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by improving both physical understanding [ 19,20 ]  and yield. [ 17,18 ]  
However, some key issues remains to be managed in a simple 
way, in terms of: (i) improving the NW concentration in the 
DEP-attracting region, and (ii) controlling the hydrodynamic 
forces exerted on the NWs while the solvent is dried. 

 One straightforward solution consists of delivering the NW 
solution directly to the DEP chip, and then applying the appro-
priate voltage signal before blow-drying with nitrogen. How-
ever, this method yields poor results because the NWs can move 
away from their initial-trapped positions during blow-drying. 
Increasing the applied voltage can circumvent this drawback by 
increasing the attraction of NWs to the surface; unfortunately, 
this process can cause multiple NWs to adhere to same con-
necting site. Freer et al. [ 18 ]  addressed these drawbacks by cou-
pling DEP with fl ow-assisted alignment, demonstrating very 
impressive yield. However, this approach requires a complex 
fl uidic cell coupled with precise control of the fl ow rate, which 
is diffi cult to implement at wafer scale. 

 In this communication, we report an innovative, affordable 
approach that combines the dielectrophoresis phenomenon 
and capillary assembly to align thousands of single NWs at 
specifi c locations at large scale. We detail the technique and 
provide a theoretical framework for assembling and separating 
multimaterial nanostructures, as well as for fabricating more 
complex architectures of assembled NWs. 

 A brief summary of the technique is as follows. NWs entering 
the DEP force fi eld will be attracted to precise locations between 
the DEP electrodes and must maintain their positions when the 
liquid solution is removed. To control the effects linked to this 
critical step, we coupled DEP with capillary assembly, [ 21 ]  which 
involves dragging the liquid meniscus of the NW solution on 
top of the substrate, with a controlled velocity and temperature 
( Figure    1  a). The assembly occurs at the three-phase contact line 
(Figure  1 b); while the liquid is evaporating, convective fl ow is 
created inside the solution, which locally increases the NW con-
centration at the liquid front. After the NW is trapped by the 
DEP forces, the thin fi lm of liquid around the NW evaporates, 
and the capillary forces fi x the NWs at the surface. Thus, our 
procedure combines these well-described phenomena with the 
DEP force to improve the capture effi ciency of each DEP site, 
the alignment of NWs and their precise location (Figure  1 c). 

  Silicon NWs (diameter ≈50 nm, length ≈4–5 µm), grown by 
the Au-catalyzed vapor–liquid–solid (VLS) technique (see Exper-
imental Section), were suspended in a solution of 80% isopropyl 
alcohol (IPA) and 20% deionized water to control meniscus for-
mation (see Experimental Section). A 20 µL droplet of solution 
was injected between the moving substrate and the fi xed glass 
slide. Metallic DEP electrodes were previously structured on a 

  Semiconducting nanowires (NWs) are 3D nanoscale building 
blocks with promising applications in, for example, fi eld-effect 
transistors (FETs), [ 1,2 ]  biosensors, [ 3,4 ]  and optoelectronic compo-
nents. [ 5,6 ]  The fabrication of semiconducting NWs, synthesized 
by a bottom-up approach, has made impressive progress toward 
providing high-quality nanostructures made in tunable mate-
rials and heterostructures. [ 7 ]  However, postgrowth NW manipu-
lation and positioning through a generic, large-scale alignment 
method remains a challenge [ 8 ]  in envisioning NW-based devices 
as credible commercial products. Different techniques, such as 
Langmuir–Blodgett deposition, dry transfer printing, and cap-
illary force assembly, [ 9 ]  have been proposed. However, these 
methods cannot easily accomplish single-NW alignment and 
precise positioning [ 10–12 ]  without a certain degree of fabrication 
complexity, [ 13 ]  or the use of high-resolution patterning tech-
nique (electron-beam lithography) [ 14 ]  that is time-consuming 
and cost-ineffective, making the process diffi cult to adapt batch 
fabrication. Because of its potential to overcome these limita-
tions, dielectrophoretic (DEP) assembly is receiving increasing 
attention. Smith et al. [ 15 ]  showed that a nonuniform electric 
fi eld applied between interdigitated electrodes can induce sig-
nifi cant polarization of dielectric nanostructures. The resulting 
DEP force allows the NWs moving in the solution to overcome 
other forces (e.g., hydrodynamic drag, gravity, electrothermal, 
intraparticle, and surface–particle adhesive forces) [ 16 ]  and to 
localize on the electrodes at specifi c predefi ned locations. 
More recent studies [ 17–20 ]  have advanced the DEP technique 
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6 in. Si wafer. They were electrically isolated from the surface 
by a planarizing dielectric layer that was deposited by spin-on 
glass (see Experimental Section). In this work, the DEP intere-
lectrode gaps were maintained constant (≈0.75 of the NW 
length [ 22 ] ) to apply the maximum DEP force to the NWs. 

