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A method of improving the adhesion of carbon thin films deposited using a cathodic vacuum arc by
the use of implantation at energies up to 20 keV is described. A detailed analysis of carbon films
deposited onto silicon in this way is carried out using complementary techniques of transmission
electron microscopy and x-ray photoelectron spectros€¥p\p) is presented. This analysis shows

that an amorphous mixing layer consisting of carbon and silicon is formed between the grown pure
carbon film and the crystalline silicon substrate. In the mixing layer, it is shown that some chemical
bonding occurs between carbon and silicon. Damage to the underlying crystalline silicon substrate
is observed and believed to be caused by interstitial implanted carbon atoms which XPS shows are
not bonded to the silicon. The effectiveness of this technique is confirmed by scratch testing and by
analysis with scanning electron microscopy which shows failure of the silicon substrate occurs
before delamination of the carbon film. @95 American Vacuum Society.

[. INTRODUCTION filter has been devised by Aksenov and co-workevkich
The usefulness of thin films in many applications dependgffectlvely removes both neutral atoms and macro-particles.

on the degree of bonding between the film and the substrata—he apparatus used here is shown in Fig. 1, and combines a

This bonding may be improved by energetic bombardmentf”tered cathodic arc deposition source with a high voltage

where some of the depositing atoms are driven into the suf20Wer supply and capacitor bank rated at 20 kV and 100 mF-

strate in order to provide an interface of graded compositio "¢ Voltage is applied to the substrate which is held by

between film and substrate. To do this successfully it is nec"€ans of a retaining ring with rounded corners. The shaft is

essary to bombard with ions of sufficient energy to give thesurrounded by a clear glass tube to limit unwanted discharge
desired implantation, as well as provide a higher flux ofoNt© the stem of the substrate holder.
lower energy ions for an adequate deposition rate. One must Silicon (100 oriented substrates were clamped to the cop-

also ensure that both the energetic and nonenergetic ions &’ sgbstrate holder, providing thermal anchoragg as well as
of the same type to avoid contamination of the film with electrical contact. The substrate temperature during deposi-
foreign species tion lay in the range 300-320 K. The films were deposited

We report here on a process which achieves this aim 3}93/ raising the substrate holder 620 kV in vacuum, then
using a filtered cathodic arc as a source of relatively lowf99€ring and operating the cathodic arc for 10 s. The ap-

energy iong<100 eV}, and a pulsed high voltage substrate plied bias voltage decrt_aaseg, exponentially with a time con-
bias (Up to —20 keV) to enable implantation of a fraction of Stant of 100 ms after triggering so that approximately 0.7%
these ions. Specifically, we use transmission and scannirfgf the incident carbon ions has a kinetic energy ranging be-
electron microscopy and x-ray photoelectréXPS) depth tween 10 and 20 keV. After each 19 s deposition, the arc was
profiling to examine the microstructure and interfacial re-tum_Ed off and the supply capacitors allowed to reqharge
gions of highly adherent carbon layers deposited d@as) (which took about 15)s This process was repeated until the
silicon substrates by this technique. desired thickness was achieved. The time averaged deposi-
Carbon was chosen for study because of widespread ir#i_on rate was approximately 30 nm/min. A film thickness of

terest in it as a wear resistant and protective coating. Silicorf® "M Was chosen for detailed study. _

was chosen as the substrate due to its availability as a large {110 cross-sectional transmission electron microscopy
area single crystal of high purity, making it useful for the \| EM) Specimens were prepared by face to face gluing with
study of implantation phenomena. epoxy resin, .mechamcal th|nn|ngZ and ion beam thlnn|_qg.
Specimen microstructures were investigated by a Philips
EM430 transmission electron microscope operating at
II. EXPERIMENT 300 kV.

Cathodic or vacuum arcs provide a convenient source of X-ray photoelectron spectra were collected using a Kratos
plasma from a solid sourceThe plasma is highly ionized Axis/800 hemispherical energy analyzer equipped with an
but contains some neutral species and fragments of cathodemmonochromatized Mg & x-ray source(hv=1253.6 eV.
material (macro-particlesthat cause imperfections if incor- The binding energy scale was calibrated against 45/3 at
porated into deposited films. A curved magnetic solenoidaB68.25 eV and the instrumental energy resolution, measured

406 J. Vac. Sci. Technal. A 13(2), Mar/Apr 1995 0734-21.01/95/13(2)/406/6/$1.00 ©1995 American Vacuum Society 406
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o ) - o Fic. 2. A bright field TEM image showing the epoxy resin used in the
Fic. 1. The apparatus combining cathodic arc deposition with high voltagespecimen preparation, the amorphous carbon layer, the amorphous mixing
implantation used to deposit the adherent carbon films on silicon substrategyer, and the silicon substrate.

