. Reductive desorp-

by acetone, and the metal layer is patterned on the substJ 18 of SAM_S is performed in a conventional three-el_e ctrode
[see Fig. 2(c). The wafer is then cleaned with isoprop ectrochemical cell [31]. SAM coated Au surfaces, i.e., the

alcohol (IPA), deionized (DI) water and dried with,NAN inding sites on fabrigated wafers and Au(111) on mica sam-
approximately 3000 passivation layer of spin-on glass (SOG les, act as the working electrodes. The counter electrode is
(311, Honeywell) is spun on and cured, before photores tplatmum mesh. A saturated calomel electrode (SCE, Acc-
AZlélz is patterned as a mask to define the SOG pattern. T [%et) is used as the reference electrode. The electrolyte is 0.5 M

H _ e :
step is followed by a reactive ion etch (RIE, Trion Technolog); ; :t }3"’) aciue”()l:jsbK(t)H (F'?Eer Sc:(gntlflc) (;S(t)rllutmnf. The
of CH3F with O, to expose the Au binding sites. Finally, th otential Is controlled between the working and the reference

substrate is cleaned with acetone to strip off the photores@ (,actrodes, and the current which passes thro_ugh the working
rinsed with IPA, DI water and dried with Njsee Fig.2(d) and electrode, electrolyte and the counter electrode is measured. The

©)] control of the cell is performed by a potentiostat. Cyclic voltam-

Fig.3(a) and (b) shows the cross section and a top view Ophetry (CV_) (ie., the repeated s_canning ofthe wo_rking electrode
substrate designed for LED assembly and to demonstrate e'%%t_entlal) is performed tc_) monitor and characterize the desorp-
troplating. To prepare such a substrate, a Cr—Au layer is pH?-n.Of S.AMS from working electrode surfaces [27]. The po-
terned as the binding sites for assembly. Additional metalliz gntial windows for the CVs are from 0 VieldV versus
tion layers of 100A Cr and 250A nickel (Ni) are thermally _CE. Lowe_r pH solutions are not feasible, as the low desorp-
evaporated and patterned by lift-off, prior to the Cr/Au lay flon potent|a_ls of the SAMs (below1V VErsus SCE) would
deposition. This additional Cr—Ni layer is patterned as electr ave sftrong interference from the co-evolution gt H
plating metal bases for electroplating, as well as the connections ]
between the Au binding sites and the electrical contacts [deeAssembly and Electroplating
Fig. 3(b)]. The electrical contacts serve as an interface to the exafter desorption of SAMs from the Au surfaces, the substrate
ternal electrical control for the electroplating process, and to a§removed from the electrochemical bath, rinsed with DI water
tivate the LEDs afterwards. Silicon nitride (3080 is sputtered and dried with N. A hydrocarbon lubricant is spread on the
as a passivation layer. The passivation layer is patterned pBrran, dry substrate by a pipette. The substrate is slid manually
tolithographically with an adhesion layer of primer (prime-P1Qind slowly into DI water in a petri dish until it is completely im-
Shin-EtsuMicroSi) and AZ1512 photoresist. Finally, RIE otSFmersed in water. Lubricant forms droplets on the hydrophobic
is used to etch the nitride layer to expose the binding sites afiflding sites. Parts are then rinsed with DI water in a vial. Af-
the electroplating bases. This step is followed by acetone, IR&rward, water with parts is poured into the petri-dish. With agi-

and DI water cleaning and\dry. tation, the assembly takes place exclusively on the hydrophobic
) areas with lubricant. The agitation is provided either by an or-
B. Surface Cleaning bital shaker or by manual shaking.

Due to the nonpolar contaminants adsorbed on the high freeHere we use a heat-curable lubricant composed of 97 wt.%
energy Au surface [29], a cleaning process is crucial for otriethyleneglycol dimethacrylate (Sigma) as a monomer, and
experiments. We use two minutes of oxygen plasma to cleanwt.% benzoyl peroxide (Sigma) as the thermal initiator [32].
the substrate. The lubricant, completely polymerized at 8C in water after
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Binding site design
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Fig. 4. (a) A commercial LED with the given binding site design. (b) An intuitive design for the substrate binding site is the same as the binditegrsité pat
the LED. (c) Translation and (d) rotation simulations for the design in (b). (e) Another binding pattern design for LED assembly, with the opérengp-teft
and bottom-right corners for placing the electroplating bases. (f) Translation and (g) rotation simulations for the design shown in (e).

approximately an hour, permanently bonds the parts to the IV. BINDING SITE DESIGN
binding sites.

