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T
he ability of individual nanowires (NWs)
to carry electrical current makes them
promising building blocks in various

nanoelectronic device concepts. Individual
NWs have been used to assemble a range of
nanoscale devices, including p�n diodes,1�3

bipolar junction transistors,4 field effect
transistors,3�9 electrochemical devices,10�12

biochemical sensors,5,6,13�24 optoelectronic
devices,25�30 and more. Nevertheless, there
are still many challenges in creating such
devices: (i) difficulties in connecting the
individual NW to the macroscopic world,
although significant progress has been
made in this field; (ii) fluctuations in
the position of NWs between adjacent
metallic electrodes; (iii) understanding the
mode of power dissipation when NWs are
used as devices or in devices; and (iv) main-
taining high signal-to-noise ratio in complex
nanodevices. For technological applications,
the ease and effectiveness with which NWs
are assembled and integrated into large-
scale devices are of critical importance.
An alternative approach to the individual

NW-based devices31�44 is the application of
a platform in which NW arrays are used to
exploit their specific properties (e.g., large
surface-to-volume ratio), but which do not
require highly sophisticated fabrication
techniques.31�44 This approach is based on
controlling deposition properties of NWs,
yielding synergetic combinations of thenano-
scale and the macroscale worlds. These NW
arrays circumvent the requirement of posi-
tion and structural control because the de-
vices display the average properties of
many distributed NWs. The NW arrays could
be processed into devices of varying sizes
using conventional microfabrication tech-
nology, characterized by high stability, re-
peatability, and better error tolerance.31�44

ArraysofNWscanbeachievedeither by top-
down or bottom-up fabrication techniques.

The top-down approach depends heavily
on multistep (e-beam) lithography and
lift-off techniques, which are serial, time-
consuming, and expensive. The bottom-up
approach relies on the transfer of NWs from
the growth chip to a suitable substrate. This
includes, but is not confined to, the following:

• Flow-assisted alignment: this approach
incorporates microfluidic channels to
enable directional flow and deposition
of a NW suspension on a solid-state
surface.24,25

• Deposition by chemical interactions: this
approach relies on the interactions be-
tweentheNWsandthereceiver substrate.
The deposition sites strongly depend on
the surface chemical functionality.44
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ABSTRACT Technological implementa-

tion of nanowires (NWs) requires these com-

ponents to be organized with controlled

orientation and density on various substrates.

Here, we report on a simple and efficient

route for the deposition of highly ordered and

highly aligned NW arrays on a wide range of

receiver substrates, including silicon, glass,

metals, and flexible plastics with controlled density. The deposition approach is based on

spray-coating of a NW suspension under controlled conditions of the nozzle flow rate, droplet

size of the sprayed NWs suspension, spray angle, and the temperature of the receiver

substrate. The dynamics of droplet generation is understood by a combined action of shear

forces and capillary forces. Provided that the size of the generated droplet is comparable to the

length of the single NW, the shear-driven elongation of the droplets results presumably in the

alignment of the confined NW in the spraying direction. Flattening the droplets upon their

impact with the substrate yields fast immobilization of the spray-aligned NWs on the surface

due to van der Waals attraction. The availability of the spray-coating technique in the current

microelectronics technology would ensure immediate implementation in production lines,

with minimal changes in the fabrication design and/or auxiliary tools used for this purpose.
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• Langmuir�Blodgett technique: this approach
uses a surfactant to generate an aligned NW layer
on a surface of liquid, from where the NW layer is
transferred to a planar substrate.33�35

• Blown-bubble technique: this approach involves
expansion of a polymer suspension of NWs
to form a bubble that can be transferred to a
substrate.36

• Electric field directed deposition: this approach
relies on alternating voltage between adjacent
electrodes to polarize and align the NWs before
deposition on a solid substrate.37�39

• Contact transfer technique: this approach uses a
shear force generated by mechanical sliding of
two solid surfaces with respect to one other,
where one surface is the NW growth substrate
and the other is the device.40�43

In this paper, we report on a simple and effi-
cient method for the deposition of highly ordered
and aligned NW arrays on a wide range of receiver

substrates, including silicon, glass, metals, and flexible
plastics with controlled density. The reported deposi-
tionmethod is based on a spray-coating process under
controlled conditions of the nozzle flow, droplet size,
spray-coating angle, and temperature of the receiver
substrate. The deposition and alignment mechanism
of the spray-coated NWs is discussed with the help of
appropriate experimental findings. Representative ap-
plication of these films is reported. The cost-effective-
ness of the spray-coating technique has a potential for
immediate implementation in the industry and/or line
productions.

