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RuO, Nanowires and RuQ,/TiO, Core/Shell Nanowires: From
Synthesis to Mechanical, Optical, Electrical, and Photoconductive

Properties®*

By Yu-Lun Chueh, Chin-Hua Hsieh, Mu-Tung Chang, Li-Jen Chou,* Chang S. Lao, Jin H. Song,

Jon-Yiew Gan, and Zhong L. Wang*

Functional 1D metal oxides have attracted much attention
because of their unique applications in electronic, optoelec-
tronic, and spintronic devices.!! For semiconducting oxide
nanowires (NWs) (e.g., ZnO, In,Os3, and SnO, NWs), field-ef-
fect transistors and light-emitting diodes have been demon-
strated.” Metallic oxide nanoscale materials, such as nano-
scale RuO,, can be good candidates as interconnects in
electronic applications.”! RuO, nanomaterials have been pro-
duced by chemical vapor deposition (CVD) and through
chemical reaction.?*¥ Recently, RuO, NWs have been
synthesized using pure Ru as metal target under different flux
ratios of O,/Ar in a reactive sputtering system.[S]

For core/shell structures, extensive research has been car-
ried out on systems such as Ge/Si,[G] GaN/AlN/AlGaN,m
Ta,05/Si0,.*! and Fe;0,/MgO.”! The Ge/Si core/shell NW,
for example, is a high-performance field-effect transistor be-
cause of the reduced carrier scattering. GaN/AIN/AlGaN
core/shell NWs exhibit a high electron mobility. For the SiO,/
Ta,Os core/shell structure, the axial confinement of light
propagation can effectively reduce the energy loss owing to
the difference in refractive index between Ta,O5 and SiO,.

Following the successful synthesis of a RuO,/TiO, core/
shell structure by reactive sputtering,'’ we mainly focus on
the investigation of the physical properties of the RuO, NWs
in the present study. The detailed epitaxial relationship and
electronic structures of the RuO,/TiO, core/shell structure
synthesized by reactive sputtering are investigated. The me-
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chanical, optical, and electrical properties and photocatalyst
response to UV irradiation are characterized. Our results sug-
gest the potential application of the NWs as interconnects and
optoelectronic devices.

Figure 1a shows a scanning electron microscopy (SEM) im-
age of RuO, NWs synthesized by the reactive sputtering ap-
proach at a synthesis temperature of 450 °C for 3 h, and indi-
cates a high density of uniform RuO, NWs more than several
micrometers long. In addition, most of the RuO, NWs have a
square cross section, as shown in the inset of Figure la. The
corresponding X-ray diffraction (XRD) spectrum, shown in
Figure 1b, confirms that the phase of the NWs is rutile-struc-
tured RuO, with lattice-constant values of a=0.45 nm and
¢=0.31 nm. After deposition of a thin TiO, layer via reactive
sputtering deposition, the morphology of these NWs remains
unchanged, but the sizes increase, as shown in Figure 1c. The
corresponding XRD spectrum of the NWs is shown in Fig-
ure 1d. It is hard to distinguish if the individual peaks origi-
nate from either RuO, or TiO, owing to the fact that the lat-
tice mismatch between RuO, and TiO, is less than 5 %.
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Figure 1. a) SEM image of RuO, NWs synthesized by reactive sputtering
at 450°C for 3 h. The inset shows a magnified SEM image of RuO, NWs.
b) XRD spectrum of the RuO, NWs. The marked spectrum shows the
simulated result. ¢) SEM image of the RuO,/TiO, core/shell structure.
The inset shows the corresponding magnified SEM image. d) XRD spec-
trum of the RuO,/TiO, core/shell structure. The marked spectra repre-
sent the simulated results.
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Figure 2a shows a transmission electron microscopy (TEM)
image of a RuO, NW with a diameter of 105 nm. The corre-
sponding diffraction pattern with the [110] zone axis is shown
in the inset of Figure 2b, indicating the [001] growth direction
(c-axis). From the high-resolution TEM (HRTEM) image,
shown in Figure 2b, two d values of 0.32 and 0.31 nm, which
are consistent to the (110) and (001) planes, respectively, can
be found. In addition, the average diameter of the RuO,
NWs, obtained from examining an ensemble of RuO, NWs
via TEM, is ca. 105 nm (see Fig. Sla in the Supporting Infor-
mation for a statistical analysis).

