DIAMOND

RELATED
MATERIALS

www.elsevier.com/locate/diamond

Diamond and Related Materials 12002 1031-1035

Characteristics of nickel-containing carbon films deposited using electron
cyclotron resonance CVD

Q.F. Huang *, S.F. Yooh, Rusli, Q. Zhafg , J. Ahn, E.J. Teo , T. Osipotvicz , F. Watt

aSchool of Electrical and Electronic Engineering, Characterisation/Clean Room, SI1-B2c-20, Nanyang Technological University,
Nanyang Avenue, Singapore 639798, Singapore
bResearch Center for Nuclear Microscope, Physics Department, National University of Singapore, Singapore 119260, Singapore

Abstract

Two sets of nickel-containing carboiNi-C/H) films were deposited using an electron—cyclotron resonance chemical vapor
deposition system in conjunction with two biased screen grids. The films were characterized using Raman scattering. Their
resistivity and hardness were evaluated as a function of the gas flow(@itlg/Ar). Rutherford back scattering analysis showed
that the atomic fraction of Ni incorporated in the films decreases drastically from 35 to 1.4%, following increase in,fi#e¢ CH
ratio. Correspondingly, the film resistivity increases by 11 orders of magnitude. In contrast, the hardness decreases and the film
with a Ni atomic fraction of 12% has a hardness of approximately 16 GPa. Vacuum annealing ‘@ #8001 h immediately
after the film deposition resulted in an increase in resistivity. The threshold field for field emission decreases with decreasing Ni
incorporation in the film and a value of approximately 4 M can be obtained for the film with the lowest Ni atomic fraction
of 1.4%.© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction grid bias, respectively. This is in contrast to the com-
monly used glow discharge sputtering technique where

Metal-containing carbor{Me-C/H) films are being the two important growth parameters are correlated

widely studied and have been shown to exhibit small through the rf powei1,2].

friction values, good conductivity, low abrasive wear In our previous papel8,9], we have studied in detail

rates and enhanced adhesion to metal substrates com#- and Mo-CG/H films deposited using the above tech-

pared to pure DLC filmg1,2]. The metal in these films  nique. In this article, results from two sets of Nj-@

can be introduced by many techniqu¢3—7. The films deposited at different CHAr ratios are presented.

technique used in our study is based on an electronThe two sets of Ni-ZH films were deposited under

cyclotron resonance chemical vapor depositi®fCR- identical conditions, with one subjected to thermal

CVD) system in conjunction with two metal grids annealing in vacuum to investigate their thermal stability

situated within the deposition chambgs]. Compared and field emission behavior.

to other techniquedl,2], our deposition technique is

flexible since the grids, instead of one of the electrodes, 2. Experiment

are used as the source of the metal. This implies that it _ _ _

can be easily extended for the deposition of other Me-  The details of the setup used in this study can be

C/H films. In addition, such a system allows an inde- found elsewherd8]. When a gas mixture of Ar and

pendent control of the plasma ionization and the metal CH, is introduced into the excitation chamber through

sputtering rates, through the microwave power and thethe gas inlet, a plasma is formed due to the excitation
by the microwave power and the divergent magnetic

field. An electric field created by the DC bias applied

at the screen grids helps to direct the plasma into the
*Corresponding author. Tel+65-7904528; fax-+ 65-7933318. deposition chamber through the Ni screen grids. In the
E-mail address: p144850572@ntu.edu.@.F. Huang. process of passing through the screen grids, sputtering
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Fig. 1. The NyC fractions of the samples deduced from RBS as a function of thg/&Hatio. Two layers fitting with different fractions are
required for samples deposited with GtAr=0.75, 1.00 and 1.25. The average Ni, shown in the inset, ap@ factions for these samples were
computed, taking into account the thickness of the individual layers.

of Ni from the grids by Ar takes place. The sputtered layer next to the substrate. The average Ni fraction,
Ni is then incorporated into the growing films, which shown in the inset, and the average/Qifraction for

are deposited on substrates @t00)-oriented single these samples were computed, taking into account the
crystal silicon and corning glass. For all the depositions thickness of the individual layers. At high GHAr ratio,

in this study, the total chamber pressure was maintainedthe sputtering rate at the grids will be lower, and

at 8 mtorr, and a microwave power of 400 W was consequently the grids are increasingly coated by carbon.
applied. The two screen grids were shorted to a DC This in turn will further reduce the sputtering rate,

voltage of —330 V, and the rf power applied to the

leading to the formation of the layered structure

sample was maintained at 60 W, resulting in increasing observed, with the top layefsayer 1) having a smaller