RESULTS

The depositionmethod developed and tested in the
current study is based on a spray-coating process
under controlled conditions (Figure 1). The spray-
coating system consisted of a hot plate for controlling
the temperature of the receiver substrate, a pressure-
flow spray nozzlemodule, a nozzlemovementmodule,
a nozzle angle control module, and a nozzle cross-
section control module. The spray-coating setup was
designed considering the NW suspension viscosity,
the spray nozzle, the NW suspension supply, and other
process variables; see the Methods section. Using this
setup, a series of systematic experiments were carried
out to determine and to understand the main factors
controlling the alignment and average density of the
deposited NWs. In the current study, a NW is consid-
ered misaligned if its axis forms an angle of >10� with
respect to the spray direction.

Effect of Operational Parameters on the Deposited NWs.
Unless otherwise stated, the main presentation and
discussion of the spray-coating approach will be fo-
cused on Si NWs. Figure 2A shows the effect of the
carrier gas flow on the alignment of Si NWs by intro-
ducing various carrier gas (nitrogen) pressures into
the spray gun: 5, 10, 20, 30, 40, 50, and 60 psi. The
results show that the higher the carrier gas pressure in
the 5�20 psi range, the higher the alignment of the Si
NWs with respect to the flow direction. The highest

Figure 1. Schematic of the spray-coating process that in-
volves a direct transfer of NW suspension to the receiver
substrates. (A) Schematic and scanning electronmicroscopy
(SEM) image of the NW sample used in this study. (B)
Schematic of the NW suspension. (C) Schematic of the
assembled apparatus used in this study. (D) Schematic
and optical microscopy image of Si NW spray-coated on
the SiOx/Si substrate.

Figure 2. (A) The percentage of the aligned Si NWs at various spray flow pressures: 5, 10, 20, 30, 40, 50, and 60 psi. Each point
in the figurewas obtained by a statistical analysis of∼200 Si NWs. (B) Representative dark-field optical image of spray-coated
Si NWs at 40 psi spray flow pressure and the constituent statistical analysis of 700 Si NWs with respect to the flow direction.
The spray-coating process was carried out on a SiOx/Si receiver substrate at 75 �C.
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alignment was obtained at 20�60 psi gas pressure. In
this region, the average alignment ranged between
87.7% and 92.2%. However, the smallest variances in
the Si NW alignment were obtained at 30, 40, and
60 psi. Since 30 and 40 psi means lower operation costs
than 60 psi, they could be considered as the optimal
gas pressure values for the Si NW spray-coating pro-
cess. Figure 2B shows a representative optical (dark
field) image and angle distribution histogram of spray-
coated Si NWs on a SiOx/Si substrate at optimal gas
pressure (40 psi). As seen in the figure, more than 90%
of the Si NWs were aligned within (10� of the flow

direction. The rest were distributed between ca. �30�
and þ30� with respect to the flow direction.

Figure 3 shows the alignment degree of Si NWs
when sprayed with constant (40 psi) spray flow pres-
sure on SiOx/Si substrates at various temperatures
(25�200 �C). As seen in the figure, increasing the
temperature of the receiver substrate from 25 �C to a
temperature that is close to the boiling point of the
suspension's solvent (2-propanol; Tboiling ∼82 �C) in-
creased the average alignment of the Si NWs, increased
the reproducibility from sample to sample, and de-
creased the obtained variance. Representative align-
ments under these conditions include 85.8 ( 2.5% at
25 �C and 90.6 ( 1.4% at ∼75 �C. Increasing the
temperature of the receiver substrate above ∼80 �C
decreased the alignment degree of the Si NWs from
90.6( 1.4% at∼75 �C to 68.9( 7.3% at∼175 �C and to
75.4 ( 4.7% at ∼200 �C. Additionally, increasing the
temperature of the receiver substrate above ∼80 �C
decreased the reproducibility from sample to sample
by 3�5 times, compared to the equivalent value ob-
tained at ∼75 �C.

Controlling the concentration of the Si NW sus-
pension and/or the flow duration affected the density
of the deposited Si NWs. The higher the spray-coating
duration time, the higher the density of the depo-
sited Si NWs (see Figure 4). For example, a 60 s flow
duration produced a density of 200 Si NW per 100 μm,
with an average NW�NW separation of ∼500 nm

Figure 3. Percentage of the aligned Si NWs versus the
temperature of the receiver substrate. The spray-coating
process was carried out on a SiOx/Si receiver substrate with
a spray flow pressure of 40 psi. Each point in the figure was
obtained by statistical analysis of ∼200 Si NWs.

