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Abstract

Mechanical manipulation of nanowires (NWs) for their integration in electronics is still
problematic because of their reduced dimensions, risking to produce mechanical damage to the
NW structure and electronic properties during the assembly process. In this regard, contactless
NW manipulation based methods using non-uniform electric ﬁelds, like dielectrophoresis (DEP)
are usually much softer than mechanical methods, offering a less destructive alternative for
integrating nanostructures in electronic devices. Here, we report a feasible and reproducible
dielectrophoretic method to assemble single GaAs NWs (with radius 35–50 nm, and lengths
3–5 μm) on conductive electrodes layout with assembly yields above 90% per site, and
alignment yields of 95%. The electrical characteristics of the dielectrophoretic contact formed
between a GaAs NW and conductive electrodes have been measured, observing Schottky barrier
like contacts. Our results also show the fast fabrication of diodes with rectifying characteristics
due to the formation of a low-resistance contact between the Ga catalytic droplet at the tip of the
NW when using Al doped ZnO as electrode. The current-voltage characteristics of a single Gaterminated GaAs NW measured in dark and under illumination exhibit a strong sensitivity to
visible light under forward bias conditions (around two orders of magnitude), mainly produced
by a change on the series resistance of the device.
Keywords: optoelectronics, nanowire assembly, dielectrophoresis, nanofabrication, chemical
beam epitaxy, GaAs nanowire photodetector
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

growth of high-crystal quality NWs made of different materials (e.g. III–V [2, 3, 5–7], IV [9], metal oxides [10], etc) and
complex architectures such as NWs based on core–shell [1, 4]
or quantum wells [11, 12], has been successfully demonstrated mainly through bottom-up based growth mechanisms.
Resulting NWs present unique properties such as high NW
length-to-diameter ratios—namely aspect ratios—above 100,
high surface-to-volume ratios, high crystal quality, and
nanometric foot-prints (diameters<100 nm), allowing them
to show quantum effects [12–14], surface optical phonons
[15], ultra-high photo-gains [16, 17], as well as, higher signalto-noise ratios [18], higher sensing surface [18, 19], higher
integrability [20–24], higher mechanical properties [24] and

Nowadays, there is still a growing research on inorganic
nanostructures such as semiconductor nanowires (NWs) fostered by the great progress achieved during the last decades
on advanced synthesis techniques, including molecular beam
epitaxy (MBE) [1–5], chemical beam epitaxy (CBE) [6, 7]
and chemical vapor deposition (CVD) [8–11]. The controlled
Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.
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assembled NWs properties (electrical or even structural
changes) [42], might be potentially observed during conventional DEP experiments, and therefore, are considered as
critical drawbacks to be overcome during the fabrication of
NW based devices by DEP. In this way, the ﬁltration and
puriﬁcation of NWs solution [39], the control over the NWs
solution concentration, the optimization of DEP parameters to
prevent any damage on both electrodes and NWs [16], or
even the development of new approaches such as contact-less
DEP [43], need to be further studied for the development of
high-performance devices based on NWs.
In addition to NW assembly, the feasible fabrication of
stable electrical contacts on semiconductor NWs is an
important challenge, since the suppression of the Schottky
surface barrier is often difﬁcult either by using a heavy doping
or by varying the NW chemical composition near the contact.
Recent results obtained in Au-In catalysed growths of GaAs
NWs show that Schottky barrier is signiﬁcantly reduced at the
interface between the catalytic tip and the NW, due to the
reduced density of pinning states and the formation of an
electric dipole layer at the catalyst/NW interface [44]. This
property of NWs grown by vapor–liquid–solid (VLS) method
may enable Schottky barrier height control and low-resistance
electrical contacts to be formed at the electrode-NW interface
without the need for annealing or contact doping.
In this work, we present the dielectrophoretic assembly
of GaAs NWs grown by Ga-assisted VLS in a CBE system
[6], studying the effect of parameters such as alternating
current (AC) signal amplitude and frequency on the assembling performance, i.e. NW assembling yield and resulting
NW alignment. Further, DEP was used to trap and align a
single GaAs NW—with and without a Ga droplet atop the
NW tip—between conductive electrodes, allowing the characterization of its optoelectronic properties in dark and under
illumination. The behavior of the contact formed between the
electrode and the NW was also studied, obtaining feasible and
reproducible procedure to fabricate single GaAs NW based
Schottky barrier diodes for optoelectronic applications.

