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Abstract—Carbon-coated nickel silicide nanowires (C-coated NiSi NWs) were grown in a home-made chemical
vapor deposition (CVD) reactor. The coating of semiconductor or metal nanowires with nano-sized carbon layer is
effective to prevent the oxidation of the nanowires, resulting in the stabilization of ectrical properties of nanodevices.
The growth of the NiSi nanowires and the coating of the NWs with carbon layers simultaneously took place in the
reaction. The current-voltage curve of individual NiSi nanowire showed highly linear behavior, indicating the good
ohmic contact without the insulating layer. The resistivity of the NiSi nanowire was about 370 pQ-cm at room tem-
perature, decreased monotonicaly as the temperature was lowered, and became saturated a low temperatures, indicat-
ing the growth of metallic NiSi nanowires. Field emission measurements showed that the C-coated NiSi nanowires
were an excellent field emitter with large emission current densities at very low electric field.
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INTRODUCTION

Recently, one-dimengond nanostructured materials such as neno-
tubes or nanowires have been successfully syntheszed and have
received much attention due to their remarkable physicd and dec-
trical properties for potentid applications in nanodevices [Derycke
et d., 2002; Duan & d., 2002]. Carbon nanotubes (CNTs) have d-
ready been employed asthe active channd of fidld-effect and single
eectron trandstors [Martd et d., 1998; Bockrath et d., 1997]. Var-
ious semiconductor nanowires (NWs) have been dso subjected to
the fabrication of opticd and dectricd devices[Gudikseen et d., 2002;
Lee & d., 2000]. Cryddline semiconductor NWs hold congider-
abletechnica benefitsfor device application because the NWs have
aflexible ahility in the doping process and hetero-junction growth.
Recently, the modification of the NWs with other nanomaterials,
likeafilling of CNTswith metal [Pradhen e d., 1999 or acoating of
semiconductor nanowires with graphitic layers [Zhang et d., 2000],
has been considered to significantly improve chemica and phys-
cd properties of the NWs, resulting in an even more diverse range
of gpplications For example, the gpplication of semiconductor NWs
for an emission tip of fidd emisson flat pand diplays (FED) re-
quires uniform and gable emisson. But pure semiconductor NWs
have not stidfied these demands. The encapsulation of the NWs
with various materids has been explored to improve their emission
properties[Chen et d., 2001; Yi et d., 2002].

In thiswork, we report a unique carbon layer coated nickd sli-
cide nanowire (C-coated NiS NW) formation over Ni catayst loeded
S aubgrate in an R~induction hegting chemica vapor deposition
reactor. For the dlectrical characterizations of the NiS nanowires,
the individuad NiS nanowire was assembled on a patterned sub-
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drate and the resitivity of individua NiS nanowire was examined
as a function of temperature. Field emisson characterigtics were
aso measured for the C-coated NiS nanowires,

EXPERIMENT

C-coated nanowires were prepared in a radio-frequency induc-
tion hegting chemica vapor depostion (RFCVD) reactor, which
was destribed in detail dsewhere [Nahm et dl., 2001]. ptype S(100)
wafer with the resigtivity of 20 Q-cm (10x10 mnv’) was employed
as asubdrate for the growth of the nanowires. The S subgtrate was
onicated for 3minin acetone, dipped for 3 min in HF aqueous solu-
tion, rinsed in DI water, and flushed in an oxygen-free nitrogen flow.
0.01M Ni(NQ,),-6H,0 was dissolved in ethyl dcohol solvent to
meake amixed solution. The ultrasonicaly deaned slicon wafer was
dipped for three minutes into the mixed solution to load Ni catalyst
on S surface The subgtrate was then oven dried a 80°C for 5h.
The Ni catdys-loaded S subgrate was mounted on the graphite
susceptor and set up in the reactor. The reactor was evacuated to
10 Torr for 30 min and was then purged with hydrogen gas, more
then fivetimes to diminateresidud gasesin the reector. The catdyst
coated subgrate was hested a 700 °C for 5min under 1,000 sccm
H, flow to activete Ni catays. The hydrogen flow was kept throug-
hout the growth reaction. S source (SH,) was introduced into the
reactor with aflow rate of 3.0 scom, followed by the hegting of the
ubgtrate to the growth temperature (800 °C). The growth of S nano-
wireswas carried out as afunction of the growth time (10-30 min).
When the growth was over, SH, flow was first sopped and then
the subgrate was cooled down to the room temperature under N,
gas flow. The flow of N, gas was kept on for 2 h to wash out re-
ddua gasesfrom the reector.

