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Individually-addressable nanomechanical (NEMS) devices have been used to demonstrate sen-

sitive mass detection to single-proton level, as well as neutral-particle mass spectrometry. The
cost of individually securing or patterning such devices is proportional to their number or the chip
area covered. This limits statistical support for research results, as well as paths to the commer-
cial availability of extraordinarily sensitive instruments. Field-directed assembly of synthesized
nanowires addresses this problem and shows potential for low-cost, large-area coverage with
NEMS devices. For positive dielectrophoresis (pDEP) as the main assembly director, the space
of field, geometric and material parameters is large, with combinations that can serve either as
directors or disruptors for directed assembly. We seek parameter values to obtain the best yield,
by introducing a rational framework to reduce trial-and-error. We show that sorting the disruptors
by severity and eliminating those weakly coupled to the director, allows a reduction of parameter
space. The remaining disruptors are then represented compactly by dimensionless parameters.
In the example protocol chosen, a single dimensionless parameter, the yield index, allows min-
imization of disruptors by the choice of frequency. Following this, the voltage may be selected
to maximize yield. Using this framework, we obtained 94% pre-clamped and 88% post-clamped
yield at 57000 nanowire sites. Organizing the parameter space using a director-disruptor frame-
work, with economy introduced by non-dimensional parameters, provides a path to controllably
decrease the effort and cost of manufacturing nanoscale devices. This should help in the com-
mercialization of individually addressable nanodevices.
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1 Introduction

molecular diagnosis 10. A recent review !! provides several exam-

Remarkable capabilities of single-proton mass detection !, neutral
particle mass spectrometry? and earlier, the detection of nucleic
acid sequences? have been demonstrated using individually ad-
dressable nanomechanical (NEMS) devices, but only for a small
number of clamped nanowires (NWs) or nanobeams. Large-area
coverage with individually-addressable NW devices will signif-
icantly reduce experimental research time for future landmark
demonstrations. If done at low cost, it will also enable stronger
statistical support for measurements needed to understand me-
chanical*7 and electrical#8:? behavior of NWs, and most signifi-
cantly, ease the development of instruments for commercial appli-
cations, such as screening for early detection of disease through
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ples of promising NW device applications.

Directed assembly provides a path towards nanomanufacturing
systems to achieve large-area coverage at low-cost. For nanofab-
rication, the term directed assembly describes a family of meth-
0ds1216 which use micro-patterned structures for spatial and
temporal control of fields, to direct synthesized nanoscale ele-
ments to predetermined locations. The patterned structures en-
able NW position control and could involve one of several fields
-such as hydrodynamic, electric, magnetic, temperature -or their
combinations. Such field-directed assembly combines elements
of top-down microfabrication and bottom-up nanostructure syn-
thesis, enabling fabrication of nanoscale devices in large arrays.
It retains the advantages of using low-cost nanostructure assem-
bly (compared to electron-beam lithographic patterning) offered
by self-assembly 1617 but also provides greatly improved position
control, and a route to individual device addressability.

In contrast with established macroscale manufacturing pro-
cesses, research laboratory nanofabrication protocols, including
field-directed assembly, often require some small modifications to
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be reproducible by a new user or in a new facility. These changes
are a consequence of unknown methods or prohibitive cost of
adequate metrology at and below device scales, during each fab-
rication step. In addition, there is an imperfect understanding of
possible coupling between several physical effects, as discussed
in the example protocol chosen for this paper. As a result, a user
who decides to change a single step, material or experimental
parameter value within a protocol may often have to change sev-
eral others. In the absence of a framework to guide the choice of
experimental parameter values, considerable effort is spent in a
trial-and-error approach to obtain best yield from NW assembly.
To strongly reduce such effort, we propose a framework, based
on identifying forces, which serve either as directors or disruptors,
with competing effects on yield in directed assembly. The frame-
work provides a rational guide to parameter value selection.

Dielectrophoresis (DEP) force has been reported by a few re-
search laboratories%-12-15.18-21 yorldwide, as a director in field-
directed NW assembly. Examples of directors and disruptors are
forces that arise from negative or positive DEP2!, Brownian mo-
tion22:23 electroosmotic forces 1420 or electrode polarization ef-
fects1%18, Here we use a sequence of basic steps from a known
DEP protocol, reported in the work of Li et al. 15, to help illustrate
the utility of the framework. Starting with an established basis
is also necessary to examine whether any improvements in yield
accrue from use of the framework.

While parameter values are chosen using the framework devel-
oped later in this paper, here we briefly outline the basic steps
utilized, as shown in Fig. 1(a) to (d). We used rhodium (Rh)
NWs that have desirable mechanical properties for resonant mass
sensing as they retain high quality factor (Q-factor) from high
vacuum to near atmospheric pressure!®>. Photolithography was
first used to create electrically conductive pad pairs with differ-
ent gap widths of 6, 8 and 10 um, which define the locations
to which NWs will be directed. A photoresist layer was spun to
cover the electrodes and prevent an electrical short circuit that
would result from NWs bridging electrode pads. Wells (shown in
Fig. 1(a)) were then patterned in photoresist between each elec-
trode pair, followed by application of the electric field to direct
NWs into wells (Fig. 1(b)). Photoresist was removed from one of
the electrode pairs and clamp material was electrodeposited to fix
one end of the NWs (Fig. 1(c)). Finally, NWs were suspended by
removing the remaining photoresist from the substrate and using
critical point drying. Experimental details may be found in Sec-
tion 4 at the end of this paper.