faster switching speeds than those obtained by their counter
parts the thin ﬁlm and bulk materials used in conventional
electronics and optoelectronics. Due to above features,
semiconductor NWs have extensively probed their validity
and applicability as building blocks of a wide number of
applications, including optoelectronics, electronics, photonics, photovoltaics, and sensing applications [16, 25–27].
However, the compatibility of NWs with conventional
nanofabrication tools is still a critical bottleneck, hindering
the efﬁcient integration of NWs in aforementioned applications, and therefore the effective deployment and commercialization of NW based technology in the market. The
manipulation and transferring of NWs from the growth substrate to a foreign receiver substrate to realize those applications, is still a challenge that needs further investigations
[20–24].
Assembly techniques based on mechanical forces (contact-printing, stamp-printing and roll-printing) or ﬂuidics
(Langmuir–Blodgett and bubble-blown) have demonstrated
their validity to produce a large-area, compact, and uniform
electronic layers based on multiple semiconducting NWs
[20, 22–24, 28]. Although some of these techniques have
demonstrated certain control over the density of assembled
NWs and potential to fabricate 3D stacked structures,
[21, 22, 24], they lack control over single NWs, which is
interesting for the investigation of their fundamental properties and mechanisms. Moreover, single NW based devices
could be particularly interesting for the design of high-performance applications such as single photon detectors or
single molecule chemical sensors [29]. Assembly techniques
such as dielectrophoresis (DEP) [16, 30–35], optoelectronic
tweezers (OETs) [36, 37], and nano-manipulation [38] have
shown high precision at the nanoscale, allowing to trap, place
and align single NWs at speciﬁc places along a receiver
substrate. Indeed, DEP and OET are contact-less based
techniques, utilizing electric ﬁelds to assemble NWs, drastically reducing the potential risk of structural damage of NWs
during their manipulation.
DEP technique has been successfully used to assemble
single NWs made of different materials, including ZnO [16],
Si [35], InAs [32], GaN [34], as well as carbon nanotubes
(CNTs) [33], between conductive electrodes. These studies
demonstrated great control over the number of trapped NWs
and large assembling yields, above 90% per site, which are
essential characteristics for the fabrication of electronic
devices (e.g. display, electronics and sensors) with a uniform
and compact distribution of NWs along the device active area.
The accurate control of DEP technique on the manipulation
and trapping of single NWs allows the analysis of fundamental properties of these nanostructures (e.g. quantum
effects, 1D carrier transport, etc), as well as the creation of
complex monolithic 3D structures. Although DEP presents a
great fabrication yield and excellent processing reproducibility, this technique manipulates NWs in solution, which
might inhibit the accurate control over the resulting integration performance. For example, NW bundling in solution
[39], parasitic particles in the NWs solution [40], electrodes
degradation, solution bubbling [41], and changes on

2. Theory/calculation
Conventional DEP process comprises the use of an AC signal
applied between two electrodes separated a gap distance
shorter than the length of the NW, as thoroughly explained
elsewhere [16, 30]. Brieﬂy, a droplet of NWs in suspension is
casted on top of the electrodes gap area (see ﬁgure 1). NWs
are then attracted from the suspension towards the electrodes
gap, following the gradient of the electric ﬁeld, being ﬁnally
aligned by the electric ﬁeld created between those electrodes.
The assembly process results in a NW based bridge connecting a pair of electrodes (see ﬁgure 1).
The DEP assembly of NWs depends on NWs size and
morphology, on dielectric properties of both NWs and solvent, and on the amplitude and frequency of the applied AC
signal. Conventionally, the DEP assembly of particles has
been described by either Maxwell stress tensor or effective
dipole moment expressions [45]. The former is a more exact
2
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the medium, respectively, which can be calculated as
e* = e – j

the NWs solution over a substrate with pre-patterned electrodes. The
AC signal applied between pairs of electrodes leads to trap single
NWs between the electrodes gap. Inset: scanning electron microscopy (SEM) image of a GaAs NWs in solution (left) and after DEP
assembly (right).

3. Materials and methods

calculation of the dielectrophoretic force (FDEP) exerted on a
particle in solution, and therefore, it does not involve any
approximation such as spherical particle and small non-uniformity of the ﬁeld gradient [46], as in the case of the
effective dipole moment method. However, effective dipole
moment method has been extensively demonstrated to be a
valid approach for trapping particles at gaps with a smaller
size than the particle size (in this case, the length of a NW is
typically in the range of tens of microns) [16, 32, 33, 47].
Effective dipole moment method is the simplest way to
calculate the FDEP exerted on a spherical particle, being calculated as follows [33]:

3.1. GaAs nanowires synthesis and characterization

GaAs NWs were grown on oxidized Si(111) substrates in a
CBE system using triethylgallium (TEGa) and tertiarybutylarsine (TBAs) as Ga and As metalorganic precursors,
respectively. The growth procedure is based on Ga-assisted
VLS mechanism thoroughly investigated and described elsewhere [48, 49]. Prior to the NW growth, Si(111) substrates
were ﬁrstly etched in a buffered HF:H2O solution (1:9 in
volume) for 5 min—to remove the native oxide of the substrate
—and thereafter oxidized in air at room temperature for 5 min
(ﬁgure 2(a)). Resulting Si(111) presents a SiOx surface layer
with a thickness of 0.5 nm—as determined by spectroscopic
ellipsometry—and a random distribution of pinholes. Then, the
substrate is annealed at 650 °C for 5 min under ultra-high
vacuum conditions in the CBE chamber to desorb any potential
contamination attached during the loading of the substrate into
the CBE system (ﬁgure 2(a)). When the TEGa ﬂux is opened,
TEGa molecules in contact with the substrate are either:
(1) thermally decomposed producing Ga atoms, or (2) directly
desorbed from the substrate surface and pumped out the system
(ﬁgure 2(b)). In this scenario, Ga atoms tend to form nanodroplets preferentially at SiOx pinholes as demonstrated by
scanning electron microscopy (SEM) (ﬁgures 2(b1)–(b3)), and
whose size mainly depends on factors such as TEGa ﬂow,
TEGa pre-deposition time and stabilization time after the TEGa
pre-deposition as demonstrated elsewhere [48, 49]. Thereafter a
stabilisation step—where TEGa is switched off for 1 min,
allowing the rearrangement of Ga droplets and stabilization of
the resulting Ga droplet size—both TEGa and TBAs ﬂux are
opened, leading to the formation of (Ga,As) alloy at each
droplet (ﬁgure 2(c)). This alloy tends to supersaturate, resulting
in the precipitation of GaAs towards the interface formed

(1 )

where εm is the dielectric permittivity of the medium (i.e.
solvent of the NWs solution), E is the electric ﬁeld, and c is
the shape-volume factor of the particle. For a cylindrical
shape particle, like a NW, the parameter c depends on NW
radius (rNW) and length (LNW) through the equation
c =

1 2
rNW LNW.
2

(4 )

where ε and σ are the dielectric permittivity and the electrical
conductivity, respectively, and f is the AC frequency. From
above expressions, when using AC signals, it is worth noting
that FDEP depends on time. Since this dependence occurs
through ∇|E|2 magnitude, the FDEP results in a pulsed force
whose modulus (i.e. intensity of the force) changes over time,
but in contrast, its direction remains unchanged. In this
regard, an AC based FDEP could be conveniently expressed as
an average force, i.e. 〈FDEP〉 whose value is proportional to
the square of the root-mean square voltage (Vrms) of the
applied AC signal. Summarizing, 〈FDEP〉 depends on f
through equations (1), (3), (4), on Vrms through ∇|E|2 in
equation (1), and on the NW dimensions (i.e. rNW and LNW)
shape, and orientation with respect to E (i.e. through the Li
factor) through equation (2). In the following sections, we
will analyze the inﬂuence of above parameters on the trapping
and assembly of GaAs NWs by DEP.