Figure 4. Optical microscopy images of Si NWs aligned by spray flow for different durations: (A) 5 s; (B) 10 s; (C) 20 s; (D) 30 s;
and (E) 60 s. Scanning electron microscopy (SEM) image of Si NWs aligned by spray flow for different durations: (F) 30 s; (G)
60 s; and (H) 90 s. All experiments were carried out with an air pressure of 40 psi and on a receiver substrate at 75 �C. The
maximum area coverage by a nozzle with an air pressure of 40 psi, 5� between the spray gun and the receiver substrate, and
75 �C for the receiver substrate was 50 mm2.

A
RTIC

LE



ASSAD ET AL . VOL. 6 ’ NO. 6 ’ 4702–4712 ’ 2012

www.acsnano.org

4705

(see Figure 4G). Extended deposition time (∼90 s)
produced Si NW arrays with (reduced) spacing on the
order of 200 nm (see Figure 4H). This control over the
density of the deposited Si NWs, while leaving the
alignment of the Si NWs unaffected, was similar to
other advanced techniques, such as flow-assisted
alignment,24,25 blown-bubble technique,36 and con-
tact transfer technique.40�43 However, the cost-
effectiveness of the spray-coating technique has
the advantage of immediate implementation in the
industry.

The compatibility of the spray-coating process with
the substrate type and dimensions was examined in
four major levels. In the first level of this examination,
the alignment of the spray-coated Si NWs was exam-
ined with respect to the surface modification of the
receiver substrate: (i) bare SiOx/Si surface; (ii) CH3-
terminated surface; (iii) CF3-terminated surface, which
has high hydrophobicity and minimal “sticky” and/or
“adhesive” characteristics with regard to the deposited
Si NWs; (iv) OH-terminated surface; and (v) NH2-termi-
nated surface, which is known to have high bonding
and/or interactions with the deposited Si NWs. As seen
in Figure 5, optimized spray-coating conditions (40 psi
flow gas pressure and a receiver substrate at 75 �C)
allowed high alignment (86�91%) of the deposited Si
NWs, irrespective of the surface modification type.45 In
the second level of this examination, Si NWswere spray
coated on a wide range of rigid (silicon, glass, and
metal) substrates and flexible substrates. As seen in
Figure 6, optimized spray-coating conditions allowed
high alignment of the deposited Si NWs on both the
rigid substrates and flexible plastic substrates, which
can subsequently be bent into curved structures (see
Figure 6A). In the third level of this examination, the

spray-coating technique was examined on substrates
having predefined patterns. Figure 6B shows a Ti/Au
(20/200 nm) patterns (100 μmwidth� 200 μm length)
on a SiOx/Si substrate. Following the spray-coating,
Si NWs were successfully transferred on themetal layer
as well as in the openings between the adjacent metallic
areas with good orientation alignment. A subsequent
lift-off process results in the removal of themetal while
leaving behind only Si NWs that were assembled in the
opened regions. To achieve finer spatial resolution,
electron-beam lithography should be used to define
the pattern openings. In the fourth phase of this
examination, spray-coating of Si NWs was attempted
on large-area substrates. Figure 6C shows that the
alignment and density of the deposited Si NWs were

Figure 5. Percentage of the aligned Si NWs at various
functionalization of the SiOx/Si receiver substrate. The bare
substrate corresponds to untreated substrate. The �OH
functional groups were obtained by treating the SiOx/Si
substrate with oxygen plasma for 30 min. The�CH3,�NH2,
and �CF3 functional groups were obtained by self-assem-
bly of trichlorooctadecylsilane, 3-aminopropyltrimethoxy-
silane, and 2-perfluorooctylethyltrichlorosilane on the SiOx/
Si substrate, respectively. The spray-coating process was
carried out on a SiOx/Si receiver substrate at 75 �C with a
spray flow pressure of 40 psi. Each point in the figure was
obtained by statistical analysis of ∼200 Si NWs.