The word "yield" in the literature on directed assembly has been
used to refer to different things. Most devices made from sus-
pended NWs need one or both ends to be clamped after the di-
rected assembly process is complete. Though clamping processes
typically do reduce the yield, the word "yield" has been used to re-
port the yield from assembly alone 1219, while other reports1° use
the word to mean yield of functional devices after both assembly
and clamping. It is misleading to compare numbers for the yield
between these two groups of references. To avoid confusion, we
suggest the use of two categories of NW yield: pre-clamped yield,
which is the percent of available sites with correctly positioned
single NWs; and post-clamped yield, referring to the percent of

2| Journal Name, [year], [vol.],1-11

e

CE-E-EERE

|+|+|+|

Electrodeposited

clamp material \

Fig. 1 Schematics of positioning and clamping of single NWs on gold
electrodes: (a) patterning electrode pairs with wells in between, to
locate and trap NWs (b) positioning single NWs inside wells using DEP
(c) electrodeposition of clamp material after photoresist removal from
electrode surface (d) side view of clamped NWs after removing the
remaining photoresist.
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sites with functional, clamped NWs.

2 Framework development

This study is focused on developing a framework for field-directed
assembly of NWs. A DEP protocol with positive dielectrophoresis
(pDEP) as the main director is used here to show the framework
methodology in classifying and evaluating the director and dis-
ruptors. We separate disruptors into two groups: {1} disruptors
weakly coupled to the main director, pDEP, that either depend
on electrode design or need less quantification to be eliminated
and {2} disruptors that are strongly coupled through parame-
ter choice to the main director. In this section, we first evalu-
ate weakly-coupled disruptors (disruptive torque, capillary force
from the drying front, improper NW concentration, Brownian mo-
tion and electrothermal force) followed by strongly-coupled ones
(negative DEP (nDEP), electroosmotic force and electrode polar-
ization). In this evaluation, the results of analysis and computa-
tion can provide useful guidance, even if somewhat rough. This
step is followed by the definition of a dimensionless parameter,
which compactly represents the competition between the direc-
tor and the remaining disruptors. This helps to guide parameter
value selection for best device yield, with reduced trial-and-error.
In the example chosen in this study, the final control of device
yield was realized only by tuning the director, with negligible hin-
drance from disruptors.

2.1 Weakly-coupled disruptors
2.1.1 Disruptive torque

DEP torque, a primary need for NW alignment, can become a dis-
ruptor when NWs are much longer than the width of the gap be-
tween electrodes, in each electrode pair. For low values of the ra-
tio (1) of electrode gap width to NW length, the induced dipoles
can lie beyond the two electrode edges, rather than in between
them, with a torque that rotates NWs in an opposite sense to that
required for alignment (disruptive or "negative" torque). Some
guidance is provided by the computational results of Liu et al. %2,
which show that it is possible to avoid disruptive torque if A >0.4,

that is, when NW length is smaller than 2.5 times the gap width.

This journal is © The Royal Society of Chemistry [year]

Page 2 of 11



Page 3 of 11

NWs of length smaller than the gap width (1 >1) clearly can-
not have both ends clamped, and may produce one-end clamped
devices which are outside of the intended functional range, even
if they are properly aligned. To avoid this, we restrict our choices
to the range (0.4< A <1).

2.1.2 Capillary force

The spreading of a drop of NW suspension during assembly car-
ries NWs beyond the target assembly region and often leads to
undesirable spillover on adjacent dies. Vigorous NW motion was
observed during such drop spreading, acting as a disruptor. A fur-
ther disruptive role of capillary force was seen at drying fronts,
that pull away NWs which are partially protruding from wells.

Cylindrical dam
‘ confines alcohol to
the area patterned

"\«’ith wells.
.

Probes to apply electric field

-

Fig. 2 A cylindrical dam reduces the effects of drying-front capillary
force as a disruptor and prevents NW spillover to adjacent dies.

To reduce these disruptive effects, we introduced a cylindrical
dam (Fig. 2) with 1 cm diameter and 0.5 cm height, which con-
fined NW suspension to the area of one die with 9500 wells. This
eliminates the spreading and flow disruption and leaves a suffi-
cient excess time for DEP to secure both NW ends within wells.

2.1.3 Inappropriate nanowire concentration

Having too low a concentration will lead to unfilled sites. For
any selected suspension volume, a concentration allowing at least
one NW for each well (equivalent to 9.5x% 10° NW/mL) is clearly
needed to avoid empty sites. However, too high a NW concentra-
tion can lead to the formation of chains, bundles, or multiple NWs
assembled between electrode pairs, disrupting single-NW assem-
bly and reducing yield. Using the procedure in Methods Section
4, we determined by experiment that a concentration of 19x103
NW/mL (2 NWs for each well) was suitable, and repeatedly al-
lowed us to avoid problems associated with too high a concentra-
tion of NWs. Images of NW assembly with different NW concen-
tration are provided in Fig S17.

2.1.4 Brownian motion

In our experiments, random displacement of NWs due to Brow-
nian motion was observed when no electric field was applied.
However, when the electric field was applied, we observed NW
trapping within wells begin in about a second after the NW sus-
pension was introduced.