Figure 1. 3D schematic of the DEP process, during drop-casting of

FDEP = em c R [ fcm ]  ∣ E ∣2 ,

fs
,
2p

(2 )

R[fcm] is the real part of the Classius–Mossotti factor ( fcm),
whose generalised expression for a prolate ellipsoid (good
approximation of the cylindrical shape of a NW) is given by
e*p – e*m
fcm =
,
(3 )
e*m + L i (e*p – e*m)
Li being the depolarization factor, which depends on the
relative orientation of the NW respect to the electric ﬁeld. ε*p
and ε*m are complex dielectric permittivities of the NW and
3
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Figure 2. (a)–(d) Picture of Ga-assisted VLS growth of GaAs NWs on Si(111) substrates by CBE, comprising: (a) native oxide etching in HF

buffered solution, and subsequent oxidation in air ambient, and a thermal annealing at a substrate temperature (Ts)=650 °C in high vacuum
conditions for 5 min, resulting in 0.5 nm thick oxide layer with nano-pinholes; (b) Ga droplet pre-deposition (SEM images: (b1) top-view,
(b2) 30° tilted view, and (b3) cross-section view); (c) formation of (Ga,As) liquid alloy until As saturation is reached; (d) GaAs NW growth
under the Ga droplet (SEM images: GaAs NWs (d1) with and (d2) without Ga droplet atop the NW tip).

between the droplet and the Si(111) substrate surface. The
growth of the GaAs NWs is observed under each Ga droplet
(ﬁgure 2(d)). The morphological characterization of the
resulting sample shows GaAs NWs vertically aligned on the
surface of the Si(111) substrate (ﬁgure 2(d1)), with a hexagonal
and nanometric footprint, typical radius ranging between 30
and 50 nm, growth rates around 4–5 μm h−1, pure zinc blende
structure [49], and NWs densities ranging between
0.4 NWs μm−2. The NWs density observed by SEM roughly
corresponds to the initial density of Ga droplets obtained after
the TEGa pre-deposition and subsequent stabilisation
(ﬁgure 2(b1)). From ﬁgures 2(d1), (d2) one can observe variations in the resulting NW diameter and a non-uniformity of
the NW diameter along the stem, also known as tapering. The
difference observed on the diameters of the NWs and tapering
effect shown in ﬁgures 2(d1), (d2) are mainly caused by the
initial size of the Ga catalyst (ﬁgures 2(b1)–(b3)) and the
growth conditions (Ga/As ﬂux ratio, total gas ﬂow, substrate
temperature, etc). The method described in ﬁgures 2(a)–(d),
used to pre-deposit Ga droplets along the substrate surface,
results in a broad distribution of droplet diameters, causing
different initial conditions for each NW. Once the growth
starts, i.e. both TEGa and TBAs ﬂuxes are opened, the surface
underneath the droplet deﬁnes the size of the NW root.
However, depending on the Ga/As ﬂux ratio, the size of the
Ga droplet—and also the NW cross section—could be readjusted until reaching a constant size, when a uniform NW
diameter is provided (i.e. steady-state conditions at the growth
interface).

3.2. GaAs nanowires suspension

The suspension containing GaAs NWs with Ga droplets on
their tips (ﬁgure 2(d1)) namely suspension A, was prepared
by dipping an as-grown NWs sample (0.4 NWs/μm2) with a
dimension of 1 cm2 in 1.5 ml of ethanol, and sonicating it for
a few seconds. NWs are detached from the growth substrate
and released to the solvent. The SEM characterization of the
growth substrate right after the sonication step exhibits that
approximately 100% of the initial NWs were successfully
detached from the substrate and thus released to the solvent,
resulting in a concentration of around 3×108 NWs/ml.
On the other hand, the suspension containing GaAs NWs
without Ga droplets (ﬁgure 2(d2)), namely suspension B, was
prepared by ﬁrstly etching a 1 cm2 NW sample (with a NW
density of around 0.4 NWs/μm2) in a buffered solution of
HCl:H2O (1:9) for 1 min, in order to etch completely Ga
droplets, exhibiting then a ﬂat NW front (ﬁgure 2(d2)). After
the Ga droplet etching, NWs were removed from the substrate
and transferred to the solvent following the same procedure
described above for the suspension A.

