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ABSTRACT: Because of the inevitable Fermi level pinning
on surface/interface states of nanowires, achieving high-
performance nanowire devices with controllable nanoscale
contacts is always challenging but important. Herein, single-
crystalline heterostructured Ga/GaAs nanowires with sharp
hetero-Schottky interfaces have been successfully synthesized
on amorphous substrates by utilizing Au nanoparticles as
catalytic seeds via chemical vapor deposition. These nano-
wires are found to grow with the hemispherical Au,Ga,
catalytic tips following the vapor—liquid—solid mechanism.
During the growth, simply by manipulating the source and
growth temperatures, the Ga precipitation rate from Au—Ga

alloy tips as well as the reaction rate of Ga precipitates with As can be reliably controlled in order to tailor the length (0—170
nm) of Ga nanowire segments obtained in the heterostructure. When configured into field-effect transistors, these Ga/GaAs
NWs exhibit the p-type conductivity with a sharp hetero-Schottky barrier of ~1.0 eV at the atomically connected Ga segment/
GaAs NW body interface, in which this barrier height is close to the theoretical difference between the GaAs Fermi level (S.1—
5.3 €V) and the Ga work function (~4.3 eV), suggesting the effective formation of nanoscale contact by minimizing the Fermi

level pinning, being advantageous for advanced nanoelectronics.

1. INTRODUCTION

Because of their appropriate direct band gaps and remarkably
high carrier mobilities, III-V compound semiconductor
nanowires (NWs), such as gallium arsenide (GaAs) and
indium arsenide (InAs), are widely investigated for various
applications in next-generation electronics, optoelectronics,
and others.'™® In particular, both intrinsic and axially or
laterally p/n doped NWs are successfully synthesized by the
catalytic vapor—liquid—solid (VLS) and/or vapor—solid—solid
(VSS) mechanisms utilizing molecular beam epitaxy
(MBE),”™"" metal—organic chemical vapor deposition
(MOCVD),"'™"* laser ablation, etc.'* However, since these
NW materials have the relatively large surface-to-volume ratio
with a significant amount of surface dangling bonds, all these
unsaturated bonds would contribute a substantial amount of
surface states, inducing the serious surface Fermi level
pinning.">~"® Inevitably, when configured into NW devices,
this pinning would make the contact barrier between NWs and
metals being independent of the metal work function;
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therefore, special attention is required for the metallization
of these NWs.'”* For example, InAs NWs typically have their
surface Fermi level pinned in the conduction band, yielding a
great challenge to achieve eflicient contacts to their p-type
NWs, which necessitates a surface InP remote doping strategy
there.”"”” As a result, it is technologically difficult to
investigate and implement the effective nanoscale contact
with III-V semiconductor NWs.

On the other hand, during the NW synthesis, the metal
catalyst, such as the commonly adopted Au nanoparticle (NP),
would atomically contact the NW body without any surface/
interface state.”” For instance, Tambe et al. have previously
reported the Schottky barrier between Au catalyst and GaAs
NW body of being ~0.6 eV, which is similar to the one
obtained from theoretical calculations, suggesting that there is
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not any significant surface Fermi level pinning.”* Later, in our
experiments, we also observed a high open circuit voltage of
~0.6 V for GaAs NW solar cells based on the Schottky barrier
between Au catalyst and GaAs NW body, while a very low
voltage (e.g, 0.1 V) was witnessed when thermally deposited
Au electrode was substituted for the Au catalyst as electrical
contacts. All these results have clearly highlighted the
significant difference between the atomically contacted metal
with GaAs NWs and the thermally deposited metal onto GaAs
NWs.”> Nevertheless, as the GaAs NW growth is highly
selective to the choice of metal catalysts, it is hence
problematic to explore the efficient contact of GaAs NWs
with other metals expect for the commonly adopted Au
catalyst.

