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Properties of amorphous carbon-silicon alloys deposited by a high plasma
density source
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The addition of silicon to hydrogenated amorphous carbon can have the advantageous effect of
lowering the compressive stress, improving the thermal stability of its hydrogen, and maintaining a
low friction coefficient up to high humidity. Most experiments to date have been on hydrogenated
amorphous carbon-silicon alloya-C; _,Si, :H) deposited by rf plasma enhanced chemical vapor
deposition. This method gives alloys with sizeable hydrogen content and only moderate hardness.
Here we use a high plasma density source known as the electron cyclotron wave resonance source
to prepare films with highesp® content and lower hydrogen content. The composition and bonding

in the alloys is determined by x-ray photoelectron spectroscopy, Rutherford backscattering, elastic
recoil detection analysis, visible and ultraviol&tV) Raman spectroscopy, infrared spectroscopy,
and x-ray reflectivity. We find that it is possible to produce relatively hard, low stress, low friction,
almost humidity insensitiva-C; _,Si :H alloys with a good optical transparency and a band gap
well over 2.5 eV. The friction behavior and friction mechanism of these alloys are studied and
compared with that o&-C:H, ta-C:H, andta-C. We show how UV Raman spectroscopy allows

the direct detection of Si—C, Sisk and C—H vibrations, not seen in visible Raman spectra.

© 2001 American Institute of Physic§DOI: 10.1063/1.1406966

I. INTRODUCTION a-C:H could promotesp® bonding by chemical means,
rather than physical ion bombardment, and so it might not be
accompanied by a compressive stress. Of course, Si—-C
é)onds are not as strong as C—C bonds, so the benefits require
that Si addition create enough<®® sites.

Amorphous carbon-silicon alloysa{C,; ,Si,) and hy-
drogenated carbon-silicon alloya-C, ,Si, :H,) are of in-
terest both in the Si-rich and C-rich composition range. Th
Si-rich alloys have a wider band gap tharSi:H and are i -
widely used ap-type window layers ira-Si:H based solar The ssecond. pro_blem is the thermal stab|l'|ty30f H. Al-
cells3~3 However, the addition of carbon worsens their pho-tN0ughsp” bonding is metastable, the H-free higp” tetra-
toelectronic properties, such as photoconductivity, because ftedral amorph;aggs carbongatC) can be stable in vacuum
increases the density of electronic defect states. This deterigP t0 1100 °CY?® The thermal instability ofa-C:H arises
ration can be minimized by H dilutichThe C-rich alloys are Mainly from the instability of its bonded H.:239The H
also of interest as luminescent materisfs. starts to move around the network at about 350 °C and can

The C-rich alloys are of interest as mechanical coatingtvolve at 350—600°C, depending on the quality of the
materials. A—C:H films with a significant fraction of C—C @-C:H and on the vacuum conditions. The H evolution leads
sp® bonding are referred to as diamond-like carbonto a loss ofsp® bonding, and its desirable mechanical prop-
(DLC).”~° This material is very useful as a hard protective erties. Si addition is found to raise the H evolution tempera-
coating due to its high hardness, low friction coefficiht, ture up to 700 °C?
and good chemical stability, which derive directly from its ~ The coefficient of friction ofa-C:H can be very low,
sp® bonding. However, the use of DLC as a coating materialvell below 0.1 in some caseé$>! However, fora-C:H this
is limited by three factors. First, it has a large compressivevalue is maintained only at low relative humiditiess than
stressi! which limits the maximum thickness. Second, the 1%), and it increases strongly to values of 0.2—0.6 at a typi-
low friction coefficient only occurs at low humidit#*3 it cal humidity of 50%—809%2132%t was found that Si ad-
rises to 0.4—-0.6 at a humidity of 50%. Third, thermal stabil-dition would allowa-C:H to maintain the low friction coef-
ity can be poor? The addition of Si toa-C:H has the ben- ficient to a typical humidity®
eficial effect of reducing the grown-in compressive stress, On the other hand, the addition of C-Si bonds into
improving the thermal stability, and maintaining the low fric- 3-C:H has the disadvantage of reducing the hardness and
tion coefficient ofa-C:H to a higher relative humidity>"**  wear protection. The standard formsaiC:H deposited by

The compressive stress of DLC arises from the deposirf PECVD or reactive sputtering already actually contain a
tion process itself, from the physical ion bombardment ofrgther low fraction of C—Csp® bonding® They therefore
subplantation used to create the metastab#®®  have an elastic modulus and a hardness only 10%—20% of
bonding®>?%!1The stress is therefore intrinsic to DLC pro- that of a fully sp® bonded network or of diamond itself.
duced in this way. It was realized that addition of Si t0 pecyD a-C'H has a maximum hardness of about 20 GPa
and a maximum Young’s modulus of about 200 GP#his
dElectronic mail: acf26@eng.cam.ac.uk hardness is somewhat too low to confer wear protection
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ing pressure of-1.2x10 3 mbar was maintained by a tur-
bomolecular pump with a pumping speed of 1600 I/s. The rf
power was 285 W, and the voltage and current across the