3.3. DEP system description

The DEP system utilized in this work consists in a probe
station adapted to allow deposition of droplets extracted from
the NW solutions on the receiver substrate surface, under a
clean and controlled environment. The probe station was
sealed, preserving the NWs solution to get contaminated and
4
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2.2×107 m−1 [51], respectively, in the wavelength range
under investigation, P is as follows:

minimizing the uncontrolled evaporation of the droplet solvent during DEP experiments. The temperature and humidity
were measured prior to each experiment by using a digital
hygrometer in order to conﬁrm the feasibility of the experimental results.
The theoretical estimation of the expected number of
assembled NWs as a function of the DEP conditions was
conﬁrmed by experimental results obtained using long and
wide Al electrodes (100 μm long and 100 nm thick) with a
gap of 2 μm, enabling the assembly of multiple NWs in single
DEP runs. The fabrication of Al electrodes was carried out by
using DC magnetron sputtering and photolithography on
SiO2(300 nm)/Si substrates. The fabrication of the photodetectors was developed using AZO electrodes, whose work
function is compatible with GaAs, beneﬁting the formation of
a good electric contact after the DEP assembly. 100 nm thick
AZO electrodes were deﬁned on top of SiO2(300 nm)/Si
substrates by RF magnetron sputtering and photolithography.
The shape of the electrodes (i.e. the width of the tip around
tens of microns) was chosen in order to allow the assembly of
single NWs.
The DEP system has three main parts: (i) waveform
function generator (HAMEG-HMF2550); (ii) semiconductor
parameter analyzer (HP4145B); (iii) LED based light source.
The role of the waveform function generator is to supply an
AC sinusoidal signal to the pair of electrodes to create the
DEP force. The generator operates at a frequency range ranging from 10 kHz to 1 MHz with a Vrms ranging from 0.5 to
7 V. The semiconductor analyzer permits to measure the I–V
curve of the assembled NWs during the DEP experiments. A
red LED was mounted on a holder right above the sample
surface, enabling to measure the response of trapped NWs to
the irradiation of light. This all-in-one system allows a quick
analysis of the DEP assembling yield.
The DEP experiments are developed in three steps.
Firstly, as the function generator is switched on, a drop of
NWs suspension (5 μl) is applied onto the sample surface.
This volume was chosen because it enables to cover the
whole trapping area. After 2 min holding the AC signal ON,
the sample surface is rinsed with DI water, ethanol, and dried
in a stream of N2 gas. Right after, the function generator is
switched off.

P = P*

ANW
(1–R) [1 – exp ( – 2ar NW )].
Abeam

(5 )

P* being the power of the light source, and Abeam being
the area of the circular spot (beam radius, rbeam=5 mm).
This calculation results in a P of 8.07×10−5 W and is based
on the highly uniform optical density, which presents peak-tovalley power ﬂuctuations lower than 5% of the average power
density throughout the beam area as calibrated elsewhere [16].

4. Results and discussion
GaAs NWs used in this work were grown on oxidized Si(111)
substrates in a CBE system by the self-assisted VLS mechanism thoroughly depicted in ﬁgures 2(a)–(d) (see Methods
section for further details) and previously described
[6, 48, 49]. This method has demonstrated a great control over
the resulting NW density and NW aspect-ratio through the
accurate pre-deposition of Ga droplets (ﬁgures 2(b1)–(b3)).
The integration of these NWs over an electrodes layout
has been carried out by the DEP procedure previously
reported elsewhere [16, 52]. This assembly technique requires
the previous preparation of a NWs suspension in a liquid
solvent. For this purpose, two different suspensions were
prepared—using ethanol as solvent—consisting in GaAs
NWs with (ﬁgure 2(d1)) and without (ﬁgure 2(d2)) a Ga
droplet on top of their tips, aiming to analyze the effect of the
Ga droplet on the resulting NW-electrode contact quality
formed after the DEP assembling process (see Methods
section for further details). For the sake of clarity, we have
named as A and B NWs suspensions with and without Ga
droplet, respectively.
4.1. Characterization of GaAs nanowires in suspension

Morphological properties of both as-grown GaAs NWs and
GaAs NWs in (A) and (B) suspensions were thoroughly
analyzed by scanning electronic microscopy (SEM) right after
substrate sonication in the solvent (see Methods section).
Firstly, the substrate was extracted from the solution and dried
in N2 ﬂow, being the resulting sample morphology analyzed
by SEM (ﬁgure 3(a)). This SEM image shows six remaining
GaAs crystals whose thin residual thickness demonstrates that
NWs fracture—caused by sonication—occurs near the NW
base, preserving the as-grown NW length almost intact after
the sonication (see inset of ﬁgure 3(a)). In addition, it is
observed that all crystals present a hexagonal foot-print and
exhibit the same relative crystal orientation which is an evidence of the epitaxial growth on Si(111) [6, 48, 49]. The gray
color gradient observed in ﬁgure 3(a) indicates that all NWs
exhibit a fracture along a tilted preferential crystalline plane,
not parallel to the Si(111) substrate surface. The fracture yield
obtained under the sonication conditions used in this work
allowed us to have an accurate control over the NW

3.4. Photoresponse characterization

The visible light source used in this work was a Halogen
Light Source (from Ocean Optics, DH-2000) with a wavelength range of 300–1500 nm, and a power (P*) of 100 W,
which results in a power density of 0.13 mW cm−2. The light
was directed from the visible lamp through an optical ﬁber,
and was focused on top of the GaAs NW area by an optical
lens. P* is therefore the power of the light source measured
with a semiconductor power meter placed at the equivalent
position of the sample. To estimate P, the NW was considered
as a hexagonal prism (ﬁgure 3(a)) with a lateral area exposed
to the light of ANW=3 rNW LNW (i.e. approximately half of
the prism surface). Assuming that GaAs NWs have a reﬂectivity (R) and a absorption coefﬁcient (α) of 5% [50] and
5
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Figure 3. (a) SEM image of a substrate after the sonication step (i.e. after GaAs NWs are detached from the Si(111) surface); inset: high

magniﬁcation SEM image of the as-grown NW root. SEM images of GaAs NWs (b) with and (c) without Ga droplet, after sonication and
drop-casting on a Si substrate.

