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Defect density of tetrahedral amorphous carftarC) film prepared by filtered vacuum arc process

was investigated in a wide range of fraction s> hybridized bond. We could observe a close
relationship between unpaired spin density measured by electron spin resonance spectroscopy and
their atomic bond structure: the defect density was proportional to the contegf dfybridized

bond in the film. Near edge x-ray absorption fine structure analysis further showed that the content
of the surface C—H bonds presumably due to the absorption of hydrocarbon to the surface dangling
bond also increased with increasing contens pt hybridized bond. The observed dependence was
discussed in terms of the degree of clustering or pairing of the isabqfesites. © 2004 American

Institute of Physics.[DOI: 10.1063/1.1699481

I. INTRODUCTION unpaired spiff.However, the relationship between the defect
density and the atomic bond structure is to be clarified yet.

Amorphous carbon films deposited by filtered vacuumAmaratungaet al. reported that the spin density decreased
arc process are known to have a high fractios pf hybrid-  with increasing fraction osp® hybridized bond in the ta-C
ized bond of up to 80%, which results in a unique combinafiim.®> On the other hand, Gerstnet al. reported a gradual
tion of physical and chemical properties. The films, also redecrease in the defect density as the fractios @f hybrid-
ferred to as tetrahedral amorphous carlf@nC) film, have ized bond increased up to 50%owever, abrupt decrease in
high hardness, high wear resistance, optical transparency the defect density was observed when the fractiors of
wide range of the wavelength, and excellent chemicahybridized bond was 75%This discrepancy can be hardly
inertness. It is generally accepted that the properties of theunderstood, considering that their experimental conditions
film are governed by the fraction of theg® hybridized bond ~ were almost identical. This indefinite relationship should be
that is strongly dependent on the kinetic energy of the depogesolved to characterize the defect generation behavior in
ited carbon ion. Since the ionization ratio in the vacuum arda-C films. In the present work, we could observe that the
plasma is as high as 90%, applying a negative bias voltage wefect density is proportional to the contentsg#® hybrid-
the substrate is known to be an effective way to control thézed bond in the film, which can be understood in terms of
kinetic energy of the deposited carbon fon. the clustering and pairing afp? hybridized bonds.

Although the main interest of ta-C film has been cen-
tered on their mechanical applications, recent investigations
are also focused on the possibility of its use for electronid- EXPERIMENT
devices. ta-C film exhibits the properties ofpgype semi- ta-C films were prepared by filtered vacuum &r/A)
conductor with a band gap in the range 2.0-2.5 @4 in  deposition method. Figure 1 shows the schematic of the
other amorphous semiconductors, dangling bonds in the ta-geposition system used in the present work. Arc plasma gen-
structure can lead to trap states in the mobility gap resultingrated at the graphite cathode was introduced to the reaction
in deterioration of the device properties. Therefore, systemechamber via magnetic filtering duct in which the macropar-
atic control of the defect would be one of the major concernsicles were removed from the plasma beam. A water-cooled
for their electronic applications. The purpose of the presensubstrate holder was placed normal to the arc plasma beam at
work is to characterize the formation of the dangling bondsa distance of 300 mm from the exit of the FVA source. In
in ta-C film for various deposition conditions. order to apply DC bias voltage, the substrate holder was

Defect density in the ta-C film has been characterized bylectrically isolated from the reaction chamber. The base
electron spin resonan¢BSR method as the defect results in pressure of the vacuum system was less tharf P@&. The
film was deposited at a pressure of ¥®Pa. S{100 wafers
dDepartment of Ceramic Engineering, Yonsei University, Seoul, 120-749,Of thickness 51Qum were used for the substrate. Stripes of
Korea. thin Si(100 wafer of thickness 1065 um were also used to
P’NANO Technology Based Information and Energy Storage Research Cenmeasure the residual stress of the film. Before the film depo-
ter, Korea Electronics Technology Institute, Pyungtaek, Kyunggi, 451_8658iti0n, the substrate was precleaned by using the carbon arc

Korea. . . . . .
9Author to whom correspondence should be addressed: electronic maipl"’ls’rn"’l beam m'xed with AI’ lon at the negative l?las VOItage
krlee@kist.re.kr of —700 V. During carbon film deposition, a DC bias voltage
0021-8979/2004/95(9)/4829/4/$22.00 4829 © 2004 American Institute of Physics

Downloaded 03 Jun 2004 to 161.122.21.58. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1699481