A TEM image of a RuO, NW shelled with a TiO, layer is
shown in Figure 2c, where two distinctly different image con-
trasts can be found. Figure 2d shows a HRTEM image taken
from the interface between TiO, and RuO,, and the inset in
Figure 2d shows the corresponding diffraction pattern. The
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Figure 2. a) TEM image of a RuO, NW with a diameter of 105 nm.
b) The corresponding high-resolution TEM image. Two d-spacings of
0.32 and 0.31 nm are identified, which is consistent with the (170) and
(001) planes, respectively. The inset shows the diffraction pattern with
[110] zone axis, indicating that the growth direction of RuO, is along
[001]. c) TEM image of a RuO,/TiO; core/shell structure with a diameter
of 160 nm. d) HRTEM image of the RuO,/TiO, core/shell structure tak-
en from the interface between TiO, and RuO,. The corresponding d-spac-
ings and planes are indexed and identified. The inset shows the diffrac-
tion pattern of which the two matrixes deviated from TiO, and RuO, are
displayed. e) EELS spectrum for the Ti L-edge and O K-edge ELNEFS of
the RuO,/TiO, core/shell structure recorded from two points, labeled A
and B for the RuO, core and the TiO, shell, respectively. The bottom
EELS spectrum was acquired from a RuO, NW as reference. f) The corre-
sponding HAADF image of a RuO,/TiO, core/shell structure. The distri-
bution of Ru, Ti, and O are shown.
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epitaxial relationship between rutile TiO, and RuO, is
(110)7i0,|| (110)ruo, and [110]tio, || [110]ruo,, However, some
mismatch dislocations can be found at the interface between
TiO, and RuO,, captured by selecting the symmetric +(110)
diffraction beams using Fourier filtering. Three edge disloca-
tions are created very close to each other within (110) planes
(Fig. S2) owing to the 5% lattice mismatch."!! The average
diameter of the RuO,/TiO, core/shell NWs is 165 nm
(Fig. S1b).

The electronic and chemical structures of the NWs were ex-
amined by electron energy loss spectroscopy (EELS), which is
sensitive to the unoccupied valence band. All the raw data ac-
quired by EELS have been calibrated in an energy scale by
the zero-loss peak and deconvoluted by the low-loss region to
reduce the multiple-scattering effect. Figure 2e shows the
EELS spectra recorded from selected positions (labeled with
A and B for the RuO,/TiO, core/shell structure in Fig. 2c).
For comparison, the EELS spectrum shown at the bottom of
Figure 2e was taken from a RuO, NW without a TiO, coating.
For the EELS from the TiO, shell (position B), Ti L, ;-edge
and O K-edge energy loss near edge fine structure (ELNES)
is clearly found. In the spectrum acquired from position A,
the Ru M-edge is present. The EELS results indicate the pres-
ence of the core/shell structure. Figure 2f shows the high-an-
gle annular dark-field (HAADF) microscopy image for this
RuO,/TiO, core/shell structure with the corresponding EDS
line scan. The image contrasts and different element distribu-
tion across the whole NW confirm the core/shell structure.!”!

