Heterogeneous Integration through
Electrokinetic Migration

Hlectrical and Optical Addressing Techniques
Allow for More Rapid and Parallel Patterning
of Biological Species and Inorganic Objects

ew technologies are continuously

emerging from investigations at the in-
terface of biology, engineering, physics,
and chemistry. Recent advances have
spanned many diverse applications, in-
cluded drug delivery [1], novel schemes
for lab-on-a-chip miniaturization,
microfluidic networks [2, 3], DNA com-
puting [4], self-assembly of mesoscopic
objects [5], tissue engineering [6], and
many more. In this study, we apply basic
electrophoretic motion to semiconductor
materials engineering for development of
the next level of heterogeneousintegration
technology. Furthermore, we demonstrate
theutility of thesetoolsinintegration of in-
organic devices with biological speciesin
order to explore the utility of thesetoolsin
biotechnological applications.

Several heterogeneous integration tech-
niques currently available include flip-chip
bonding [7, 8] and robotic pick-and-place
processing for multichip integration [9,10]
aswell as probe force microscopy for han-
diing smdler objects [11,12]. These tech-
niques do not alow the assembly of more
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than onetypeof component at atimeand are
very dow. In addition, they can handle only
relaively large-size objects. Other hetero-
geneous integration methods being devel-
oped include fluidic salf-assembly [13,14]
and microelectrophoresis. Fluidic sdf-as
sembly sorts and positions objects based on
their geometric shape, limiting its applica
bility. Microelectrophoresis is an electro-
chemical transport process based on the
migration of charged particlesin a suspen-
sion by theinfluenceof anelectricfield. Im-
portant applications of this technique
include the study of DNA/RNA hybridiza-
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1. A schematicillustration of the experimental setup.
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tion and synthesis on bioelectronic chips
[15,16]. An economically feasible hetero-
geneous integration technique needs to be
developed to dlow the rapid and pardle
pick-and-place of individua devicesto par-
ticular locations on a host substrate. In this
article, we present anew class of pick-and-
place heterogeneous integration processes
based on electrical field addressing and/or
optical addressing [17,18], which over-
comes the limitations of other techniques.
The primary advantage in these techniques
is parallelism, which minimizes the time
and cost involved in the pick-and-place pat-
terning process.

Theory

In an electrochemical cell, electrolytic
conduction occurs by the movement of
charge carriers to their respective oppo-
site terminals. The basic principle of our
pick-and-place assembly technique de-
pends on the movement of the charged
species and ions to oppositely charged
electrodes within an electrolyte solution
[17,18]. In aparalel electrode system as
we have used, the electric field is perpen-
dicular to the electrodes. Theionsor mol-
ecules move along the electric field
between the electrodes. Lateral migration
of species appears to be the result of
electrohydrodynamic effects, wherein
gradientsin current density, caused by the
presence of particles or inhomogeneities
near the electrode surface, generatelocal -
ized fluid flow [19, 20].

In the following sections, a new ap-
proach for analysis of an electrochemical
system will be described. In this analysis,
well-known solid-state band energy distri-
bution phenomenon for VLSI deviceswill
be applied to our electrochemical system,
which includes liquid-solid junctions.
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Electrolytic Cell

Figure 1 illustrates a schematic of the
electrochemical cell setup used. This cell
is formed by a top indium tin oxide
(ITO)-coated glass plate, and a bottom
wide area n-n" planar junction diode,
spaced by a rubber gasket. The transpar-
ent container is clamped between alumi-
num (Al) plates, and contact to the Al
plates via cables to a power supply com-
pletesthecircuit. In thissetup, theelectric
field is perpendicular to the surface of the
substrate and parallel to the gravitational
force. Thesubstrate, whichwill be used as
a host during the integration process, can
be chosen from a different material. The
counter electrode (ITO) is selected such
that it will allow visual observations dur-
ing experimentation.

System Analysis

The current versus voltage (1-V) be-
havior of this system is shown in Fig. 2,
resembling that of a diode except for two
critical (threshold) potential sthat must be
exceeded for current to flow [21-24]. The
two critical potentials result from the po-
tential drops at the liquid-solid interfaces
at both electrodes. In this section, a new
approach, which is commonly used for
solid-state device analysis, will be used to

analyze the potential drop at the liquid-
solid interface.