A fidd emission scanning electron microscopy (FE-SEM,
HITACH S-4700) was used to observe the morphology of the grown
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nenowires. The arystd qudity and microcrystd sructure of the nano-
wires were evauated by using field emisson tranamission electron
microscopy (FETEM, TECNAI F30-UT FE-TEM accelerated by
300KV). Chemicd andyss of the nanowires was carried out by
usng energy-dispersve X-ray spectroscopy (EDS) ingtdled onthe
TEM. Raman spectroscopy and X-ray diffraction (XRD, RIGAKU
D/MAX-1200) were dso employed to evduate the crysd struc-
ture of the nanowires. Field emission messurement was performed
in abase pressure of middle 107 torr. The distance between the anode
and the nanowire cathode was maintained to be 145 um. Feld emis-
son characterigtics of the nanowires were evauated by measuring
emission current density asafunction of gpplied fied.

RESULTS AND DISCUSSION

Figs. 1(a), (b), and (c) show FE-SEM images for nanodtructures
grown on Ni catdys loaded S surface for 10, 20, and 30 min, re-
spectively. The growth was carried out a 800 °C with 3scoem SH,
under 1,000 sccm H, flow. The images show that the grown nano-
gructures are in the form of nanowires At a 10 min growth time,
the nanowires grow uniformly acrossthe S surface with high den-
sty. The nanowires grow graight with the length of more than 10
pm. The average diameter of the nanowires ranges in 20-40 nm.
However, ametd tip, which usudly gppeared on the top of nano-
wiresor nanotubes [Chen et d., 2002; Kim et d., 2003], isnot pres-
ent on the top of the nanowires as shown in the bottom right inset
of Fig. 1(3). It seemsthat, with increasing the growth time, the den-
sty of the nanowires decreases, wheress the average diameters of
the nanowires increase. The increased time induces the aggregation

Fig. 2. HR-TEM image of a nanowire grown for 10 min.

of cadyd particdes on the subgtrate surface, resulting in the decrease
of the dengity with the increese of the diameter. The nanowires grown
for 10 min were employed to investigate the structure and dectri-
cd properties.

For the investigation of structure and chemica compostion of
the nanowires, HRTEM and EDX messurements were carried out
for the nanowires grown a the same condition of Fig. 1. FHg. 2 shows
HRTEM image for ananowire. It exhibitsthe diameter of the neno-

Fig. 1. FE-SEM images of NiS nanowires grown on Ni catalyst loaded S surface as a function of growth time: (&) 20 min, (b) 20 min,
(c) 30 min, and (d) .a tip of a nanowire grown for 10 min.
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Fig. 3. EDS sectra for (a) the inner nanowire and (b) the outer
cdl of the nanowire.

wires ranges from 30 to 40 nm, in good agreement with the FE-
SEM dda. It isworthwhile to see nenowires are coated with alayer
with thickness of 1.5-1.7 nm. The chemica composition of the cen-
ter and wal of the nanowires were andyzed by usng EDX spec-
troscopy. Fgs 3(a) and (b) reved that the inner nanowire is com-
posed of S and Ni, while the outer thin layer is amorphous carbon.
It ssems that Cu results from TEM sample preparaion. This means
our samplesare NiS nenowires coated with thin carbon layers. Since
no carbon source was supplied to the growth system, it is sug-
gested that carbon atoms came from graphite susceptor and con-
tributed to the coating of the NiS nanowires. The growth of NiS
nenowiresis aso evidenced by messuring latice specing of the nano-
wire from the HRTEM image. The lattice spacing of our samples
i50.82 nm, which is much larger then that of S nanowires (0.3 nm)

e 'it_#

Fig. 4. FE-SEM imagefor an NiS nanowire assembled on a metal
eectrode patterned S substrate.
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[Caim et d., 2001]. This vaue fits well with the lettice spacing of
c-axisfor NiS whose|atice congants aand ¢, are 7.654 ad 8451 A,
respectively [Osawaet d., 1939]. Although the growth mechaniam
of the NiS nanowiresis currently ambiguousin thiswork, it islikdy
that Ni metd catdyst isasource of Ni in producing the NiS nano-
wires

For the dedtricd characterizations of the NiS nanowires, we have
measured the current-voltage curve and the resigtivity of individua
NiS nanowire as a function of temperature. The individud NiS
nanowire was assembled on a metd eectrode paterned S sub-
drate. The petterns for electricd leads were generated by using dec-
tron beam lithography onto the sdlected individud NiS nanowire
and then 20 nm of Ti and 50 nm of Au were deposted on the con-
tact area by thermd evgporation. We have done the chemicd etch-
ing to remove the insulaion layer between nanowire and metd dec-
trodes before the eectrode depostion. Fg. 4 shows an FE-SEM
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Fig. 5. A plot of current vs applied voltage for the nanowire. The

voltage probe distance and diameter of nanowire were
about 885 nm and 40 nm, respectively.
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Fig. 6. Temperature dependence of resdtivity of individual nano-
wire. The voltage probe disance and diameter of nanow-
irewere about 885 nm and 40 nm, respectively.
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Fig. 7. Field emission |-V characteristics of C-coated SNWSs.