concentration in the resulting suspension. However, the
existence of parasitic species such as nanocrystals and traces
in the as-grown NWs sample [49], hinders the purity of the
resulting suspension. The optimization of the NW growth
approach would allow to obtain NWs suspension with better
quality, as we have recently shown elsewhere [6].
A droplet extracted from each suspension (A) or (B), was
drop-casted on a Si substrate, and after the solvent was
completely evaporated, the morphology of GaAs NWs with
(ﬁgure 3(b)) and without Ga droplet (ﬁgure 3(c)) was
observed by SEM. In these images, it is noticed that: (i) both
kinds of NWs preserve the length obtained during the growth;
(ii) HCl:H2O buffered solution used to etch Ga droplet from
the GaAs NW tip also preserves the morphology of the NW
stem; (iii) the sonication could break the NW either above
(ﬁgure 3(b)) or below (ﬁgure 3(c)) the tapering region.

regions. After the initial constant force region for f<100 Hz,
a linear decrease of 〈FDEP〉 is observed (〈FDEP〉∼1/f 2) when
increasing the applied AC frequency. A Maxwell–Wagner
dielectric dispersion such as the one characterized in the
equation (1) is expected to show a low-pass response over a
decade. However, it is worth noting from ﬁgure 4(a) that our
dispersion of NWs exhibits a low-pass response for over ﬁve
decades, indicating that the NWs dispersion analyzed in this
work consists of NWs with different dielectric properties,
widening the low-pass response up to 5 decades. The measurement of the low-pass response is therefore an effective
procedure to determine the homogeneity of the dielectric
properties of the NWs.
Finally, 〈FDE〉 exhibits low constant values for
f> 30 MHz. At a ﬁrst sight, it could be deduced from this
ﬁgure that the low frequency range should be better to
assemble GaAs NWs due to the large force values achieved in
this region, but experiments show the opposite outcome. At
low frequencies ( f< 100 Hz), the behavior of DEP is rather
similar to a DC signal. In this scenario, the utilization of a DC
signal in DEP at voltages in the range of 1–10 V, usually
leads to the electrolysis of the suspension solvent (i.e. ethanol). We have observed by optical microscopy the formation
of bubbles in the solvent at moderate voltages (1–10 V)
during DEP experiments carried out at f<100 Hz; the formation of these bubbles could repeal NWs away from the
electrodes gap, hindering both the resulting NW alignment
and trapping yield.
To study experimentally the effect of AC frequency on
NWs assembly, DEP processes were carried out using f
values up to 1 MHz, and the resulting SEM images are shown
in ﬁgures 4(b)–(d). The successful trapping of GaAs NWs
was observed only for f>10 kHz, named assembly region in
ﬁgure 4(a), involving 〈FDEP〉 with values ranging between pN
and nN. In this assembly region, NWs may reach a better
alignment with the electric ﬁeld lines because the NW
assembly mechanism is carried out under lower 〈FDEP〉

4.2. Performance of DEP assembly

The DEP system developed for this work allows to control the
parameters of the AC signal supplied to the trapping electrodes, including the Vrms and f in a controlled environment
(see Methods for further details). The DEP performance has
been analyzed as a function of DEP parameters such as Vrms
and f, using GaAs NWs without Ga droplet, i.e. NWs in
solution B (ﬁgure 2(d2)). The average DEP force 〈FDEP〉
exerted on a single GaAs NW has been calculated using
equation (1) as a function of both, Vrms and f, assuming NWs
with dimensions of rNW=50 nm and LNW=5 μm (obtained
from SEM analysis), with electrical properties given by
εp=10.89ε0 and σp=6000 S m−1, and suspended in an
ethanol medium (εm=24.3ε0 and σm=10–5 S m−1).
For frequency response studies, we have used a Vrms of
7 V, assuming a GaAs NW initially aligned to the electric
ﬁeld (Li=0) and vertically placed 10 μm away from the
electrodes gap. Figure 4(a) shows the obtained results,
observing a typical low-pass response with three different
6
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Figure 4. (a) 〈FDEP〉 exerted on a GaAs NW dipped in ethanol, as a function of AC frequency (f). (b)–(d) SEM images of single GaAs NWs

aligned by DEP carried out at different f values (Vrms=7 V).

values, resulting in a slower and softer process than for low
frequency values.
The effect of a softer NW alignment mechanism was
analyzed in three DEP samples carried out at different frequencies within the assembly region (10 kHz, 100 kHz and
1 MHz), as shown in ﬁgures 4(b)–(d). The assembly angle—
deﬁned as the ﬁnal angle between NWs and the electric ﬁeld
lines normal to both electrodes—is progressively reduced as
the DEP frequency is increased, demonstrating the improvement of the NW alignment when increasing f from 10 kHz to
1 MHz. Under these frequency conditions, we observed an
alignment yield above 95% (see appendix A), comprising
NW misalignments below 5° with respect to the alignment
direction (i.e. electric ﬁeld direction). Additionally, various
experiments were carried out at frequencies below 10 kHz,
comprising 100 Hz, 500 Hz, 1 kHz, 2 kHz, and 5 kHz. The
results obtained from these DEP experiments showed no
assembly of NWs, indicating that the high value of the 〈FDEP〉
demonstrated in ﬁgure 4(a) for low frequencies is not sufﬁcient to guarantee the effective assembly of NWs. The
requirement of a non-uniform electric ﬁeld produced by a
high AC signal is therefore essential not only to trap, but also
to align NWs bridging the trapping gap between electrodes,
creating functional devices. In this regard, both AC frequency
and applied voltage need to be investigated and optimised in

