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Abstract

Ionic liquid assisted growth of ultra-long ZnO nanowires from thermal chemical vapor
deposition and the incorporation of dopants into the ZnO lattice have been investigated. We
find that decomposed components of the ionic liquid at higher temperatures facilitate ultra-
long vapor-liquid-solid ZnO nanowires that exhibit an unusual g-axis orientation. In
particular, the ionic liquid BMImBF,4 has been studied and the mechanism of the nanowire
growth model in response to the use of the ionic liquid is explained. We show that boron
which is part of the investigated ionic liquid incorporates into the ZnO lattice and serves as a
donor source. Electrical measurements are conducted and have shown an enhanced electrical
conductivity (p = 0.09 Qcm) when using the ionic liquid assisted growth approach. This work

represents a step towards the controlled doping for designing future nanowire devices.

KEYWORDS: nanowires, thermal CVD, ionic liquids, growth mechanism, doping
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During the last two decades, much effort has been focused on the growth and properties of
nanowires (NWs) of different material systems which could serve as excellent building blocks
for nanosized future electronic and optoelectronic devices.'” ZnO nanowires are one of the
most studied materials among the different materials that are used in the nanowire
community. A number of key parameters can influence the growth of metal oxide nanowires
by thermal chemical vapor deposition (CVD) as was discussed and schematically
demonstrated before.* Many groups studied the various effects of certain parameters and
obtained different shapes of nanostructures. Controlled conditions including vacuum tight
tube furnaces as a precondition for reliable experiments are needed for deeper understanding
of the various growth modes and forms. In our previous work, we derived several shape
diagrams that determine the parameter regions in which particular nanostructures can be
obtained.4® Typical growth modes are the vapor-solid (VS) or vapor-liquid-solid (VLS)
nanowires. However, mixed modes forming thicker nanorods, nanobelts, or nanosheets, and
even the suppression of growth are also observed for certain parameter combination of
source-substrate temperature.6 Also the effects of carrier gas and reaction gas were studied
thoroughly in order to evaluate the transport mechanism of the evaporated Zn growth species

and the region where ZnO nanowires can be grown.5

In a previous work, we demonstrated that the additive of an ionic liquid (IL) into the
thermal CVD system can change the growth mode of ZnO nanowires from VS to VLS and
also the growth orientation from ¢ to a-orientation.” However, the growth mechanism was not
fully understood which motivated us to conduct a more detailed investigation in order to get a
better understanding of the role of the ionic liquid that assist the CVD growth of ZnO
nanowires. lonic liquids are in general a special class of salts that consist mostly of organic
cations and inorganic anions and remain liquid even at room temperature.® The changed
growth mechanism of nanowires when the ionic liquid is present was attributed to a carbon

assisted and self-catalytic growth of the ZnO nanowires. It was suggested that the growth
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orientation change is caused by the large number of carbon that is released during the
decomposition of the IL, but also the presence of F and N atoms (from BMImBF,) which may
change the polarity and thus the growth orientation of the nanowire.7 The presence of carbon
was confirmed by photoluminescence (PL) measurements that revealed a reduced defect
related emission while annealing led to a strongly enhanced defect emission as a result of the
removing of the carbon passivation during the annealing in air.7 Moreover, such carbon
passivation of a-oriented nanowires was also responsible for a reduced CO sensing
performance as compared to polar ZnO VS nanowires.” However, there was no experimental
verification given that proof the presence of F and N within the nanowires. This motivated us
to conduct much deeper investigations to find the reason of the switching between a and c-

orientation.

Till date, the role of ionic liquids for the growth of metal oxide nanowires by an ionic
liquid assisted thermal CVD approach still remains rather unclear. We will focus in this study
on the effects which the additional IL source has on the nanowire growth. Due to the nature of
the BMImBF, compound, the IL could also act as a dopant supplier which was not considered
in previous studies. We propose that boron which is part of the IL can be incorporated into the
ZnO nanowires during the CVD growth and will play a major role for the tremendous change
of the growth behavior beside the carbon assisting the growth process. Electrical
measurements as well as X-ray photoelectron spectroscopy (XPS) spectral analysis will be

used to support this hypothesis.

Zn0O nanowires were synthesized via a carbo-thermal CVD approach using a horizontal 1-
inch 1-zone tube CVD furnace as shown in Figure 1a. The growth is conducted under low
flow conditions enabling upstream deposition mode (against the carrier gas flow direction)
where the ZnO source boat (ZnO and C powder mixture) is placed in the center of the tube.