Inspite of our observation for this assembly process, we ask how
significant a disruptor Brownian motion could be, and in what
circumstances. Cumulative Brownian displacement could be dis-
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ruptive if it is comparable to, or greater than the displacement
due to the DEP force. It is less likely to be disruptive very close to
the electrode edges, where the field gradient and DEP force are
strongest, but has scope to disrupt motion along the capture path
at large distances from the electrode. The ratio of the root-mean-
squared (rms) NW displacement induced by Brownian motion to
DEP displacement has been estimated earlier22-23 for spherical
particles. We obtain results for cylindrical NWs, moving perpen-
dicular to the NW axis, in low Reynolds number flow. For this
case, the drag coefficient is given by2*

Y= Fy/u=4rnL/[In(2L/d) +0.5] @

Here L, d are the NW length and diameter respectively, the drag
force is Fy, u is the velocity of the NW relative to the fluid and n
is the dynamic viscosity of the fluid. With L=10um, d=0.25um
and n=1.2x1073 Pa.s for ethanol, the drag coefficent value is
3.09x1078 kg/s. The reader is referred to the steps in the Ap-
pendix of this manuscript, for derivation of the ratio of Brownian
to DEP displacement, in elapsed time ¢, which yields,

AXp,/AXpp = 1/ (2ksT) /(1) = \/ QKT [(F21) ()

Here F is the DEP force, kg is Boltzmann’s constant and absolute
temperature 7=293K. The ratio is inversely proportional to NW
velocity, and decreases with elapsed time as r~'/2. There is no
known way of measuring forces, or velocities normal to the ob-
servation plane, for individual NWs during this assembly process,
and we expect both will depend on NW height above electrodes.
However, we may use Eq. (2) to examine the role of Brownian
motion from an order of magnitude estimate. Fluid depth in the
dam is ~100 um. An assembly time ~1 s, for a distant NW in the
vicinity of the fluid-air interface, yields an estimate for maximum
NW velocity of ~100 um/s, for which the value of AXp,/AXpErp
is calculated to be 0.005. For a more reasonable starting NW
distance of ~10 um, the velocity would be ~10 um/s, and this
ratio would be 0.05. NWs at starting distances ~1 um or lower
would be in the highest field gradient region and close to capture
within the wells. In accord with our experimental observations,
this rough estimation process confirms that Brownian motion is
not a significant disruptor.

However, the value of this rough scaling analysis is that it shows
Brownian motion could be a significant disruptor for slow-moving
NWs, low DEP force and for liquids at low temperatures or with
high viscosity.

2.1.5 Electrothermal force

Electrothermal force is another disruptor for DEP-assisted posi-
tioning of NWs. The current due to applied electric field causes
local heat generation in the solution. The resulting temperature
variation, if significant, would lead to conductivity and permit-
tivity gradients in the fluid. Therefore, the force imposed on the
medium by electric field can vary in different parts of the fluid
and induce fluid flow, named electrothermal flow, which inter-

acts with NW positioning. The fluid temperature change is given
by22.23;
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where K and o, are thermal and electrical conductivity of
the fluid medium respectively (K =0.171 W.m~'.K !and o, is
2.19%x1075 Sm™! for ethanol®®). The maximum applied voltage
in this work, V,,; =7 V yields a temperature rise of about 103
°C. For this small temperature change, the effect on permittivity
and conductivity is negligible and electrothermal fluid flow is not
considered as a disruptor in this work.

In this section, we have used results of analysis and computa-
tion as a rough guide to (a) find which potential disruptors are
negligible (here, Brownian motion and electrothermal force) and
(b) impose constraints on physical parameters (such as ratio of
electrode gap width to NW length) to make disruptors negligible.
We also used experiments to eliminate some potential disruptors
(capillary force and inappropriate NW concentration). Enforcing
these constraints reduces the dimension of parameter space. If
there is a resurgence of disruptors when modifications are made
to established parameter values for a given protocol, these con-
straints provide a path for correction. This greatly reduces time
spent compared to a trial-and-error approach with little intuition.

2.2 Strongly-coupled disruptors
2.2.1 Negative DEP

The time averaged DEP force is given by21,26:
2
wrel
Fpgp = Tnge[FCM]- v (ED) 4)
with .
e —&r
Fey = % ©)

where [ and r are the length and radius of a NW, g, is permittiv-
ity of the medium and E; is the electric field. Re[Fgy], the real
part of the Clausius-Mossotti factor, is positive over a range of fre-
quencies for conductive NWs suspended in alcohol and becomes
negative at sufficiently high frequencies 2026,

€, and ¢, are the complex permittivity of NWs and medium
respectively, defined as £* = & — j(Z) where o is the angular fre-
quency of the applied electric field. The sign of Re[F¢y,] dictates
the sign of Fpgp. NWs can be attracted to or repelled from the
wells when Fpgp is positive or negative, respectively. Here, we
eliminate nDEP simply by choosing frequencies below 10'° Hz
(Fig.3(b)), ensuring DEP remains solely a director. Later in this
paper, we will see that other constraints on frequency compel us
to use frequencies well below 10! Hz.

2.2.2 Electroosmotic velocity

Among electrohydrodynamic (EHD) effects, a strong potential
disruptor in this work is electroosmotic flow, which can interfere
with NW positioning by creating a vortical flow, as shown in Fig.
3(a). This flow is driven by the electroosmotic force F = gE;,
where E; is the tangential component of the electric field and ¢
is the surface charge density of the electrical double layer. Green
et al.*7 and Castellanos et al. > showed that electroosmotic fluid
velocity strongly depends on the applied frequency. In addition,

4| Journal Name, [year], [vol.],1-11

Eq. (5), plotted in Fig. 3(b), shows that Re[F¢y,] and as a result
Fpep, also depend on frequency. We show below, that a careful
choice of frequency can be used to overcome the disruptive effect
of electroosmotic flow.