order to compensate the poor performance of the DEP
assembling rate observed at low frequencies.
It was previously mentioned, the 〈FDEP〉 exerted on a
GaAs NW depends on the applied AC voltage through the
∇|E|2 magnitude, as given by equation (1). In this way,
ﬁgure 5(a) shows the calculated 〈FDEP〉 values as a function
of the Vrms value, assuming a GaAs NW initially aligned
along the electric ﬁeld (Li=0) and vertically placed 10 μm
away from the electrodes gap, using an AC frequency of
f=100 kHz. The 〈FDEP〉 dependence on Vrms, as expected
from equation (1), is clearly seen in this ﬁgure, reaching
values close to 0.5 nN for Vrms=7 V. In order to check the
validity of above calculations, DEP experiments were also
carried out using wide-sized electrodes (100 μm) separated by
a 2 μm gap, allowing the assembly of multiple NWs interconnecting both electrodes (see the schema in ﬁgure 5(b)).
The assembly performance was studied as a function of Vrms
by SEM after DEP (SEM images are also shown in
ﬁgure 5(b)). It is noticeable that a Vrms value of 4.24 V is not
enough to trap any GaAs NW along the full electrodes length,
as conﬁrmed from several experiments repeated under the
same conditions. 〈FDEP〉 value for Vrms of 4.24 V, is around
0.15 nN, which is not sufﬁciently high to overcome the drag
force in the ﬂuid. In contrast, for larger Vrms values, such as
5.66 and 7.07 V, 〈FDEP〉 is large enough to compensate or
7
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Figure 5. (a) 〈FDEP〉 exerted on a GaAs NW as a function of Vrms. (b) SEM images of DEP experiments carried out at different Vrms values
and schema of the electrode geometry. (c) Calculation of 〈FDEP〉 as a function of the distance z, where constant magnitude arrows are used to
represent 〈FDEP〉 direction. (d) 〈FDEP〉 amplitude versus distance z calculated at positions x=0 and 1 μm; inset: schema showing the
electrodes and gap dimensions, and the selected system of coordinates.

even to overcome the drag force in the ﬂuid, resulting in the
successful trapping of NWs between the electrodes gap. SEM
images presented in ﬁgure 5(b) show the different NWs
assembled between electrodes for the different Vrms values
used during typical DEP experiments. For Vrms values of
5.66 V and 7.07 V, resulting NW densities were 0.02 and
0.08 NW μm−1, respectively; the observed increase on the
assembled NW density with Vrms is in good agreement to the
trend predicted in ﬁgure 5(a).
The 〈FDEP〉 exerted on a GaAs NW has been also calculated as a function of the distance between the NW and the
electrodes gap, and the relative position with respect to the
gap center, deﬁned here as z and x, respectively (ﬁgure 5(c)).
These calculations have been performed using f=100 kHz
and Vrms=7.07 V—which are those DEP parameters exhibiting the best assembly performance—assuming a NW
initially aligned along the electric ﬁeld (Li=0) and an
electrode spacing of 2 μm. Figure 5(c) represents a map with
the directions of the calculated 〈FDEP〉 by using arrows whose
module is not representing the magnitude 〈FDEP〉, but instead
it includes a logarithmic background color scale to represent

the 〈FDEP〉 magnitude. As seen in that ﬁgure, both FDEP
direction and magnitude are very sensitive to z, the latter
taking very intense values at regions close to the inter-electrode gap. Furthermore, 〈FDEP〉 arrows are clearly always
pointing towards the electrode gap region, which conﬁrms
that DEP trapping mechanism occurs along the direction
given by the gradient of the electric ﬁeld. This is the characteristic behavior that allows for NWs trapping (positive
DEP). It is worth noting again that given the dependence of
〈FDEP〉 with ∇|E|2 (equation (1)), the direction of the DEP
force under AC conditions does not change when the voltage
is reversed every semi-period of the applied signal.
The dependence of 〈FDEP〉 exerted on a single NW suspended in the solution as a function of the distance z to the
electrode surface is also plotted in ﬁgure 5(d) for two different
horizontal positions, i.e. x=0 μm (corner of one electrode)
and x=1 μm (center of the electrode gap), as shown in the
schema of ﬁgure 5(d). A fast decrease of 〈FDEP〉 for large z
values can be observed in that plot for both x values, whose
dependence on z follows an inverse power law (z−3) in that
region. It is also observed in this ﬁgure for small x values that
8

Nanotechnology 31 (2020) 225604

C García Núñez et al

edge of the electrodes (x=0 μm) attracts NWs with a
stronger intensity than the position at the center of the gap
(x=1 μm). This behavior explains the experimental observations evidencing a preferential assembly of NWs at the
electrodes edge when NWs length is shorter than the gap
distance. This mechanism might also beneﬁt the soft assembly of NWs with size larger than the electrodes gap, accommodating both NW ends at both electrodes, therefore
improving the reproducibility of the process.
It has been reported that the effective dielectrophoretic
trapping of other semiconductor nanostructures over tens of
microns requires a signiﬁcant value for 〈FDEP〉, estimating
∇|E|2 magnitudes in the range of 10–5 V2 μm−3 or even larger [53]. Our calculations result in 〈FDEP〉 values in the range
of pN for NWs located at distances above 20 μm far from the
trapping gap (ﬁgure 5(c)). However, as observed in
ﬁgure 5(c) the trapping force decreases with 1/z3, which
indicates that NWs in the solution located at distances of a
few microns from the electrodes will be subjected to forces
4–5 orders of magnitudes larger than those separated from
them by some tens of microns. This evidences that although
the effective attraction and trapping of NWs could successfully be observed in NWs located at far distances (i.e. 20 μm
and above), those which are separated only a few microns
from the trapping gap will have a much higher probability to
be trapped. The trapping probability also increases a factor
1/z3 as z decreases.

exhibits a rectifying behavior, as demonstrates ﬁgure 6(c) (see
also I–V curve represented in logarithmic scale in the inset of
ﬁgure 6(c)). Considering the equivalent circuit schematically
presented in ﬁgure 6(b), and the general equation of the
electric current through a diode [56], experimental data was
ﬁtted to
V = I RTot + n VT ln (I / Isat + 1).