The IL source (25 uL. BMImBF,4 dropped on a Si piece) was placed next to the ZnO source
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boat in upstream direction. A Si (100) sample with a 5nm Au layer acting as catalyst is
placed at a position where a temperature of 800 °C is valid. During the experiment, an O,
flow rate of 0.001 sccm and a relatively low Ar flow rate of 7 sccm were used at a chamber
pressure of 200 mbar. In our experiment, the growth occurs in an upstream deposition mode
because the diffusion effect of the Zn growth species has a significant influence due to the
rather low flow rate of the carrier gas flow as simulated before.5 Several experiments were
conducted to estimate the growth rate. The ZnO nanowire samples were investigated by
HRSEM imaging and XPS measurements. XPS investigation of the nanowire samples was
performed in a K-Alpha spectrometer (ThermoFisher Scientific, East Grinstead, UK) using a
microfocused, monochromated Al Koo X-ray source (400 um spot size) Data acquisition and
processing using the Thermo Avantage software is described elsewhere.'® All spectra were
referenced to the Cls peak (C-C, C-H) at 285.0 eV binding energy controlled by means of the
well known photoelectron peaks of metallic Cu, Ag, and Au, respectively. Electrical
measurements from single ZnO nanowires were done using four-point-probe configurations.
The electrical contacts were made by a direct-laser writing system which is a
photolithographic approach and yields a reliable and cost effective contact formation for
nanowires (as compared to the standard e-beam lithographic techniques). The IL based ZnO
nanowires were scratched from the Si substrate and dispersed using acetone solution and
spread on a SiO, substrate. Subsequently after drying, a photoresist (AZ5214E) was spin-
coated on the dispersed nanowire sample and baked. The four-probe contacts were made by a
direct-laser writing system (uLPG-101 from HEMT) to conduct the photolithographic defined
contact areas. A 250 nm thick Al layer was deposited after the development by a metal
evaporator and lift-off in acetone solution was conducted to obtain the single wire based
device. In order to remove remnant carbon on the ZnO nanowire, an O, plasma treatment was
conducted. A microprobe station that is connected to a device analyzer (Agilent B1500A) was

used to extract the electrical parameters of the ZnO nanowire.
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A passivation of the nanowire sample surface was carried out by conformal coating with a
20 nm thick Al,O3 layer by a low temperature (115 °C) process using atomic layer deposition
(ALD). Please note that the alumina was deposited onto the nanowires that are already
contacted by the metal. The electrical measurements were conducted before and after the

Al,Oj3 deposition.

In recent works we demonstrated that the ZnO nanowire growth follows mainly a VS
nanowire growth when only a ZnO + C source is used. A VLS growth is only observed in a
rather specific parameter window (e.g. higher temperatures and specific Ar and O,
environments).4’6 However, a controlled switching between the slow VS growth and the fast
VLS growth is possible by adding the additional the IL source into the growth chamber. To
reverse this process to a VS growth a cleaning procedure of the CVD quartz tube reactor with
HCl is needed. Figure 1b shows randomly oriented nanowires and nanobelts grown on the Au
covered Si substrate. In contrast to experiments without the IL, the nanowires are grown over
almost the entire substrate area (1.5 cm x 2.5 cm), i.e. the temperature gradient effects (of up
to 150 K in our case) do not seem to play a major role. Also, as seen in the cross-sectional
SEM imaging in Figure 1c, a highly dense ZnO nanowire film with a thickness of up to
~450 pm is observed after only 1 hour growth. With a ZnO nanowire film growth rate of 9
um/min this high-throughput nanowire growth is interesting for industrial applications
preparing papers or mats based on ZnO nanowires which could be important for medical
applications. It is also very important to note that a homogeneous growth area for ZnO
nanowires extends over a length of ~7 cm (l-inch tube furnace) which represents in our
system a temperature range of ~800 °C to 950 °C (in the upstream direction). Since the
nanowires based on the thin Au catalyst film rather grow in random interwoven orientations
as indicated in Figure 1b, we conclude from the respective observations that the nanowires
have lengths of several millimeters or even centimeters as indicated in Figure lc. A top view

SEM image of a ZnO nanowire sample that was grown within a time of 30 minutes can be
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found in Figure S1 in the supporting information. At the edge of this sample the nanowires
show lengths of several hundred um (e.g. >200 pum) to demonstrate that the ionic liquids
assisted nanowire growth can lead to superlong nanowires. Due to the very long length, the
low diameters of around 50 nm, and the ‘wool’ like structure it is rather difficult to exactly
determine the length of the nanowires by SEM imaging, and therefore only estimations were
made. We conducted experiments with different growth times in order to estimate the growth
rate of the interwoven ZnO nanowire film. From Figure 1d, an astonishing tremendous ZnO
nanowire film growth rate in the range of 9 um/min was estimated that suggests an extremely

high yield of nanowires by using this IL assisted approach.