 A sinusoidal voltage signal of 3.2  V  pp  at 50 kHz was applied 
between the DEP electrodes. The voltage value had to be suf-
fi ciently large to initiate assembly, but not so high to avoid any 
dielectric breakdown. Under these optimized conditions, we 
localized aligned NWs in 81% of the specifi c identifi ed spots 
(>500 sites), as illustrated in Figure  1 c and in Figure S1 (Sup-
porting Information). Coupling dielectrophoresis with convec-
tive assembly resulted in a fi vefold improvement in the cap-
ture effi ciency of the technique (Figure  1 d). This capture yield 
is good, considering that the 5 µm NWs are relatively short 
(higher yields have been obtained [ 18 ]  with longer NWs). The cap-
ture yield is not limited by the combined assembly approach, 
but rather by the purity of the NW solution. The DEP electrodes 
tended to capture small particles instead of NWs (see Figure S2, 
Supporting Information), indicating that purifi cation [ 23 ]  of the 
NW solution would lead to an even higher rate of success. 

 The maximum capture effi ciency for undoped silicon nanow-
ires (Si NWs) ( Figure    2  a) was obtained with a specifi c DEP fre-
quency of 50 kHz. For a better understanding of the underlying 
mechanisms, the DEP force exerted on a particle can be approx-
imated by the analytical expression [ 24 ] 

     

� �
Re[K( )]DEP m

2F Eε ω= Γ ∇   (1) 

 where Γ  is a geometric constant that depends on the shape and 
volume of the considered nanoparticle, mε  is the permittivity of 

the medium, 
�

2E∇  is the gradient of the square modulus of the 
electric fi eld, and K( )ω  is the Clausius– Mossotti factor, which 
is a function of the angular frequency of the applied fi eld ω  
and the respective permittivity and conductivity of the medium 
( ,m mε σ ) and the NWs ( ,p pε σ ). 

  We used short NWs (3–5 µm in length) to focus our study on 
the scale-up and integration processes, even though the lower 
DEP force on shorter NWs makes this process more diffi cult. 
Unlike an isotropic spherical particle, NWs are considered to 
be 1D structures because of their high aspect ratio. Conse-
quently, their polarization varies depending on their original 
orientation with respect to the electric fi eld gradient. Thus, 
the Clausius–Mossotti factor K( )ω  can be expressed along 
the long and short axes of the NWs, [ 17 ]  as in Equations  ( 2)   
and  ( 3)  .
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   Figure  2 a shows the variation of these two contributions as a 
function of the DEP signal frequency. In the case of undoped Si 
NWs, the optimum frequency of capture ( F  cap ) was obtained at 
50 kHz, leading to the following empiric tradeoff between the 
contributions of the short and long axes:

     Re[K ( )] 3000Re[K ( )]long axis short axisω ω≈   (4) 
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 Figure 1.    Capillary-assisted dielectrophoresis technique for wafer-scale assembly of single NWs. a) 3D view of the assembly setup at wafer scale that 
couples capillary assembly with DEP-interdigitated electrodes. b) Schematic cross-sectional view of the liquid meniscus (triple line) at the evaporation 
front on the buried DEP electrodes. c) Large-scale assembly of single NWs, shown by tilted SEM images at small, medium, and high magnifi cation. 
d) Comparing the capture yield of DEP alone and coupled with convective assembly.
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   For better insight into the situation, Figure  2 b shows the 
DEP force parallel and perpendicular to the DEP electrodes in 
the cases of three characteristic frequencies: the optimum cap-
ture frequency ( F  cap  = 50 kHz), a higher frequency (500 kHz), 
and a lower frequency (10 kHz) based on multiphysics mode-
ling (see Figure S3, Supporting Information). At low frequency 
(10 kHz), the magnitude of the DEP force was signifi cant, but 
its direction was mainly oriented toward the DEP electrodes. A 
NW subjected to this force cannot be attracted toward the gap 
unless it is already located above it. At 500 kHz, the magnitude 
of the DEP force was very weak and insuffi cient to attract the 
NWs at the desired location. At 50 kHz, a good balance was 
found between the orientation and magnitude of the DEP force, 
resulting in a tendency of the NWs to align in the gap between 
the electrodes. 

 According to Equations  ( 2)   and  ( 3)  ,  F  cap  is intrinsic to the 
considered material, and depends on its dielectric permittivity 

pε  and conductivity pσ . We experimentally demonstrated that 
InAs or ZnO NWs exhibit an optimum frequency shift com-
pared with Si NWs (Figure  2 c), with  F  cap  = 500 kHz for InAs 
and  F  cap  = 2 MHz for ZnO. The impact of the conductivity on 
 F  cap  is evaluated in Figure  2 d for two materials (Si and InAs) 

with similar dielectric permittivity constants ( Siε  = 11.9 and 
InAsε  = 12.3). 

 The relationship between the respective contributions of 
the short and long axes, proposed in Equation  ( 4)  , was veri-
fi ed for three different cases: unintentionally doped Si (boron, 
10 15  at.cm −3 , pσ  = 30 S m –1 ), highly doped Si (boron, 
10 19  at.cm −3 , pσ  = 10 000 S m –1 ), and unintentionally doped 
InAs (3000 S m –1 ). Each type of NW exhibits its own-spe-
cifi c signature that can be used to infer the electrical proper-
ties of unknown nanostructures. Indeed, by measuring the 
optimal frequency using a frequency sweep, we can estimate 
the NW conductivity and, thus, the NW doping concentration 
(Figure  2 e). This technique can be a powerful tool to evaluate 
the incorporation of dopants during NW growth, without per-
forming electrical characterizations that require time con-
suming processes. 

