SCIENTIFIC I A

REPg}RTS

SUBJECT AREAS:
ELECTRONIC DEVICES
SUPERCONDUCTING DEVICES

Received

11 April 2014

Accepted
30 June 2014

Published
18 July 2014

Correspondence and
requests for materials
should be addressed to
K.M. (makise@nict.go.

i)

Microstructural analysis and Transport
Properties of MoO and MoC

nanostructures prepared by focused
electron beam-induced deposition

Kazumasa Makise', Kazutaka Mitsuishi2, Masayuki Shimojo® & Bunju Shinozaki*

! Advanced ICT Research Institute, National Institute of Information and Communications Technology, 588-2 lwaoka, Kobe, Hyogo
6512492, Japan, 2Surface Physics and Structure Unit, National Institute for Materials Science, 3-13 Sakura, Tsukuba 305-0003,
Japan, 3Department of Materials Science and Engineering, Shibaura Institute of Technology, 3-7-5 Toyosu, Koto-ku, Tokyo 135-
8548, Japan, *Department of Physics, Kyushu University, 6-10-1 Hakozaki, Higashiku, Fukuoka 812-8581, Japan.

By electron-beam-induced deposition, we have succeeded in the direct fabrication of nanowires of
molybdenum oxide (MoO,) and molybdenum carbide (MoC) on a SiO, substrate set in a scanning electron
microscope. In order to prepare MoOj specimens of high purity, a precursor gas of molybdenum
hexacarbonyl [Mo(CO)s] is used, mixed with oxygen gas. On the other hand, MoC is grown by mixing H,O
gas with the precursor gas. The electrical transport properties of the nanowires are investigated by the DC
four-terminal method. A highly resistive MoO, nanowire prepared from an as-deposited specimen by
annealing in air shows nonlinear current-voltage characteristics and a high photoconductivity. The
resistivity p of an as-deposited amorphous MoC (a-MoC) nanowire takes its maximum at a temperature T~
10 K and decreases to =~ 0 with decreasing temperature. This behavior of p(T) indicates the possible
occurrence of superconductivity in a-MoC nanowires. The characteristic of p(T) below the superconducting
transition temperature T, = 4 K can be well explained by the quantum phase-slip model with a coherence
length &(0) =~ 8 nm at T=0.

he application of nanostructure materials in electronic or optoelectronic devices is one of the major focuses

in recent nanoscience research. Nanowire and nanotube devices are particularly important from the view-

point of nanosize function. These devices are applied in single-electron transistors, field-effect transistors,
and metal-semiconductor junctions. Growth of the fabrication technology for nanostructures has already
resulted in the development of several special devices using quantum dots and nanowires' ™.

The conventional method of fabricating nanodots, nanowires and nanorods cannot be used to directly deposit
materials on a small substrate. Recently, technology using focused ion or electron beams has attracted interest
from the viewpoint of its application to the direct growth of nanostructures for use in electronics and optoelec-
tronics. Methods of ion-beam-induced deposition (IBID) and electron-beam-induced deposition (EBID) are
suitable for the fabrication of structures with different sizes on the nanometer scale*®. In addition, these methods
require no cumbersome steps, namely, the use of masks, photoresist or electron beam lithography, and lift-off
procedures. The IBID method has been successfully used for the fabrication of complicated structures such as
actuators and manipulators on a micrometer scale. On the other hand, EBID using various precursors has been
carried out for various materials, e.g, W, C, Fe, Pt and Au’"". In addition to the use of these common metals to
prepare semiconducting and superconducting materials with nanoscale structures, EBID is superior to IBID for
the following reasons: 1) As the probe of the focused electron beam of the field emission gun is smaller than that of
the focused ion beam, EBID is suitable for deposition on a small area. Therefore, three-dimensional nano-
structures can be fabricated on very small areas such as the top of the tungsten STM tip. 2) IBID damages
predeposited electrodes and even the specimen on substrates by Ga ion irradiation, whereas EBID markedly
reduces the risk of this damage due to electron impingement. 3) Superconducting or semiconducting nanowires
prepared by EBID have none of the Ga contaminants produced by IBID on the substrate.

