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Abstract

A comparison of the transport properties of populations of single-crystal,
Iny O3 nanowires (NWs) grown by unassisted hot-wall chemical vapour
deposition (CVD) versus NWs grown by laser-ablation-assisted chemical
vapour deposition (LA-CVD) is presented. For nominally identical growth
conditions across the two systems, NWs fabricated at 850 °C with
laser-ablation had significantly higher average mobilities at the 99.9%
confidence level, 53.3 = 5.8 cm? Vs versus 102+ 1.9cm? Vs It
is also observed that increasing growth temperature decreases mobility for
LA-CVD NWs. Transmission electron microscopy studies of
CVD-fabricated samples indicate the presence of an amorphous In,O3 region
surrounding the single-crystal core. Further, low-temperature measurements
verify the presence of ionized impurity scattering in low-mobility

CVD-grown NWs.

1. Introduction

Single-crystal, semiconducting nanowires (NWs) are a subject
of intense contemporary interest because they represent the
limit of crystalline semiconducting solids and have been
successfully synthesized from a vast array of traditional
semiconducting materials [1-12]. A number of growth
techniques have been successfully implemented for NW
synthesis including hot-wall chemical vapour deposition
(CVD) [9] and laser-ablation-assisted hot-wall CVD (LA-
CVD) [12]. Both fabrication methods are suggested to
rely on the vapour-liquid—solid (VLS) mechanism, whereby
gaseous vapour dissolves in a molten metal catalyst and
then crystallizes into an NW, with nucleation at the
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substrate [9, 13]. However, the methods have been seen to
produce NWs with significantly different transport properties:
the mobilities of LA-CVD-fabricated NWs have been reported
to be significantly greater than that of their CVD-grown
counterparts [9, 14-16].

Here we present the first direct comparison to our
knowledge of the electrical properties of an NW fabrication
with LA-CVD and CVD in furnaces with similar growth
conditions, in order to ascertain whether the NW quality
was truly dictated solely by the source method. The NWs
were characterized by fabrication into field effect transistors
(FETs) utilizing a high-throughput approach [17] that produces
statistically significant sample populations. Indium oxide NWs
were chosen for the study because In,O; NWs fabricated
by laser-ablation in previous studies have been shown to
reproducibly have good transport properties, with mobilities
~111 em? V-'s7! [12, 18-20]. Furthermore, these NWs
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Table 1. Material synthesis variables used for and device results from the LA and HW-CVD In,O; NW study.

Growth LA-CVD #1 LA-CVD #2 CVD #1* CVD #2

Indium source material InAs InAs InAs InAs

Growth substrate Si/Si0, Si/Si0, Si/Si0, Si/Si0,

Pressure (Torr) 220 220 220 220

Metal catalyst Au Au Au Au

Oxygen flow rate 0.02% in 0.02% in 0.02% in 0.02% in
150 sccm Ar 150 sccm Ar 100 sccm Ar 100 sccm Ar

Substrate temperature (°C) 770 850 770 850

Source temperature (°C) 850 850 870 865

Mean diameter oy (nm) 325+ 1.1 459+ 3.6 47.5 £ 14.4* 50.6 £2.8

Mean mobility oy (cm? V=1 s71) 111.8 £8.1 53.34+5.8 25.1+17.8* 10.2+1.9

Mean carrier concentration oy (cm™)  1.3+12x 10" 64+1.1x10% 3.14+1.6x 10" 48+22x10"®

# Note that samples from CVD #1 do not constitute a statistical

deviation, not the standard error of the mean.

are of particular interest because they have been successfully
implemented as chemical and biochemical sensors [21-25].

2. Methods

The In,O3 NWs used for this study were synthesized either
by LA-CVD or CVD, and the growth variables are tabulated
in table 1. Though the growth furnaces were different, the
setup was similar and all variables were held constant for
each run. Nanowires were fabricated by LA-CVD at 770°C
(LA-CVD #1) because this growth temperature had previously
been reported to be optimal [12]. However, we found that the
NW yield for CVD-grown samples is strongly temperature-
dependent and growths at 770 °C (CVD #1) produced very few
NWs and thus few electronic devices could be fabricated. At
850°C a high yield of NWs was obtained for both methods
(LA-CVD #2 and CVD #2), which allowed for a statistically
significant direct comparison.