rf-induced DC bias ranging from-100 to —135 V
over the CH/Ar ratio of 0.4—1.25. Prior to deposition,
the chamber was evacuated to below B © torr using

fraction of Ni incorporated.
Fig. 2 shows the Raman spectra of the NiFCfilms
at different CH/Ar ratios, measured using a SPEX1400

a turbomolecular pump. No deliberate heating was Raman system with the 514.5-nm line of an*Ar laser
applied to the samples during the deposition process,as the excitation source. Two characteristic peaks of a-
and the sample temperature was estimated to be 50-6@/H, the G and D peaks, can be clearly seen in the
°C during growth. For samples that underwent annealing, Raman spectra. The intensity of the two peaks increases

they were heated to 200C for 1 h in a vacuum
environment of 5<10~° torr immediately after deposi-
tion without exposure to air.

3. Results and discussions

Fig. 1 shows the NIC fraction deduced from RBS
for the Ni-C/H films at different CH/Ar ratios. It is
found that the NiC fraction decreases with increasing
CH,/Ar ratio, attributed to a decrease in the sputtering
rate of the Ni grids at lower Ar partial pressures. The
samples at CE/Ar=0.75, 1 and 1.25 reveal a two-
layer structure with different fractions of Ni incorporated

in each layer. For the two-layer structure samples, layer

with the CH,/Ar ratio, revealing the characteristics of
glassy carbori10]. The D peak at approximately 1350
cm~* is much more pronounced compared with that of
Mo-C/H films [11]. This can be attributed to the
difference in the impinging ion energy during film
growth, which ranges from-100 to —135 V for the
Ni-C/H films, compared to the lower bias of90 V
for the Mo-C/H films. A higher DC bias(magnitude
at substrates will result in more energetic ions impinging
onto the substrates, which amorphizes the films and
promotes the growth of $p bonded carbon. Indeed, Mo-
C/H films deposited at higher DC bias abovel05 V
also exhibited pronounced D peakk?].

Hardness measurement, by nanoindentation technique

1 refers to the top layer whereas layer 2 refers to the using the Nanoindenter Il from Nano Instruments, Inc.,
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Fig. 2. The Raman spectra of the Nji€ films deposited at different CHAr ratios.

was performed for the films deposited on silicon sub- at low atomic fractions, plays a very important role in
strates. The results shown in Fig. 3 are the averagedetermining the film resistivity. At lower CH Ar ratio,
values measured at six different locations. It is found there will be more Ni atoms being incorporated in the
that the film hardness decreases freni6 to ~8 GPa films, leading to the lower resistivity observed. It is
following an increase in the CHAr ratio. Compared  noted that the film at CEYAr=0.4 has a resistivity as
to metal-free a-ZH films grown under the same process low as approximately 10 (0cm, comparable to that of
conditions with hardness of approximately 10 GPa, the metals, whereas the film at 0.75 exhibits insulating
results clearly suggest that Ni incorporation increasesbehavior with a resistivity of nearly $0Qcm. After
the film hardness. Similar results were also observed in annealing, a slight increase in the film resistivity was

our Mo-C/H films [8]. observed, which can be probably attributed to a denser
Fig. 4 plots the resistivity against the GFAr ratio structure in the annealed films.
for both the as-deposited and annealed MHGilms on The field emission measurements were carried out in

glass substrates. It is found that the resistivity for both other universities, therefore, only annealed NiHXilms
sets of films increases sharply by 11 orders of magnitudewere selected for such measurements, in a parallel plate
with increasing CH/Ar ratio from 0.4 to 0.75, beyond configuration with an indium tin oxidéITO) anode and
which saturations occur. The sharp increase in resistivity an anode—cathode spacing of 406 in a test chamber
with the CH,/Ar ratio was also observed in our W- and maintained at 107 torr by an oil-free turbo-molecular
Mo-C/H films [8,9], and was similarly reported for pump. A conditioning process was carried out to initiate
Ru-, Ta-, Co- and Au-¢ZH films at low metal fractions  stable emission from the Me/@&l films under test. Fig.
[1,2,13. This indicates that the incorporated metal, even 5a plots the emission curreff) vs. electric field(E)
for the Ni-C/H films with different Ni contents. It is
18 clearly seen that the emission current increases rapidly

with the field when a minimum field is reached, and
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Fig. 3. The film hardness as a function of the ZHAIr ratio. Fig. 4. The film resistivity as a function of the GJAr ratio.
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will be much higher than the applied field in Fig. 5a