(6 )

RTot being the series combination of R1 (the contact
resistance between AZO electrode and Ga-droplet), R2 (the
contact resistance between Ga-droplet and GaAs NW), and
RNW (the intrinsic resistance of the GaAs NW) (see
ﬁgure 6(b)); n being the ideality factor (typically around 1–2),
VT being the thermal voltage (25 mV at 300 K), Isat being the
saturation current, V the voltage across the diode, and I the
diode current. Both R1 and R2 are expected to exhibit a low
contact resistance, the former thanks to the similar work
function of Ga and AZO, and the latter thanks to the formation
of Ga-droplet/GaAs-NW contact during the VLS growth,
drastically enhancing the conductivity of the resulting interface.
Considering that 2D GaAs layers grown under similar conditions in our CBE system exhibit a p-type behavior due to
residual carbon doping concentration around 2×1016 cm−3,
the resistance of one of our typical NW could be estimated as
RNW∼2.5×107 Ω. This resistance should be the dominant
series resistance in the equivalent circuit shown in ﬁgure 6(b),
allowing to neglect both R1 and R2 in equation (6), resulting
RTot ∼ RNW. The red solid lines in ﬁgure 6(c) (and also in the
inset) represent the ﬁtted curves along with the experimental
data (blue circles). From that ﬁtting, we have obtained
n=1.00±0.08, RNW=(2.18±0.01)×107 Ω, and Isat=
(2.5±0.3)×10−10 A, which should correspond to the electrical properties of the single GaAs NW measured under dark
conditions. In this regard, the ﬁtted RNW value is close to the
previously estimated value.
The observed I–V curves behave like a Schottky diode
with n values close to 1 and a large series resistance, where
the GaAs-NW/AZO-electrode contact should be the main
responsible for the rectifying behavior; this rectifying property is an attractive feature for the development of fast
response photodetectors [57, 58].
In contrast, the characterization of GaAs NWs without
Ga droplet—at bias voltages ranged between −2 and 2 V—
exhibits saturation currents in the pA range (orange stars in
the inset of ﬁgure 6(c)). The formation of two opposite
Schottky diodes consisting in GaAs-NW/AZO-electrode
rectifying contacts at both sides of the NW, are considered as
the main reason inhibiting the electrical conductivity through
the device. Although further investigations are needed, the
use of electrodes with different work functions to contact each
side of the GaAs NW, would lead to diode-like characteristics
which would make this kind of NW also valid for
optoelectronics.

4.3. Electrode-nanowire contact properties

The optimization of the NW assembly performance through
DEP parameters (i.e. Vrms=5.66 V and f=100 kHz)
allowed us to carry out the assembly of a single GaAs NW
between Al doped ZnO (AZO) electrodes. The characterisation of the resulting device can be easily done in a probe
station without any further processing step. We have chosen
AZO for the contacts mainly due to its work function
(ΦAZO=4.3 eV [54]), close to the work function of GaAs
(ΦGaAs=4.7 eV [55]) and Ga (ΦGa=4.2 eV [55]). Al
electrodes have also been tested, but due to the surface oxide
on top of the Al layer, the electric contact is poor, hindering
the reproducibility of the measurements.
The morphological characterization of the resulting DEP
assembly using NWs suspension A, i.e. Ga-terminated NWs
(ﬁgure 6(a)), exhibits a clear different between AZO electrode
regions contacted by the Ga droplet (ﬁgure 6(a1)) and the NW
(ﬁgure 6(a2)). From ﬁgure 6(a1), one can conclude that Ga
droplet was alloyed with the AZO electrode after the NW
trapping. This may be a consequence of the low melting point
of Ga (∼30 °C) and the heat generation resulting from the
application of the AC signal between coplanar electrodes in a
liquid medium, leading to a local increase of the temperature
even for solvents with moderate ionic strengths [53]. Further,
ﬁgures 6(a1) and (a2) conﬁrm a similar contact area at both
sides of the NW atop the AZO electrodes surface.
The NW conﬁguration presented in ﬁgure 6(a) could be
schematically represented as shown in ﬁgure 6(b). The I–V
characteristics of the Ga-terminated GaAs NW clearly

4.4. Single GaAs nanowire based photodetector

The responsivity of Ga-terminated GaAs NWs under visible
illumination has been characterized to evaluate their
9
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Figure 6. (a) SEM image of a Ga terminated GaAs NW assembled between a pair of AZO electrodes by DEP; high magniﬁcation SEM

images of (a1) Ga droplet and (a2) GaAs NW regions in contact with the AZO electrode surface. (b) 2D schema and equivalent circuit of the
hypothetic contact formed between a Ga terminated GaAs NW and AZO electrodes, assuming the existence of three resistances, including:
(1) AZO/Ga ohmic contact (R1), (2) Ga/NW ohmic contact (R2), (3) intrinsic NW resistance (RNW), and (4) NW/AZO Schottky contact (D).
As detailed in the equivalent circuit, a positive bias voltage was applied to the AZO electrode in contact with the NW (i.e. negative bias
voltage was applied to the AZO electrode in contact with the Ga droplet). (c) I–V characteristics of a single Ga GaAs NW with (blue circles)
and without Ga droplet (orange stars) measured between AZO electrodes, and its corresponding best ﬁtting using generalized diode equation
(red and green solid lines); inset: logarithmic current versus bias voltage. (d) I–V characteristics of Ga-terminated GaAs NW measured in dark
and under visible light illumination. Inset: Log(I) as a function of V.