The electroosmotic velocity, v, can be calculated using 2’

Em Vr%ns Qz Em Vrzms
— = Q 6
knowing the rms-value of applied voltage (V,,s), dynamic viscos-
ity of the electrolyte (1) and characteristic length x (half the gap
width between electrodes), and with Q, the dimensionless fre-

quency, defined as:

="kt %)
2 m

where x is the reciprocal Debye length of the double layer. For
liquids with a low dielectric constant, such as ethanol, k! is
~0.5 um?8. Electroosmotic velocity is plotted in Fig. 3(c) for
ethanol with €,=2.3 x 10" Em~! and 6,, = 2.19x107 Sm!,
at Vs =7 V and characteristic length of x =5 um. It shows a fre-
quency peak at ~103 Hz, which is termed the EO-characteristic
frequency. At low frequencies, here below ~10% Hz, the volt-
age drop across the double layer is high, making E; small, with
the resulting electroosmotic force F = gE; being too small to cre-
ate electroosmotic flow. At high frequencies, here above ~4x10*
Hz, we do not see electroosmotic flow, but for a different reason.
At this high frequency the double layer does not have sufficient
time to form?23-27  and the electroosmotic force is small because
q is small. The calculation above provides guidance for selecting
frequency to minimize electroosmotic flow. In addition, to enable
use of a normalized electrosomotic velocity, (V/Vyuayx), as a dimen-
sionless measure of the strength of this disruptor, Eq. (7) shows
that the maximum value of f(Q) occurs at Q=1, yielding Vg =
(&xV2,)/(16xn) . This parameter, V,qy, will be used in Sec 2.4.

2.2.3 Electrode polarization

The presence of an electrical double layer gives rise to another
disruptor, electrode polarization. Electrode polarization causes
a voltage drop adjacent to the electrode, and as a result, the
effective voltage (V,sr) that provides the field strength for NW
positioning, becomes less than the applied voltage (V,,;s). The
electrical conduction path, shown in Fig. 3(d) (inset) consists of
electrolyte resistance R; for conduction through the suspending
medium with two capacitive impedances (C,,) in series, associ-
ated with the electrical double layers and photoresist at each of

the two electrodes. The total impedance Z7 is defined 230 by:
Zr =Ry[l + —— 2 ] €©)]

JOCeqR

Here C,; = [C4Cpr/(Cy+Cpr)], where C; and Cpp are the ca-
pacitance of the electrical double layer and photoresist layer over
the electrode, respectively. For electrodes of surface area S, with
photoresist thickness of  and k! as a measure of double-layer
thickness, C; = ek and Cpg = €1~1S. Ry is calculated approximat-
ing the conduction path as having length equal to gap size (2x)
and a cross-section defined by electrode width and a measure of

the double-layer thickness, k.

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Effect of frequency on director or disruptor forces: (a) Electroosmosis force (F) is a disruptor that drags NWs away from electrode gap.
Frequency changes affect the competing director and disruptor forces by (b) altering the magnitude of DEP director force as a result of the change in
the magnitude of Re[Fr)] and (c) altering electroosmotic velocity of disruptor fluid vortices. (d) The ratio of the effective voltage to applied voltage for
different gap sizes changes vs frequency due to electrode polarization (disruptor), modeled as an RC circuit (inset).

The ratio (V,7/Vims), the normalized effective voltage for DEP,
may be defined, as seen in the inset of Fig. 3(d), by:

~ Vegr - 1 = 1

Ny = =
Vrms L+ (orcs; )
sCeq

9

2
1+ soke,

The minimum normalized effective voltage for DEP (Ny =0) oc-
curs when the electrode polarization disruptor effect is maximum
and vice versa. Therefore, normalized electrode polarization is
defined as:

Ngp=1—Ny (10)

Fig. 3(d) shows that at frequencies less than 10° Hz only a
fraction of applied voltage is available for NW positioning and
below 103 Hz, Ny goes to zero as the value of Ngp approaches 1.
As seen from a curve for any single value of gap size in Fig. 3(d),
we may maximize the fraction of applied voltage available for
DEP to Ny =1 by increasing the frequency. Our choice of electrode
gap size is determined by NW length and the constraint to avoid
disruptive torque. How does this choice affect the strength of
electrode polarization as a disruptor?

The effect of varying electrode gap size is seen in the curves
in Fig. 3(d), which shows that electrode polarization vanishes
at higher frequencies for smaller electrode gap size (2x). This
effect can be explained by the effect of relaxation times defined
by Bazant et al. 3! as 7. = 2xx~! /D where D is the ion diffusivity.
Larger gap widths (2x) require longer charging time 7., and a
lower frequency must be used to achieve the same double-layer

This journal is © The Royal Society of Chemistry [year]

thickness. As seen in Fig. 3(d), if the same frequency is used
for larger gaps, the effective voltage available for the DEP field is
increased, reflecting the reduced double-layer thickness.

2.3 Experimental observation:
disruptors on assembly yield

effect of strongly-coupled

In the last section, we have shown that frequencies higher than
103 Hz would be required to eliminate both electroosmotic flow
and electrode polarization disruptors. To see the effect of these
disruptors on yield, pre-clamped yield was measured at two fre-
quencies: {1} 10* Hz, at which theoretical results in Fig. 3(d)
show that only ~16, 28 and 38% of applied voltage is effective
for NW assembly for gap sizes of 6, 8 and 10 um respectively, and
{2} 10° Hz, where V, rf is almost equal to Vys. If the theoretical
results in Fig 3 (c) and (d) are accurate, pre-clamped assembly
yield should show a significant increase at 10° Hz, compared to
10* Hz. Experimental results are shown in Table 1 and Fig.4

{1} After eliminating weakly-coupled disruptors by following
the guidelines provided in Section 2.1, NW assembly between
electrodes with gap sizes, 2x, equal to 6, 8 and 10 um, was ob-
served at 10* Hz. Almost no assembly occurred at voltages less
than 7 V (rms) at this frequency. Increasing applied voltage to
the maximum value available to us, 7 V (rms), 15 to 20% of wells
filled with NWs. For each gap size, Vs /V,ms at 10* Hz (based on
Fig. 3(d)) and experimental yield of pre-clamped NWs are shown
in Table 1.