RF bias P " n Helmholtz coils were 4.7 V and 980 mA, respectively, which
sy . gave an ion energy of-150 eV for a pure ¢H, plasma®
plasrh | g plasma The ion energy distribution of the pure,i, plasma was
T - : : p beam measured by Faraday cup and is relatively sharp at this low
Gas ' — pressure because there are few collisions in the plasma
\ P \ Egrounded grid sheati® The films were deposited at room temperature be-
———* ] cause this work focuses on C-rich alloys with primarily me-
inductively _ chanical applications, and higher deposition temperatures
coupled RF can lead to more Gp? bonding. On the other hand, the

electronic properties of the Si-rich alloys would be improved

by using a higher deposition temperature.
FIG. 1. Schematic diagram of the ECWR source. y 9 9 P P

. . . . B. Characterization
against oxides used in magnetic tapes such a®Lirfor

which hardness over 30 GPa is needed. The deposited films were characterized in terms of their
The low fraction of C—C bonding arises because in astructural, mechanical, and optical properties. The film thick-
capacitively coupled rf PECVD reactor, only about 10% of ness and refractive index were determined by ellipsometry at
the film-forming species are energetic ions, which directly633 nm. The films are about 35—-65 nm thick. The film stress
promote thesp® bonding® The rest are neutral species with was determined using Stoney’s equation. The surface curva-
no energy, and these do not promefg® bonding. It is nec- ture of the Si substrate, before and after deposition, was mea-
essary to use high plasma density reactors to depe€itor ~ sured by profilometry. The optical g&jEy, and Taug and
a-C:H films with a much higher ionized fraction of incident the complex refractive index were measured with a UV-
species® Examples of high plasma density reactors are cavisible spectrophotometer.
thodic arcs, inductively coupled sources, electron cyclotron  The chemical bonding within the films was determined
resonance sources, the plasma beam scfiraed the elec- by using Fourier transform infrared spectrometi§TIR).
tron cyclotron wave resonancéECWR) source as used The C/Si ratio in the films and the H content were deter-
here®”38 Such sources give rise ta-C or a-C:H with a  mined by a combination of x-ray photoelectron spectroscopy
much higher C—Csp® bonding fraction, which are called (XPS), Rutherford backscatteringRBS), and elastic recoil
ta-C or ta-C:H, respectively®® These films have much detection analysi$SERDA). The density of the films was de-
larger densities, elastic moduli, and hardnes8é$*°This  termined by x-ray reflectivityXRR). The XRR curves were
article describes the preparation and the structural, opticaineasured on a Bede Scientific GIXR reflectometer, with a
and tribological properties of the Si alloys tf-C:H. Bede EDRA scintillator detector using monochromatized
CuKpB(A=1.3926 A) radiation. The structure of the films
was also studied by a combination of visible and UV Raman
spectroscopy. Visible Raman spectra at 514.5 nm were col-
lected on a Renishaw micro-Raman 2000 spectrometer. UV-
The ECWR"*is a 13.6 MHz single turn, inductively Raman spectra at 244 nm were collected on a UV-enhanced
coupled source, see Fig. 1. A transverse magnetic field isharge coupled devidg€CD) camera on a Renishaw micro-
generated via the Helmholtz coils and it splits the electro-Raman system 1000, modified for use at 244 nm with fused
magnetic waves into two circularly polarized waves. Thesilica optics. Thesp? fraction was derived by electron energy
right-hand polarized wave is no longer reflected by theloss spectrdEELS). EELS measurements were carried out
plasma, but is strongly coupled to the bulk plasma. This alon a dedicated VG501 scanning transmission electron micro-
lows an efficient power transfer from the rf into the plasma,scope fitted with a spectrometer with a McMullan parallel
and enables the formation of a plasma density two orders dEELS detection systei!.
magnitude or more greater than in a capacitive source. A  Friction measurements were performed 2ch on aball-
resonant condition is achieved when a standing wave is sen-disk tribometer. Stainless steel baliISI 52100, 6.35
up within the source cross sectihA plasma beam exits mm diameter were used during the tests, which were con-
through a grounded tungsten grid. A rf-excited bias electrodelucted both in air and under a controlled humidity environ-
opposite the grid acquires a dc self-bias potential and is useaient (from 10% to 80% relative humidily A load of 2N
to control the ion energy of the plasma beam. was applied, corresponding to a Hertzian contact pressure of
The films are deposited from a mixture of acetylene and370 MPa. A sliding speed of 0.5 cm/s was used in each
silane onto silicon or quartz substrates at room temperatureneasurement. A second series of friction measurements were
The gas flow ratio R=[SiH,(sccm]/([C,Hx(sccm] performed with DLC-coated steel balls. For this arC:H
+[SiHs(sccm]) is varied from O to 1 to produce layer was deposited by a PECVD system at 200 W and 100
a-C,,Siy:Hy alloys ranging fromta-C:H to a-Si:H. All mTorr pressure. In these conditions a typical diamond-like
the other deposition conditions were kept fixed. The operata-C:H is obtained on Si with a Tauc gap 6f1.5 eV.