3 ¢ due to the presence of these conductive clusters. Indeed,
- Amaratunga et al[14] attributed the enhancement in
; b emission from nitrogen-containing hydrogenated amor-

phous carborfN-C/H) films as the N content increases,
j a to an increase in the concentration of ionized dogr

: in this case centers which led to a higher field across
the films at a given applied voltage between thetn -
Si and metal anode. If such a similar mechanism were
IE-11 4 Ni content: present in our samples, then the higher Ni content would

. @ 340%: b 2.67%%; ¢: 1.40% result in a higher field across the film. Consequently, a
o s 10 15 2 2 32 lower threshold and higher emission current at a same
E (V/pm) applied field will be expected. However, such a behavior
(a) was not observed in our Ni& films. This suggests
that the enhanced field due to the presence éf sp and
Ni clusters does not predominantly control the field
emission in the Ni-¢H films, and that there must exist
other mechanisms regulating their field emission behav-
ior. The surface roughness can also greatly influence the
field emission in the Ni-CH films. However, atomic
force microscopy(AFM) image reveals a smoother
surface for the present three NiB films, suggesting
that the big difference inky, is unlikely due to the
surface roughness. The Nif@ films were annealed
immediately after deposition without exposure to air.
The residue of the reactant gagés and CH,) and the

Ln(VE)

ad :l;?;g;?té; 2 67%: c: 1.40% hydrogen that was used as pretreatment gas before
deposition will affect the surface features such as surface
ol barrier and passivation of molecules on the surface
005 0.10 015 020 025 during film annealing. It is speculated that the surface
1/E of the film with low Ni content contains much higher
(b) hydrogen termination, which is favorable for field emis-
sion [15-17.
Fig. 5. Emission current vs. electric field characteris@sand Fowl- The linear dependence betWGel(IIl'fEZ) and 1/E, as
er—Nordheim plotgb) of Ni-C/H films with Ni atomic fraction of: shown in Fig. 5b, suggests that the field emission in our
(a) 3.40%; (b) 2.67%; and(c): 1.40%. Ni-C/H films follows the Fowler—NordheintFN) rela-
tionship [18]:
that the emission current from the films with low Ni [ =AoE%exp — BO¥2/(BE)] (1)

content is higher. The threshold fieldz,,), a macro- _ o _ _ _
scopic electric field, which gives an emission current of Wherel is the emission current in A is the electric

1 nA for a conditioned film, is found to decrease field in V/m; A, and B are constantsp is the dimen-
following the decrease in the Ni content. THg, is 5|on_less fu_eld enhancemgnt factor; ahds the effective
3.95, 13.42 and 21.5 Xum, corresponding to the Ni barrier height in eV. It is though{17,19,20 that the
atomic fraction of 1.4, 2.67 and 3.4%. These results arelocal field enhancement, caused by various factors such
interesting and rather different from what we have as local chemical non-homogeneity,®sp clusters and
originally expected in which the emission current should charge localization induced by disorder, leads to electron
be higher, while theE,, should be lower if the Ni  emission. Thus, the higher thg is, the easier the
incorporation is increased. It is thought that in our Me- €mission will happen. Since thk in amorphous carbon
C/H films with an ohmic back contact, the field emis- films is almost constarit~5 eV [17]), the smaller slope
sion is determined by both the bulk and surface of the in Fig. 5b for the film with Ni content of 1.4% means
Me-C/H films. The electrical conductivity of the three & higherB, which results in a lower threshold and higher
Ni-C/H films, deposited at ClfAr=1.25, 1.0 and 0.75,  €mission current.

resp_ectively, exhibits insulating charac_teristics, as shown, conclusions

in Fig. 4. In this case, the 3p and Ni clusters are two

critical factors that determine the conductivity of the  Two sets of Ni-GH films were deposited using a
Ni-C/H films. The effective field in the Ni-ZH films technique based on an ECR-CVD system in conjunction
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with two metal grids situated within the deposition
chamber. The films deposited at higher JWAr ratios

show a two-layer structure, and the average Ni atomic

fractions in the films decrease drastically from 35 to
1.4% following an increase in CHAr flow ratio. The
hardness also decreases with increasing, /@i flow
ratio, and the film with a Ni atomic fraction of 12% has

a hardness of approximately 16 GPa. The resistivity

increases by 11 orders of magnitude following the
decrease in Ni atomic fraction. The films annealed at
200 °C exhibit a slight increase in their resistivity. The

local field enhancement is responsible for the electron

emission of our Ni-@H films. The higherp for the
film with the lowest Ni atomic fraction of 1.4% leads
to a threshold field of approximately 4 AAm.
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