 Finally, we explored the potential of our approach for fabri-
cating more complex-integrated structures. Firstly, NWs made 
of different materials can be sorted according to the optimal 
alignment frequency of the material constituting the NWs. A 
mixture of InAs and Si NW solutions was assembled into an 
ordered structure by switching the applied frequency (between 
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 Figure 2.    Infl uence of the NW properties on the optimal frequency of the DEP signal. a) Yield of NW capture and computed real part of the Clausius–
Mossotti factor, along the long and short axes of undoped Si NWs, as a function of the DEP frequency. The short axis contribution is found quasi-
independent of the frequency. The higher capture effi ciency was obtained at 50 kHz, where Re(K long axis ) = 3000 × Re(K short axis ). b) COMSOL simulations 
of the resulting DEP force fi eld (parallel, Fdep  x   and normal, Fdep  y   to the electrodes) for the three specifi c frequencies. c) Normalized yield of captured 
NWs as a function of the DEP frequency for several kinds of materials. The NWs used in these studies exhibit comparable dimensions. Static counting 
has been done by observing every DEP site with an optical microscope in high magnifi cation. d) Computed real part of the Clausius–Mossotti factor 
along the long axis as a function of the NW conductivity for several DEP frequencies. The intercept of the 3000 × Re (K short axis ) straight line with the 
Re (K long axis ) line gives the NW conductivity with its related capture frequency. Experimental results for Si and InAs NWs are provided as examples. 
e) Starting from a measured capture frequency, the abacus plot gives the corresponding concentration of n-type or p-type dopants in Si NWs. Experi-
mental points for undoped Si NW and doped p-Si NW are reported.
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50 and 500 kHz) in each column of DEP electrodes, once the 
meniscus of the NW solution reached the desired set of elec-
trodes ( Figure    3  a). Using this method, we separated the NW 
mixture into alternating columns of Si and InAs. Figure  3 b 
shows another confi guration to achieve cointegration of two 
different NW populations aligned side-by-side. The chemical 
analysis of each NW is shown in Figure S4 (Supporting Infor-
mation). Si NWs were fi rst assembled at a frequency slightly 
lower than  F  cap  (20 kHz) to fi ll approximately 50% of the DEP 
sites. Then, InAs NWs were subjected to the same assembly pro-
cedure to fi ll the remaining empty sites selectively. This process 
of integrating multiple materials can be applied to prepare mul-
tiplexed sensors [ 25 ]  (each material being sensitive to a unique 
species) or complementary transistors based on NWs [ 26 ]  for 
logic application. To this purpose, the fabrication of active device 
that integrates the aligned NWs is straightforward because 
(i) the alignment tools (embedded DEP electrodes) do not 
impose any constraints on the device process and (ii) the NW 
localization allows multiple mask alignments. As example, 

metallic diffusive contacts can be addressed separately 
according to the NW nature using conventional UV lithography. 
Figure  3 c,d shows two alloy/NW couples that offer a low 
Schottky barrier height with Ni-alloyed contacts on InAs NW 
and Pt-silicided contacts on p-Si NW (fabrication details are 
given in Figure S5 (Supporting Information)). Back-gated 
NWFETs show conventional current versus gate voltage char-
acteristics for p-type Si/n-type InAs devices (Figure  3 e,f). The 
extracted carrier mobilities of 250/1450 cm 2  V –1  s –1  for holes/
electrons, respectively, are comparable to ones obtained in pre-
vious works, [ 27,28 ]  indicating that the NW alignment method 
does not affect the electronic characteristics of the fi nal device. 

  Besides the integration of multiple materials, our combined 
assembly approach is of interest for preparing more complex 
structures that include NWs. Capillary assembly of the NWs 
aligns the nanostructures mainly according to the drag direction 
( Figure    4  a). Once anchored on the substrate, each NW becomes 
an obstacle to the continuous movement of the meniscus and 
causes a deformation of the meniscus around the NW, which 
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 Figure 3.    NW separation and cointegration into multicomponent materials. a) Schematic view of the process for separating InAs and Si NWs from 
a mixed solution. The applied frequency was switched from 50 to 500 kHz when the meniscus reached the desired set of DEP electrodes, in order to 
attract Si NWs (low frequency) and InAs NWs (high frequency). b) SEM view of side-by-side cointegration of InAs and Si materials, where NWs of dif-
ferent types are shown with false colors. The chemical composition of each NW was identifi ed by EDS (see Figure S4, Supporting Information). SEM 
views of NWFETs made on aligned NWs of c) Si with PtSi S/D contacts and d) InAs with NiInAs S/D contacts.  I  ds – V  g  characteristics of e) Si p-FET 
with  V  ds   – 2V and f) InAs n-FET with  V  ds  0.1 V.
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turns around its anchoring point by a “lever arm” effect and 
aligns itself perpendicular to the contact line (Figure  4 b). The 
alignment of NWs is obtained via the action of the torque of the 
lever arm, 

� �
cosmen NWM F L α= × × , where  L  NW  is the NW length, 

α  is the angle of the NW with the drag direction, and 
�

menF  is the 
meniscus force, estimated in the range of hundreds nN. The 
Figure S6 (Supporting Information) provides the equations to 
derive this force, which is equal to the gradient of the potential 
energy of the meniscus deformation. 