using the same peak, was 0.9 @ass energy set at 20 gV
Sample charging was minimized by bonding the substrate to
a sample mount with a silver epoxy. Sputter depth profiling
of the sample was performed with an Ar ion g keV,
12—-14uA sample currentin the XPS analysis chamber. The
XPS analysis area was approximatelx@ mn? on the
sample, while the depth profiling crater was measured as
8x10 mnt. Argon ion etching was halted periodically while
XPS wide scans and detailed G,1C 1s, and Si D line
shape spectra were recorded in order to provide both an el-
emental depth profile as well ascaemical (Si-C, C-C,
Si—Si bond percentagedepth profile.

lll. RESULTS
A. TEM investigations

Figure 2 is a bright-field image showing three distinct
layers. The bottom region consists of crystalline silicon, as
deduced from its electron diffraction pattern, while the upper
two layers are amorphous. Epoxy resin is visible as an addi-
tional amorphous region above these two amorphous layers.
The lower of these two amorphous layers we shall refer to as
the “amorphous mixing layer” as it contains both silicon and
carbon atomgevidence of which will be shown laterand
the upper one is essentially a pure amorphous carbon film as
will be shown by the XPS results.

Figure 3 is a high resolution electron microscopy
(HREM) image showing the interface region between the

FrySta”ine Si"CO':‘ and .the ?mor_thUS mixing layer. Near thes 3. A (110 HREM image showing the interface region between the
interface, there is a directionality in the image of the amor-crystalline silicon substrate and the amorphous mixing layer.

L
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Fic. 4. A processed image of Fig. 3 which shows the “directionality” in the FiG. 5. A 220 weak-beam imagéy/3.2g conditioh showing that, in the
amorphous mixing layer, believed to be the result of upward flow duringsilicon substrate, near the interfat® a 40 nm depth few defects are

implantation.

found; in the region of 50—-400 nm, an extended peak damages region is

observed.

phous mixing layer that is not due to objective lens astigmaion bombardment energies, it appears that the C ion may
tism. This directionality is emphasized by carrying out animplant into the Si substrate to a high ddsee Sec. Il B
image processing step in which the Fourier transform is calwithout causing substantial damage to the substrate. Further
culated, the central spot of the transform masked out to inwork is needed to understand this phenomenon.

crease contrast, and the result back-transformed to another

image. This processed image is shown magnified in Fig. 48. XPS Depth Profiling

showing clear vertical fringes in the mixing layer. These ver-
tical fringes are interpreted as the result of vertical “flow” of
the material as it expands during the insertion of large quan-
tities of carbon into the silicon. This material must flow ver-
tically as it is constrained in the horizontal direction.

The results of the XPS sputter depth profile are shown in

Fig. 6. Atomic concentration profiles for silicon, carbon, and

Figure 5 is a 220 weak-beam imagender the image 100 sic s
condition of g/3.2¢. It is seen that the region extending 1 @ s poakd siLicon
down to a depth of 40 nm from the interface between the g 897
amorphous mixing layer and the substrate is actually darker, & ]
suggesting that not many defects exist in this region. How- EA 60 (ssiigpose:;)k)
ever, many defects are found in the region of 50—-400 nm, §& ]
indicating that this region corresponds to the peak damage : 40
region. Two questions aris€l) Why is there an extended E ]
peak damage region ari@) why is there a region within the T L] CARBON
top 40 nm that shows less damage? In connection with the ]
first question, we note that the energy of ion bombardment PR RSPRYS siuiaitili<-- Seee e

varies from relatively lowm(<100 eV) to 20 keV during the
discharge of the capacitor bank. Since the position of the

peak damage depends upon the ion bombardment energy, it

30 40 50
Etch time (minutes)

60

is not difficult to understand the reason for the extended peake. 6. The XPS sputter profile of the complete carbon/silicon system. The

damage region. However, the calculated range of the 20 ke

erer amorphous carbon film region ends~&1 min total etch time. The
regime of Si—C bonding is shown to be a relatively narrow region in the

C ion into the Si SU_bStrat? of 47 nm appears llower than W@morphous mixing layefSi—C bond percentages scaled up<l3neasured
observe® In connection with the second question, for lower using deconvoluted components in the §ignd C & peaks.