{2} The yield was then studied for a range of voltages between

Journal Name, [year], [vol.], 1-11 |5
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Table 1 Pre-clamped experimental yield (Exp. yield) at 10* Hz and 7 V
(rms). Theoretical V,z¢/V,ns was calculated using Fig. 3(d).

Gap size Exp. yield
(um) Vers / Vims (%)
10 0.38 20
8 0.24 18
6 0.18 15
100 ,
© s &
2 80 SN
o] 4 *
L e60r ..
§
o 40 « 8 @ Gap size (2x):] |
Dlh_ 20 g :;0 um
o\o L * um
L . ¢ 6 um
I 6

2 4
Applied Voltage (Vrms)

Fig. 4 Experimental results showing the effect of applied voltage on
pre-clamped yield at 10° Hz for three different gap sizes (2x). Larger
gap sizes have higher threshold voltage (2, 1 and less than 0.7 V (rms)
respectively) for 2x=10, 8 and 6 um. Highest assembly yield occurs at 7
V (rms).

0.7 to 7 V (rms) at 103 Hz as shown in Fig. 4. For each gap size,
there is a threshold voltage below which NW assembly does not
occur due to the small value of Fpgp. As seen in Fig. 4, NW
assembly does not occur at voltages below 2, 1 and 0.7 V (rms)
for 10, 8 and 6 um gap sizes respectively. Increasing the applied
voltage and resulting Fpgp increases the assembly yield. The
maximum yield realizable, occurs at the highest available voltage
of 7 V (rms) at 10° Hz. For this condition, we used two dies of
9500 sites, for each gap size. The measured pre-clamped yield
varied with gap size. Several optical micrographs such as in Fig.
5, were used to determine the yield. The yields were 91% and
93 % for 6 um gap, 94% and 95 % for 8 um and 94% and 96 %
for 10 um gap size, resulting in an averaged pre-clamped yield
of 94%.

2.4 Director-disruptor competition

To separate the director-dominant region from the region of com-
petition, seen in Fig. 6(a) and (b), we introduce a cut-off fre-
quency, at which the disruptive effects of normalized electroos-
motic velocity and normalized effective voltage for DEP (Ny) are
less than 5%. Normalized electroosmotic velocity Ngo is defined

as: N
\% 4Q

Npo= ——= 222 11

EO Vionee (1+Qz)2 ( )

where v, defined in Sec 2.2.2, is the maximum electroosmotic
velocity at EO-characteristic frequency. Ngo provides a non-
dimensional measure of the strength of this disruptor.

Regions with frequencies greater than cut-off frequency are
director-dominant regions. If the DEP force in this frequency

6| Journal Name, [year], [vol.],1—11

Fig. 5 Single NWs aligned in almost every well (green arrows) at 10° Hz
and 7 V (rms). Red arrows show misaligned NWs.

range has magnitude sufficient to direct NWs, it will face negligi-
ble competition from disruptors in this region. Fig. 6(b) shows
that when ethanol is used as the medium, a large disruptor-free
frequency range is available, beginning at ~10° Hz and extending
to ~10'0 Hz, the frequency for cross-over into the nDEP region.

The region with frequencies less than the EO-characteristic fre-
quency (peak) is disruptor-dominant. Here high electrode polar-
ization and electroosmotic fluid flow overcome the directive ef-
fect of DEP force and decrease the yield dramatically. At frequen-
cies between cut-off and EO-characteristic frequencies, as seen
in the central region of Fig. 6(a) and (b), directors and disrup-
tors are competing. The cut-off and EO-characteristic frequencies
vary as the medium changes, since both Ngy and Ny depend on
the electrical properties of the medium. To investigate the effect
of suspension medium properties, we chose water and ethanol
and plotted Ngp and Ny vs frequency. Fig. 6(a) and (b) shows
the three regions for water and ethanol respectively. The higher
cut-off and EO-characteristic frequency for water compared with
ethanol is due to the higher conductivity of water.

The competing region is an important region to study as the
competition between forces can decrease or increase the device
yield. How can the effect of competition between the director
and the dominant remaining disruptors on device yield be ap-
proached quantitatively? As we have earlier (in Section 2.1) re-
moved weakly-coupled disruptors, we now define a parameter,
the yield index B, such that f=1 if there is no reduction of DEP
by disruptors and =0, if the disruptors are at their maximum
value. f is defined as:

B=1—Ngp—Ngo (12)
Using Eq. (10), this can be rewritten as:
B =Ny —Ngo (13)

Fig. 6(c) and (d) shows how the region of competition and the

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Director-dominant (green), disruptor-dominant (pink) and competing region (yellow) for water (a) and ethanol (b) with electrical conductivity of
5x 103 and 2.19x 10~ Sm~! respectively. The yield index for water (c) and ethanol (d) indicates that a higher frequency is required for the effect of
disruptors to be negligible in water, compared to ethanol. For this comparison, electrode gap size was 10 um and 1um photoresist layer was

considered on the electrodes.

resulting yield index change with respect to frequency in water
and ethanol respectively. For our selected parameter values, it
shows that the yield index is maximum at frequencies higher than
2x10° Hz for water and 10° Hz for ethanol.