The plating process employs a platinum mesh as an anod®inding site design is important for assembly, since optimal
and the plating bases on the substrate as a cathode. The balimiding site design would allow high alignment accuracy, high
a commercial solder solution (Technic solder matte NF 820 HS8sembly yield, short assembly time, and the uniqueness of as-
(60/40), Technic Inc.). The plated solder is an alloy of lead (Pbgmbly orientation. When using commercial off the shelf com-
40 wt.% and tin (Sn) 60 wt.%. The current density for plating isonents such as LEDs with given design shown in Fig. 4(a),
300 mA/cnt, and the plating rate is approximatelys/min. a straightforward design would simply use the same pattern as
The resistivity of the alloy is approximately4 x 10~7Qm. the part binding site shape. However, it i shown that such a de-
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sign will not always be optimal and misalignment may occur V. RESULTS AND DISCUSSIONS
in assembly [33]. To improve assembly, we custom design the

binding site and plating basis geometry using a software Simu-ye have described the experimental details of our approach to
lation tO,OI [33],' [34]. . . incorporate two new methods into the micro assembly tool box:
The simulation tool is based on a simple surface energy modglse|ective desorption of SAM from patterned surfaces to allow
of our self-assembly system. It uses the observation that self-ggjitinatch assembly and 2) electroplating to establish electrical
sembly and self-alignmentis the result of minimization of intefsoynectivity of assembled parts. To demonstrate these capabil-
facial energy between the lubricant meniscus and the aqUeI \e fabricate and test substrates and parts specifically de-

environment. As described in [33], [34], the interfacial energyne for these applications. Our results and related discussions
is directly proportional to the exposed hydrophobic surfacege presented below.

in water. In [35], the simulation of the surface energy versus

overlap area of a square shape binding site is carried out by

a finite element software callesurface evolvef36]. The re- A. Selective Desorption

sult shows the surface energy is linear with the lateral displace-

ment, when the displacement is beyond the range of the lubridn our experiments, we use dodecanethi6lH;(C H>)
cant thickness. In a first-order approximation, the surface en-SH), which is based on the considerations of monolayer
ergy W can be represented in terms of the hydrophobic regiosigbility and desorption time. Previous studies [25] show
on the part and the substrate, denoted?ognd S respectively, that monolayers formed by alkanethiols with longer chain
as long as the lubricant bridge height is small compared to tieagths are more densely packed. This affects the stability

binding site length and width and desorption time of the monolayer. To find an optimal
alkanethiol forming stable SAM for assembly, but also pos-
W =~(|S|+|P|-2|SNP|). (1) sessing desorption time suitable for our application, we have

explored reductive desorption of different alkanethiol SAMs

Here~ is the interfacial energy coefficient, anl| and|P|de- (CHs(CHz),SH, n = 2,7, 11, 17) respectively. Cyclic
note the surface area of regishand P respectively. Since the Voltammograms, obtained from single crystalline Au(111) on
terms| S| and|P|in (1) are constantsy is directly proportional Mica [26], [27], have been used for characterization.
to —|S N P|: the negated overlap area betweand P. Fig. 5(a)—(c) shows results from the reductive desorption

To briefly describe the implementation of the simulation toogxperiments of Au(111) on mica samples. The clear negative
the overlap area called(z, y,6) is computed with respect to current peaks in the CVs indicate the reductive desorption
three parameters, representing the relative |oce(ﬁg@) and of alkanethiol SAMs from the surfaces. These peaks become
orientationd of P to S. For a given orientatiofi, the valued less pronounced with additional CV scanning cycles, implying
can be calculated efficiently by two-dimensional convolution dhe decreasing coverage of SAMs. The disappearance of the
P to S. To characterize the overlap area as a function of rotdesorption peaks indicates that a major portion of the SAM
tion angle, calculations are iterated for discretiziedalues in has been desorbed. The desorption peak shifts systemati-
the range from Bto 360°. Therefore, for a binding site design,cally with carbon chain length, with thé'Hs(CHz),SH,
we use two plots to show the simulation results: translation afd/3(CH2),,SH and CH3(CH,),;SH peaks being at
rotation. In the translation result, the overlap ratio, which is thel.05 V, —1.2 V and —1.35 V versus SCE [see Fig.5(a)—(c)].
ratio of the overlap area to part binding site afga&n P|)/| P|), Also, the time needed to desorb the SAMs varies systematically
is plotted as a function of relative locati¢m, y) of P to S. In  Wwith chain length. For example, the longest alkanethiol SAM
the rotation result, each point in the plot corresponds to a ma@ssessed(C H3(C'Hz),,SH, still has a significant fraction
imum overlap ratio with respect to a given orientatibn on the surface after one hour and half of desorption [see