Il. EXPERIMENT

A. Deposition
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FIG. 2. (a) Hydrogen content ancb) Si/(C+Si) ratio as a function of the  FIG. 3. (a) Optical emission spectra of SitC,H, plasma for differenR
gas flow ratioR. (M) and (®) derive from RBS-ERDA measurements on Vvalues.(b) Variation of SiH to CH intensity ratio withR.

two different series of samples grown in similar conditions; data-pdikjs

derive from XPS measurements on the same samplél)ag he solid line

in (b) is the best estimate of the compositionRs

To understand our result further, the plasma was ana-
lyzed by optical emission spectroscofQES. Figure 3a)
compares the emission spectra for varidesralues. The

IIl. RESULTS AND DISCUSSION spectra show a high degree of dissociation in the plasma,
through the appearance of the SiH, CH, @nd H, bands at
~410.9, 428.6, 513.3, and 656.2 nm, respectif@kssum-
Figure 2 shows the variation of the silicon atomic frac-ing that species concentrations are monotonically related to
tion, Si(Si+C), and hydrogen content ia-C, ,Si,:Hy al-  emission intensities, the data in Fig(bB indicate that the
loys as a function of the gas flow rati® It can be seen that active Si/C ratio in the plasma rises substantially for flow
the Si content increases slowly uni®~0.6 and it then in- ratiosR above 0.6. This is also where the incorporation effi-
creases strongly thereafter. The stoichiometric compositiogiency of Si increases strongly. As the activation energies for
x=0.5 corresponds to a flow ratio &~0.75. This is con- dissociation and ionization of silane are lower than those of
sistent with the optical gap data discussed in Sec. Il F. acetylene? it is likely that the deactivation of silicon con-
This is an unexpected result in that C seems to be mor&ining precursors in the gas-phase occurs by dimerization
readily incorporated than Si in the deposited film. The incor-(e.g., Sik+SiH;—Si,Hg). As the residence time and mean
poration efficiency of C is low ira-C, ,Si, :H, alloys pro-  free path are both very low in our reacter0.8 ms and~10
duced by conventional rf-PECVD from methane/silanecm), these reactions provide a thermodynamically accessible
mixture$'~*® because methane possesses both a higher iomeute’* to fewer active silicon species in the plasma. Further-
ization energy and higher dissociation energy than silane. Amore, thermodynamics indicate that the formation of C—C
extreme form of this behavior is seen at low rf powers bybonds are favored over the formation of either Si—C or Si—Si
Solomonet al*® In contrast, high plasma density reactorsbonds at the surface. Hence significant levels of Si incorpo-
with a high electron temperature and plasma density allow @ation are only possible when the active silicon content in the
high dissociation of both precursors, and this usually gives @lasma is significantly greater than that of the active carbon
relatively linear dependence of film composition on gas flowprecursor species.
ratio. Typical examples of this behavior are found inthe ECR  The hydrogen content in the films remains almost con-
deposition of a-C,_,Si,:H, alloys found previously by stant at 30%-40% and is independenkoFig. 2a). This is
Condeet al*” and Yoonet al*® similar to the results of Camargsi al?® It contrasts with the

A. Film composition
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FIG. 4. Deposition rate vB.

in the film. XRR measures the intensity reflected in the
specular direction as a function of the grazing incidence
angle.

The critical angle,f., of total external reflection of x
rays from a material with elemenjit®f molar masse#; and
|densitypj is given by

variation found for films deposited by conventional PECVD,
where the H content increases strongly in C-rich fith$he
high H content in PECVD films is due to the incorporation of
C as CH groups?® while Si is incorporated as SiH or SjH
groups. The CHlradical is the dominant hydrocarbon radica
in rf-PECVD methane plasma3We used acetylene ¢(8,),
which gives films with less H because the carbon is not in-
corporated mainly as—Gjf°#As the electron temperatures
and plasma densities are so high in ECWR plasmas, signifivhereX is the x-ray wavelengtti1.3926 A in our experi-
cant concentrations of atomic H have previously been foundnen?, ro=e’/4msomcc is the electron classical radius
when using either hydrocarbon or silane precursors. Hencé the electron masd\, is the Avogadro number, ant
reasonable levels of H incorporation can be expected, irrencludes dispersive and absorptive correctihgve previ-
spective of the gas flow ratio used, if a super-equilibrium ofously gave a formula to derive the density from the critical
atomic hydrogen exists in the gas phase. The high H conter@ngle for films composed of carbon, hydrogen, and
of our Si-rich alloys is because the deposition is carried oufitrogen?® For a-C; _,Si, :Hy alloys we must consider car-
at room temperature, in contrast to most others. bon, hydrogen, and silicon:

NArO P , 1/2
2w @) (D)

o=\

Nar
B,=\ Alo

B. Growth rate

Figure 4 shows the variation of the deposition rate with
gas flow ratioR. The rate decreases slightly from 7.5 to 4.5
e ~ i P (XcM o+ XM+ XsM ) ’
AJs with increasingR. Our result is similar to the deposition cMcT ApMpgT AgiM i
rate reported by Oguet al!®>®and Gangopadhyagt al.??