In this work, by precisely manipulating the CVD condition
with Au NPs as catalysts, we have successfully achieved the
controllable growth of heterostructured Ga/GaAs NWs with
the sharp hetero-Schottky interface.””™>" Specifically, the
hemispherical single-crystalline Au,Ga, catalytic tips are clearly
observed, which infers the growth of Ga—GaAs NWs following
the VLS mechanism. Moreover, there is not any noticeable
amount of defects along the entire length of NWs (>10 ym)
with the average NW diameter of 23.5 + 6 nm. Importantly,
based on the careful electrical measurement, a sharp Schottky
barrier of ~1.0 eV is established between Ga and GaAs
segments, which is perfectly consistent with the theoretical
barrier (i.e., work function difference between Ga and GaAs,
5.3 — 4.3 = 1.0 eV). All these findings evidently demonstrate
the effective control of heterostructured Ga—GaAs NW growth
with the sharp Schottky interface, being advantageous for many
Schottky junction devices and their applications.”**’

2. EXPERIMENTAL SECTION

Figure 1 depicts the schematic illustration of the experimental setup
and the growth procedure of GaAs NWs studied here. In detail, a two-

Figure 1. Schematic illustration of the dual-zone horizontal tube
furnace and the experimental procedures for the GaAs NW growth.

temperature zone tube furnace was adopted as the reactor, with one
end for the solid source placement (upstream) and the other end for
the NW growth (downstream). Prior to the CVD synthesis, (100)-
oriented Si/SiO, (50 nm thick thermally grown oxide) substrates
were cleaned with ultrasonic bath in deionized water, ethanol, and
acetone, accordingly, followed by the nitrogen blow dry. After that,
the as-prepared Au NPs*® (~11 nm in the diameter with the
corresponding TEM image, size distribution, and synthesis method
shown in the Supporting Information, Figure S1) were evenly
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dispersed on top of the substrates. The high purity GaAs powder (0.5
g 99.95%) then served as the Ga and As precursor sources, which was
placed in an alumina crucible and positioned in the middle of the
upstream zone. During the growth, the prepared substrate was placed
at the center of the downstream zone with a tilt angle of 20°. H, (5%
in Ar) was used as the carrier gas to transport the thermally vaporized
GaAs, while the process pressure was maintained at 5.0 Torr for the
entire duration of the process (i.e., 30 min). Eventually, the heating of
the source and substrate was stopped according to procedures 1—3
listed in Figure 1 with the natural cooldown to room temperature
under the H, (5% in Ar) flow. Under this condition, the grown NWs
were chemically intrinsic without any intentional dopants.

Furthermore, the crystallinity of grown GaAs NWs was investigated
by employing an X-ray diffractometer with Cu Ko radiation (1.5406
A) operated at 40 kV and 40 mA in the diffraction angle (26) from
20° to 60°. Their morphologies were also characterized by a scanning
electron microscope (SEM). High-resolution transmission electron
microscopy (HRTEM) images and energy dispersive spectroscopy
(EDS) of NWs were obtained on a JEOL JEM-2100F microscope
with an accelerating voltage of 200 kV. For TEM and EDS studies, the
GaAs NWs were first suspended in the anhydrous ethanol solution by
ultrasonication and then drop-casted onto the Cu grid covered with
carbon film for the corresponding characterization.”"

On the other hand, the GaAs NW FET devices were as well
prepared by dispersing the NWs (suspended in anhydrous ethanol)
onto the precleaned p+ Si/SiO, substrates (50 nm). A series of cross
marks and squares around the NWs were prepared by electron beam
lithography (EBL) to precisely determine their patterning location in
the subsequent process as shown in Figure S2. Next, regions for
source and drain electrodes were patterned by EBL, while the Ni film
of 60 nm was then deposited by e-beam evaporation followed by a lift-
off process. The electrical performance of fabricated back-gated NW
FETs was finally characterized with a standard electrical probe station
(Lakeshore Cryotronics) and a Keithley 4200 semiconductor
parameter analyzer.