To understand the operation of the
optoelectrochemical circuit, we first con-
sider acircuit under conditions of no illu-
mination and no applied bias. At one
electrode, there is contact between an
n-type semiconductor and a solution con-
taining molecules H* and OH™, capable of
undergoing a redox (reduction/oxidation)
reaction. In an agueous solution there are
several possiblesetsof redox reactionsthat
can occur, depending upon the pH of the
solution. In solutions that are of approxi-
mately neutral pH, such asthoseweusein
our electrochemica circuits (de-ionized
water), the oxidation of thewater at the an-
ode producesoxygen (O,) and aqueous hy-
drogen ions, whereas the reduction of
aqueous hydrogen ions at the cathode gen-
erates molecular hydrogen [21]. Since we
areinterested in single electron and single
holetransfer at thesolid-liquidinterface, in
this article we will use an unconventional
redox reaction for the electrolysis of pure
water. Gurney [25] used the same ap-
proach in HCI-H,0 system analysis.

Anodic reaction:

(OH —H,0)” +h* = (OH - H,0)
@

Cathodic reaction:

The
electrical-addressing
system described
earlier isuseful for
applicationsin which
alarge number of
identical devicesare
tobeplaced in a

uniform array.

(H-H,0)" +e~ - H—H,0. )

Equation (1) shows the anodic oxida
tion of OH™ ionsand Eq. (2) representsthe

I-V Behavior of ITO/DI/Si Cell
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cathodic reduction of agueous hydrogen
ions. A locally basic environment arisesat
the cathode, while a locally acidic envi-
ronment arises at the anode. At the elec-
trodes, the ionic conduction is converted
into electronic conduction by theaid of re-
dox reactions.

At theinterface of any liquid and semi-
conductor materials, differencesin electro-
static potential cause electron movement.
Specifically, if the electrochemical poten-
tial of the isolated semiconductor (n-Si) is
morenegativethan theelectrochemical po-
tential of the isolated solution phase, elec-
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3. Schematicillustration of the
band-bending formation at the semicon-
ductor-liquid interface wher e both semi-
conductor and liquid arein equilibrium.
Three potential regions make up the
electrical double layer at theinterface:
Space chargeregion at the semiconduc-
tor (SC), Helmholtz layer (H), and Dif-
fuse or Gouy-Chapman layer (DIFF).

trons move from the semiconductor to the
acceptor ions in the solution. The transfer
of electrons across the semiconductor-lig-
uid junction disrupts the original charge
neutrality of the semiconductor and of the
solution. This interfacial charge transfer
introduces an electron-depleted region in
the semiconductor. The difference of elec-
trostatic potential between a semiconduc-
tor and a liquid forms an electric double
layer at the interface [26]. This layer in-
cludes three distinct sublayers: 1) a dif-
fuse charge layer in the ionic solution
(Gouy Layer), 2) a compact layer of ad-
sorbed water molecules (Helmholtz
Layer), and 3) adiffusechargelayerinthe
semiconductor (space charge layer). The
potential difference between the semicon-
ductor and theliquid isthe sum of the po-
tential drops at these three individual
sublayers, as given below:
Total Charge:

AD AD o + ADy, + AD g
®)

Figure 3 illustrates the distribution of
these layers at the liquid-semiconductor
interface.

Pleskov et a. [27] and Batchelor et al.
[28] have shown that, if: @) the semicon-
ductor has a low surface state concentra-
tion, b) the semiconductor is minimally
doped, and c) ionic concentration of the
solution is > 1072M, then the potential
drop at the Gouy diffuse layer within the
liquid can be neglected. For thework pre-
sented in this article, we have carried out
our experiments with these assumptions,
where the total potential drop at the lig-
uid-semiconductor junction is equa to
AD g + Ad,. In order to calculate this
potential, we first need to estimate the

total —

Fermi level of the liquid. To thisend, we
used an experimental setup, where the
host substrate is silicon, the liquid is pure
water, and the counter electrode is ITO
(indium tin oxide). We measured the po-
tential drop at the liquid-semiconductor
interface by using a commercial
potentiostat with respect to a saturated
calomel electrode (SCE). Sincethe poten-
tial of the reference electrode is known
(4.74V with respect to vacuum), wecould
calculate the potential drop between the
liquid and the semiconductor using the
following equation [29]:

Vi +Vigr = AD gy —Ge” 4

where:

Vs = measured potential of the cell
(0.37 V in our experiment);

Vrer = reference electrode (SCE) po-
tential (4.74 V with respect to vacuum);

A® & , = potential drop at the semicon-
ductor-liquid interface; and

& {° = Fermi level of thesemiconductor.