Molybdenum oxide (MoOy) is an interesting material and thus has been investigated for various applications
such as gas sensors', catalysts'® and metal-gate applications'®. From the present measurements of the resistivity of
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(Mo-based) nanowires fabricated on Pt/Ti electrodes, it is found that
highly resistive MoO, nanowires show photoconducting behavior,
suggesting their potential as Schottky barrier diodes. This result
enables us to fabricate nanoscale devices of molybdenum systems
with controlled size and position. To our knowledge, there has been
no study of the superconducting properties of metallic molybdenum
carbide (MoC) nanowires fabricated by EBID as in the present
investigation.

In this letter, we report on the results of on-demand fabrication by
EBID for nanowires of MoO,, Mo and MoC as well as on the trans-
port properties of these nanowires.

Specimen preparation and experimental procedure. Nanowires
were grown using a 30 KV field emission gun scanning electron
microscope (SEM; JEOL JSM-7800UHV) with a custom-built gas
injection system. Using Mo(CO)g gas as the precursor, nanowires
were prepared by deposition on a SiO, substrate with Pt/Ti electrodes
of low contact resistance.

To prepare MoOy, we introduced the precursor gas Mo(CO)e
mixed with oxygen gas through the nozzle into a high-vacuum cham-
ber. MoC nanowires were prepared using the same EBID deposition
system by introducing a mixed gas of Mo(CO)s and H,O. The partial
pressures of these gases were carefully controlled using leak valves.
During the deposition, the background pressure of the chamber was
kept at about 4X 107> Pa. The gas injection system was described in
detail elsewhere.

Electrical properties, current-voltage (I-V) characteristics and the
temperature T and magnetic field H dependences of the resistivity p
have been investigated by a standard DC two- or four-terminal tech-
nique using a Keithley 6221 current source, a 2400 source measure-
ment unit and a nanovoltmeter 2182. An external magnetic field was
applied perpendicularly to the current direction through nanowires
with a superconducting solenoid set inside the Dewar assembly. Lead
wires of Au were connected to the surface of Pt/Ti electrode pads
with Ag paste and indium solder. It was confirmed that the ohmic
contact was held between the electrodes and the specimens during
the I-V measurement in the bias voltage range of —10 V to +10 V.
Light power was measured using an optical power meter (Advantest
TQ 8215). The white light of the emitted diode was used as the light
source to observe photoconductance as a function of turning the light
on and off. The wavelength of maximum luminescence intensity was
nearly 450 nm. The power density was about 3 mW/cm?.

Result and discussion

SEM observation. Figure 1(a) shows a SEM image of the Pt/Ti
electrode deposited by sputtering on a SiO, substrate. The elec-
trodes are separated by a distance of about 100 nm. Figure 1(b)
shows a typical SEM image of the MoC nanowire (top) and MoO
nanowire (down) with different sizes deposited by on-demand EBID.
The MoC nanowire is about 30 nm in diameter and 500 nm in total
length. It is necessary to emphasize that, as in Fig. 1(b), the present
EBID can produce plural nanowires in a restricted narrow region.
They can be deposited with nanometer precision and predefined
shapes in an arbitrary location on the electronic circuit. A
schematic illustration of an arbitrary structure nanofabricated
using by EBID is shown in figure 1(c). The focused electron beam
was positioned on the surface of the substrate and was then moved,
which resulted in the formation of a nanowire. The growth of the
MoOx and MoCx nanowires follows the position of the electron
beam. Moreover the shape of the nanowires can be controlled
arbitrarily.