image for aNiS nanowire digned on the patterned subgrate. The
voltage probe digtance and diameter of nanowire were about 885
nm and 40 nm, repectively. The current flow through the NiS neno-
wire was measured as a function of gpplied voltage. Shownin Fg.
5 is the current-voltage curve for the nanowire. The current-volt-
age curve shows highly linear behavior. This means thet the good
ohmic contact between the nanowire and metd dectrodeis achieved
without any insulating layer.

Fig. 6 shows the temperature dependence of the residtivity of the
individua NiS nanowire. The resgtivity of our grown NiS nano-
wireis about 370 pQ-cm a room temperature, which is 5-10 times
larger than that of high quaity NiSi, thinfilms[Hensd et d., 1984;
Zhang & d., 2002]. The resdivity of the NiS| nanowire decreases
monotonicaly as the temperature is lowered and becomes satu-
rated at low temperatures. This kind of temperature dependence is
the typica behavior expected for the resgtivity of anormad meta.
Slicide materids are dso known as good metd, which is conds
tent with our experimentd result.

Fdd emisson characteridics were dso messured for the C-coeted
NiS nanowires. Hg. 7 showsthe fidd emisson current density mea-
aured from the NiS nanowires cathode as a function of the applied
dectric fidld. Relatively smooth and conggtent |-V curves are ob-
tained. The turn-on fidd of the C-coated NiSi nanowires, which is
defined as the fidd required to reach the current of 0.01 mA/cn, is
etimated to be ~3.6 VV/um. Thisis higher than typicad carbon nano-
tubesturn-on fidd (eg. 1-2 V/um for SWNT). But the vaueis com-
parable to turn-on fieds observed for other types of fidd emitters
suchasslicontip [Shang et d., 2002], nanowires[Wong ¢ d., 1999,
Chenet d., 2001] and nanotube [Rinzler et ., 1995].

The corresponding Sraight lines of Fowler-Nordhem (F-N) plot
shown in Fg. 8 indicates thet the eectron emission is proceeded
by field emisson. The fidd enhancement factor, (3, was caculeted
from the dope of the F-N plot and the work function of S (about
46¢V).” The cdculated fidd enhancing factor 8 is ~1,500. This
relatively low turn-on field for the NiS nanowires in comparison
with the conventiond S tip may be caused by amorphous carbon
layer on the NiS nanowires It has been suggested in many reports
that thin dielectric layer coating improves field emisson character-
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Fig. 8. Fowler-Nordheim plots for C-coated SNWs.

igics of emitter [Yi et d., 2002].

The growth mechaniam of the NiS nanowiresis not well under-
good a presernt. In this growth system, SH, gas diluted with H, is
only supplied to the reector. It is very likely that carbon and nickel
atoms are originating from graphite susceptor and Ni catdyd, re-
ectively. At presant it isnot dear how the growth of the NiS neno-
wires progresses in the reaction. For the moment, we guessthat Ni
metd dther acts as a catdyst or participates into the NiS growth
reaction asan element of the product. At theinitid stage of the nano-
wire growth, the Ni catdysts provide nudestion Stes for the nano-
wire growth, but they participate in the growth reection to form NiS
nanowires. The fact that Ni metd tip was not observed from the
nanowires after growth as shown in Fg. 2 patidly supports the
participation of Ni in the production of NiS nanowire However, the
carbon atoms out-diffused from graphite susoceptor seem not to teke
part in the growth at the initid stage of the nanowire growth, but they
participete in the growth reaction a the later dage. We believe thet
further detailed experimentd sudy is necessary inthe future to dear-
ly understand the growth mechanism of the C-coated NiS nanow-
ires.

CONCLUSON

C-coated NiS nanowires were prepared in an R~CVD reector.
TheNiS nanowires were coated with alayer with thickness of 1.5-
1.7 nm. The average length of the C-coated NiS nanowires was
about 10 um and the average diameter of the nanowires ranged in
20-40 nm. The residivity of individua NiS nanowire monotoni-
caly decreasad with the decrease of the temperature from 370 pQ-
cm a room temperature and became saturated at low temperatures
This indicates the growth of metdlic NiS nanowires. Held emis-
gon measurements adso showed that the C-coated NiSi nanowires
would be employed as an excdlent fidd emitter with very low dec-
tricfidd (~3.6 V/um) and large emission properties (3=~1,500).
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