4830 J. Appl. Phys., Vol. 95, No. 9, 1 May 2004 Lee et al.

60 T T T T T d T T T v T
55 |- * i
sol ./ % % -
DC = °
Power a I + 1
Supply Q a5 | ¢ .
Substrate S ]
S 40| 4
I 2
T Filtering Magnets g L § |
T Vacuum Pump Raster Magnets 3 ° 7
FIG. 1. The schematic of filtered vacuum arc deposition system used in the 30 @ -~— annealed A
present work.
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ranging from O to—500 V was applied to obtain films of Bias Voltage (V)

various atomic bond structures. No impurities or hydrogenFIG > D g  hard fraC fil " ive bi "
were observed in the film as could be characterized by Ru: .~ ependence of hardness of fa-- Tim on e Negaive bias votage

’ - applied to the substrate during deposition. Open circle data represents the
therford backscattering spectrometRBS) and Fourier hardness of annealed ta-C film at 900 °C for 5 min.
transformation infraredFTIR) spectrum analysis. In the

present experimental condition, atomic bond structure and

corresponding mechanical properties of the film varied in & "€idmanret al.reported the thermal stability of ta-C film in
wide range from graphitic to dense diamondiike carbon. A2 vacuum environmerif. They showed that dense diamond-
film of more graphitic structure was prepared by thermallike ta-C film was transformed to nanoprystalllne graphite
annealing of the deposited film at 900 °C for 5 min in Ar when the annealing temperature was higher than 800 °C. It
environment. can be thus said that the decrease in the hardness after the
The residual stress of the film was obtained from thee_mnealing at 900°C is associated with significant graphitiza-
curvature of film/substrate composite using Stoneytion of the ta-C film. _
equation’ Nanoindentation in the continuous stiffness mea- ~ NEXAFS spectroscopy can be used to estimate the con-
surement mode was employed to characterize the hardne§gntration ofsp? hybridized carbon atoms, because tie
and the elastic modulus of the film. The atomic bond strucfe€sonance is well separated in energy from the rest of the
ture was analyzed by using near edge x-ray absorption finggSonance in the carbdt edge spectr%&'12 Figure 3 shows
structure(NEXAFS). NEXAFS spectra were obtained in a NEXAFS spectra of ta-C films for various bias voltages. All
beam line of Advanced Light SourcLS) at Lawrence SPectra were normalized to the maximum peak at about 300
Berkeley National Laboratory. The paramagnetic defect den€V and shifted upward for ease of comparison. For compari-
sity of the sample was measured at room temperature with a#P", those of graphite and the annealed ta-C film are also

X-band (9.5 GH2 electron spin resonand&SR) spectrom- presented in Fig. 3. The spectra of as deposited films have a
eter. peak around 284 eV corresponding to the transition from

IIl. RESULTS AND DISCUSSION

Figure 2 shows the dependence of hardness on the ap-
plied negative bias voltage. Data of filled circles are those of
as deposited films, and the open circle represents that of the
annealed film. The hardness increased with increasing nega-
tive bias voltage and reached a maximum value of84
GPa at the negative bias voltage of abe0 V. In the range
of the negative bias voltage larger thari00 V, the hardness
decreased with the bias voltage. The plane strain modulus
and the residual stress also showed the same dependences on
the negative bias voltage. Maximum values of the elastic
modulus (364+12 GPa and the residual stres§.2+0.8
GPa were obtained at the negative bias voltage of about
—50 V. Similar dependence of the mechanical properties on

Normalized Absorption (a.u.)

the negative bias voltage was reported in the previous experi- 280 285 290 295 300 305 310 315 320
mental work$:® High temperature annealing of the film sig- Photon Energy (eV)

n|_f|cantly degraded the mechanical prope_rt|es. Open circle NG 3 NEXAFS spectra of the ta-
Fig. 2 shows that the hardness of _the film decreased f_rorﬂias voltages. For comparison, those of annealed ta-C film at 900 °C for 5
47+2 to 30+2 GPa after the annealing at 900 °C for 5 min. min and pure graphite are also included.

C films for various values of the applied
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FIG. 4. Variation ofwg_ andog_y, peak intensities in NEXAFS spectra as N . (b) ]
a function of applied negative bias voltage. The lines are only to guide the L ., 1
eyes. L i