TEM and microstructural characterization. To achieve microstruc-
tural characterization without the contribution of the elements in
some substrates, self-standing rods of nanometer size were also
grown on an edge of platinum substrates. Details of the TEM
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Figure 1 | (a) SEM image of Pt/Ti electrodes for two sets of a four-terminal
system on a SiO substrate. (b) SEM image of Mo based nanowires
prepared using Mo(CO)s gas mixed with different gases. (c) Schematic
drawing of electron beam induced deposition for electrical transport
measurements.

sample procedure were reported elsewhere'®. The nanorods were
observed by transmission electron microscopy (TEM; JEOL JEM-
3000F) and electron energy loss spectroscopy (EELS). Figure 2(a)
shows a high-resolution transmission electron microscopy (HRTEM)
image of the self-standing as-deposited nanowire prepared in
Mo(CO)s gas. Both the HRTEM and Fourier-transformed images
shown in the inset reveal that the structure of the specimen is
amorphous. Figure 2(b) shows the EELS profile. Not only molybde-
num edge but also carbon and oxygen edges are recognized. The
relative ratio of these elements, Mo: O : C, is determined to be about
1.0:3.5:0.2. Although the possible equilibrium phases at room
temperature are Mo, MoC,_, and MoOs., compounds, x and y
could not be determined at the present stage. Nonetheless, we
could not detect any other elements except Mo, C and O.

Heat treatments in vacuum and in air. A bright-field TEM image
and a map of element distributions of the as-deposited nanowire
prepared in the Mo(CO) gas are shown in Figs. 3(a) and 3(b),
respectively. Figure 3(b) shows that Mo, C and O are distributed

| 4:5740 | DOI: 10.1038/srep05740

2



Intensity (arb. units)

300 400 500
Energy loss (eV)

200 600

Figure 2 | (a) High-resolution TEM image of an as-deposited nanowire
formed with Mo(CO)s gas. The inset shows the fast Fourier transforms of
the TEM image. (b) EELS profile of the as-deposited nanowire.

homogeneously in the entire region of the as-deposited nanowire,
where yellow, red and blue correspond to Mo, C and O, respectively.
Figures 3(c) and 3(d) also respectively show TEM image and a map of
an as-deposited nanowire annealed at T=973 K for 0.5 h in heating
chamber evacuated to ~107° Pa. During the heat treatment, the
pressure in the chamber was kept below 1 X 107> Pa. Both insets
in Figs. 3(a) and 3(c) show the Fourier-transformed images of the
bright-field TEM images.

The structures of as-deposited and annealed as-deposited nano-
wires are amorphous and crystalline, respectively. Figure 3(e) shows
the EELS profile taken at the edge of the rod of both nanowires, where
carbon cannot be detected in the substrate. Although oxygen could
be detected near the surface of the as-deposited nanowire, the thin
oxidized surface layer disappeared after the heat treatment. Thus, we
can prepare Mo nanowires by this heat treatment in vacuum. On the
other hand, when nanowires are annealed in air, we can prepare
highly resistive MoOy nanowires that can serve as photodetectors.

Effects of O, and H,O gas injection. Figure 4(a) shows the relation-
ship between the atomic ratio of each element and the partial
pressure ratio of O, gas, O,/[O, + Mo(CO)s], determined by
scanning TEM energy-dispersive X-ray spectroscopy (STEM-EDS).
Although there is a small atomic ratio of C in the as-deposited
nanowire, namely, O,/[0, + Mo(CO)s]=0, we cannot detect C
(below 0.1 atomic ratio) for the specimens prepared at O,/[O, +
Mo(CO)¢]>0.2. The I-V characteristics and photoresponse of the
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Figure 3 | (a) Bright-field TEM images and (b) map of element
distributions for as-deposited nanowire prepared in the Mo(CO), gas. (c)
Bright-field TEM images and (d) map of element distributions for
nanowire annealed at T=973 K for 0.5 h in vacuum. The insets show the
fast Fourier transforms of the TEM images. (e) EELS profile of (—) as-
deposited nanowire and (—) annealed nanowire.

MoO, nanowire prepared at O,/[O, + Mo(CO)s] = 0.4 are shown
in next section.