An experiment with a growth time of only 5 min. was conducted on Au dots deposited on a
GaN (0001)/sapphire substrate to investigate the early growth state of the nanostructure.
Figure 2b shows the nanostructure of an area with nanowires. There are Au dots typical for
VLS growth observed at the tips of such nanowires. In a previous study, we had already
confirmed the Au dot on the tip of the nanowires by through high-resolution transmission
electron microscopy (HRTEM) investigations which indicates that we have a catalyst assisted
VLS nanowire growth.7 Associated electron diffraction pattern (also demonstrated
previously) prove the growth of the nanowires along the a-axis. Another indication that the
nanowires or nanobelts grow along the a-axis is evident by the kinked or zigzagged growth as
seen in Figure 1b (inset). Such kinking behavior can originate from a thermal or strain
instability at the liquid-solid interface because the free energy of equivalent {1120} planes is
the same.'"'> We have also investigated the crystallographic behavior of the kinked ZnO
nanowires using TEM. A bright-field TEM image that represents a kinked ZnO nanowire by
this ionic liquid assisted approach is shown in Figure S2 (supporting information). In our
TEM investigations we found that the entire nanowire structure is single crystalline and no

dislocations or defects can be identified at the joints and boundaries. Hence, we can conclude
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that the nanowires growth is single crystalline and follows a VLS mechanism along the a-
axis, opposite to the normally preferred c-axis growth. At this stage, the question arises why
the ZnO nanowires change the growth mode, the growth orientation, and so drastically the

growth rate as compared to the nanowire growth without the assistance of an ionic liquid.

For a deeper understanding we have to consider the composition of the used IL BMImBF,4
that contains beside hydrocarbon compounds elements like N, F, and B, respectively, which
may play an important role, too. lonic liquids are in general stable salts in the liquid phase but
when approaching higher temperatures above 500 °C they thermally decompose into smaller
components. By our knowledge there exist no studies that investigate the decomposition of IL
at temperatures such as 800 °C and larger so that we can only speculate about the behavior of
such a complex system. Studies from pyrolysis-gas chromatography experiments by Ohtani et
al. have shown that BMImBF, mainly decomposes at higher temperatures (~550 °C) by the
cleavage of C-N and C-C bonds into alkyl chains but also 2-fluoropropane components were
detected.8 Please note that there exist no studies so far that investigate the behavior at higher
temperatures as the mentioned reference. Interestingly, no peak that originates from the boron
compound appeared in their studies. We conducted XPS observations to investigate the
composition of the IL assisted nanowires: no peaks that contain F or N components were
observed which can be explained probably due to the detection limit of the XPS setup.
However, we were able to identify a certain amount of B concentration (0.9 at.%, see also
Figure 4a, upper curve) in an oxidized state. Obviously the presence of B atoms in the ZnO
nanowire is comparatively higher than that of F and N. Hence, the B incorporation into the
ZnO nanowire affects the nanowire growth performance beside the carbon assisted growth.
Additionally, we like to suggest at this point that B substitutes Zn lattice sites. It is known that
carbon can be used to assist the growth of nanowires and enhance the growth rate (not as
much as we see here) - but no switching in the growth orientation was observed to our

knowledge.*'* We have also conducted a reference experiment where we have grown VS
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ZnO nanowires without using the IL to confirm that B originates from the additional IL

source. The XPS result (lower curve in Figure 4a) did not show any B related peak.

A study by Fan et al. investigated the growth of ZnO nanobelts as a response to indium
dopants that appear from carbothermal evaporation of the In,O3/C system. A similar switch
from ¢ to a-orientation was observed during their study that was attributed due to the
incorporation of In atoms into the ZnO crystal.'"'? The generated Zn and In vapor transported
to the substrate nucleates at the catalyst and forms a ternary phase (Au-Zn-In) which
supersaturates in the liquid alloy droplet. Saturation and strain rises and changes the surface
free energy and the nanowire is layer by layer pushed out of the ZnO:In nuclei.'"'? In this
case the precipitation and oxidation of this VLS nanowire growth is now different and the a-
oriented nanowires grow instead of the c-oriented. We now adapt this model to our case as
described in Figure 2a when boron is evaporated during the decomposition of BMImBF,
(please note, B and In are both group III elements). Here, similar to the VLS mechanism the
ZnO is formed between the liquid-solid interface but the additional boron incorporation yields
the formation of a ZnO:B nuclei with a nanowire that grows out of the side facets of the Au-
Zn-B alloy particle. The formation of zigzag or kinked nanowires is a further characteristic
that shows similarities to the In-assisted nanowire growth as seen in Figure 1b (inset) and in

the previously reported TEM observations.7

Moreover, similar to the In case, the B impurities represent an n-type dopant source for the
nanowires and can be utilized to enhance the electrical conductivity of the material when
employed as an FET device. Hence, four-point-probe contacts were created (see Figure 3a
and b) using Al as a metal to form ohmic contacts between the metal and the ZnO n-type