Ideally, assembly configurations should possess a unigig. 5(C)]. On the other hand, we observe that the surface
global energy minimum, which, according to our model, woul@ith propanethiol SAM changes hydrophobicity in the KOH
correspond to a unique maximum of area overlap as a functi®glution even in the absence of an applied potential. There-
of (x,y, #). With the given symmetric LED binding site desigrfore, propanethiol is ruled out as a choice for the assembly
shown in Fig. 4(a), such a unique maximum is impossible &xperiment. The longer desorption time for the longer chain
achieve. Fig. 4(b) and (e) shows two different binding sitength alkanethiol SAMs might be the result of readsorption
designs, and the design in Fig. 4(b) is simply the same as #fethe reduced products. The discussions in [37] suggest that
LED binding site design. Fig. 4(c) and (d) shows the translatidhe readsorption is attributed to the solubilities and diffusion
and rotation simulation results for design (b), and Fig.4(f) ari@tes of the alkanethiol desorption products, with the longer
(9) shows the simulation results for design (e). Fig. 4(c) showkanethiols having the lower solubility and diffusion rate.
multiple local maxima for binding site design Fig.4(b) & 0 By comparing desorption time [see Fig. 5(a)—(c)] and
while Fig. 4(f) shows only one maximum for design Fig.4(ekstability of the different alkanethiol SAMs, dodecanethiol
Fig.4(d) and (g) shows that design (b) has multiple maxima @@ H3(C H,),,SH) is chosen for the assembly experiments.
various orientations, while design (e) has only two maxima fdthe dodecanethiol forms stable hydrophobic SAM on Au,
0° and 180 (there must be two maxima because the LED desigmd desorption of a major fraction of the monolayer takes
is symmetric). These simulation results indicate that design @)proximately 15 min implied by the disappearance of the
is preferable, as it exhibits only two maxima in overlap. desporption peak in the dotted CV data in Fig. 5(b).



XIONG et al. CONTROLLED MULTIBATCH SELF-ASSEMBLY OF MICRODEVICES 123

0.30
(a) .
0.00 —
s
-0.30 - = First CV
. = Second CV
R - - = CV after ten minutes
-0.60—,2%="  Desorption of CgH,S on Au (111)
S | | L 1 l
0.30 H
(b) N
e
0.00 -
-0.30 7 —— First GV
v — Second CV
= = = CV after fifteen minutes
-0.60 . Desorption of C,,H, S on Au (111)
0.30 I’ | | | | 1 ]
(©)
000 —— — -
-0.30 — — First CV Fig. 6. (@) Substrate with lubricant in water after selective SAM desorption.
— Second CV Reductive desorption has removed the SAM from the Au squares on the left
- = = GV after one hour and a half column. Lubricant wets the Au squares with SAM. (b) First batch &f 1 mm
-0.60 — D . fC..H Au (111 parts have been assembled and bonded only to Au patterns with lubricant on
| es:)rptml: of € 1|3 35 Ion ul( ) the right. (c) Side view of two-batch controlled micro assembly. Foreground:
Second batch of Ix 1 mm assembled parts. Background: First batch of
0.00 (d) assembled parts.
........ cell, and these sites undergo electrochemical desorption to re-
0054 .- turn them to the hydrophilic state [see Fig. 1(c)]. After SAM
P adsorption and one hour of selective desorption, the substrate
0.10 —_ girsl Cc\i/CV with a thin layer of lubricant is immersed in water [see Fig. 1(d)
-V 1V = Secon ; : ; : :
- - - CV after fifteen minutes \é\/_ltfgj(_)ut p_f;lrt]. 'I_'tr;le dl(;fer_?t:lt Il:gr,lo\cﬁm wettlr;% proper_tle; ofs,?u)
. Inding sites with and withou arereadily seeninrig. o(a).
D fC,H A . . .
0.15— | esolrptlonlo C”I 265 oln " The Au squares without SAM on the substrate remain lubricant