In the LA-CVD approach, an InAs target is ablated with a
pulsed laser to provide the necessary indium flux to a Si/SiO,
substrate containing dispersed ~30 nm Au clusters in a tube
furnace with oxygen flowing, as previously described [12, 18].
In the CVD approach, a Si/SiO; substrate is coated with 3 nm
of Au by electron-beam (e-beam) evaporation and placed in the
tube furnace, a three-zone Mellen furnace, slightly downstream
of the InAs source. The furnace is then rapidly heated and
a constant oxygen flow is maintained; upon reaching the
desired growth temperature, this temperature is maintained for
30 min, after which the system is radiantly cooled to ambient
temperature. The yield was found to be critically dependent
on the source—substrate distance, with an ideal separation of
5-15 mm.

Nanowires grown by LA-CVD and CVD were fabricated
into electrical devices in parallel by optical lithographic
processing [17]. The NWs were randomly dispersed on
degenerately doped Si wafers with a 200 nm thermal oxide,
which had previously been patterned and etched to define
backside contacts. A resist bilayer was then applied, patterned,
and subjected to an oxygen plasma, and a liftoff e-beam
evaporation of 50 nm Ni/200 nm Au was performed. This
processing produced parallel Ni/Au leads that fan out to contact
pads and are electrically isolated unless crossed by an NW.
The wafers were then electronically screened by varying Vsp
from —1 to 1 V and measuring Isp, and NW devices were

sample and, as such, the error reported is the standard

revisited and the Isp (Vsp) characteristics for varying Vi were
determined. All measurements were taken with a HP 4156B
semiconductor parameter analyser interfaced with a switchbox
and a Cascade Microtech automated probestation with in-
house created LabView software. Leads containing potential
devices were then screened with field-emission scanning
electron microscopy (FE-SEM) to determine the NW lengths
and diameters and to eliminate multiple-NW devices. As in
previous work [9], lengths were determined to the nearest
50 nm and diameters to the nearest 5 nm. All devices have
linear Isp (Vsp) dependences, with linear best-fit parameter
R? > 0.995. In total 88 LA-CVD and 51 CVD devices are
presented. Each growth was performed at least twice and
devices were fabricated from each run. As seen previously
for GaN NWs [9], growths with nominally identical growth
variables produced NWs with statistically similar transport
properties.

For variable-temperature measurements, the wafers were
diced using a diamond scribe and dies were individually glued
into 16-pin DIPs, wirebonded, and temperature-cycled in a
Janis cryostat. An HP 4156B was used in manual mode for
these measurements.

3. Results and discussion

Field-emission scanning electron microscope, transmission
electron microscope (TEM), energy-dispersive spectroscopy
(EDS), and micro-Raman characterizations of similarly
fabricated LA-CVD In,O; NWs have been previously
described [12]. The NWs were determined to be single-crystal
In,O3 growing in the [110] direction and were ~4-8 pum
long [12].

Scanning electron microscopy of the CVD samples
revealed a large NW density on the growth substrates,
figure 1(A). The NW lengths were found to range from 3—
15 pum and the diameters varied from 10-100 nm. The
NWs were not evenly dispersed, but predominantly located
in scratched regions and near the edge. Interestingly, though
the growth sequence is not yet known, the NWs appeared to
emanate from In,Oj3 crystals, as seen previously for In,O;
nanobelts fabricated by thermal evaporation [26].

Transmission electron microscopy studies on CVD-
fabricated NWs grown at 850°C illustrate the presence of
a Au nanoparticle at the tip of the In,O; NW, figure 1(B),
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Figure 1. (A) FE-SEM image of CVD In,O3 NWs on the edge of the
Si/Si0, growth substrate, where high NW densities exist; (B) TEM
image of the tip of a CVD In,O; NW with a ~30 nm diameter. The
gold catalyst is seen at the tip of the NW and the ~10 nm amorphous
coating the entire NW, including the Au tip, is readily apparent. The
white bar represents 15 nm. The NW is lying on a graphite grid, one
span of which is visible beneath the NW. The inset shows the
diffraction pattern, indexed to [001] cubic In,O; and, thus, a [110]
growth direction.
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Figure 2. Energy-dispersive spectra of a single In,O; NW grown by
CVD at 850 °C on the Si/SiO, growth substrate. The In, O, Si, and
Ar peaks are indexed.

indicative of the VLS growth mechanism. The diffraction
pattern has been indexed to the single crystal structure of [001]
cubic In, 03, indicating the energetically preferable [110] NW
growth direction. Most NWs were observed to be coated with
an amorphous ~10 nm In O3 sheath. Because this sheath
surrounds the NW and the growth catalyst we hypothesize that
it is deposited during cooling. Further characterization with a
high-resolution TEM is being undertaken.