C 1s level to unoccupiedr state ofsp' andsp’ sites of
carbon—carbon bontt.In most ta-C films, content of £C
bond corresponding tep* hybridization is so small that the
peak near 284 eV can be considered to be of oniy@C
bonds orsp? sites*'*Hence, the peak intensity can be used
to estimate the content afp? hybridized bond of the film. .
The peak near 287 eV corresponds to #fe , transition of - .
the C—H bonds that would originate from the absorption of I )
hydrocarbon to the surface dangling bofti§he broad band T O R B
between 290 and 310 eV results from overlappingsC 1 0 100 -200 -300 -400  -500
— o™ transition ats p? or/andsp® sites. Amorphous structure Bias Voltage (V)
of the ta-C film would cause the broadening of e reso- FIG. 5. ESR spectréa) and spin densityb) of the ta-C films for various
nance. values of the applied negative bias voltage. The line is only to guide the
When the negative bias voltage was less thelD0 Vv,  eyes.
m&_c peaks near 284 eV were much smaller than that of
graphite, showing that the deposited films have high content
of sp® hybridized bond. However, as the negative bias volt-ing the background. The broad feature between 290 to 320
age increased beyond 100 V, the intensity of therd_. eV was considered as* states corresponding to the over-
peak increased with slight peak shift to lower energy. Even iflapping ofsp, sp?, andsp® sites. In spite of the scattering of
the reason for the peak shift is yet to be fully addressed, Diathe data, it is evident that the peak intensityz=ff_ - reso-
et al. suggested that the delocalization of thebond could nance has a minimum at the negative bias voltage nédr
induce the downward shift of the* resonancé® This result  V, which shows that the film deposited at the negative bias
shows that the increase in the negative bias voltage beyonmltage of—50 V has a maximum fraction afp® hybridized
—100 V increases the content ef? hybridized bond and bond. This analysis is consistent with the dependence of the
decreases unpairexp? sites. In the annealed sample, well- mechanical properties on the negative bias voltage. On the
defined another peak at 285 eV appeared in addition to thether hand, the peak intensity of._,, resonance shows an
peak near 284 eV. Comparing the peak shape with that adpposite behavior to that afg_ resonance. This behavior
graphite reveals that the peak at 285 eV is correlated with theill be discussed later in conjunction with the ESR measure-
crystalline graphitic phase in the film. Furthermore, thement data.
broad feature in the energy region from 290 to 320 eV be- Figure a) shows the ESR spectra for various values of
came more similar to that of graphite. This change in NEX-the negative bias voltage. The spectra were normalized with
AFS spectrum confirms that the significant graphitization octespect to the volume of the carbon film for comparison be-
curred in the annealed film. tween the samples. Thgefactors of the spectra were 2.0028
Figure 4 shows the dependence of the peak intensity of-0.0001, similar to the values for other forms of carlds
m&_c ando_, resonance on the negative bias voltage. Theshown in Fig. %b), the intensity of ESR spectra had a maxi-
intensities were obtained by deconvolution of the spectrunmum when the negative bias voltage was abeut00 V.
with m&_c ando¢_y, peaks of Gaussian shape after correct-Beyond—100 V, the intensity monotonically decreased with

Spin Density (a.u.)
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the negative bias voltage. It must be noted that this behavidv. CONCLUSIONS
is the same as those of hardn€Bi. 2) and the fraction of
sp® hybridized bondFig. 4). In the annealed sample where
significant graphitization occurred, the ESR peak almost dis
appeared due to the formation of ordewssof clusters[Fig.
5(@)]. These results definitely show that the paramagneti
defect density is proportional to the contentsy#® hybrid-

The present work showed that the defect density of ta-C
films deposited by FVA process is proportional to the frac-
tion of sp® hybridized bond in the film. Hence, the same
behaviors were observed in both the mechanical properties
%nd the defect density on the applied negative bias voltage.
yed bond in the film. Decreasing defect density with increasing content ofsthe

. hybridized bond was due to the pairing of unpaisgd sites
The ‘surface C—H bonds characterized by NEXAI:Sthat would be relevant when the contentsg® hybridized

analysis is alsq con;isterlt with this conclusion. Figure “%ond was large. This result was also consistent with the
shows that the intensity ef¢_, resonance at 287.8 eV has a NEXAFS analysis showing that the contentsy® hybrid-

maximum when the negapve bias .voltage Was.o. v Be-. ized bond is proportional to the intensity of the surface
cause hydrogen was not included in the deposition environ-

) . peak that stems from the absorption of hydrocarbon in am-

ment, this C—H pond W(?U|d b_e due to the surface absorptloEient air to the surface dangling bonds.
of hydrocarbon in ambient air. If one reasonably assumes
that the absorption is enhanced by the surface dangling bond,
the intensity of therg_,, resonance would represent the con—g\CK'\IOV\/LEDGMENTS
tent of the surface defects. Intensity@f_,, peak showed an This research was performed with the financial support
opposite behavior to that of¢_ peak, which means that of the Center for Nanostructured Materials Technology under
the surface defect or dangling bond is proportional to thehe 21st Century Frontier R&D Programs of the Ministry of
content of thesp® hybridized bond. This behavior is in good Science and Technology, Korea, and J&L Tech Co., Ltd.
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