TheFermi level of thesilicon electrode
weused, e & = - 4.32 eV (with respect to
vacuum), is known based on its doping
concentration (10™%/cm?). By calculating
the potential drop at the semiconduc-
tor-liquid interface (0.79 V), we obtain a
functional estimate of the Fermi level of
water in our experiment as5.115eV. The
reader should note thelack of true*Fermi
level” phenomenon for liquids. However,
in order to predict junction behavior, we
assume that the “Fermi level” can be ap-
proximated at this constant value. Thus,
we can now useour experimental set-upto
determinethe Fermi level of theactual lig-
uidswe use during our pick-and-place ex-
periments. Initially, we used de-ionized
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4. Energy-level diagram of the | TO-liquid-semiconductor electrochemical cell system just before contact, and at equilibrium
right after contact. All energy levelsarereferenced to vacuum level.
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water as an electrolyte solution and, since
water ispolar [30], it can be assumed that
the Fermi level of water isat the mid-point
of the reduction, Erep), and oxidation,
E(ox), reaction energies. Since the OH™
and H" ionsin water split at 1.23 V (with
respect to a hydrogen electrode), +0.615
V arethe Eox) and E(repy levelsin water,
respectively. The following energy dia-
gram (Fig. 4) can then be constructed
from the cal cul ated val uesand known ma-
terial propertiesof ITOandsilicon. Figure
4 gives the band energy distribution of
ITO-liquid-silicon just before contact and
immediately after contact. The Fermi lev-
els equalize after al the layers make con-
tact. As aresult, potential drops result at
the interfaces to accommodate the poten-
tial differences between the regions. At
equilibrium, thesilicon substrate accumu-
lateselectronsat the surface. Theflat band
potential for siliconiscalculated as~0.42
eV from Fig. 4. Thisresult is found to be
similar to the measured flat band potential
shownin Fig. 2.

From the energy diagramin Fig. 4, we
calculated the potential barriers for elec-
tron flow at the ITO-liquid and SC-liquid
interfaces. This model predicts critical
voltage levels (V) at which the current
will start flowing through the system. The
values can be predicted by using Eq. (3)
and Fig. 4. The calculated values (—0.62
V, 0.88 V) are confirmed with experimen-
tal values (0.6 V, 0.8 V). Figure 2 shows
the measured current-voltage characteris-
tic of thissystem along with the cal culated
and measured V, values.

A semiconductor device simulation tool
(SEDAN, Stanford University, Stanford,
CA) was used to predict the current and
voltage behavior of the water-silicon inter-
face. Thisjunctionisadepleted Schottky di-
ode that forms at the liquid-semiconductor
interface. The results of this smuletion are
giveninFig. 5. The SEDAN-simulated cur-
rent-voltage resultsarein agood agreement
with the experimental results. This result
showsthat water-silicon junction properties
dominate and determine the overall system
behavior. Thisresultisimportant and canbe
used to improve the system performance
further by tailoring the water-silicon inter-
face only.

After completion of the analyses of the
systeminFig. 1 under applied bias condi-
tions, photon-induced conductivity can
also be predicted. In our experiments, we
used asemiconductor-liquid (silicon-pure
water) junction under illumination. Ab-
sorption of photonsin the n-type semicon-
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ductor creates electrons and holes, giving
rise to both minority and majority carrier
photo-induced currents. The majority car-
rier current changes a negligible amount
under illumination. However, there is an
appreciable changeinthe minority carrier
current. The total current with illumina-
tionisgiven by thestandard equation for a
diode [31]:

total —

I on(Va) - Io[exp(—WJ —1}.

©)
The parameter |, is the reverse constant
current, V, is applied voltage, V,, is the
threshold voltage required for the current
flow, and T isthe ambient temperaturein
°K. The photo-generated minority carrier
current |, is equal to the photon flux ab-
sorbed by the semiconductor multiplied
by the areathat isilluminated, and by the
electron charge g.

In these calculations, it was assumed
that there are no surface states, which
would complicate the band diagrams and
theanalysisof thecurrent flow. Figure6il-
lustrates the measured |-V characteristics
of the ITO-deionized water-Si cell in the
dark and withillumination of 2.5 mW laser
power (asemiconductor laser with 680-nm
wavelength was used). In this graph, the
calculated photocurrent by using Eq. (5) is
also shown. The photo-induced current is
higher at the positive applied bias regime
because of the photo-generated carriers.
When an electron-hole pair isgenerated in
the space charge region in silicon by pho-
ton absorption, electrons lower their en-
ergy and move into the bulk of the
semiconductor. On the other hand, holes
generated will movetoward thesiliconsur-
face and be involved in redox reactions.

Applications of the
electrical patterning
processinclude all
platformsthat require
parallel accessto

Immobilized cells.