Energy-dispersive spectroscopy on CVD-fabricated NWs
grown at 850 °C indicates the sole presence of In and O in the
NWs, figure 2. A Si peak is observed because the EDS was
performed on samples on the Si/SiO, growth substrate. The
slight presence of Ar is most likely due to its use as a carrier
gas during NW growth. The room-temperature back-scattering
micron-Raman spectrum for the CVD In,O3 NWs is exactly
indexed to the four active E, modes of cubic In, O3, 307, 366,
497, and 631 cm™ !, figure 3. These results are consistent with
the previously published active modes for In,Os crystalline
powders [27-29].

The diameters of the NWs fabricated into devices are
given in table 1. The NWs from LA-CVD #1 ranged from
20 to 55 nm, those from LA-CVD #2 ranged from 10 to
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Figure 3. Micro-Raman spectra of a single In,O; NW grown by
CVD at 850 °C. The four E; modes of cubic In,03, 307, 366, 497,
and 631 cm™!, are highlighted.
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Figure 4. Diameter histogram of LA-CVD and CVD In,0; NW
devices. There are 50 LA-CVD samples and 47 CVD samples
plotted. The average diameters of the NWs are given in table 1.

100 nm, and those from CVD #2 ranged from 10 to 95 nm, as
illustrated in the histogram in figure 4. The greater uniformity
of the LA-CVD sample diameters is most probably due to the
use of Au catalyst particles: ~30 nm Au nanoparticles were
dispersed on the Si/SiO, for the LA-CVD growth, while the
CVD fabrication relied on the high temperature to coalesce
the Au thin-film on the Si/SiO, substrate into nanoparticles,
resulting in a variation of catalyst particle sizes, reflected in
the NW diameters. It is also seen that, as predicted by the
VLS mechanism, higher growth temperatures produce NWs
with greater diameters.

The n-type semiconducting behaviour of a representative
In,O3 NW device from LA-CVD growths #1 and #2 and
from CVD growth #2 is seen in the Isp (Vsp) for varying
Vep dependences, figure 5. The FE-SEMs of the devices
and the Isp (Vgp) at Vsp = 1 V plots are inset in each
panel. The linearity of the Isp (Vsp) curve, indicative of ohmic
metal-semiconductor contacts, is seen in figure 5. Although
no Kelvin probe measurements could be made on a single
NW due to insufficient NW lengths, the linear nature of the
Isp (Vsp) curves was preserved to 4 K for all four devices
measured at variable temperature, consistent with negligible
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Figure 5. Isp (Vsp) plot of a representative LA-CVD #1 (A), a representative LA-CVD #2 (B), and a representative CVD #2 (C) In,O3 NW
device with the Isp (Vgp) dependence inset. The NW device is circled in the inset FE-SEMs.

contact resistivities. Furthermore, the use of this contacting
scheme on highly doped GaN N'Ws has previously been shown
to produce ohmic contacts [30].

The Isp (Vsp) and Isp (Vp) dependences in figures 5(A)
and (B) are similar to those previously reported [12, 18], with
an on/off ratio of ~10*. In comparison, the on/off ratio of the
CVD device is ~10°, suggestive of a lower mobility. It should
also be noted that, although all devices pinch off, the LA-CVD
#1 NW turns off at Vgp = 0 V while the LA-CVD #2 and
the CVD #2 samples do not turn off until a negative Vgp is
reached. Most devices from all growths exhibited pinch-off.
The transconductance was defined as the linear best-fit to the
turned-on region of the Isp (Vgp) at Vsp = 1 V curve. The
mobility was then determined according to

C 1 alsp
==V
M ( 12 SD) MWan
where C = 2%, L is the source-drain NW length, / is the
oxide thickness, d is the NW diameter, and ¢ is 3.9 (SiO,). The
carrier concentration is then determined by

(€]

,
Vsp=1

OVgp=0
n= GD
en

; (@)

with the conductance defined as the linear best-fit to the slope
of the Isp (Vsp) curve at Vgp = 0 V times the NW length
divided by the NW cross-sectional area.

The mobilities and carrier concentrations were calculated
for 50 LA-CVD devices from growth #1, 38 LA-CVD devices
from growth #2, 4 CVD devices from growth #1, and 47 CVD
devices from growth #2. Mobility versus carrier concentration
plots for growth #1 and #2 are given in figures 6(A) and (B),
respectively. For growth #1, the mobilities of the LA-CVD
NWs vary from 30.9 to 359.3 cm? V™! s~!, while those of
CVD NWs lie between 2.6 and 42.6 cm? V~! s=!. For growth
#2, the mobilities of the LA-CVD NWs vary from 1.6 to
188.0 cm?> V~! s~!, while those of the CVD NWs lie between
0.1 and 45.8 cm? V™! s7!. The average mobilities and carrier
concentrations for the devices are given in table 1. It is seen
that higher growth temperatures reduce the NW mobility but
have little appreciable affect on the carrier concentration.