Figure 6. (A) Image of spray-coated Si NWs on a plastic
substrate. Inset: Dark-field optical image showing the Si
NWs found in the marked area. (B) Image of Si NWs spray-
coated on predefined Ti/Au (20/200 nm) patterns (100 μm
width � 200 μm length) on a SiOx/Si substrate. Inset: Dark-
field optical image showing the Si NWs found in themarked
metal and SiOx/Si locations. (C) Image of Si NWs spray-
coated on 80 mm SiOx/Si wafer and its line-scanning align-
ment analysis. Insets: High-resolution dark-field images
highlighting the alignment of Si NWs in the marked
locations.
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remarkably uniform, irrespective of the coordination/
location on the wafer's surface. Statistical analysis
over more than ∼500 Si NWs in different locations
over the entire substrate showed that more than
85% of the Si NWs are aligned within 10� of the flow
direction.

The widespread characteristics of the spray-coating
approachwere explored in three levels of examination.
In the first level of this examination, the alignment of
the spray-coated Si NWs was probed with respect to
the surface modification of the Si NWs (Figure 7): (i)
bare Si NWs; (ii) CF3-terminated Si NWs; (iii) OH-termi-
nated Si NWs; and (iv) NH2-terminated Si NWs. As seen
in Figure 7, optimized spray-coating conditions (40 psi
flowgas pressure and 75 �C receiver substrate) allowed
high alignment (84�87%) of the deposited Si NWswith
respect to the flow direction, irrespective of the surface
modification type.45 In the second level of this exam-
ination, the alignment of the spray-coated Si NWs was
examined with respect to the Si NW length. A stable
suspension of ∼2 μm Si NWs, approximately 6 times
shorter than the Si NWs (∼12 μm) used in our studies,
was suspended in 2-propanol. Optimized spray-coating
conditions allowed high alignment (84%) of the de-
posited Si NWswith respect to the flowdirection. In the
third level of this examination, stable suspensions of
GaN NWs or Ag NWs in 2-propanol were prepared; see
Methods section. The sprayed GaN NWs and Ag NWs
were successfully transferred to the receiver substrate
(40 psi flow gas pressure and 75 �C receiver substrate)
with good orientation alignment. Statistical analysis
of more than ∼100 GaN NWs and more than ∼100 Ag
NWs showed that >86% of the GaN NWs and Ag
NWs were aligned within 10� of the flow direction

(see Supporting Information, Figure 1S). Higher align-
ment degree of the GaN NWs and Ag NWs could be
expected upon optimizing the concentration and
length uniformity of the NWs in the sprayed suspen-
sion and, also, upon optimizing the spray-coating
parameters (temperature of the receiver substrate,
flow rate, flow direction, etc.). Altogether, these results
demonstrate that the spray-coating technique is com-
patible with a wide range of NWs, irrespective of their
surface properties and/or size.

Spray-Coated Si NWs in Field Effect Transistors. The high
degree of alignment and controlled density of (Si) NWs
is important in a number of integrated electronic
devices as well as in their constituent applications. To
illustrate this potential, Si NWs were spray-coated on a
300 nm thermal oxide coated heavily doped p-type
silicon wafer. The deposited Si NWs were then config-
ured as back-gated field-effect transistors (FETs) by
defining Ti/Au (40/110 nm) source (S) and drain (D)
contacts with a channel length46 of 2 μmand a channel
width ranging from 1 μm up to 350 μm. The density
of the connected Si NWs between the source and
drain electrodes was similar for all channel widths
(∼1 NW/μm2). This density has been found by Li
et al.47 to provide optimal performance and minimum
variability across the device.

Figure 8A shows the drain current (Ids) versus

drain�source voltage (Vds) curves of spray-coated Si
NW arrays (∼20 Si NWs) by utilizing a sweeping voltage
range from 0 to þ2 V at various gate voltages (Vgs). As
seen in the figure, the Ids�Vds curves exhibited a
typical accumulation mode of p-channel transistor
behavior. The plot of Ids versus Vgs (see Figure 8B) at a
constant Vds =þ2 V exhibited a small current when the
Vgs was more positive than the threshold voltage (Vth).
The Ids increased linearly with increasing Vgs in the
negative direction and provided Vth = 4.15 V. The slope
in the linear region of the Ids versus Vgs gave a trans-
conductance, gm = dIds/dVgs, of 0.013 μS at Vds = 2 V.
The on-currents (Ion) of these devices were as high as
0.55 μA, and the on�off current ratio was nearly 105.
The electrical features of the Si NW FETs were satisfac-
torily reproducible from sample to sample and from
batch to batch. Indeed, randomly selected Si NW FETs
showed well-constrained Vth and Ion behavior, with
values of 4.26( 1.10 V and 0.66( 0.22 μA, respectively
(Figure 8C, D). The good reproducibility of the Si NW
FETs can be attributed to the uniformdensity, the good
alignment, and the preferential distribution of the Si
NWs. Figure 8E shows the averageVth of different Si NW
FETs as a function of the channel width. NOTE: The
densities of the sprayed Si NWs of all examined devices
were similar to each other (1 NW/μm2). As seen in the
figure, the Vth showed a distribution that is not affected
by the channel width, indicating that the Vth is not
affected by the number of Si NWs connected between
the source and drain electrodes. This could be