The relationship between the atomic ratio of each element and the
partial pressure ratio of H,O gas, H,O/[H,O + Mo(CO);], is shown
in Fig. 4(b). For the nanowires prepared in the mixed Mo(CO)s and
H,O gases, carbon content increases and oxygen content decreases
with increasing ratio of H,O partial pressure. Taking into account the
detection accuracy of EELS of about 3-5%, it is considered that the
oxygen ratio reached almost zero in the region where the partial
pressure ratio is larger than 0.4. The proportions of Mo and C are
constant, and the Mo and C contents were approximately 70 and 30
at.%, respectively. Of course, it is not possible to eliminate the influ-
ence of hydrogen. However, it should be noted that Mo and C ele-
ments are dominant and hydrogen is considerably little. We think
that the electron beam dissociated precursor molecules by cutting
Mo-COg, H-O, C-0O, and H-C bonds, consequently nonvolatile metal
parts were deposited along the electron beam scanning line, and
therefore nanowire were formed. Most gaseous organic ligands were
passed out of the chamber.

Electric transport properties. In this section, we will show the
present experimental data for the photoresponse of the MoOy
nanowire and the marked decrease of R(T) of the MoC nanowire
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Figure 4 | Composition of deposits as a function of partial pressure ratio,
using (a) mixed gas of Mo(CO)¢ and O, and (b) mixed gas of Mo(CO),
and H,0.

near T = 10 K, suggesting superconductivity. These results are
indicative of future of on-demand EBID as a dependable means of
successfully fabricating functional nanodevices.

MoO, nanowire. Figure 5(a) shows the I-V characteristics at
T=300 K of the MoO, nanowire annealed in vacuum. The linear
I-V relation suggests that the annealed nanowire is metallic. This is
consistent with the resistivity p(300 K) of this specimen being p =
150 mQm, which is close to that of MoO,, a metal’. As shown by
different marks, the radiation of white light does not show any effect
on conductivity.

In contrast, for the MoOy nanowire obtained by annealing above
573 K for 2 h in air, Figs. 5(b) and 5(c) show the I-V characteristics
and differential conductance as functions of V at T=300 K, respect-
ively. The I-V relation in the dark (off state) shows a nonlinear
dependence and an asymmetric behavior. As shown in Fig. 5(b),
the conductance under illumination (on state) exceeds that in the
dark by a factor of =100 in the range of =1 V< V<1 V. These I-V
characteristics are similar to those of Schottky contacts. The resistiv-
ity p(300 K) at V=0 V isabout 10 Qm. As discussed in our previous
work'®, nanowire annealed in air has a crystal structure, whereas an
as-deposited nanowire has an amorphous structure. Therefore, an
annealed MoOy nanowire may have different oxidation states from
an as-deposited nanowire. From the experimental result that the
microscopic structure of the annealed MoO, nanowire changes even
at a low annealing temperature (~573 K), we consider that oxygen
atoms can diffuse on the basis of the interstitial diffusion mechanism
and the nanowire takes a different oxidation state. Therefore, it is
assumed that the electrical properties of molybdenum oxide depend
on oxidation state. Taking account of the well-previous known
results that MoQ, is a metallic conductor’® and MoOQs; is a semi-
conductor®, we conclude that annealing the nanowire in air effi-
ciently enhances its oxidation. Furthermore, it is worth
emphasizing the applicability of the annealed nanowire in visible
optoelectronic devices. Although, we do not observed any photo-
induced conductance enhancement for the as-deposited nanowires

(a) o]
R i e ]
f:j_/ ok on . o |
s 1
-1 - ] . ] . ] .
-2 -1 0 1 2
V( mV)
20 T T T T v 1 M
s (b) -
_ 10 o ]
S of " R
- -10/ i
_ N 1 N 1 N 1 N
2(24 -2 0 2 4
V (V)
~10%e ' ' I
10 e - .
G L 2 o Pad ez
\>/ 10-5_ P S getenangees® SF % S |
= 10 %feeeenn., . | -
© 10-7_ d . . . h—
10 : - :
-1 0 1
V (V)

Figure 5 | IV curves for (a) as-deposited nanowire formed in mixed gas
of Mo(CO)¢ and O, with O,/[0, + Mo(CO)s]>0.2 and (b) nano-wire
annealed in air. Marks (e) and (e) show data obtained in the dark and
under illumination, respectively.

even under illumination, we observed an interesting photocurrent
behavior showing a change in the I-V curves in the case of light
injection, as shown in Fig. 5(b). This result indicates that MoOy
nanowires can function as photoconductors with a high sensitivity.