Fig. 6 enabled comparison of yield indices and operating pa-
rameters for suspension fluids -water and ethanol- with different
properties. In this work, a layer of photoresist was coated on the
electrodes (see Section 4.3). To calculate the yield index, the ca-
pacitance of the photoresist has to be included while calculating
Ceq in Eq. (8). The resulting yield index with ethanol, plotted
in Fig. 6(d), shows that the yield index increases slightly from
0.98 to 0.99, in moving from 10° to 2x10° Hz. However this fre-
quency change would cause the term Re[F¢y,] in the DEP force to
decrease in value by nearly an order of magnitude from 6x10!!
to 9x10!0 (from the data used to create Fig 3(b)). In this case,
to prevent large DEP force reduction, we select 10° Hz and forgo
the small increase in yield index available at 2x10° Hz.

2.5 Clamping

Field-directed assembly typically requires clamping of the NWs,
to secure them in place for a circuit or network (integration), or
to build individually addressable NW devices. These may require,
at one or both ends of a NW, electrical contact or a firm pedestal
for nanomechanical applications of NWs. Here we briefly dis-
cuss clamping and post-clamped device yield. Methods such as

This journal is © The Royal Society of Chemistry [year]

electron beam induced deposition (EBID) '8 incur a cost propor-
tional to the number of clamped devices; their cost becomes pro-
hibitive for large arrays. Simultaneous electrodeposition of all
required clamps on a chip, using the metal electrodes designed
for DEP, circumvents this cost penalty. Electrodeposition of gold
from cyanide-based solutions has been demonstrated in previous
work with metal NWs> and with silicon NWs 1>, to enable clamps
of repeatable rigidity. Here, the use of silver (Ag) in place of
gold enables a reduction in step cost (current cost ratio 1:65 for
Ag:Au) and removes the dependence on toxic gold cyanide solu-
tions. Fig. 7 shows a clamp fabricated to create a cantilevered
NW with (inset showing) uniform interfacial contact of Ag.

Fig. 8 is selected to illustrate examples of defects -empty sites
and NWs broken or misaligned during clamping in a high yield
post-clamped array. More examples are provided in Fig. S4+
and S51. Other defects such as chained and multiple NWs are
rarely seen, following our control of NW concentration. The inset
shows a single clamped NW suspended about 500 nm above the
electrode surface and free to serve as a mechanical resonator.

Since post-clamped yield can be lower than the yield from the
assembly process alone, for a meaningful comparison of the re-
sults of different approaches, it is important to check which one is
implied in published reports. For example, the 80% yield quoted
in the work of Li et al. 1> refers to post-clamped yield and may
be compared with the 88% yield in the current study. Freer et

Journal Name, [year], [vol.], 1-11 |7
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Table 2 Table of comparison: identifying director and disruptor forces influencing the yield of single NW assembly in selected studies focused on
increasing the yield of individually addressable single NWs. Effects marked by i are classified as director or disruptor by us, based on qualitative
information provided in the source. pDEP and nDEP refer to positive and negative dielectrophoresis.

Source Director Disruptor Method
e nDEP
o High NW concentration
oo TR  Coplrya doying o oy &
e Capillary inside wells » Electrode polarization experimental
e Low pDEP at very high frequency
o Electrothermal fluid flow
Collet et al. 19 * pDEP e Very high pDEP Analy_tical &
: e Capillary e Electrode polarization # experimental
e Low DEP force at pDEP to nDEP Computational

Palapati et al. '8

transition frequency

o Electrode polarization

& experimental

e Hydrodynamic drag force in mi-
crofluidic channels

e Very high pDEP

Freer et al. 12 e pDEP e Hydrodynamic drag force in mi- ?}?aé}r?rlgzhil
e Electrostatic repulsion between  crofluidic channels P
NW-NW and NW-electrode
20 o Electrothermal fluid flow Computational
Burg et al. * pDEP e Electroosmosis & experimental
. o Electroosmosis -
Z{la}lfghaudhurl et pDEP e Electrode polarization ?;agitrlrclaelllil
’ e Low pDEP at very high frequency P
Lietal I e pDEP eElectrode polarization Analytical &
Smith et al. 13 e Capillary inside wells e Capillary in drying front# experimental
9 e Very high pDEP Analytical &
Boote and Evans * PDEP e Electrode polarizationf experimental

Fig. 7 Single-end-clamped nanoresonator using electrodeposited silver
as clamp material, with inset showing the uniformity of the silver clamp
around the NW.

al. 12 and Collet et al. 1 each introduce innovations, with new di-
rectors for yield enhancement. Using microfluidic channel flow 12
and capillary force?, yields of 98.5% and 81% respectively, are
reported by these groups. These studies do not attempt clamping,
hence, the numbers from these studies should be compared with
the pre-clamped yield of 94% in this work.

2.6 Towards a generalized director-disruptor framework
The entry to the literature on electrohydrodynamic (EHD) field-
directed assembly of NWs to date may seem daunting to a new
user. This comes from the fact that a number of effects such
as DEP, electroosmosis, electrode polarization and electrothermal
are involved, with varying roles reported in different studies. A
few examples listed in Table 2, show that the same effect can

8| Journal Name, [year], [vol.],1-11

serve either as a director or disruptor. For example, capillary
force at moving front is a disruptor in this work and a director
in!%; positive DEP (pDEP), the main director for all studies, can
be a disruptor at high magnitudes®1%1? as it can cause NW to
attach on the electrodes instead of in the gap between them1®
or lead to positioning more than one NW between electrodes%12;
low pDEP is identified as a director in '8 and a disruptor in'4 and
in our study. The intensity of each effect as well as its degree of
coupling to others, varies in these studies. Further, each one of
several physical parameters such as geometry, material properties
and frequency and magnitude of applied voltage, can contribute
to more than one effect.

The focus of this study is the introduction of a general frame-
work for field-directed NW assembly processes, not limited to
DEP, which will help to choose parameter values to maximize de-
vice yield. For any field-directed assembly process we propose a
systematic procedure with the steps listed below. Sections of this
paper where the work done serves as an example for each step,
are noted in parenthesis below:

1. List the relevant effects and identify the physical parameters

involved for each one. See Sections {2.1 and 2.2}.