Figure 7. NW alignment as a function of the surface func-
tionalization of the Si NWs. Bare Si NWs correspond to
the use of untreated Si NWs; The �OH corresponds to Si
NWs that were treated with oxygen plasma for 1 min;
the �NH2 corresponds to Si NWs that were treated with
aminopropyltrimethoxysilane; and the �CF3 corresponds
to Si NWs that were treated with 2-perfluorooctylethyltri-
chlorosilane. The spray-coating process was carried out
on a SiOx/Si receiver substrate with a spray flow pressure
of 40 psi and at a receiver substrate at 75 �C. Each
point in the figure was obtained by statistical analysis of
∼200 Si NWs.
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attributed to hysteresis in the electrical characteristics
of the Si NW FETs, probably due to variances in the
surface states (such as dangling bonds, defects,
and adsorbates) of the different Si NWs deposited
on the substrate.6,48,49 The average Ion of the Si NW
FETs as a function of the channel width is shown in
Figure 8F. It can be clearly seen that the Ion linearly
scales with the channel width, with a slope of
0.04 μA/μm. Since a single Si NW in a back-gated
geometry delivers ∼0.04 μA (on average), the ob-
tained 0.04 μA/μm slope in Figure 8F can correspond
with 1 NW/μm. The highly linear scaling of the Ion
with the channel width demonstrates the uniformity
and reproducibility of the well-aligned NW arrays
that are enabled through the reported spray-coating
method.

DISCUSSION

The spray-coating route of a NW suspension uses a
stream of fast moving nitrogen gas. We hypothesize
that the high velocity of the nitrogen atomizes the NW
suspension through the nozzle of the spray-coating
gun and produces microscopic droplets. The dynamics

of atomization is controlled by the combined action of
viscous shear forces (due to a fast flow of the carrier
gas) and capillary forces. The droplet size distribution is
majorly controlled by the pressure/flow rate of the
carrier gas. The droplets generated in the nozzle
elongate in the direction of the fast gas flow due to
the associated shear forces. At a certain gas flow rate
(pressure), the size of the generated droplet becomes
comparable to the length of a single NW (around
12 μm; see Figure 9A), and its shear-driven elongation
(prior to pinching off) yields alignment of the confined
NW in the spraying direction. The droplets with the
encapsulated and flow-oriented NWs are accelerated
toward the surface of the substrate via a stream of
nitrogen and collide into the substrate. Considerable
deformation/flattening of the droplets upon impact
bring the confined NWs within the effective range of
attractive intermolecular (van der Waals) forces, yield-
ing their fast immobilization on the surface. Another
plausible hypothesis is that the droplet elongation
upon impact yields an alignment of the confined Si
NWs in the spraying direction prior to their immobiliza-
tion on the substrate. It is also possible that there is a

Figure 8. Devices based on spray-coated Si NW arrays with a density of∼1 NW/μm2. (A) Family of source�drain current (Ids)
versus source�drain voltage (Vds) plots at different gate voltages (Vgs); (B) Ids versus gate Vg recorded for a typical device
plotted on linear scales at Vds = 2 V; (C) histogram of the threshold voltage (Vth) determined from analysis of 15 randomly
chosen devices; (D) histogramof on-current (Ion) determined fromanalysis of 15 randomly chosen devices; (E) Ion as a function
of the channel width; and (F) Vth as a function of the channel width.
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secondary mechanism of alignment, where the NWs
are not immobilized upon impact with the receiver
substrate: the shear force exerted by the fast flowof the
carrier gas over deposited droplets wetting the sub-
strate results in their elongation and spreading in the
spraying direction. The shear-induced elongation
and possibly spreading of the deposited microdrops
yields reorientation of the suspended Si NWs, result-
ing in their alignment in the flow direction before
they are immobilized on the substrate due to solvent
evaporation.
The increase in the pressure of the carrier gas yields