By using an atomic force microscopy (AFM) instrument in
contact mode, the elastic modulus of the NWs was measured
without destroying the sample by using a technique developed
by Song et al.¥ In the present study, a tetrahedral Si-tip was
used as cantilever with a calibrated normal spring of 1.76 Nm™
(AC240TS, Asylum Research), and the lateral spring constant
(KL) can be calculated by K; = W?*K,/T%, where W, T, and K,
represent the width and thickness of the cantilever, and the
normal force spring constant, respectively. The set point (con-
stant normal force) and scanning speed are maintained at
100 nN and 7 pmsec™’. The overall behavior of the NWs in
contact-mode scanning is schematically illustrated in Fig-
ure 3a-d."”! Both the topography image (the signal from the
feedback of scanner) and the lateral-force image were recorded
simultaneously, and are shown in Figure 3e and f for RuO,
NWs and in Figure 3g and h for the RuO,/TiO, core/shell
structure. The scanning area was set as 10 x 10 um. The bright
tails found in the lateral-force images (Fig. 3f and g) are a result
of the deflection of the nanowires along the scanning direction,
as pushed by the tip. As a result, the length of the NWs and the
elastic modulus for each individual RuO, NW can be estimated
as ca. 1.669-3.205 um and ca. 113-390 GPa, respectively, by
taking the average length and radius of the NWs presented in
Table 1. The average elastic modulus is about 250 GPa, which
is consistent with the bulk value of 249-313 GPa.'"¥ The RuO,
NWs have a higher elastic modulus than other NWs, for exam-
ple, SiC (610-660 GPa),l™! ZnO (29-230 GPa),!*!% GaN (227-
305 GPa),l'"” and Si (93-250 GPa).l"*!
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For the RuO,/TiO, core/shell structure,
the elastic modulus is in the range 90-
424 GPa, as presented in Table 1. The aver-
age elastic modulus is found to be about
194 GPa. However, in comparison with the
average elastic modulus of the RuO, NWs,
the elastic modulus of the RuO,/TiO, core/
shell structure is found to have decreased
by ca.22%. The decrease of the elastic
modulus can be accounted for by the com-
posite of RuO, and TiO,. Based on flexural
rigidity as theory for transverse deflection,
EI can be defined as the effective flexural
rigidity of the core/shell structure, for which
E represents the effective elastic modulus
of that core/shell structure. Hence, an effec-
tive elastic modulus can be given, without
considering shear deformation, as!'®!

El=E. +Ed, (1)

where E. and E represent the elastic mod-
uli of the core and the shell, respectively,
and the variables I.=a*/12 and I, = (b*-a®)/
12 are the cross-sectional moments of iner-
tia for the core and the shell, respectively.
The values a and b represent the diameters
of the RuO, core and the total RuO,/TiO,
core/shell structure, respectively, using a
cylindrical geometrical approximation. By
taking the average bulk elastic modulus for
both the RuO, core (E.=281 GPa) and the
TiO, shell (E;=200.5 GPa), along with

Figure 3. a—d) Schematic illustration of AFM tip scanning across a NW. e,f) The topography
and lateral-force images of the RuO, NWs, respectively. g,h) The topography and lateral-force
images of RuO,/TiO, core/shell structure, respectively.

Table 1. The elastic modulus of RuO, and the RuO,/TiO, core/shell
structure measured by AFM.

RuO, Length Elastic modulus RuO,-TiO, Length  Elastic modulus

NWs [um] [GPa] coaxial NWs [um] [GPa]
1 2.068 169 1 1.936 177
2 2.513 390 2 2.088 250
3 2.593 143 3 1.721 221
4 2.268 330 4 1.895 90
5 2.319 304 5 2.086 446
6 2.305 249 6 2.055 91
7 3.271 233 7 1.661 123
8 1.697 113 8 1.374 91
9 3.205 161 9 1.398 130
10 1.987 416 10 1.825 424
11 2.077 209 11 2.306 196
12 1.669 261 12 1.878 90
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average values for a and b of ca. 105 nm
and ca. 165 nm, respectively, the effective
modulus of the core/shell structure with a
TiO,-shell thickness of ca. 25 nm is found
to be ca. 208 GPa, in reasonable agreement
with the measured result.

The photoluminescence (PL) spectrum is a simple and use-
ful tool to find optoelectronic applications of the RuO,/TiO,
core/shell structure. The PL. measurements were performed at
room temperature using a He—Cd laser with a wavelength of
325 nm, and the PL signal was amplified by a photomultipli-
cation tube (PMT). However, no PL spectrum can be ob-
tained from the RuO, NWs due to their metallic character, by
which the conduction and valence bands almost overlap by
partial occupation of the Ru 4d states.'” On the other hand, a
peak at 809 nm (1.53 eV) and a broad peak (2-3.5 eV) are
found for the RuO,/TiO; core/shell structure, as shown in Fig-
ure 4. The inset in Figure 4 shows the Gaussian-fitted result
of the spectrum. Peaks located at 388 nm (3.2 eV), 426 nm
(2.9 eV), and 488 nm (2.5 eV) are found. The emission peak
at 388 nm (3.2 eV) is larger than the transition from the band-
edge emission of 3.03 eV for TiO,.”"! Similar results have

www.advmat.de

145



146

_ ADVA

4
0
m
O

MAT

m
>
-

RIALS

388 nm)

Intensity (a.u.)