. 15,16
semiconductor. ™

It was shown by Kim et al. that Al atoms at the Al/ZnO interface diffuse
into the ZnO surface region, forming an increased doping concentration of ZnO such that

n"-(A)ZnO results (see also the schematic energy band diagram in Figure 3c¢).'® The Ey and
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Ec represent the valence and conduction band energies and Er represents the Fermi level,
respectively. Consequently, the barrier width at the Al/ZnO interface is reduced such that a
tunneling process through this barrier is enhanced. An electrical resistivity of p = 0.4 Qcm
was extracted from the four-point /- curve in Figure 4b for bare non-passivated ZnO
nanowires. The ZnO nanowires have a certain amount of interface states on the surface that
cause a depletion of charge carriers and also donor deactivation as schematically shown in the
energy band diagram in Figure 3d (left).'”'® If we now passivate the surface of these
contacted nanowire samples with a conformal 20 nm coating of Al,O3;, we reduce the amount
of interface states and defects and reduce the surface depletion such that more donors are
activated, as indicated in the band diagram in Figure 3d (right).19 The now extracted
electrical resistivity from passivated samples based on the /-V curve in Figure 4b is p =
0.09 Qcm, i.e. one order of magnitude less. The value is much lower than typically obtained
from VS nanowires obtained without any additional impurity source (p >> 4 Qcm). 2%
Hence, it can be suggested that the increased value in electrical conductivity is originated by

the assisted use of ionic liquid during the nanowire growth that influences beside the

morphology also the electrical properties of the ZnO nanowires.

In conclusion, in contrast to previously reported studies, the BMImBF, IL assisted
nanowire growth utilizes mainly the components carbon and boron where the boron is
significantly involved in the change of the VLS nanowire growth characteristics as compared
to the pure VLS ZnO nanowire growth. We discussed the two main effects that affect the ZnO
nanowire growth compared to pure nanowire growth without IL: First is that B incorporates
into the ZnO lattice and induces the switching in growth orientation to a-orientation and
second, the carbon that originates from the IL decomposition additionally catalyzes/enhances
the nanowire growth resulting in a significant faster growth. Both effects enable a very fast
ZnO nanowire layer growth rate which was determined to be at least 9 um/min. Since B is an

n-type source for the II/VI ZnO material, we have shown that the IL assisted growth can be
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used to incorporate donors. These assumptions were supported by XPS and electrical

measurements of the ZnO nanowires.
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FIGURE CAPTIONS

Figure 1:

(a) Schematic diagram of the one-zone (1-in. quartz tube) thermal CVD setup to grow ZnO
nanowires by an IL assisted approach. The IL droplet is placed in upstream direction from the

ZnO/C powder source.

(b) SEM micrograph of a-axis VLS ZnO nanowires. The inset shows the kinking from the a-axis

nanowire growth.

(c) Cross-sectioned SEM micrograph of IL ZnO nanowires.

(d) Plot of ZnO nanowire layer thickness versus the growth time to determine the growth rate.

Figure 2:

(a) Proposed growth process of the ZnO nanowires during the IL assisted VLS growth route.

(b) Top view of ZnO nanowires on a GaN (1000) on sapphire substrate using Au as a catalyst.

14
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Figure 3:

(a) Optical microscope image of a 4-probe contacted IL ZnO nanowire using Al as metal

contacts.

(b) SEM micrograph that shows the IL ZnO nanowire and for contact terminals to determine the

resistivity.

(c) Schematic band diagram of an Al-based ohmic contact on a ZnO nanowire.

(d) Band diagrams of IL ZnO nanowires: (left) non-passivated nanowires, (right) passivation
with a 20 nm Al,O3 layer by ALD. Ey and Ec represent the valence and conduction band

energies and Er represents the Fermi level,

Figure 4:

(a) XPS spectrum of IL ZnO nanowires. The lower spectrum represents a reference Experiments

with pure VS nanowires (no IL used)

(b) Electrical measurements of non-passivated (p = 0.4 Qcm) and with 20nm Al,Os passivated

(p= 0.09 Qcm) IL ZnO nanowires
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TABLE OF CONTENT IMAGE

A schematic of the thermal CVD tube system which includes the ZnO/C source, the ionic liquid
droplet source and the substrate is shown. Below, a cross-sectional SEM image that shows ultra-
long ZnO nanowires by the ionic liquid assisted growth. On the right side is an example of

zigzagged ZnO nanowires.
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