This phenomenon will increase the charge
transfer rate between silicon and liquid as
well as increase the current density of the
system. At the negative bias regime, the
opposite behavior is observed. The
photo-induced current is lower than the
dark current. This behavior can be ex-
plained by photo-enhanced ion or mole-
cule absorption at the silicon surface. Due
to the enhanced absorption, extra positive
charge will be present at the liquid side of
the interface, which is not balanced by
charges at the electron-accumulating sili-
consurface[21, 25]. Therefore, negatively
charged ions or moleculesinsidetheliquid
will move near to the interface in order to
balance the extra charge generated by ab-
sorption of ions or molecules to the sur-
face. This migration will disturb the
bal anced cathodic behavior and will gener-
atelocal anodic reactionsaswell. Asare-
sult, the overal cathodic current will be
reduced under illumination.
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8. 100-um SIO2 puck ispicked and placed by an applied biasof 2 V. The puck is moved
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9. (a) Placement of the 50-um diameter LED by applied reverse biason the silicon
electrode. (b) Rejection of an LED by application of a forward bias.
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The photo-current calculated by using
Eq. (5) gives an dectrical behavior as ex-
pected. Thephotocurrentinthepositivebias
regime was higher than the dark current,
which isaso in very good agreement with
measured values. But the calculated current
vauesare much higher than the experimen-
tal results. Thisis because Eq. (5) does not
include the photon loss due to scattering or
reflection at the ITO-slicon interface and
insde the liquid. Since the equation does
not include the photon loss factor for the
whole system, the calculated current is
higher than expected. Similar behavior is
also valid in the negative bias region.

Experimental Results

Electrical Addressing

For pick-and-place patterning via elec-
trical addressing, the bottom planar diode
was replaced with apatterned array of sili-
con electrodes. To fabricate this array, a
layer of Si;N, was deposited using
plasma-enhanced chemical vapor deposi-
tion on an n-type silicon substrate, which
was subsequently patterned to fabricate
100-um diameter circular openings where
the silicon surface was exposed. In this
manner, charged species can be localized
over the surface of each circular electrode.
Figure 7 shows results of an experiment
where the spatial positions of negatively
charged beads are presented as a function
of the applied bias voltage. Randomly dis-
tributed beads from the solution rapidly lo-
calize (~3 ) over the circular openings
when a positive bias of 2.0V isapplied to
the silicon substrate. When a bias voltage
of —2.0 voltsis applied, beads move away
from the silicon electrode regions towards
theneutral (nitride) regionsof the substrate
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dueto Coulomb repulsion. The positioning
mechanism involves processes such as
simple Coulomb interactions, which bring
particles close to the electrodes, and
electrohydrodynamic and electroosmotic
effectsthat determine the lateral migration
of the beads. In the absence of the applied
bias, beads arrive at the surface by sedi-
mentation. Once the particles arrive at the
surface, electro-osmotic flow of the liquid
around the beads occurs. Liquid will flow
upward along the particle surface, being
transported towards the particle along the
electrode surface [19].

Electrical addressing was then applied
to pick and place larger objects, including
micromachined components such as cy-
lindrical SiO, test pucks (passivedevices)
and active devices including light-emit-
ting diodes. Both viscousdrag and inertial
forceswould be larger in this case as pre-
dicted by Hiemenz [32]. These objects
first were charged by immersion in a so-
dium dodecyl! sulfate solution. For exam-
ple, Fig. 8 describes the pick-and-place
assembly of a 100-um diameter and 0.65
-mm thick SiO, puck on a similar sub-
strate. Upon applying abias of 1.0V, the
test puck waslocalized to Site 1, asshown
in the first frame. When the bias voltage
was reversed (—2.0 V), the puck was re-
pelled from Site 1, as shown in the second
frame. Under negative bias conditions,
the puck moved laterally by electro-os-
motic and electrohydrodynamic forces.
When it approached the next neighbor
electrode (Site 2), the applied biaswasre-
versed again, and the puck was attracted
to thisnew location. At this new location,
at applied bias of — 4V, the puck was re-
jected from the surface.

A similar experiment was conducted
with 50-um diameter SIO, pucks[17,18].
The required bias voltage for rejecting
100-um pucks from the surface was
higher (—4.0 V) than for the 50-um puck
case. Thisvoltage correlateswell with the
expected increase in attractive forces due
to van der Waals forces over alarger sur-
face area and a similar charge density,
when compared to smaller pucks. Thevan
der Waals attraction of the larger puck to
the surface was stronger due to its larger
surfacearea, requiringalarger potential to
reject it from the surface of the electrode.
The velocity of larger objects also dif-
fered from smaller ones, as expected. Ob-
jectvelocity shouldincrease, due solely to
charge effects, but it decreases due to in-
crease inertial and viscous forces. Quali-
tatively, we observed that |arger objectsof
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a similar shape have a relatively slower
velocity, suggesting that charge effects
dominate their behavior.