Intensity (a.u.)

15 20 25 30 35
Energy (eV)

Figure 4. The photoluminescence (PL) spectrum for the RuO,/TiO; core/
shell structure excited at 326 nm at room temperature. Inset: Gaussian fit.

been reported in the literature, and it is suggested that this is
due to quantum confinement.?!! However, the size of our
NWs is much larger than the dimensions required to have a
quantum size effect. In addition, our findings in the PL spec-
trum are consistent with previous results by Wu et al.,/*!
where four peaks at 418 nm (3 eV), 465 nm (2.7 eV), 536 nm
(2.3 eV), and 834 nm (1.5 eV) were found for rutile TiO,
nanowires, except that in our study a blue-shift of ca. 30—
50 nm (0.1-0.2 V) is found by scrutinizing all the PL peaks
in detail. This blue-shift may be caused by the stress and sur-
face-resonance effects introduced by the lattice mismatch
(2-5%) between RuO, and TiO, (the lattice constants of
which are a=0.4494 nm, ¢=0.31071 nm

and a=0.4593, ¢=0.2959 nm, respec-

are caused by absorption of oxygen atoms on the surface that
can capture electrons to create shallow traps as radiative or
nonradiative centers (F, F*, and F**).””) The peak at 809 nm
(1.52 eV) is ascribed to Ti*" interstitial ions, which are asso-
ciated with the oxygen vacancies by removal of a neutral oxy-
gen bridge in the basic rutile cell, in which each Ti*" ion is
surrounded by six O, resulting in a slightly disordered octa-
hedron.”!

RuO, NWs may be potential candidates for interconnects
in circuit applications. To characterize the I-V characteristics,
a NW was aligned between two Au electrodes via the dielec-
trophoresis technique and Pt was deposited as the top elec-
trode to make a perfect contact by focused ion beam (FIB)
microscopy.”’zg] A LabView program was used to control the
I-V testing process. Although the electron affinity of RuO,
(4.87 eV) is smaller than the work function of Pt (5.6 eV), a
linear fit was found in the /-V diagram as shown in Figure Sa.
This is probably a result of the metallic behavior of RuO,
NWs.2+3 By examining several different I-V curves of RuO,
NWs, the resistance was found to be in the range of 0.4-
1.2 kQ at room temperature (Fig. S3). In addition, the resis-
tivity of these RuO, NWs was measured to be 215-640 pQcm
by taking the diameters and lengths of the RuO, NWs (as pro-
vided by SEM observation) into account, which is consistent
with the reported resistivity of 40482 pQcm for a RuO; thin
film [

The results of durability and reliability tests of the RuO,
NW were obtained by performing /-V measurements under a
higher applied voltage, as shown in Figure 5b. The NW can

tively) and the high surface-to-volume

ratio of the RuO,/TiO, core/shell struc- (3)400 (b) 4

ture.” From the TEM image, shown in —_

Figure 2d, the TiO, shell undergoes a < 2001 é 3
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octahedral sites, an intrinsic property
found at both rutile and anatase struc-
tures.”>*! In addition, the peaks at
426 nm (2.9 eV) and 488 nm (2.5 eV)

www.advmat.de

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 5. a) |-V curve for a RuO, NW at room temperature. b) The -V curve recorded at a high
applied voltage. c) The I-V curve for RuO,/TiO, core/shell structure with and without UV illumina-
tion. d) The current as a function of the UV illumination time.
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endure a current of up to 3.3 mA before failure, correspond-
ing to a current density of 4x 10" Acm™. The failure point
occurs in the middle of the NW, as shown in the inset of
Figure 5b. The possible reason for failure is self-heating,
which is consistent with NiSi, TaSi,, and FeSi metallic
NWs.B2 1n comparison to other nanowires, such as NiSi
NWs (3x10° Acm™)*  carbon nanotubes (CNTs)
(10° Acm™),3 TaSi, (3x10% Acm™),% FeSi
(1.6 x 107 A cm™),**! and Pd NWs (2 x 10° A cm ™), the cur-
rent-density carried by RuO, NWs is reasonably good. It is
therefore possible for it to be used as an interconnect.