I ; . A @
2;Jtclggsdg;tlgl.£|7mes higher than for the ECR deposited fllmswherep is the overall mass density. We hafjeg~10"2, f/,

~ —4 [ f FT)
The trend of our deposition rate is opposite to that of 107, andfs~0.28(in electron units™ Thus we neglect

Condeet al*” and Jianget al*® for PECVD films, where the dispersion corrections except for Si. Ag=1-Xc—Xs;,
deposition rate increases wikh The decrease in deposition we have

rate with increasindr in our work could arise from a number
of factors. It may reflect the lower incorporation efficiency of
Si compared to C in our films. Alternatively it may be due to ) ) ) )
more etching/sputtering reactions because of the lowewheree is the electron charge ang is the dielectric per-

strength of Si—C than C—C bondfs. mittivity of vacuum.
Figure 5 plots density*0.1 g/cni) vs R. We see that

after an initial decrease of10%, the density remains at
~2.1 glen? up to R=0.8, x=0.6. This would suggest that
Grazing incidence x-ray reflectivitgyXRR) is an effi- the mechanical properties do not significantly decline with
cient, nondestructive, parameter-free means to measure thespect to the as -depositea C:H. Note that the density of
mass density of thin film& The refractive index of x rays in our a-Si:H is small due to the high H content.
solids is slightly less than unity, so external reflection occurs ~ XRR gives also the layering, thickness, and roughness of
at low angles of incidence. As the grazing incidence anglehe films. The roughness is about 5-7 A. A lower density
increases above a critical anglg, x-rays start to penetrate surface layer of~1-2 nm is found up tdR=0.7, but this

[Xc(Zo+ O+ Xu(Zu+ f1) +Xsi(Zsi+ F5)1 2

mc2e, , 10X+ 27 K g+ 1
P= o a2 McMeb; a1
3\2Npe 5Xc+13.Xg+1

©)

C. X-ray reflectivity
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layer becomes thinner at highBr and is not detectable for
R=1. This is an interesting result. An outer layer is com-
monly found in amorphous carbof%*’ This arises directly
from the deposition mechanism known as subplatation, in
which the films grow from energetic ions by subsurface
growth, thereby creating a less dense outer layer. The fact
that the outer layer declines for increasiRgonfirms that Si

is tending to promotesp® bonding ina-C:H by chemical
means, rather by the physical subplantation mechanism. This
physical ion bombardment is the main cause of stress build
up in amorphous carbons. We thus expect a lower stress with
higher Si content and this is observed in Sec. Il G.

D. Infrared absorption

FTIR gives valuable information on the local bonding.
The spectra o&-C, _,Siy :H, alloys broadly consist of three
regions4447:%6-60the C— H bond stretching modes around
3000 cm!, the Si—H stretching modes around 2000 ¢m
and the Si—C stretching and SizHhending modes below
1600 cm L. Figure Ga) plots the spectra in the low wave-
number region. The features here are Si—C, C-C, and Si—Si
stretching modes, together with bending modes of C—H and
Si—H groups. The spectra consist of a main broad band at
770 cm  with a shoulder at~-980—1000 crm?, slightly up-
shifting with decreasindqR. The intensity of the 770 cit
band has a maximum &= 0.8 orx~0.5-0.6. This band is
completely lost ak= 1, where there is the-650 cm * band,
due to the SiH bending mode&® and the characteristic
bending doublet at 845-890 ¢h®®%’ The mode assign-
ment in this region has been controversial. Based on Si-
alkane molecules, Wiedegt al®’ assigned the 670 cr
mode to Si—C bond stretching and the 780 ¢nmode to
Si—CH; wagging. However, the Si—C stretching mode oc-
curs at~ 780 cm tin sputtereda-SiC and in annealed Si€,
so the assignments are not clear-cut and it is possible that the
two bands could intermi& For our spectra, it is important to
note that the high dissociation means that;Gifoups are
unlikely to be present in high amounts. Our spectra are no-
tably broad and bandlike, rather than sharp and molecular-
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like as in Tawadaet al? Thus the 770 cm® band can be
assigned here to Si—C. The band-at980—1000 crn!
usually assigned to wagging vibrations of CHonds in
Si—CH, groupsl ,44,47,57,59

Figure 8b) shows the high frequency part of the infrared

spectra, with the Si—H stretching modes around 2000%cm
and the C—K modes around 3000 cm. A detailed analysis
of the 2800—3100 cimt band shows that it changes wikh
For R=0, in ta-C:H, the band peaks at 2900 cm %, cor-
responding tosp® C—H stretching modes and at3065
cm ! due tosp? C—H bond stretching® The latter band
disappears folR>0.2 or x=0.07. At the same time, the
lower frequency band gains intensity-a2870 cm ! due to
sp’ CH, 3 symmetrical stretching mod¥sand becomes the
main C—H stretching band left foR=80%, x=0.5-0.6.