free [see Fig. 6(a)]. Next, a first batch of parts are added to the
agueous phase and assembled on the lubricant coated binding
Fig. 5. (a)-(c) CVs of SAM desorption from Au(111) on mica. (a)sites [see Fig. 6(b)]. After curing the lubricant, cleaning the sub-

Octanethiol (CH;(CH,).SH). (b) Dodecanethio(CH3;(CHs),,SH). ; A it i
© Octadecanethiol (C'H,(CH.).-SH). (@) CVs of dodebanetniol SUaLe With acetone, IPA and DI water and drying it with,ld -
(CHs(CH>),,SH) SAM desorptions from polycrystalline Au on Si. second assembly is performed by repeating steps described in

Fig.1(e) and (f). An example of two-batch assembly is shown

i i i in Fig. 6(c). By repeating SAM adsorption, desorption and as-

Desorption Of. dodecane?hml SAM. frOT" polycrystalline ALEembly, controlled micro assembly is feasible, in principle, for

patterns on a Si substrate is shown in Fig. 5(d). These deso&qarge number of batches.

tion CVs have broader peaks, compared with desorption CVS, e assembly experiments, one must select criterion (e.g.,

from single crystalline Au on mica. Moreover, it is observeg;q|qy tor syccessful assembly. The simplest criterion is the frac-
that the time needed to desorb the SAM to turn the Au surfagg,, ¢ pinding sites that have assembled parts on them. For the
hydrophilic is Ionge_r than the time measured by t_he d_lsappe §sembly of the square parts, we use this criterion to determine

ance ofthe desc_>rpt|_0n peal_<. The average desorption time for yield. In a simple yield test with square parts, 14 out of a
designs shown in Fig. 2(e) is around one hour for dodecanetl“\agur by four array had assembled components. The assembly oc-

-4 -12 -10 -08 -06 -04 -02 00

SAM. curred within two minutes. The failures were mostly due to the
i agitation of the assembly. For example, flipped parts usually are
B. Two Step Assembly and Yield not assembled, if agitation of the parts is two-dimensional and

A substrate shown in Fig. 2 is used to demonstrate two step psavided by an orbital shaker. In addition, the capillary driving
sembly of square test parts. The substrate is first coated with flarce starts to work only when the part has contact with the lu-
decanethiol SAM [see Fig. 1(b)]. Then potential bias is applidaticant. The binding sites would remain unoccupied, if there are
to selected electrically addressable sites in an electrochemigalparts that come into contact with it. An improved setup is
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TABLE | Ni electroplating seeds
COMPARISONSBETWEEN ELECTROPLATING BASIS MATERIALS
Metals | Process compatibility | Adhesion with alloy [t s
Au compatible. good
Al compatible. poor Imm Jici - Imm

(a) (b)

TiW incompatible poor
Ni compatible. good

used which allows manual shaking for three-dimensional parts
agitation. Furthermore, providing excess parts into the system

can improve the yield. In [23], two cycles of assembly and rec- Assembled LED ©
ollecting incorrectly assembled parts were repeated to achieve
better yield. Fig.7. (a)Binding site designed for LED assembly. (b) Binding site with SAM

. . after lubricant is applied. The exposed Ni electroplating bases remain clean. (¢
Our multi-batch assembly approach can be applied to a rang€empled LED opnpa binding sife_ piaing ©

of different micro parts. These parts have to be compatible with

all assembly processes, such as electrochemical desorption, lu-

bricant curing and electroplating. Plated solder
Furthermore, with assembled micro parts having hy-

drophobic patterns on the backside, the repeatability of the

assembly process might be limited. In such a situation, the

components, and parts from the next batch will be attracted
to these patterns during the later assembly step. On the other
hand, this could be useful, if three dimensional stacks of parts
are desired.