The photocatalyst behavior of TiO, has been extensively
studied because it can catalytically decompose volatile com-
pounds under UV light.DS] It is well known that thinner NWs
may further enhance the sensitivity of the devices owing to an
increased surface-to-volume ratio. Here, we investigate the
photoconductivity of the RuO,/TiO, core/shell structure un-
der UV illumination of 256 nm (4.9 eV), which is strong
enough to excite the electron-hole pair near the band edge.
For the photoconductivity measurements, all the devices were
excited by UV light with a wavelength of 256 nm. The contact
metal used in this study was Pt with a work function of 5.6 eV,
which is smaller than the work function of TiO; (7.3 eV), so
that the contact between the Pt electrode and TiO, is ohm-
ic.*! The corresponding I~V curve without UV illumination
(obtained via two terminal probes measurements) shown in
Figure 5c, demonstrates a linear behavior, confirming the
ohmic contact feature. The inset in Figure 5c shows an SEM
image of the RuO,/TiO, core/shell structure with a diameter
of 160 nm and a length of 1.5 um. As a result, the effective re-
sistivity of the NW at room temperature is calculated as
ca. 0.044 Qcm (Fig. S4), which is much smaller than that of
pure thin-film TiO, (2 MQcm).”) The resistivity decreases to
0.032 Qcm after the UV light has been turned on for 8 min.
In addition, the I-V curve as a function of UV illumination
time is shown in Figure 5d, where the externally applied volt-
age along the NW was fixed at 0.4 V, and the individual UV
on/off response times are presented in Table 2. The current of
the RuO,/TiO, core/shell structure rapidly increased from
18.5 nA to 19.4 pA within 88 s (area a) and then slowly in-
creased to get a saturated current of 20 pA within 219 sec
(area b) during the first illumination with UV light. After the
UV light was turned off, the current drastically decreased
from 20 pA to 19.4 pA within 52 s (area c¢) and then de-
creased very slowly to the original (dark-current) value within
385 s (area d). The second illumination with UV light was

Table 2. The different photoresponse times for the individual time peri-
ods a-i (Fig. 5) after the 1st and 2nd UV illumination.

Action Response time
[s]

a b c d e f g h i

I1stUVon/off 88 219 52 385
2nd UV on/off 87 222 101 47 350
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performed to confirm the previous results. The current
quickly increased from 185 pA to 19.4 pA within 87 s
(area e) and started to reach the saturated value of 20 pA
within 222 s (area f) after the second time the UV light was
turned on. The UV light was kept on for 101 sec (area g) so
that a maximum current plateau of 20 pA was maintained.
After the UV light was turned off, the current quickly
dropped from 20 pA to 19.4 pA within 47 s (area h) and
returned to its original (dark-current) value within 350 s
(area i). In general, TiO, can be considered as an n-type semi-
conductor, which is caused by the oxygen deficiencies.*®!
However, the surface-adsorption of water molecules can ter-
minate the oxygen deficiencies (vacancies) on the surface of
TiO, by a physisorption process followed by a chemisorption
process to form hydroxyl bonding (OH"), which retards the
transport of electrons inside the TiO, if the nanowire is ex-
posed to the atmosphere.*” In addition, the oxygen molecules
can capture the electrons and terminate the oxygen vacancies
as well.*) Both water and oxygen molecules can form the
space-charge region (SCR), i.e., the depletion region that in-
fluences the conductance in such a manner that the conduc-
tion and valence bands near the surface of the TiO, shell are
bent upward.m Once electron-hole pairs are generated by
UV light near the band edge of TiO,, they can proceed in two
possible distinct processes: removal of adsorbed oxygen spe-
cies (O,, O*, and O,7) and water species (H,O, OH") in the
SCR, and increasing the net carrier density, thus enhancing
the conductance.