FIG. 6. (a) Low frequency FTIR spectra of a series of samples with increas-

ing R. (b) High frequency FTIR spectra of the same samples. Note that our

FTIR spectra were measured in air. The sharp peakéat0 cnt is due to

atmospheric CQ no useful information could be obtained in the 1200—
2000 cm'* region due to the prominent water vapor contribution.

have the highest Si—C bonding and high® content, con-
sistent with the high optical gap, as discussed in Sec. Il F. A
similar trend in the Si—C and Si—H vibrations is seen in the
UV Raman data discussed in Sec. Il E.

The intensity of the Si—H modes is seen to increase with
increasingx, as expected. In oua-Si:H, the SiH band is
dominated by the modes of the Sigroup at~2090 cm %,
with a very small contribution at 2000 cm ! due to the SiH
group®® We thus fitted this band with a single Lorentzian.

Since the total amount of H is roughly constant and the in-The position of this peak shifts to higher wave numbers with
tensity of this band foR=0.8 is very small, we assume that increasing C conten(Fig. 7). This shift is due to the induc-

a significant fraction of C is bonded only to Si atoms. Thistion effect of substituting neighbors of higher electronegativ-
confirms thalR= 0.8 films are quite chemically ordered, and ity into thea-Si:H network®® Carbon has a higher electrone-
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modes of aromatic cluste?8The sharp first and second or-
der Si peaks are due to the Si substrate, while in Si-rich
alloys the Si—Si peak at 490 crhof the a-Si network is
superimposed to the substrate signal.

. FIG. 8.
The 514 nm Raman spectra of the C-rich alloys areexcitaﬁ(

dominated by the Gp? sites, which have a 50—-230 times are labeled.

higher Raman scattering efficiency than #p# sites®? They
give information mainly on the configuration of tsg? sites
and the size of thesp? clusters®? This is only indirectly

500 1000 2000

Raman Shift (cm™)

1500

5007

a) Visible Raman spectra @-C, : Si; _ :H, alloys vsR for 514 nm
on.(b) UV Raman spectra for 244 nm excitation. The major peaks

sp? phase due to Si, which would tend to raise Gpeak®?

related to other factors such as thp® content. Ina-C:H,  An additional cause of downshifting could be the electron
the G peak downshifts with increasing gap asg® content, excess on the more electronegative C atoms linked to Si,
from 1580 to about 1520 cht for excitation at 514 nm. In  resulting in weaker EC bonds with lower vibrational fre-
a-C:H this is due to its increasingly polymeric nature, sincequencies.

the highersp® content is achieved by a higher H contéht. To derive further information from the spectra, we ana-
In a-C,_,Siy:Hy, the G peak shifts down more strongly, lyzed them by fitting a Breit—Wigner—FariBWF) for the G
reaching 1410 cm' for R=0.8, x=0.5-0.6. This almost peak, and Lorentzian for thB peak. The Lorentzian is a
linear shift with increasing Si content is a typical signature ofsymmetric line shape, but the BWF can be skewed. We take
a-C,_,Siy:Hy. This was first seen by Gorman and Sblin  the peak position of the BWF at its maximum rather than at
and Ramsteineet al®* and then by many othef$>*®This its centef?

downshift is attributed to the lowering of=€C vibration Figure 9 shows the variation of th& peak and the ratio
modes by the heavier Si atoms in the C network. This effecof intensities of theéd peak andS peak,| (D)/1(G), for 514
must dominate the effect of any further localization of thenm excitation, and th& peak position for UV Raman exci-
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tation. The as-depositet-C:H films still show a smalD
peak, but this decreases rapidly with increasingalling to

Racine et al.

sp? clustering® This may allow the Si/C ratio to be directly
derived from the Raman parameters, combining Figs. 2 and
9.1 Hence we can assert that the Csf content does not
increase with Si addition. This is confirmed by EELS mea-
surements that give an almost constspt fraction of ~70%

up toR=0.4.

A new result from our UV Raman measurements is that
all the o bonds become visible and we can now clearly detect
Si—C, Si—H, and C—H bonds. Indeed, the band at 2100'cm
can be identified with the Si—Hstretching modes seen in
FTIR. For simplicity we fitted this band in FTIR spectra and
UV Raman spectra with a single Lorentzian. Figure 7 plots
the position of this peak vB, as derived by UV Raman and
FTIR spectra. The good agreement of peak positions and
redshift with increasingR between FTIR and UV Raman
data confirms our assignment of this band in UV Raman
spectra to Si—klstretching modes.