3. RESULTS AND DISCUSSION

In the solid-source CVD system, the Ga precursor would first
evaporate from the GaAs powder and then alloy with Au NPs
to perform as the catalytic seeds. Then, the supersaturated Ga
precursors are precipitated and reacted with the As precursor,
resulting in the growth of GaAs NWs.””” Following the
growth procedure 1 (Figure 1), when the growth temperature
and source temperature are fixed at 600 and 800 °C,
respectively, the H, (5% in Ar) gas flow is controlled to 100
scem (e, pressure ~5.0 Torr), and the growth duration is
maintained for 30 min, very dense, smooth, long (>10 yum)
and uniform GaAs NWs are readily obtained as presented in
the SEM and TEM images in Figures 2a,b. Based on the TEM
images, the NW diameter distribution can be determined as
23.5 + 6 nm from the statistics of 45 individual NWs as given
in Figure 2c. The relatively larger diameter of NWs as
compared with the one of Au colloids can be attributed to
several aspects, such as the incorporation of Ga into Au, the
shape changes of Au sphere into Au,Ga, hemisphere, and the
increased NW diameter by the Ostwald’s ripening effect at
high temperatures." To further explore the crystallinity of
obtained NWs, XRD is performed as shown in Figure 2d. Two
dominant diffraction peaks are found at 20 angles of 27.30°
and 45.41° without considering the substrate peaks, where
these two peaks are corresponded to the cubic zincblende
(ZB) GaAs (111) and (220) planes.**

At the same time, HRTEM and EDS mapping are also
performed on the obtained NWs as shown in Figure 3.
Explicitly, a hemispherical Au-based catalytic seed is seen at the
tip of the NW (Figure 3a), which implies the VLS growth
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Figure 2. (a) SEM image of the GaAs NWs prepared by Au NPs as
the catalysts (~11 nm in diameter) and growth procedure 1. (b)
TEM image of the NWs. (c) Diameter statistics of 45 NWs observed
in the TEM images. (d) XRD spectra of the NWs and the bare
substrate.

Figure 3. (a) TEM image of a typical GaAs NW prepared by the
growth procedure 1. (b) Corresponding EDS mapping of the NW. (c)
HRTEM image and FFT (inset) of the Au,Ga, alloy tips. (d)
HRTEM image and FFT (inset) of the Ga NW segment. (e) HRTEM
image and FFT (inset) of the GaAs NW body.

mechanism of the GaAs NW. Interestingly, a Ga segment (45—
50 nm in the length) is also observed between the Au catalyst
tip and the GaAs NW body as identified by the EDS mapping
(Figure 3b). In addition, the HRTEM and corresponding fast
Fourier transformation (FFT) images of the Au—Ga catalyst,
Ga segment and GaAs NW body not only illustrate the single-
crystalline hexagonal Au,Ga, catalyst tip and cubic ZB GaAs
NW body along the (111) direction but also indicate the
single-crystalline orthogonal Ga segment being in the good
accordance with EDS mapping results. It is also noted that
when the EDS line scan is taken along the NW in the axial
direction, there is again a clear confirmation of the Ga segment
existed between the Au—Ga catalyst tip and the GaAs NW
body with sharp heterointerfaces of less than 10 nm in the
junction depth (Figure 4). In the literature, it is reported that a
short GaAs neck of 10—20 nm in the length could be formed
between the Au—Ga catalyst and the GaAs NW body in
chemical beam epitaxy simply by cooling the NWs in As
atmosphere while switching off the Ga precursor. This way, the
Ga extraction could be occurred from the Au—Ga alloy tip by
the reaction with the excess As precursor. This Ga
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Figure 4. EDS line scan along a representative GaAs NW obtained by
the growth procedure 1. The curves indicate the distribution of Au,
Ga, and As elements along the axial direction of the NW.