2. Identify each effect as a possible director or disruptor. Sec-
tions {2.1 and 2.2}.

3. Where possible, estimate which disruptors are too weak to
be significant; discard them. Sections {2.1.4 and 2.1.5}.

4. Identify disruptors that are not strongly coupled to any direc-

tor -remove them, wherever possible, by experimental mod-
ification. Sections {2.1.1, 2.1.2 and 2.1.3 }.

This journal is © The Royal Society of Chemistry [year]
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Fig. 8 High yield clamped single NW and defects. Green arrows:
perfectly positioned and clamped NWs; blue arrow: a broken NW after
clamping and removing photoresist; white arrow: NW bundle instead of
single NW; orange arrow: no NW; red arrow: misaligned NW.

5. Examine remaining effects for which director-disruptor cou-
pling could be strong -typically where both are either in-
creased or decreased by the same change in any single phys-
ical parameter. Section {2.2}.

6. Use physical intuition, experiments, analysis or computa-
tion, to seek a minimal set of the simplest non-dimensional
parameters that represent the competition between the re-
maining directors and disruptors well enough to be indica-
tors of yield. Section {2.4}.

For the example protocol of DEP discussed in this work, us-
ing steps 1 to 6, we found that a single non-dimensional param-
eter, the yield index, can be used to represent the competition
between the director (pDEP) and the strongly-coupled disruptors
(electroosmosis and electrode polarization).

The number for the yield index should not be interpreted as
the expected value of pre-clamped NW yield -e.g. a yield index of
0.94 is not the same as an expectation of 94% pre-clamped yield.
The yield index 8 we have defined has value 1 if the disruptors are
negligible and value O if the disruptors dominate and prevent DEP
from functioning. The value of f is a guide which tells us how to
move in the direction of disruptor reduction. We first determined
frequency (here, 10° Hz) to make f close to 1. Further increase in
the frequency would yield small disruptor reduction, but it would
significantly reduce the DEP force due to reduction of Re[F¢y] as
discussed in Section 2.4. Therefore, we fixed the frequency. In
order to increase the DEP force to try and achieve the best yield
possible, the applied voltage was increased, as shown in Fig 4.

Aside from the primary use of the yield index discussed above,
we note that the framework with resulting equations, can be use-
ful even after a good working set of parameters for high yield
index is finalized, and a high yield experimentally confirmed. Ex-

This journal is © The Royal Society of Chemistry [year]
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perimental considerations other than those related to the DEP
assembly, may impose a new constraint on one of the parame-
ters such as electrode gap size, property of the medium, or the
frequency of the field. Considerable effort would be required to
arrive at a new set of parameter values by experimental trial-and-
error alone. Following the steps of the framework and equations
given in Sections 2.1, 2.2 and 2.4, one can quickly obtain work-
ing estimates for remaining parameters, and use them to guide
experiments confirming the best values.

This approach enabled a selection of physical parameters to
significantly improve the post-clamped yield with respect to the
earlier study of Li et al. 1> and obtain pre-clamped yield value
close to the maximum yield reported to date by Freer et al. 12,
but without the additional experimental cost and complexity of
implementing microfluidic channels.

3 Conclusions and outlook

Field-directed assembly enables large-area coverage with individ-
ually addressable NW devices. The assembly cost is independent
of area, with potential to aid nanoscale research and to open a
path for nanomanufacturing. This study introduces a general
director-disruptor framework of steps for any field-directed NW
assembly process.

One of several directed assembly methods from the literature
with positive dielectrophoresis as the main director was selected
to serve as an example, to test the utility of the framework.
We identified potential disruptors and estimated those that were
weak, or weakly-coupled to the director. With guidance from
analysis, computation, or experiment in this and earlier published
work, we eliminated weak disruptors and defined constraints be-
tween variables for the weakly coupled disruptors. We then pro-
posed a definition for a non-dimensional yield index, to capture
the competition between the remaining disruptors and directors.
The identification of constraints, as well as the definition of ap-
propriate dimensionless parameters, improves intuition about the
assembly process, reduces the dimension of parameter space and
enables the determination of parameter values with far less trial-
and-error. The values of several experimental parameters, such as
electrode area and gap size, properties of the suspension medium
and frequency of the applied field, were reflected in the yield
index. Guided by the variation of the yield index, we obtained
the maximum yield (88%) of functional (post-clamped) devices
among published reports we have found in the literature to date.

The constraints and dimensionless parameters (such as the
yield index here) should be determined afresh for any new field-
directed assembly method. Once determined, they provide a ra-
tional path for selecting new parameter values, with greatly re-
duced trial-and-error, if any experimental parameter needs to be
changed for reasons other than assembly process. In doing so,
the director-disruptor framework has potential to serve as a ve-
hicle for better understanding of the process, and for providing a
rational, economical path towards design of a nanomanufactur-
ing process for commercial and scientific use of large arrays of
NW devices.

Journal Name, [year], [vol.], 1-11 |9
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4 Experimental methods

4.1 Nanowire synthesis

Rh NWs were synthesized in porous membranes from an aque-
ous rhodium sulfate solution (RH221D from Technic). NWs with
length up to 12 um were synthesized by electrodeposition at -
400 mV with respect to a Ag/AgCl reference electrode in 60
minutes32. Nanoporous AAO membranes with 200 nm nomi-
nal pore size and thickness of 60 ym (Whatman) and polycar-
bonate membranes with 400 nm nominal pore size and thick-
ness of 20 um (Sterlitech) were used for NW synthesis. NWs
extracted from polycarbonate template are closer to a perfect
cylinder than NWs synthesized in AAO templates. If this is im-
portant, the use of a polycarbonate templates is recommended.
After dissolving the template (AAO by 3M NaOH and polycarbon-
ate by dichloromethane), the NWs were suspended in ethanol.
Electrodeposition experiments were controlled using a Princeton
Applied Research VersaStat3 potentiostat/galvanostat. A detailed
discussion of the NW synthesis is available in earlier work32.