The broad feature at 500-1000 ¢hin UV Raman
spectra is difficult to analyze at higR as it contains contri-
butions from C—Gp® bonds, SiH bending modes, and
Si—C modes. However, as the band’s intensity does not de-
crease with respect to th& peak, this also indicates that the
overall sp® content of our films does not fall at large.
Figure 1@a) compares the FTIR spectrum and the UV Ra-
man spectrum of tha-Si:H film. The correspondence of the
~650 cm ! peak allows us to identify it as Sjtbending in

zero atR=0.5. This is reflected in the decrease of the ratioVV Raman spectra. Figure @) compares the FTIR spec-

[(D)/1(G). This occurs because increasing Si content openH

up the remaining rings of Gp? sites, creating a olefinisp?
structure with a higher optical g&p.

The UV Raman spectra of DLCs are important becaus&

UV photons directly excite thesp® sites®®®’ Figure 8b)
shows the UV Raman spectra of our films. The UV spectr
are significantly different than those for visible excitation.
The spectrum ofa-C:H has three main contributions: Tke
peak, theD peak, and & peak at~980 cm L. The T peak,

seen only for UV excitation, is due to the resonant enhance=

ment of theo states and directly probes the C-s@® bond-
ing. The intensity ratio of th& and G peaks can be used to
estimate thesp® fraction®® For R=0, I(T)/1(G)=0.14,
which indicates arsp® content of~70%?2 as is confirmed
by direct EELS measurements.
The shift of theG peak in UV Raman is very important.

If it rises above 1600 cAt, it indicates that the p? sites are
predominantly in short chains and not in rif§sdowever, in
a-C,_,Siy:H, alloys damping effects of Si atoms dominate.
The decrease of thgD)/I(G) ratio in visible and UV Ra-

man means that Si reduces aromatic clusters, and this wouRP€C

tend to raise th& peak in Si-free film$? in contrast to the
observed lowering in tha-C, ,Si, :H, alloys.

Figures 9b) and 9c) show that the downshift of th&
peak with increasindR in UV Raman spectra parallels the
shift in visible Raman spectra, th& peak being~70

cm *higher in UV Raman spectra than in the 514.5 nm Ra

man spectra. This suggests that thef€ sites have a unique

configuration at a given Si content, as a different distribution

of C sp? clusters would give a different trend in the UV and
visible Raman spectf®.Indeed, neglecting the effect of Si
mass, Raman G(UV-visible) would increase withR for less

um and the UV Raman spectrum of the sample with
=0.8, x=0.5-0.6. Apart from the 650 cnl peak, the UV
Raman spectrum shows two extra peaks-@b0 and~950

m 1. These two peaks can be identified as peaks in the
phonon density of states of SR which should be seen in

£-SIC. Extremely weak peaks are sometimes seen in this

region for visible Raman im-SiC,’°~"?but usually nothing
is seen>**This is due to the small cross section of Si—C in
visible excitation. Note that the correspondence between the
UV Raman and IR spectrum for Si—C vibrations is lost in
this case, due to the different Raman and IR cross sections of
the modes contributing to this spectral region. This is also
reflected in the inversion of the intensities in the 500—1000
and 2100 cm? regions, with the Si—K stretching modes
more intense in the UV Raman spectra than the IR ones.
Further studies are needed to define how to properly decon-
volute the contributions in the 500—1000 chregion of the
UV Raman spectra for all the different C/Si compositions.
UV Raman spectra also detect C—H stretching mé#les.
Figures 11a) and 11b) compare the FTIR and UV Raman
tra in the 2900 cnt region for films atR=0, 0.4, and
0.8. The spectra shapes and the peak trends are similar. In
addition UV Raman spectra show th&2peak at least for
low R. Figure 11 confirms the analysis of Sec. Il D, that the
main contribution for lowR is thesp*C—H stretching mode,
and thesp®CH, 5 stretching mode at lower frequency be-

comes dominant at highét.

F. Optical absorption

Figure 12 shows the variation of the refractive index

with gas flow ratio. The refractive index remains at 2.2 until
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3.0
3
R~0.6, then increases towards3.2, typical ofa-Si:H. The B 28
refractive index is similar to that dla-C:H (Ref. 36 for R 2
<0.8, x<0.5-0.6, and the main increase occurs in Si-rich g 26

alloys. The relationship between the refractive index and theg
Si/C ratio is not linear as reported by Jiasgal,*® so the

at this gas flow ratio.
The compositional dependence is consistent with the

= band model of Robertsofi.The band gap is determined by

different states in each composition range. In the C-rich al-

‘: loys, the gap is determined by thestates of Gp? sites. The

gap depends on the degree of clustering pf sites, or on

the distortion ofzr bonds. Increasing the Si content from

=0 dilutes the amount of C—C bonds and reduces the cluster

size, and this increases the band gap. In the Si-rich alloys,

the band gap is determined by the Si—Si bond states. Increas-

ing the C fraction replaces Si—Si bonds with Si—C bonds.