It is worth noting that the current decay rate (52 s for the
first illumination and 47 s for the second illumination) is fast-
er than the current increment rate (88 s for the first illumina-
tion and 87 s for the second illumination). This is due to the
fact that the water and oxygen molecules are very fast to ad-
sorb to and accumulate on the surface via physisorption and
chemisorption because of the larger surface-to-volume ratio,
resulting in a drastic drop in conductance as the UV light was
turned off. This fast adsorption can be confirmed by PL spec-
tra where the highest intensity of peaks at 426 nm (2.9 eV) re-
sults from the shallow traps (F, F*, and F*") caused by adsorp-
tion of oxygen atoms on the surface (Fig.4). Once the
number of oxygen defect sites on the surface of the TiO; shell
has gradually decreased, the extra molecules have to diffuse
much deeper into the TiO, shell to find available oxygen
defect sites, and capture more electrons.***! As a result, this
diffusion behavior of the adsorbent will become the dominant
reaction process to slow down the whole adsorption process.
This is why the decay of the current via adsorption is fast at
first and then becomes much slower (385 and 350 s after the
first and second UV illuminations are turned off).

However, it should be noted that the surface barrier caused
by adsorption can be suppressed when the nanowire size
reaches a critical diameter due to the strong effect from sur-
face states, resulting in slightly less band bending.[42] Conse-
quently, it can be expected that an SCR should be created
within the whole TiO; shell to suppress the surface-barrier
height (less band upward on the surface) caused by adsorption
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of foreign molecules due to the fact that the average thickness
of the TiO, shell is about 25 nm. This can enhance the prob-
ability of recombination between photogenerated electron—
hole pairs and foreign adsorbed molecules to increase the
conductance when the UV light is on. Once most of the mole-
cules are removed, the probability for adsorption via physi-
sorption and chemisorption by extra foreign molecules on the
TiO, surface will gradually increase because a reaction
between the clear surface and foreign molecules is more
favorable. The desorption by photogenerated electron-hole
pairs and adsorption by foreign molecules needs to be bal-
anced, resulting in a slowly saturated current.*!l

In summary, we have investigated the microstructure and
electronic structure of RuO, NWs and RuO,/TiO, core/shell
structure NWs using HRTEM and EELS. The TiO; layer is
epitaxially grown on the surface of the RuO, NWs, and exhib-
its the same crystal orientation as the RuO, NWs. The elastic
modulus of the RuO, NWs was measured to be 113-390 GPa
using AFM. The elastic modulus of the RuO,/TiO, core/shell
structure NWs can be understood based on an effective medi-
um model. The PL analysis of the RuO,/TiO; core/shell struc-
ture indicates its potential for applications in optoelectonics.
For RuO, NWs, the resistance at room temperature was
found to be 0.4-1.2 kQ with a resistivity of 215-640 nQcm. In
addition, the maximum current density before failure was
measured to be 4x10’ Acm™. Furthermore, the photocon-
ductivity of the RuO,/TiO, core/shell structure under UV
light has been studied. Our research indicates that the RuO,-
based NWs are good and relevant candidates for intercon-
nects and optoelectronics.

Experimental

For the NW growth, single-crystal (001) Si wafers (1-30 Q cm) were
cleaned by the standard cleaning process. SiO, layers with a thickness
of 200 nm are formed on the Si substrate. Reactive sputtering was
used to grow RuO, NWs under the growth conditions of various gas
mixture of Ar and O at synthetic temperatures of 200-500 °C, a pres-
sure of 10 Torr (1 Torr =1.333 x 10> Pa) and a radiofrequency power
of 20 W. For the synthesis of the RuO,/TiO, core/shell structure, the
TiO, layer was sputtered onto the surface of RuO, NWs with a gas
mixture of Ar (10 scem) and O, (10 scem), and the rf power of 20 W
at annealing temperature of 450 °C for 30 min.

The surface morphology was examined by a field-emission scanning
electron microscope (JSM-6500F), operated at 15 kV. For TEM study,
the samples were sonicated in ethanol and then dispersed in copper
grid supported by a holey carbon film. A field-emission TEM instru-
ment (JEM-3000F) operated at 300 kV with a point-to-point resolu-
tion of 0.17 nm and equipped with an energy dispersion spectrometer
(EDS) and an electron energy loss spectrometer (EELS), was used to
characterize the microstructures and chemical compositions.
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