4.2 Nanowire concentration measurement

A known volume of NW suspension was dried on a silicon sub-
strate. Fifty non-overlapping optical micrographs, including cen-
ter and edge regions of the dried-out drop were analyzed using
ImageJ software and the average was used to compute the to-
tal number of NWs in the sample. We found that concentrations
above 3.3x10% NW/mL result in multiple layers or clumps of NWs
on the substrate which does not allow for a credible count for
NWs with this method. For assembly, we found that a concen-
tration two orders of magnitude below this value was required
to prevent chaining and multiple NWs per die. Hence, measure-
ments of concentration made for the assembly are far below this
limit.

4.3 Nanowire assembly

Six separate dies, each with 9500 NW assembly sites defined by
electrode pairs with different gap sizes, were patterned using pho-
tolithography and metal lift-off on a silicon substrate with 300
nm of wet thermal oxide. Fig. 1 illustrates the patterning steps
to which the following details apply: (a) patterning a ~1 um
thick layer of deep ultraviolet (DUV) PMGI SF-11 photoresist (Mi-
croChem) hard-baked (at 200°C for 5 min) to create wells for
trapping NWs between each electrode pair. The wells are ~500
nm deep with lengths of 12, 14 and 16 um for electrode gap
sizes of 6, 8 and 10 um respectively (b) micro-pipetting 10 uL
of suspension over each die, with AC voltage (frequency and volt-
age value determination discussed later) applied across all chosen
electrode pairs to trap NWs within wells. A layer of Shipley 1811
photoresist (MicroChem), ~1 um thick was then spun and pat-
terned to create a photoresist mask for exposing the PMGI layer
over one electrode of each pair, to enable clamping of the NW end
(c) electrodeposition of Ag, from Silver Cyless (succinimide) solu-
tion (Technic), to clamp one end of the NWs followed by removal
of all photoresist and critical point drying.

PMGI photoresist was chosen in this process for several rea-
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sons. Ethanol dissolves Novolac-based photoresists such as Ship-
ley 1811, but it does not dissolve the hard-baked PMGI photore-
sist. Therefore, the electric-field assisted NW assembly, using NW
suspended in ethanol, was conducted on hard-baked PMGI as an
insulating layer to prevent short circuit occurrence for the large-
scale NW assembly. Finally, Shipley 1811 and hard-baked PMGI
can be exposed at different wavelengths, enabling patterning of
PMGTI using DUV flood exposure through the Shipley mask.

The chief advantages of this fabrication sequence are: {a} cap-
ture of NWs at predetermined well locations {b} retention of NWs
by capillary force at the surface of the evaporating medium inside
the wells {c} removal of randomly scattered NWs with the pho-
toresist in the last step. This fabrication method eliminates the
disruptive effect of a high value of the dielectrophoretic (DEP)
force, reported by Collet et al. 19 which causes undesirable NW
attachment at several points on the electrodes.

The dielectrophoretic assembly process was performed using a
Signatone 1160 probe station. A function generator (Tektronix
CFG253) was used to apply frequencies up to 100 kHz and volt-
ages up to 7 V (rms). A Canon 60D digital camera was used to
observe the assembly of NWs. Post-clamped NWs were studied
using Field Emission Scanning Electron Microscopy (FESEM, Hi-
tachi S-4800).

4.4 Nanowire yield measurement

The percentage yield was computed from 500 out of 9500 ran-
domly selected wells per die (3000 of 57000 wells per wafer). Op-
tical micrographs provided in supplementary online documenta-
tion (Fig. S271 to S51) show blank sites and other defects observed
in the counting process. For measuring pre- and post-clamped
yield, if multiple NWs were positioned between electrodes, only
one NW per electrode pair was counted. Also, if a positioned NW
bridged less than half the gap-width as shown in Fig. S4+ , it was
not counted.

Appendix

Scaling analysis -Brownian and dielectrophoretic displace-
ment: Under the action of viscous drag force (F;), given in Eq.
(A-1), terminal velocity u is achieved when viscous drag force F;
opposing the motion becomes equal to applied DEP force Fpgp.

Fy = 4umnL/[In(2L/d) +0.5] (A-1)

For a NW of mass m, the acceleration changes from a = Fpgp/m =
F;/m to zero, as the velocity increases from zero to u. For a rough
estimate of time scale,

u_p

I

T (A-2)

pd”

In(2L/d)+0.5
e (2L /) +0.5]
For a rhodium NW with density p,=12,410 Kg/m?, L=10 um,
d=0.25 um and ethanol dynamic viscosity =1.2x103 kg/m.s,
we calculate 7 to be 1.2x10~7 s. Comparing this time to ob-
servation time ¢ ~1 s, the moving NW is almost always at ter-
minal velocity. Using the relation for Brownian displacement
with the Stokes-Einstein relation for particle diffusivity yields22
AXp, = (2kgTt/y)'/2. The displacement due to DEP force is

This journal is © The Royal Society of Chemistry [year]
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AXpgp = ut = (F/7y)t. The ratio of displacements, used in the
order of magnitude analysis in Section 2.1.4, is then given by:

AXp,/AXpp =/ (2K5T) /(2 y1) = \/QKsTY) /(F2)  (A-3)
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