  The meniscus force can be purposely used in advanced exper-
iments. For example, instead of dragging the glass slide along 
the axis of the DEP electrodes (as in Figure  1 ), the meniscus 
displacement direction can be tilted to an arbitrary angle, 
resulting in NWs positioned at the desired location but oriented 
according to the drag direction (Figure  4 c,d). Depending on the 
gap between, number of, and layout of electrodes, numerous 
designs can be foreseen. As an example, two successive assem-
blies with angles of 45° and 135°, respectively, were achieved. 
The structure obtained (Figure  4 e) is a cross with a very small 
area (<10 µm 2 ) made by two Si NWs and correctly positioned 
between the DEP electrodes. 

 Coupling DEP and capillary assembly is an innovative 
approach to manipulate and address single NWs at low cost 
and wafer scale. It can be used for the rapid characterization of 
NWs incorporated into different materials and/or with various 

conductivities. This approach shows promise for fabricating 
nanostructured assemblies, where different materials must be 
separated, and for implementing more complex integration 
schemes based on multiple materials and multiple NW struc-
tures. This method is completely generic; the postalignment 
processing does not depend on the NW assembly because the 
DEP electrodes are embedded into a fl at dielectric layer. More-
over, the assembly procedure can be implemented on various 
host substrates, even temperature-sensitive fl exible substrates 
or as part of the backend-of-line processing of integrated cir-
cuits. It opens new avenues for heterogeneous integration 
toward producing NW devices for sensing, optics, and elec-
tronics at low cost and large scale.  

  Experimental Section 
  NW Synthesis by Au-Catalyzed VLS Technique : Si NWs were grown 

by gold nanoclusters-catalyzed VLS technique. Gold nanoclusters 
have been obtained after evaporation of a very thin fi lm of gold on 
silicon (≈4 nm) and annealed at 700 °C to produce separated catalyst 
particles. 

 For Si NWs, the growth was carried out in a chemical vapor 
deposition reactor at 500 °C during 10 min under a constant pressure 
of 10 mbar with injection of SiH 4  (150 sccm) and H2 (12 sccm) as 
reactant and carrier gases, respectively. The produced NWs exhibit 
an average length of 3–5 µm and an average diameter of 50 nm. The 
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 Figure 4.    Assembly of multiNW structures. a) Optical microscope image of NW aligned preferentially in the drag direction of the capillary assembly. 
b) Top view schematic representation of a capillary assembly, with a NW held onto the wafer surface at a random angle with respect to the drag direc-
tion. c) Top view schematic representation of NW on DEP electrodes, where the drag direction is tilted at an angle with respect to the electrode axis. 
NWs are fi rst attracted by the DEP force between the electrodes (DEP assembly), and then are aligned along the drag direction by capillary assembly. 
The anchor point corresponds to the NW extremity that fi rst meets the triple line. d) SEM top view of Si NW assembly fabricated by capillary-assisted 
DEP, where the drag direction is tilted 45° and 90° relative to the DEP electrodes. e) Crossed Si NWs in two successive assemblies, fabricated with the 
drag direction at 45° and 135°, respectively.



1273wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

Adv. Mater. 2015, 27, 1268–1273

www.advmat.de
www.MaterialsViews.com

B-doping of the Si NWs is achieved by adding B 2 H 6  (3 sccm) to the 
previous gases. 

 The InAs NWs were grown in MOVPE reactor, using 20 nm gold 
colloids to nucleate the growth of InP stems on the InP(111)B substrates. 
The growth temperature was subsequently raised from 420 °C to 440 °C, 
and the InAs NWs have been optimized using a trimethylindium (TMI) 
molar fraction of 2 × 10 –6  and a AsH3 molar fraction of 3.5 × 10 –4  for 
60 min. 