consumption from the Au—Ga alloy would then make the
catalyst tip become smaller, and thus the neck would be shrunk
gfgretduelll}r.u"”S However, until now, there is not any metallic Ga
segment reported for the GaAs NW growth. The origin of this
Ga segment is still uncertain, but we can presumably exclude
its contribution from the Au—Ga alloy. It is because even if we
realloyed the segment, it would turn into the larger Au—Ga
alloy seed with a size of ~45 nm. Since the diameter of Au-
catalyzed GaAs NWs is highly depended on the size of
catalyst,”*® this larger seed of ~45 nm would subsequently
lead to the growth of thicker NWs, which is in a distinct
contrast to the ones (i.e, NWs with a diameter of ~25 nm)
observed in this study. As a result, this Ga segment is not
merely a cooling precipitation of Ga from the Au—Ga alloy.
To shed light on the formation mechanism of this Ga
segment, many experimental parameters, such as the carrier gas
flow rate, source powder dosage, source and substrate
temperatures, etc., have been tailored in order to assess their
effects on the Ga segment. It is found that the source and
substrate temperatures are the key factors in regulating the
growth of Ga segment. As shown in the temperature profile in
Figure 1, when the growth is deviated from the typical
condition (procedure 1) by lowering the source temperature
from 800 to 700 °C after 30 min of growth, keeping the
substrate temperature at the same growth temperature of 600
°C, and then turning off both zones together to cool to room
temperature, it is defined as the growth procedure 2. Using this
profile, the Ga segment is almost disappeared (<10 nm in
length), and the process is converted into conventional GaAs
NW growth as depicted in Figure 5. The alloy tip and GaAs
NW body can be obviously observed from the TEM and EDS
mapping (Figures Sab). The hexagonal Au,Ga, alloy tip and
cubic ZB NW body can also be confirmed based on the
HRTEM image and corresponding FFT pattern (Figures Sc,d).
On the other hand, when the growth procedure 3 is adopted,
where the substrate temperature is first cooled from 600 to 550
°C after 30 min of growth while the source temperature is kept
at 800 °C, and then both zones are switched off together to
cool to room temperature, the Ga segment would become
longer to the length of ~170 nm (Figures 6a,b). The crystalline
phases of both Ga segment and GaAs NW body remained
unchanged as shown in the HRTEM image and corresponding
FFT pattern (Figures 6c,d). To evaluate the wire-to-wire
variation, more than 10 NWs are characterized for each growth
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Figure S. (a) TEM image of a typical GaAs NW prepared by the
growth procedure 2. (b) Corresponding EDS mapping of the NW. (c)
HRTEM image and FFT (inset) of the Au,Ga, alloy tip. (d) HRTEM
image and FFT (inset) of the GaAs NW body.

Figure 6. (a) TEM image of a typical GaAs NW prepared by the
growth procedure 3. (b) Corresponding EDS mapping of the NW. (c)
HRTEM image and FFT (inset) of the Ga segment. (d) HRTEM
image and FFT (inset) of the GaAs NW body.

procedure with the length statistics of Ga segment as compiled
in Figure 7. All these experimental results clearly confirm the

Figure 7. Average length and standard deviation of the Ga segment
obtained under the three experimental NW growth procedures.

formation of heterostructured Ga/GaAs NWs with sharp
heterointerfaces as well as the controllable Ga segment length
by the manipulation of growth temperatures.

In the typical VLS growth of III—V NWs, when Au catalysts
are utilized, the group III precursors are generally believed to
be diffused and precipitated from the Au—III alloy and then
reacted with the gas-phase group V precursor to yield the NW
growth.”” The reaction rate is usually far higher than the ones
of diffusion and precipitation; hence, the group III precursor is
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consumed totally without any literature report for the group III
only NW segment. However, in this work, we can simply tailor
the precursor concentration via changing the source temper-
ature as well as modify the reaction rate via varying the
substrate temperature; then the precipitation of group III
species and the reaction of between group III and V
components can be decoupled. In this case, when the relatively
lower substrate temperature, such as 550 °C, is adopted
together with the low As precursor concentration, the
precipitation of Ga would become faster than the reaction of
between Ga and As; therefore, the Ga segment is obtained.
Notably, the sharp heterointerfaces can be formed here, which
can be attributed to the precise and efficient control of
temperatures in the CVD system. On the contrary, at the
higher substrate temperature (e.g., 600 °C) with abundant As
concentration, the Ga precipitate would be consumed much
faster, leading to the diminishing of the Ga segment. In the
meanwhile, the single crystalline Au,Ga, catalyst alloy might
also take part in the Ga diffusion and precipitation tuning,
which requires further investigations. All these processes are
also schematically illustrated in Figure 8, where a trade-off
between the Ga precipitation and the reaction between Ga and
As is clearly shown.

Figure 8. Schematic illustration of the growth process described for
the novel heterostructured Ga/GaAs NWs with sharp heterointerfa-
ces.