Mo and MoC nanowires. Figure 6 shows the T dependences of p
below = 20 K for (a) a crystallized Mo nanowire and (b) an
amorphous MoC (a-MoC) nanowire. p(T) was measured by the
four-terminal method, as shown in Fig. 1. The crystallized Mo
nanowire prepared by annealing the as-deposited nanowire shown
in Fig. 3 is metallic, namely, its p decreases with decreasing T. On the
other hand, as shown in Fig. 6(b), the p(T) of the as-deposited MoC
nanowire prepared in the mixed Mo(CO)s and H,O gases at H,O/
[H,O + Mo(CO)s]>0.4 shows a semiconducting transport property
ofdp/dT < 0at T > 10 K and decreases gradually with decreasing T.
The behavior of the p (T) at approximately T = 10 K indicates that a
possibility of competition occurs between the electron localization
effect and superconductivity. To the best of our knowledge, there has
been no discussion yet on the superconductivity of nanowires
fabricated by EBID. We expect that the present preparation
technique and analysis of p (T) will contribute to the development
of nanosize superconductors.

For comparison of the present data with the data of our previous
investigations, we will show the p(T) superconducting characteristics
of amorphous Mo and MoC films obtained by quenched condensa-
tion (q-c) onto a substrate cooled to liquid He temperatures. We
prepared amorphous superconducting Mo (99.95%) and Mo;5Cys
films on a substrate coated with an insulating SiO thin layer”'. We

| 4:5740 | DOI: 10.1038/srep05740

4



15411

N
L(a) ] (b) 420
15.3 § i
fe
(e
15.21 ol °0
E —~
S 15.1}¢ 4 =
El ¢ & 110§
[oN I 1 - =
I N
o® %
14.9- - 'q§
. . 2 97
&
PEFEFEES EETErErE BrErErEr DR B A | EPEFEETS ErTar
14815 05151

T(K)

Figure 6 | p(T) values of (a) crystalline Mo nanowire and (b) a-MoC
nanowire. The magnetic field H=4 T in (b) is applied perpendicularly to
the substrate.

measured evolution of p(T) increasing the film thickness, in situ.
Figures 7(a) and 7(b) show the temperature dependences of the sheet
resistances Ryq(T) of Mo and MoC films with various film thick-
nesses, respectively. T, increases markedly with increasing film thick-
ness. The T pux values of the g-c Mo and q-c MoC films were
estimated to be = 9.8 K and = 7.6 K, respectively, by extrapolation
to the infinite film thickness, as shown in the insets. These values are
substantially higher than the T. =0.92 K of bulk crystalline Mo. In
contrast to the q-c Mo film in Fig. 7(b), the present crystallized Mo
nanowire shown in Fig. 6(a) shows no evidence of superconductivity
above T = 2 K. As mentioned above, this result is consistent with the
T, of crystalline Mo being 0.92 K even in the bulk case. As for the q-c
a-MoC films in Fig. 7(b), their Mo and C contents were determined
by X-ray photoelectron spectroscopy to be 65 and 35 at.%, respect-
ively, which are close to those of the present MoC nanowire, as shown
in Fig. 4(b). However, it is not easy to compare the absolute value of
the T, of the present nanowire with that of the gq-c a-MoC films
because of the differences in dimensionality and dirtiness depend-
ence between these specimens.

Another difference between the q-c a-MoC films and the present
a-MoC nanowire is in the transition width due to the different
dimensionalities used, namely, two-dimensional (2D) and one-
dimensional (1D). Although it is clear that, as T decreases, the res-
istivity p,p(T) of the g-c films gradually decreases above T, because
of thermal fluctuations due to the Aslamazov Larkin and Maki-
Thomson terms™*, p,p(T) decreases sharply below T.. Note that
the p;p(T) of MoC nanowire shows a gradual decrease in a wide
temperature range below T.