an improved alignment. At a pressure above ∼20 psi,
>90% alignment was attained (see Figure 2). Since
elevating the gas pressure yields smaller droplets,
this finding indicates that at a pressure of ∼20 psi a
single NW is confined within a single droplet at most.
Further increase in the gas pressure up to 60 psi may
yield even smaller droplets, while the length of a single
NW limits the size of the largest droplet encapsulating
the NW, and therefore, the degree of alignment is not
impaired.
The temperature is shown to have some effect on

the quality of the NW alignment. At low temperatures
of the receiver substrate (between 25 and 75 �C), a
minor improvement in the alignment (∼5%)was found
upon increasing the temperature. Increasing the tem-
perature above the solvent boiling point at ∼82 �C
affected the uniformity of the Si NW alignment
adversely (see Figure 3). We argue that in the course
of spray-coating microdroplets impact the prewetted
substrate due to continuous droplet deposition and

their shear-induced spreading. Increasing the tem-
peratures up to 82 �C enhances solvent evaporation,
yielding thinner solvent films and better interaction
between the NW and the substrate upon impact. On
the other hand, a receiver substrate that has tempera-
tures above the solvent boiling point can cause solvent
pops in the deposited film, adversely affecting the
uniformity of the Si NW alignment. At high tempera-
tures, well above the solvent boiling point (above
∼200 �C), solvent evaporation is fast enough to keep
the substrate dry, and some restoration of the align-
ment is observed (see Figure 3).
As long as separate small drops are deposited on the

surface, the density of the Si NWs can be simply
controlled by the duration of the flow, as shown in
Figure 4. If the droplet produced at the nozzle is too
large, viz., encapsulating toomany NWs, the alignment
is deteriorated. A reduced concentration of NWswould
lead to a lower surface coverage, as long as drops
about the size of the NW are produced. High concen-
tration of the NWs in the suspension may result in too
many NWs confined in a single droplet, reducing the
alignment. The effect of droplet size on the alignment
and density of the deposited Si NW arrays in the spray-
coating process was examined by controlling the size
of the sprayed droplets (12 ( 4, 50 ( 10, and 300 (
50 μm in diameter; see Figure 9B, C), via regulating the
cross section of the nozzle's spray-coating gun. The
results showed that droplet sizes with a mean dia-
meter higher than 12 ( 4 μm adversely affect the
uniformity of the Si NWs' alignment. In such cases,
the Si NWs exhibited poor alignment with respect to

Figure 9. (A) Optical microscopy image of the droplets formed by the spray-coating process with a spray flow pressure of
40 psi. (B) Dark-field optical image of Si NWs formed via 12( 4 μm (sprayed) droplets. (C) Dark-field optical image of Si NWs
formed via 50( 10 μm (sprayed) droplets. (D) Dark-field optical image of Si NWs formed via 300( 50 μm (sprayed) droplets.
The spray-coating processwas carried out on a SiOx/Si receiver substratewith a sprayflowpressure of 40 psi and on a receiver
substrate at 75 �C.
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the flow direction and were randomly aggregated
on the surface, forming 3D (Si NW) islands (see
Figure 9D). This observation could be attributed to
a number of Si NWs embedded within a single
droplet generated at the nozzle, leading to a re-
duced confinement and, as a result, to a lowered
alignment in the spraying direction. It is worthwhile
to point out in this context that the potential impact-
driven elongation of a droplet that is considerably
larger than a single NW should not affect the orienta-
tion of engulfed NWs, as the effect of confinement
is lost.
To shed light on the transfermechanism of Si NWs to

the receiver substrate, spray-coating experimentswere
carried out at different angles between the spray gun
and the receiver substrate in the range of 5� to 90�. The
results showed that the alignment along one direction
of the deposited Si NWs was affected, critically, by the
angle between the nozzle and the receiver substrate.
Increasing the angle between the spray gun and the
receiver substrate in the range of 5� to 90� showed a
high alignment, coherent with the flow direction in
different regions of the substrate relative to the posi-
tion of the gun. For example, spraying at a 90� angle
between the spray gun and the receiver substrate
showed a Si NW alignment in a large-scale radial
pattern; see Figure 10. High alignment (86�91%) of
the deposited Si NWs irrespective of the surface mod-
ification type (see Figures 5 and 7) indicates that the
proposed spray-coating method is majorly insensitive
to the wettability of the receiver substrate. More-
over, spray-coating the hydrophobic substrate using
a Ag NW dispersion in water (see Supporting Infor-
mation, Figure 2S) demonstrates unequivocally that
immobilization/alignment occurs primarily upon

impact and does not necessitate the shear-driven
spreading/elongation of the deposited droplets; in
this case the deposited (spherical) microdroplets
slide along the surface without sticking to it and
elongating in the flow direction. The dynamics of
the droplet impact on the surface (and subsequent
inertial elongation) and, as a result, the degree of
alignment are, therefore, expected to be largely
independent of the substrate type, chemistry, and
wettability of the substrate.