To demonstrate the pick-and-place
patterning of active devices, a 50-um di-
ameter light-emitting diode was used.
Figure 9 summarizestheresultsof thisex-
periment, where spatial position is pre-
sented as a function of the bias voltage.
Once in place, the LED could be fusion
bonded and externally controlled.

Next, wehave used the sametechnique
for patterning biological species includ-
ing DNA molecules and live mammalian
cells [17]. Figure 10(a) and (b) summa-
rizes the patterning process of mamma-

lian cells from human (fibrosarcoma) and
mouse (fibroblasts), respectively. Mam-
malian cells are typically negatively
charged due to the numerous sidic acid
residues present in the glycocalyx. Thus,
cells behave as negatively charged parti-
cles in an electrolytic conducting me-
dium. However, amgjor differenceinthis
experiment from the previous ones stems
from the composition of the electrolytic
solution. Cells require osmotic equilib-
rium (300 mOsm) to retain cell shape and
viability. Therefore, deionized water can-
not be used as a low-conductance buffer.
Instead, we have adjusted the solution for
osmolarity and nutrients. Hence, as

Au Electrode

(4

4

Fibrosarcoma Cells

/

Fibroblast Cells

10. (@) Human fibrosar coma cells (20-30-um diameter) are patter ned on the substrate.
(b) Mousefibroblast cells are patterned on silicon electrode under applied bias.
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shown in Fig. 10(a), negatively charged
human cells could be attracted to the
gold-patterned silicon surface of 100-um
diameter. Preliminary data suggest that
cells remain viable for 24 hours under
these conditions. More than 90% of the
cells were positioned over the electrodes,
whiletheremainder of the cellswere posi-
tioned over the neutral regions, because of
el ectrostatic interaction between cellsand
substrate. Wewill addressthisissueinfu-
ture experiments with strategies to deter-
mine adhesion of cells that fall under a
gravitational field.

The electrical-addressing system de-
scribed earlier isuseful for applicationsin

150

which alarge number of identical devices
are to be placed in a uniform array. The
backside of the substrate can also be pat-
terned with electrical contactsso that vari-
ous locations on the substrate can be
addressed individually for selective pat-
terning [15]. It has been shown previously
that high-voltage biasing during the pat-
terning process should be avoided due to
production of H,O, during electrolysis.
Currently, experiments are underway to
quantify cell viability with vital fluores-
cent dyes and to quantify cell function by
tracking cell division and morphology.
Nevertheless, the results presented here
demonstrate both biological species and
inorganic objects. Applications of this
patterning process include all platforms
that require parallel access to immobi-
lized cells including: cell-based bio-
sensing, cell-based drug discovery, and
high-throughput phenotyping.

Optical Addressing

Optoel ectroni c addressing adds asup-
plementary degree of freedom. Charged
devices or objects within the electro-
chemical solution are attracted to illumi-
nated regions on a photoconductive
substrate dueto apotential drop resulting
from absorption of photons (Fig. 1). Ab-
sorption of photons in the n-type semi-
conductor creates electrons and holes,
giving riseto both minority and majority
carrier photo-induced currents. Figure 6
illustrates this effect on the current ver-
sus voltage behavior. Thus, the illumi-
nated region becomes a temporary
electrode, without requiring micro-
fabricated patterning.

To demonstrate optical addressing,
negatively charged polystyrene beads
(0.87-um diameter) were suspended in
deionized water in the electrochemical
cell. Initially, the beads were randomly
distributed over the substrate surface. A
reverse bias of 2.0 V was applied across
the cell, and aHe-Ne laser (A = 632 nm)
was used to illuminate asmall areaon the
silicon substrate. In this illuminated re-
gion, the generated photocurrent attracted
the negatively charged beads towards the
substrate. Imagesin Fig. 11(a) and (b) il-
lustrate the fluorescence obtained from
highly concentrated bead areas for two
different experiments, where elliptic and
circular slitswere used during initial laser
radiation. Inthisfigure, theamount of flu-
orescence is shown in graphical form.
Relative concentration of the beadsin the
illuminated and dark regions gives very
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high ratio of approximately 80to 1. Thus,
electrode shape and size can be modified
dynamically through modulation of inci-
dent light. Finally, when optical and elec-
trical addressing are combined, several
different types of optoelectronic devices
can be picked and placed on the same sub-
strate at the same time, allowing an effi-
cient fabrication scheme for complex
arraysof devicesand objects of both inor-
ganic and organic origins.
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