These have a wider gap than the Si—Si bonds, so they lie

away from the band edges. Thus the band gap increases with

increasing C content from=1 as the Si—Si bonds are di-

luted by Si—C bonds. The combination of these two effects

causes a maximum in the band gap aroxsd.5. The maxi-

mum lies close tox=0.5 when the hydrogen content is con-

typical of a-Si:H. This is a dependence found by many
S groups using PECVD 7’475 The maximum atR=0.7-0.8
P confirms that the stoichiometric compositia=0.5 occurs

refrggtive index is not such a good indicator of the film com- “\./._.\._._.\ /'
position as was asserted there. i o o o — .
Figure 13 shows the optical gajEy, and Ev,,0 as a 22~ ofz -~ ofe . OfB o

function of R. Ey, starts at~2.25 eV, typical ofta-C:H,
remains constant faR in the range from 0 to 0.3, and then
rises to a maximum of3.25 eV for R=0.7-0.8, corre-

R

FIG. 12. Refractive index at 633 nm atC,_, :Si, :H, alloys vsR.
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stant, as here, but it moves to C-rich compositions if the H
content rises with C content as in PECVD fil#{<9.75 samples grown aR=0.2 and 0.4, and hardness values of at

least 15 GPa were found. This is low compared to the origi-
nal value forta-C:H itself, and the cause of this is being
checked further.

A primary reason to study Si alloys is the reduction of We deposited a series of standéadC and diamond-like
stress.ta-C:H films have rather large stress compared toa-C:H films by filtered cathodic vacuum arc and PECVD,
a-C:H because of the larger role of ions in the depositionrespectively. These films were used to compare the friction
Figure 14 shows the stress as a functiofRoA stress reduc- pehavior for the standard amorphous carbon systemg,
tion of ~45% is observed foR=10%, with a further fall  ta-C:H, and diamond-lika-C:H, together with the series of
after R=0.6 to an almost complete stress relief. The initiala-C, _,Si,:H,. The friction measurements on all these
fall of 45% is similar to that reported by Gangopadhyaysamples were performed in the same conditions in the same
et al® for films grown at a fixed bias voltage. The lower friction rig. Friction measurements at different laboratories
stress allows films thicker than 500 nm to be grownRat can show considerable variation, presumably because of the
=0.2 and 0.4, compared to only about 100 nm tfafC:H  specific test conditions of load, velocity, surface conditions,
itself. This is a very useful improvement. Note that ouretc. Our tests allow a comparison of a wide range of
ta-C:H deposited by ECWR has a much higher stress®f  diamond-like carbon films under a particular set of condi-
—7 GPa than the 1-2 GPa in PECVD diamond-i&&:H,  tions.
for which Si alloying was previously studiéé>? Figure 15 compares our steady friction coefficients of

The Young's modulus of as-depositeat C:H films mea-  a-C:H, ta-C, andta-C:H films measured with a steel ball.
sured by Brillouin scattering is-300 GP&° with a Poisson’s  The friction coefficient(x) of our a-C:H is seen to increase
ratio of about 0.3. A hardness @a-C:H was previously with increasing humidity, but it does not achieve the very
derived as 55 GPZ%, but this may be an overestimate. low values of 0.05 at low humidity found by Enle al,*2
Nanoindentation was performed on thick>-500 nm  but it is consistent with other authot§?®"5The friction co-
efficient of ta-C is seen to be higher than that @fC:H at
low humidity, but still quite low, 0.23. It then falls slightly

G. Mechanical properties

6 | ' ' ' ' ] with increasing humidity. This behavior is the same as that
* found for ta-C deposited by laser ablation by Voevodin
5r ) et al®>* We see thata-C:H behaves midway betweenC:H
L. andta-C. Its friction coefficient is very low at low humidity,
= 4 1 rises at higher humidity, but then saturates at about 0.15 at
& 3 . . * . . ] high humidity. Thuga-C:H without Si already shows excel-
e ce ., T lent friction properties in the range 10%—80% humidigy (
3 . 1 =0.06-0.12).
o 2r . ° ] Figure 16 shows the friction coefficients of
[ o I a-C,_,Siy:H, alloys at three relative humidity values. The
r o ] friction was measured against both steel and diamond-like
I ! a-C:H coated steel balls. We see that the presence of up to
%.0 . 0T2 . 0f4 * ofe . ofa 7o 20%-30% silicon R=0.6) does not greatly affect the fric-

tion coefficient. This is true for both types of balls, which is
consistent with previous resuftéIt seems therefore that Si
FIG. 14. Stress 08-C;_,:Si,:H, alloys vsR. addition stabilizes the friction coefficient at roughly

R
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coefficient ofa-C:H in a high humidity atmospher&.In
ta-C:H, the addition of Si is not needed to retain a low
friction coefficient in humid conditions. In this case, Si
causes the friction coefficient to be essentially independent
of humidity as seen in Figs. 15 and (&6 Perhaps the hy-
drated silica mechanism is unable to operate in the case of
ta-C; _,Siy:Hy, so the alloys do not have such low friction
coefficients at low humidity.