A t-test was performed on the two sample populations
from growth #2 to determine if the transport properties of the
samples were statistically different. The carrier concentrations
are not different at the 95% confidence level; however, the
mobilities are significantly different at the 99.9% confidence
level (t = 7.2, p = 2.3 x 10719).7 These results are repeatable
over multiple growth/fabrication runs.

In order to determine if the higher mobilities of the LA-
CVD samples from growth #1 were due to their smaller

7 In a t-test, the z-value is the ratio of the difference between the population
X1 -Xc__ The p-

vap, vag
AT
value is the two-tailed probability computed using a ¢-distribution, with smaller

values representing greater population separations.

means to the standard error of the mean, defined as r =
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Figure 6. (A) Scatter plot of mobility versus carrier concentration for 50 LA-CVD #1 and 4 CVD #1 In,O3 NW devices. The arrows at the
top and right of the plot lie at the average and their width corresponds to the standard error of the mean for LA-CVD #1 and to the standard
deviation for CVD #1 (values given in table 1). (B) Scatter plot of mobility versus carrier concentration for 38 LA-CVD #2 and 47 CVD #2
In,O3 NW devices. The arrows at the top and right of the plot lie at the average and their width corresponds to the standard error of the mean
(values given in table 1). (C) Plot of NW mobility versus 1/ In(d), with d the NW diameter in nm, for LA-CVD #1, LA-CVD #2, and CVD

#2 devices. No dependence is observed.

diameters compared with LA-CVD growth #2 and CVD
growth #2, the mobility dependence on NW diameter was
studied, figure 6(C). According to equation (1), the mobility for
a specific material should be dependent on diameter according
to u ~ ﬁ There is no appreciable dependence for either
dataset in figure 6(C), with all linear best-fit coefficients R? <
0.075, indicating that the mobility variation is material rather
than dimensionally dependent.

We next compare the LA-CVD and CVD In,O; NWs
to thin-film In,Os;, which has also been grown with
laser-ablation-assisted and unassisted CVD. Again assuming
negligible metal-NW contact resistivities (oc), the In,Os
resistivity values obtained in this work—averaging 6.1 x
107° @ cm for LA-CVD #1 NWs, 1.9 x 107° © cm for
LA-CVD #2 NWs, and 1.1 x 107> € cm for CVD #2
NWs—compare favourably to the literature values for thin-film
In,03—3.5 x 107 Q cm for pulsed-laser-deposited In,O3 [31]
and 2.2 x 107 Q cm for ultrasonic-spray CVD-deposited
In,03 [32] and 2 x 10™* Q cm for thermally evaporated
In,O3 [33]. As seen in thin films [31, 34] and as previously
shown for LA-CVD NWs [18], growths with higher partial
pressures of oxygen were also found to yield wires with lower
carrier densities [35].

Four samples were then subjected to variable temperature
measurements to elucidate the mechanisms underlying the
higher quality of the LA-CVD NWs. Two NW devices
from each growth system, one with a high mobility and
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one with a mid-to-low mobility, were selected and the
temperature dependence of their mobilities is plotted in
figure 7. The temperature dependence of the high-mobility
samples, figures 7(A)—(C), shows the characteristic phonon
scattering at temperatures >100 K and exhibits a mobility
plateau at lower temperatures, in agreement with the literature
for samples with high mobilities [36]. The temperature
dependence of the mobility of the CVD NW sample with the
low room-temperature mobility, ~4 cm? V~! s7!, parallels the
literature for low-mobility samples, with a mobility peak at
~150 K [36]. Below this temperature the mobility decreases
for decreasing temperature, which would indicate dominant
ionized impurity scattering.

4. Conclusion

We have demonstrated the successful synthesis of In,O; NWs
by unassisted CVD and have performed the first known
comparison of LA and CVD growth techniques for NW
synthesis. Our work shows that LA-CVD In,O3; NWs have
significantly higher mobilities than their CVD counterparts.
Furthermore, we have observed that In,O; NW mobility
increases with decreasing growth temperature. Since there
is no appreciable change in yield with decreasing growth
temperature for LA-CVD-fabricated NWs, whereas NW yield
decreases dramatically with unassisted CVD, LA-CVD can
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access growth regimes for higher mobility material than
unassisted CVD.
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