C. Electroplating Basis Material

We now turn to demonstrate the use of an electroplating
method to establish electrical connections to the assembled
parts. Our choice of the electroplating basis metal is mainly
based on the following considerations: compatibility with the
substrate fabrication process and adhesion with electroplated
alloy. Different metals: Au, aluminum (Al), titanium-tungsten
(TiW) and Ni have been tested. The results are summarized in
Table 1.

TiW is incompatible with the oxygen plasma cleaning
process, as it is etched during the process. The poor adhegigng  (a) ESEM image of an assembled LED. (b) ESEM image of an
on Al and TiW is due to their native oxide layer, while Au doesssembled LED after electroplating. (c) LED on a substrate after electroplating.
not have such a native oxide layer. As a result, the plated a“B'}g LED is lightened by applying potential on the electrical contacts on the

. . . .Substrate.
has uneven profile on Al and TiW plating bases. Good adhesion
between Ni plating basis and the plated alloy is observed,
despite the Ni oxide layer, which is thinner than the Al oxid&ig. 7(b)]. An assembled LED is aligned and bonded at the de-
[38]. The thin Ni oxide can be reduced at the plating potential gired site after lubricant curing [see Fig. 7(c)].
the acid electroplating solution, thus allowing good adhesion. In Fig. 8(a), we show an environmental scanning electron mi-

To demonstrate the electroplating method, we use LEDs faioscope (ESEM) image of an assembled LED. The gap be-
assembly by repeating the process described in Fig. 1(a)—td)een the LED and the substrate is approximately20 Using
The results are shown in Fig. 7. In Fig. 7(a), we show a Athe electroplating procedure described above, the gap is bridged
binding site with two Ni plating bases. The design is chosévy solder alloy [see Fig. 8(b)] and assembled LEDs can be acti-
based on the simulation results in Fig. 4. No alkanethiol SAMated by applying voltage to the electrical contacts on the sub-
is formed on the oxide coated Ni during the adsorption processrate [see Fig. 3(b)]. Measured contact resistance Q 16r
Thus during the assembly process, the lubricant does not et current design. An illustration of an activated glowing LED
the Ni plating bases, leaving them clean for electroplating [sea a substrate is shown in Fig. 8(c).
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As discussed above, both Au and Ni are demonstrated as gooth summary, as an enabling technique, our assembly approach
electroplating basis metals. However, there are several cons&dapplicable to generic parts such as LEDs. It is anticipated
erations that make Ni advantageous. When using Au basestlaat our controlled multi-batch self-assembly of micro devices
extra desorption process is needed to remove the alkanetiémhnique can be applied to a wide range of micro or nano parts
monolayer deposited on the bases. Also, we have observedmade of different materials, for the integration and packaging
vere wrinkling and peeling of SOG on Au after approximatelgf complex heterogeneous systems.
two hours of desorption in the alkaline bath. This is due to poor
adhesion between SOG and Au, particularly in alkaline solution
(i.e., 0.5 M KOH) with potential bias applied to the Au areas.
Tests of silicon nitride on Au during the desorption process haveThe authors would like to thank R. T. Howe and U. Srinivasan
also shown wrinkling results. To overcome these problems hr inspiring discussions, and M. B. Cohn for providing some
is chosen as an additional metal for electroplating basis. Theicroparts, and S. Jiang and S. Chen for their help with the
layer is also patterned as connections between the Au bindingca sample preparation. They also thank the members of the
sites and the electrical contacts [see Fig. 3(b)] to reduce the c@miversity of Washington MEMS lab and the staff and users of
tact area between Au and the passivation layer. With Ni benedtle Washington Technology Center Microfabrication laboratory
the passivation layer, it is observed that there are no signsfof their help and support.
wrinkling after more than two hours, when performing SAM
desorption.
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Errata

“Controlled Mulitbatch Self-Assembly of Microdevices,” by Xiaorong Xiong, Yael
Hanein, Jiandong Fang, Yanbing Wang, Weihua Wang, Daniel T. Schwartz, and Karl F.
Bohringer, ASME/IEEE Journal of Microelectromechanical Systems, vol. 12, no. 2, pp.
117-127, April 2003.

In Figure 5, p. 123, the axis labels are missing. The horizontal axis should be labeled V,
and the vertical axes should all be labeled mA/cm?>.
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