  Patterned DEP Electrodes : The DEP electrodes are fabricated on 
6 in. silicon substrate using standard microfabrication techniques. 
First, a dry thermal oxidation is performed to create an oxide layer of 
200 nm to insulate all the DEP electrodes the one from the others. 
Then, interdigitated electrodes have been patterned by lift-off process 
using a projection mask aligner (Stepper CANON FPA 3000i4). The 
DEP electrodes are made of 100 nm Cr thick separated by a 2, 4, and 
5 µm gap. Adjacent electrodes are spaced by 20 µm in order to minimize 
electric fi eld couplings between neighboring electrodes. Cr is chosen 
as an adhesive layer on silicon dioxide, resistant to HF etching, and 
provides a good behavior with respect to temperature. 

  A 150 nm Oxide Barrier is then Deposited by Spin-on-Glass on the 
Wafer : This isolating layer planarized the topology of the underneath 
DEP electrodes. As a result, the NWs lie on a fl at surface and are not 
in direct contact with the DEP electrodes, allowing a post processing 
(device-based NW fabrication) noncorrelated to the assembly 
patterns. 

 To reach this purpose, a solution of an inorganic resist Hydrogen 
SilsesQuioxane (HSQ) diluted in isobutyl ketone marketed by Dow 
Corning under the name Fox-15 was used. The HSQ solution has been 
diluted in MIBK, and then spin coated on SiO 2 /Si substrates. Then 
a postbake was performed at 90 °C during 120 s in order to evaporate 
the solvent. Resist thickness can be tuned by spin coating at different 
speed rate. Then, a rapid thermal annealing (500 °C, 60 s, under N 2  fl ux) 
is used to densify the HSQ and to ensure a better electrical isolation. A 
protective layer of resist (Negative Lift-Off, NLOF resist) is spin coated. 
One centimeter large band of resist is then removed all around the wafer 
with acetone. The wafer is immersed for 20 s in a diluted solution of 
fl uorhydric acid (1%) to etch the HSQ only at the periphery of the wafer, 
which gives an electrical access to the buried DEP electrodes. The NLOF 
protective layer is then striped by acetone. The topographical step on top 
of the gap between two DEP electrodes is less than 8 nm (measured by 
AFM). 

  NWs Assembly : The NWs were released by sonicating the growth 
susbtrate at 130 kHz during 10 min in a 80% IPA/20% deionized water 
solution in order to control the liquid viscosity and the surface tension. The 
concentration of the solution used has been estimated to be 3600 NWs 
per microliter by statistic counting of a determined volume of solution. 
Placed on the assembly disposal described in the communication, the 
droplet containing the NWs will undergo various forces leading to a 
specifi c receding angle depending on the substrate and solvent affi nity, 
the temperature of the chuck, and the speed of the drag movement. To 
ensure the convective assembly to be effective, the receding angle has to 
be around 20°. As the contact angle of deionized water on the substrate 
is higher than the contact angle of a IPA 80% mixed with deionized water 
20% solution (55° > 22°), two different mechanisms are expected: using 
deionized water, capillary assembly is promoted and as a result, NWs 
deposition only occurs on DEP sites but this decreases the probability 
to bring a NW in the DEP force capture radius. Using a solution of pure 
isopropanol is not well suited as the receding angle with respect to the 
substrate is too low and as a consequence, the convective assembly is 
enhanced making the NWs concentration too high at the triple line. On 
the other side, using IPA/H2O solution tends to a convective assembly 
that leads to a higher alignment yield. 

 Finally, optimal conditions of assembly were obtained at a constant 
velocity of 30 µm s –1  of the substrate with respect to the fi xed glass slide 
and the temperature of the chuck regulated at 25 °C.  
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