applicability as building blocks in optoelectronic applications.
GaAs NWs without Ga droplet were not included in this
discussion because of their large resistance under dark conditions (see previous section), lacking sensitivity to visible
light. For the sake of comparison, ﬁgure 6(d) shows the I–V
characteristics of a Ga-terminated GaAs NW measured in
dark (previously plotted with blue circles in ﬁgure 6(c)), and
now also under visible light illumination. This plot exhibits an
evident photosensitivity to the visible light when the device is
forward biased. A clear increase of the forward current
(close to 2 orders of magnitude at V=+1 V) can be observed
in the inset of ﬁgure 6(d). The ﬁtting of the experimental
curve measured under illumination using equation (6) results
in n=1.00±0.06, RNW=(3.6±0.1)×104 Ω, and
Isat=(1.2±0.2)×10−8 A. The value of RNW shows a
reduction of around 3 orders of magnitude when compared to
the value obtained under dark conditions. In addition to the

observed change in RNW, the device shows some evidence of
photo-generated current in the reverse bias region, where the
device current is limited by the transport through the potential
barrier at the contact formed by DEP between the NW and the
AZO electrode.
The manipulation and assembly of single NWs by DEP
facilitate the calculation of parameters such as the photoresponse (Rphoto) of the NW based photodetector, due to the
dimensions of the NWs (rNW and LNW), and therefore, the
effective area irradiated by light can be precisely estimated by
R photo =

Ilight –Idark
P

,

(7 )

where Idark and Ilight are the electrical current measured
through a single GaAs NW with dimensions of rNW=50 nm
and LNW=5 μm (ﬁgure 6(a)) in dark and under illumination
(300<λ<1500 nm), respectively, and P is the effective
10
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light power absorbed by the NW (see Methods section).
Using equation (7) and considering a applied voltage of 2 V,
we obtained a Rphoto of around 1.2 mA W−1 for a single
GaAs NW.
The photosensitivity observed in our GaAs NWs can be
explained by the change on the size of the depleted space
charge region under illumination. It is well-known that GaAs
surface, even covered with a native oxide, exhibits a large
density of surface states located inside the bandgap, giving
rise to an important band bending near the surface (Fermi
level pinning) and to a carrier depleted region. When GaAs
NWs are not passivated at the NW sidewalls (as it is the case
for the NWs of this work), the NW body can be partly or fully
depleted due to the size of the depleted region, comparable or
even larger than the reduced NW diameter. This effect can
reduce the effective NW section for conduction, and thus, the
electrical conductance. Under illumination conditions, electron-hole pairs are created by photon absorption, increasing
the carrier density in the NW body; both, band-bending and
the depletion width near the NW surface are therefore
reduced, leading to the increase of the NW effective section
for conduction. Summarizing, the current increase observed
in our GaAs NW devices is mainly attributed to a drastic
reduction of RNW due to the photo-generated charge carrier
and the subsequent increase on the conductive volume inside
the NW (ﬁgure 6(d)). In good agreement with our observations, it has been also found some similar photosensitivity
mechanisms in other semiconducting NW technologies [16],
where the observed reduction of the device series resistance
(i.e. RNW) under illumination was considered the main cause
for the increase of the forward current.

based on a GaAs NW without Ga droplet presented small
currents in the pA range, both in dark and under visible
illumination, devices based on Ga droplet-terminated GaAs
NWs exhibited asymmetrical diode-like I–V curves in the pA
range with an increased forward current under visible illumination. The photoresponse of 1.2 mA W−1 obtained at very
low light power densities (0.13 mW cm−2) demonstrated the
viability to use single GaAs NWs based devices as photodetectors in the visible range.
For devices based on NWs without Ga droplet, obtained
I–V curves have been explained on the basis of two opposite
Schottky barrier contacts formed at both NW-electrode contacts. On the other hand, the ohmic contact between the NW
end with the Ga droplet and the conductive electrode yields a
rectifying behavior in devices built from Ga droplet-terminated NWs. These results prompt the use of those nanoscale
ohmic contacts in the fabrication of single GaAs NW based
photodetectors.
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In summary, GaAs NWs grown by CBE with lengths ranging
between 3.5 and 5 μm have been successfully assembled
between conductive electrodes separated by a 2–4 μm gap by
using non-uniform electric ﬁelds via AC DEP in ethanol.
Amplitude and frequency values of the applied AC signal are
critical parameters to control the number of assembled NWs.
Vrms values in the 4–7 V range, with frequencies in the
10 kHz–1 MHz range have been successfully used to align
GaAs NWs with an assembly yield above 90% (see
appendix A), and an alignment yield above 95% (considering
only those NWs misaligned up to 5° with respect to the
alignment direction). The optimization of these DEP parameters, comprising Vrms and AC frequency, allowed us to
fabricate devices based on a single GaAs NW with and
without the ﬁnal Ga droplet. These results demonstrated the
use of DEP as a promising, low-cost and ease of development
technique for the controlled, feasible, and reproducible
assembly of elongated nanostructures at speciﬁc places,
allowing the fabrication of complex arrays and 2D/3D
monolithic structures for multiple advanced optoelectronic
applications.
I–V characteristics of single GaAs NWs with and without
the ﬁnal Ga droplet have also been measured. While devices
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Appendix A. Calculation of the assembly and
alignment yields
The assembly yield gi of each experiment (i.e. single and
multi-assembly of NWs) has been calculated as follows:
gi (%) =

ni
100,
N

where ni is the successful number of attempts showing
assembled NWs, i is the index identifying the number of
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assembled NWs depending of the DEP conditions (i.e. 1, 2,
3, K) and N is the total number of attempts. For example, at
DEP conditions of Vpp of 5.66 V and f of 100 kHz
(ﬁgure 5(c)), 10 experiments were carried out, observing that
9 of them showed the same number of assembled NWs (i.e.
i=2), resulting in
n
g2 (%) = 2 100 = 90%.
N
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