Now, assuming the possibility that the present MoC nanowire is a
1D superconductor, we briefly show the result of our analysis of the
p1p(T) from the viewpoint of the thermal activation phase-slip
(TAPS) and quantum phase-slip (QPS) effects in 1D superconduc-
tors. As for the TAPS mechanism, several theories have been
developed. Langer et al. derived a model that can account for
phase-slip due to the thermal activation of the order parameter near
T>?¢, The R(T) below T. of the MoC nanowire is fitted to the
expression

R(T)raps = exp[—AF /kpT], (1)

_ P
ksT /o
where ¢y = hc/2e = 2.07 X 107" Wbm? is the flux quantum and
AF=(8V2 /3)(H.2/8m)AE is the energy barrier, & is the coherence
length and A is the cross-sectional area of the nanowire. Q = (L/
E)(AF/kgT)"*(1/16L), L and ¢, are the attempt frequency, the length
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Figure 7 | p(T) values of series of quench-condensed films on substrates

with a SiO underlayer: (a) a-Mo and (b) a-MoC. Numerals denote the
ranges of the film thicknesses of a-Mo and a-MoC.

of the nanowire and the Ginzburg-Landau relaxation time given by
1L = h/8ks(T.—T), respectively. When quasi particles are consid-
ered, the total resistance is given by R=(1/Ry+t 1/Rra)”' as the
dotted line in Fig. 8, where Ry is the normal-state resistance of a
nanowire above T,. This fitting of R(T) was performed, with T, and
£(0) as adjustable parameters. From the fitting procedure, we
obtained T.=7.2 K and £(0) =~ 700 nm. Note that, in this case, the
obtained £(0) markedly exceeds the values estimated from the
Ginzburg-Landau theory given by

&0)={(9o/2nTo)[|(dHer /dT) |1} /7. (2)

From the analysis of p(T) at H= 0 and H=4 T in Fig. 6(b) using eq.
(2), we can roughly estimate the length £(0) =~ 8 nm.
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Figure 8 | Semi-log plot of R versus T for an a-MoC nanowire at H=0.
Solid and dotted lines show the theories for the phase-slip behavior based
on the QPS and TAPS, respectively.
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As suggested by equation (1), resistance exponentially vanishes as
T approaches zero. Such a strong temperature dependence of R(T)
for tin whiskers of 0.5 pm diameter was observed in the high tem-
perature range of T = T, to confirm the theory. On the other hand,
Giordano observed that thin In and PbIn wires show weaker tem-
perature dependences of their resistances at lower temperatures”. To
explain their experimental results, they proposed a model that takes
account of the possibility of QPS through the same energy barrier AF.
The expression for R(T)qps is given by

8v/3L LRg \? T\T
V3 0.83( Q) <17—>—C
E;()RN TC T

2mE,
exp|—0 830L<LRQ> <1 T ) v
P\ EoRn Tc ’

where Ro(=h/4e> = 6.45 kQ) and Ry is the quantum resistance.
Here, o is the numerical factor on the order of unity. This model is
clearly recognized by the theoretical work of Golubev and Zaikin®.
We fitted eq. (3) to the p(T) data, using o as the fitting parameter
using the length L of this nanowire and £(0) = 8 nm determined
from equation (2). The solid line in Fig. 8 was calculated using equa-
tion (3) with T. = 4 Kand « = 0.055. Although the present data are
unfortunately restricted above 2 K, we consider that the theory is in
agreement with the experimental data with only the parameter o:and
a reasonable &(0). As for the prefactor « < 1 determined from the
fitting procedure being less than the theoretical suggestion, further
investigation is necessary.

RQPS (T) = OCRQ

Conclusion

We have fabricated MoO, and MoC nanowires prepared on a SiO,
substrate by the on-demand EBID using a Mo(CO) precursor with
0O, and H,0, respectively. The MoO, nanowire prepared by anneal-
ing an as-deposited nanowire in air shows a semiconducting trans-
port characteristic and a photodetecting property, showing potential
as an optical switch. We think that the optimization of nanowire
composition can improve the optical sensitivity and photoresponse
of the nanowire. On the other hand, a-MoC nanowires show evid-
ence consist with a superconducting resistive transition. The p(T) in
the temperatures below T, can be explained by the quantum phase-
slip model. The above wires can be fabricated into any shape with
nanosize and high spatial accuracy.
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