At the same time, it is also important to evaluate electrical
properties of the Au-catalyzed heterostructured Ga/GaAs
NWs. In this case, NW FETs were fabricated using Ni (~60
nm) source/drain (S/D) metal contacts configured in a global
back-gated geometry. The 50 nm thick thermal oxide was
employed as the gate dielectric while the degenerately boron-
doped Si substrate was utilized as the back-gate.®® The
measured NWs were prepared with procedure 3, in which the
Ga segment length is the longest with the length of ~160 nm.
Figure 9a illustrates a representative device fabricated with an
individual GaAs NW as the device channel with a diameter of
~20 nm and a channel length of ~600 nm. Notably, the Au—
Ga alloy tip is also clearly seen beneath the source electrode.”
As Ni electrode covers 90 nm of the Ga “neck” (<160 nm,
Figure 9a, inset), it can be confirmed that the Ga/GaAs
interface is left in the channel. The typical I-V curves are then
shown in Figure 9b, where a diode like I-V curve with an
onsite voltage of ~1 V is clearly shown. This Schottky barrier is
mainly attributed to the atomically connected Ga/GaAs
interface without any trap states and hence without any
significant Fermi level pinning there, which is similar to the
electrical contact characteristics of between Au—Ga alloy and
GaAs NW reported in the past.”” On one hand, Ni has a
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Figure 9. (a) SEM image of one typically measured EBL device. Inset:
magnified SEM image of the area framed by the rectangle shows that
Ni electrode covers the partial Ga “neck” (90 nm). Inset: schematic of
the device fabricated by EBL. One Ni electrode covers the partial Ga
“neck”, and the other Ni electrode covers the GaAs NW. (b)
Temperature-dependent I—V curves of NW device at Vi, = —10 V.

relatively similar work function to the GaAs (5.1-5.3 eV, p-
type as verified in Figure S3), and ohmic contact is therefore
resulted therein.*"*> This was further verified by the I-V
characteristics of the thermally deposited Ni electrodes on the
GaAs NW without Ga segment, as typically shown in Figure
S4. On the other hand, as Ga has the relatively lower work
function (~4.3 eV), a Schottky barrier of ~1.0 eV (5.3 — 4.3 =
1.0) would be formed when Ga contacts with GaAs.*

The temperature-dependent I—V measurements were also
carried out in order to extract the Schottky barrier, @, by the
conventional thermionic electron emission model with the
following analytical expression:

I, = A*T? exp _ s
kgT

where I is the saturation current, A* is the Richardson’s
constant, kg is the Boltzmann constant, g is the charge of an
electron, and T is the temperature. In this case, the Schottky
barrier height can be extracted from the slope of the linear
parts of the In(1,/ T?) versus 1000/T plot.44’45 However, the
saturation currents are too small to be precisely resolved in the
range 100—360 K, making it impossible to plot the In(I,/T?)
versus 1000/ T relationship. Despite this, we can still estimate
the Schottky barrier by the onsite voltage of ~1 V, which can
also be observed by several other NW FET devices. Therefore,
all these results show the controlled synthesis of the
heterostructured Ga/GaAs NWs with intrinsic Schottky barrier
of ~1 eV, being promising for the contact design for next-
generation nanowire nanoelectronics.

(1)
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4. CONCLUSIONS

In summary, single crystalline heterostructured Ga/GaAs NWs
have been successfully synthesized on noncrystalline SiO,/Si
substrates via the VLS mechanism with hemispherical Au,Ga,
catalytic tips by utilizing Au nanoparticles as the starting
catalyst. Specifically, the Ga NW segment length can be
reliably tailored by manipulating the GaAs source evaporation
and NW growth temperature. This implies that the origin of
these Ga segments mostly comes from the trade-off between
the Ga diffusion/precipitation from Au—Ga alloy tips as well as
the reaction of precipitated Ga with As. Importantly, these Ga/
GaAs NWs exhibit a sharp hetero-Schottky barrier of ~1.0 eV
at the interface between atomically connected Ga and GaAs, in
which this high quality interface would make the barrier
independent of the commonly observed surface Fermi level
pinning effect. All these results evidently illustrate the promise
of this heterostructure control of GaAs NWs and their
potential applications for various Schottky devices.
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