Figure 16b) shows the friction coefficient increasing
with the humidity, when the steel ball is coated wahC:H.
This increase is due to the worsening of the friction proper-
ties of thea-C:H coated ball and does not depend on the
a-Cy_,Siy:Hy film.

IV. CONCLUSION

a-C,_,:Si:H, alloys vsR for (a) steel ball andb) diamond-likea-C:H

This work shows that the ECWR source can be used for
coated steel ball.

the high rate deposition o&-C;_,Si;:H, alloys, ranging
from ta-C:H to a-Si:H. The structural, optical, and tribo-
logical properties of these alloys were analyzed. We show
how UV Raman spectroscopy allows a direct detection of
Si—C, Si—H, and C—H bonds, unlike visible Raman spectros-
copy, and is complementary to infrared spectroscopy. The
incorporation of Si causes the size of thes)@ clusters to

0.1-0.15. This is less than foa-C at room atmosphere, and
is comparable to that obtained with SiaaC:H.61°

Film failure was observed witlu~0.6 for R>0.5 with
steel balls andR>0.6 with ana-C:H coated ball, corre-

sponding to films with less carbon. This behavior is similar . . .
17 . - decrease and openss@ rings. Si also reduces the internal
to that found by other authof&:!’ The higher friction coef- . TR
compressive stress of the C,_,Si,:H, films compared to

ficient may be due to a more SiC-like surface, which gener- ) . X .
ally shows higher frictiod! This is consistent with our find- ta-C:H. This allows us to deposit films thicker than 500 nm.

ing that for R>0.6 the homopolar €C bonds tend to This Wo'rk. hgs shown hoyﬂq-C:H f"”.‘s. have a low,
. . almost humidity insensitive friction coefficient of0.05—
disappear as well as the lower density surface layer.

h . e . 0.15. A small Si introductionx~ 0.1, allows a~45% reduc-
Figure 15 also compares the friction coefficient at differ- .~ . o o
e . . . - tion in the stress, while maintaining the low friction and low
ent humidity for twoa-C, _,Si,:H, films with a Si content - o . . . .
. ) . . humidity sensitivity. Coatings with relatively high hardness,
of under 0.2 with those afa-C, a-C:H, andta-C:H against C " 2
. - low stress, low and humidity insensitive friction, and an op-
a steel ball. The data show that the friction coefficient of,. . L .
A, o : tical gap of 2.5 eV can be deposited, satisfying the require
a-C,,Siy :Hy films with x=0.1-0.2 are almost independent ments for a wide ranae of possible applications
of humidity in the range studied. This is similar to that found g P PP '
previously for PECVDa-C; _,Siy :H alloys*~**a low fric-
tion only for Si contents between 0.03 and 0.2.

The different friction behavior ofa-C, ta-C:H, a-C:H, The authors would like to thank D. Batchelder of Leeds
anda-C, ,Si:Hy films is understood as follows. la-C:H  ynjversity and D. Richards of Cavendish Laboratory, Cam-
films at low humidity, wear causes a hydrocarbon-rich mi-pridge, for Raman facilities, V. Paret for RBS and ERDA
crofilm to be transferred to the counterbody of the tribologi-measurements, A. LiBassi and B. K. Tanner of Durham Uni-
cal system. The presence of C:H films on both surfaces nowersjty for XRR measurements, R. A. P. Smith and N. L.
provides a low friction. However, at high humidity there is rypesinge for XPS data, S. E. Rodil and V. Stolojan for
litle film transfer to the counterbody, so the friction coeffi- EE| S measurements, S. Schreiber for help in the system
cient remains high”"®In ta-C micro-Raman measurements design and construction, and UK EPSRC for financial sup-

show that wear creates a graphitic wear track and also trangpt. A. C. F. acknowledges funding by an EU TMR Marie
fers some graphitic carbon to the countersurficBhe gra-  cyrie fellowship.
phitic surfaces have a relatively low friction, but not as low
as C:H surfaces. A high humidity causes water to intercalate
between the graphitic atomic layers and this lowers the fric-2y Tawada, K. Ysuge, M. Kondo, H. Okamaoto, and Y. Hamakawa, J.
tion coefficient.ta-C:H is seen to have good friction prop-  Appl. Phys.53, 5273(1982.
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track and transfer layer are more graphitic, a2anC, as sy A Nevin, H. Yamagishi, M. Yamaguchi, and Y. Tawada, Nat(iren-
also indicated by our reflection EELS measurements. don) 368 529(1994.

In PECVD a-C,_,Si,:H, wear creates a layer of hy- eg;lcl;/éa(,zébgu, J. Du, W. Li, X. Huang, and K. Chen, J. Appl. Phg8,
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