SUMMARY AND CONCLUSIONS

We have shown that spray-coating of NWs suspen-
sion under controlled conditions of temperature,
droplet size, spray-coating angle, and air flow is a
successful method for preparing well-aligned and
well-controlled Si NW, GaN NW, and Ag NW arrays.
The quality and reproducibility of the spray-coated NW
arrays were demonstrated by the production of highly
uniform Si NW FETs. Complementary experiments
indicated that the dynamics of droplet formation is
understood by a combined action of viscous shear
forces and capillary forces. Provided that the size of
the deposited droplet is comparable to the length of
the single NW, the shear-driven elongation of the
generated droplets results presumably in the align-
ment of the confined NWs in the spraying direction.
Flattening and possibly inertial elongation in the
spraying direction of the microdroplets upon their
impact onto the substrate yield fast immobilization
of aligned NWs on the surface due to van der Waals
attraction.
The transfer of highly aligned and controlled-

density (Si) NWs to both large crystalline substrates
and flexible plastic substrates provides important

Figure 10. Spray-coating of Si NWs at a 90� angle between the spray gun and the receiver substrate. The experiment was
carried out with an air pressure of 40 psi and on a receiver substrate at 75 �C.
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advances toward achieving technological imple-
mentation of these materials in several areas of
electronics and/or (bio)sensors. The availability of the
spray-coating technique in current microelectronics

technology would ensure immediate implementation
in the production lines, with minimal changes in the
fabrication design and/or auxiliary tools used for this
purpose.

METHODS
The deposition method developed and tested in the current

study is based on a spray-coating process under controlled
conditions (Figure 1). The spray-coating system consisted of a
hot plate for controlling the temperature of the receiver sub-
strate, a pressure-flow spray nozzlemodule, a nozzlemovement
module, a nozzle angle control module, and a nozzle cross-
section control module. Detailed information on each part of
this process is provided in the following sections.

Preparation of NW Suspensions. The Si NWs investigated in this
study were prepared by the vapor�liquid�solid (VLS) growth
technique using gold nanoparticles as catalysts under a con-
stant flow of 4 sccm silane, 5 sccm argon, and 1 sccm diborane
(100 ppm in He), yielding p-type Si NWs.50 Scanning electron
microscopy data indicated that these Si NWs consisted almost
entirely of a smooth crystalline core (40( 8 nm in diameter; see
Figure 1A) with a length ranging between 8 and 13 μm. In a few
cases, the Si NWs were etched with oxygen plasma (50 W) for
1 min. Immediately afterward, the Si NWs were transferred to a
drybox with a nitrogen atmosphere for reaction with a ∼5 mM
chloroform-based or toluene-based solution of 3-aminopropyl-
trimethoxysilane (Sigma-Aldrich, Inc.), to form NH2-terminated
Si NWs, and with a solution of 2-perfluorooctylethyltrichlorosi-
lane (ABCR, Inc.), to form CF3-terminated Si NWs. After 45 min
reaction time, the modified Si NWs were rinsed with chloroform
(or toluene), acetone, and 2-propanol and, further, baked at
100 �C for 2 h to remove physically adsorbed solvent molecules
on the molecularly modified Si NWs surface. Successful and
repeatable functionalization of the Si NWs was verified using
X-ray photon spectroscopy (XPS) (cf. refs 51�55 for more
technical considerations during the XPS analysis of functiona-
lized Si NWs). Finally, the Si NWs were suspended in 2-propanol
using an ultrasonic bath for 5 s to obtain 12 μm length Si NWs
and for 3min to obtain 2 μm length Si NWs. In all experiments, a
freshly prepared suspension was used in order to prevent the
aggregation of Si NWs in solution.

The GaN NWs investigated in this study were prepared by
the VLS growth technique with the catalyst-free approach.
A GaN nucleation layer was deposited at 1200 �C for 4 s with
aGa:N ratio of 510:1. TheGaNNWswere grown at 1150 �C for 1 h
with a Ga:N flux ratio of 68:1. Prior to use, the GaN NWs were
cleaned by a sequential rinse with acetone, methanol, and
2-propanol and dried by a stream of nitrogen.

The Ag NWs investigated in this study were produced via
the polyol reduction of AgNO3, in which ethylene glycol serves
as the solvent and a precursor to the reducing agent.56 In
addition to the use of poly(vinyl pyrrolidone) as a stabilizer,
copper(II) chloride was added to the reaction to reduce the
amount of free Agþ during the formation of initial seeds and
scavenge adsorbed oxygen from the surface of the seeds once
formed. In doing so, Ag NWs were grown preferentially.56

Treatment of the Receiver Substrate. Receiver substrates that
were used included SiOx/Si(111), glass (Waldemar Knittel Glas-
bearbeitungs-GmbH. Inc.), polyethylene terephthalate (PET;
Sigma-Aldrich, Inc.), and SiOx/Si substrates with a predefined
Ti/Au (20/200 nm) pattern (100 μm width � 200 μm length).
Prior to use, all receiver substrates were cleaned by ultrasonic
treatment in acetone, methanol, and 2-propanol and dried by a
stream of nitrogen. The “receiver” substrates were further
cleaned and etched using oxygen plasma (50 W) for 30 min.
In a few cases, the SiOx/Si receiver substrates were reacted with
a ∼5 mM chloroform-based or toluene-based solution of tri-
chlorooctadecylsilane (Sigma-Aldrich, Inc.), to form the CH3-
terminated receiver SiOx/Si substrate, a solution of 3-aminopropyl-
trimethoxysilane (Sigma-Aldrich, Inc.), to form the NH2-terminated

SiOx/Si receiver substrate, and 2-perfluorooctylethyltrichlorosilane
(ABCR, Inc.), to form the CF3-terminated SiOx/Si receiver sub-
strate.57,58 After 45 min reaction time, the molecularly modified
substrates were cleaned using an ultrasonic bath and baked at
100 �C for 2 h. Successful and repeatable functionalization of
SiOx/Si substrates was verified using XPS and spectroscopic
ellipsometry measurements; see Supporting Information.

Deposition of NWs on the Receiver Substrate. The deposition of
the NWs on the receiver substrates started with the place-
ment of the (modified) “receiver” substrate on a hot plate at
25�200 �C. Once the receiver substrate reached a specific
predetermined temperature, the suspension of NWs was applied
using a spray gun (Prona R2-F) at 5�60 psi carrier gas (nitrogen)
pressure, with 5 ( 2� tilting angle relative to the “receiver”
substrate. The nozzle tip was usually held at a distance of 1 cm
from the substrate. Images ofNWsafter depositionwereobtained
by a scanning electron microscope (e-LiNE, Raith, Dortmund,
Germany) and by an optical microscope (Olympus BX51RF-5)
that is equipped with a camera (Olympus CAM-LC20-Bundle).

Field Effect Transistors Based on Spray-Coated Si NW Array. Field
effect transistors that are based on Si NW arrays were fabricated
on a 300 nm thermal oxide coated heavily doped p-type silicon
wafer (<0.005 ohm-cm, silicon materials), using conventional
lithography and lift-off processes. Prior to the device fabrication,
the top SiOx surface was cleaned by ultrasonic treatment in
acetone, methanol, and 2-propanol and slightly etched using
oxygen plasma (50 W; 1 min) for removing residues of organic
contaminations. Interdigitated electrodes were defined using
photolithography (Karl Suss MA6Mask Aligner) and Ti/Au
(40/110 nm) on top of the sprayed Si NW array. The native oxide
on the Si NWsunder contactwas etched by BHF for 5 s immediately
before being loaded into the metal deposition system. The
length of the electrodes was 5 μm, and the gap between the
source and the drain electrodes was 2 μm. An Agilent B1500A
semiconductor device analyzer was used for electrical measure-
ments. To assess the electrical characteristics of Si NW field
effect transistors, two modes of voltage-dependent back-gate
measurements were performed. In the first mode, voltages
between �40 and þ40 V, in steps of 10 V, were applied to the
degenerately doped silicon substrate. For each gate voltage, the
current�voltage (I�V) characteristics were measured between
the two electrodes, i.e., between the drain and source, contacted
by a micromanipulator, at a bias range between 0 and þ2 V, in
steps of 50 mV, under ambient conditions. In the second mode,
voltages of 2 V were applied between the two electrodes,
and the current�back gate voltage (Ids�Vds) measurements
were carried out using a sweeping voltage from�40 upward to
þ40 V, in steps of 200 mV, under ambient conditions.
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