2. Vac. Sci. Technal. A, Vol. 13, No. 2, Mar/Apr 1095
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Fic. 7. C Is and Si 2 spectra at the indicated etch times, correspondin@tthe carbon filmyb), (c) the Si—C bonding region within the mixing layer; and
(d),(e) the carbon implanted region in the silicon substrate.

oxygen are calculated from the total peak areas of theSi 2 Si—-C, C-C, and Si—Si bonds as a function of film depth.
C 1s, and O 5 XPS peaks and represent the total atomicRepresentative Siand C & spectra are shown in Fig. 7
concentration of each element irrespective of chemical bondor three regimes of the depth profile. Figuri@)7is the C &
ing. The interface positions are inferred by assuming an appeak for pure elemental carbon within the top amorphous
proximately constant etch raté—2 nm/min for the top two  layer after an etch time of 3.0 min. The tail on the higher
amorphous layers. The amorphous carbon layer contained rmnding energy side of this peak is mainly attributed to the
detectable silicon in its interior, but a trace amount of siliconintrinsic line shape of glassy carbdn,but may also reflect
(~1%) was measured on the sample surface. This could posarbon bonding with the small amount of oxygen in the film
sibly result from “internal sputtering” from the silicon dur- (C—O and G=O functional groups This intrinsic line
ing film deposition and leading to some silicon atoms trav-shape was used in the deconvolution of later Cfdatures
eling back through the carbon layer and accumulating on thevhere SiC components appear. Similarly, the intrinsically
surface. A low level of oxygen(~0.4% was present asymmetric Si B peak from a pure silicoi100 reference
throughout the carbon layer, probably due to backgroundample was used as the silicon XPS line shape model.
oxygen in the deposition chamber. The silicon substrate was first detected after a total sputter
Higher resolution XPS scari20 eV pass energywfthe Si  time of 21 min(Fig. 6). From this point until 24 min total
2p and C 5 line shapes reveal the atomic percentages ogtch time, the Si @ line shapdsee Fig. 7c)] was dominated

JVST A - Vacuum, Surfaces, and Films
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tains carbon that is not bonded to the silicon. The carbon
atoms are clearly excluded from the majority of the crystal-
line silicon, which shows normal silicon diffraction patterns.
The carbon must therefore lie around the edges of the silicon
blocks in segregated carbon zones.

The cross-sectional view of the structure shows the effects
of an increasing carbon dose in the silicon substrate as the
observation point is moved upward. At a certain level, the
carbon dose will be sufficient to amorphize the silicon, a
well-known phenomenon in ion damage studidhis tran-
sition is the reason for the crystalline-to-amorphous interface
which defines the lower surface of the amorphous mixing
layer. The XPS profile shows that mixing extends well into
the crystalline silicon substrate. In fact, the damage produced
by such mixing may lead to weakness in the silicon, and the
evidence from scratch testing shows that the silicon substrate
FiGc. 8. A scanning electron micrograph showing the failure mode duringis’ in fact, the weakest part of the coated structure.
scratch testing. No adhesive failure or delamination is revealed between the The carbon content continues to increase monotonically
carbon Ia_ly_er and the darker amorphous mixing layer or between the amoypward through the amorphous mixing layer. The presence
phous mixing layer and the substrate. of a minority phasenot exceeding 6 at. ¥of SiC occurs

within this layer. Freed from the constraint of a crystalline

silicon matrix, bonding can readily occur between silicon
by a component at 1010.2 eV, consistent with the peak and carbon atoms in the amorphous state. The expansion
positior? for SiC, with a lesser component at 986.2 €V necessary when carbon enters the silicon in substantial quan-

and corresponding to elemental silicon. The presence of Sigies is probably responsible for the pronounced anisotropic
at this stage is also confirmeq/ a C 1s componen{Fig. exture in this layer, as was discussed previously.

7(b)] at 283.4-0.2 eV, in good agreement with reported val- 14 |gyer interface between the amorphous mixing layer
ues for SiC' The two plots of SiC bond percentage, shown

. . . . and the crystalline interior region is rough. This is the result
scaled up in Fig. 6, are derived from the areas of the S|Ca 4 g g

. . . of point-to-point variations in the carbon ion dose and lead-
components in the Sifand C 5 peaks, and_thgre 'sa gooq iqg to the amorphous-to-crystalline transition at different
agreement between these plots. This data indicate thatd|re8 ths. Th interf f th h ing |
Si—C bonding occurs within the amorphous mixing layer. ephs. -The upper intertace of the amorphous mixing ayer

With further depth profilingFigs. 7d) and 7e)], carbon and  With the carbon film is quite smooth. This interface, we be-
silicon only appear in elemental forms. lieve, represents the original silicon surface, displaced up-

wards from its initial position by the insertion of carbon into
the silicon lattice. The silicon concentration falls to zero
above this line, and the directionality in the image disap-

. . _ pears. These observations are entirely consistent with an up-
The result of scratching the film surface with a scratchyarq “flow” of the mixing layer.

testing machine is shown in the scanning electron micro-

graph of Fig. 8 for a carbon film of 150 nm thickness. The

carbon surface layer and the darker amorphous mixing layer

are visible as distinct layers with different contrast levels in

this secondary electron image. Examination of many suck, coNncLUSIONS

craters showed that the failure in all cases was due to crack-

ing of the silicon substrate underneath the amorphous layers, \we have demonstrated the feasibility of a cathodic arc

indicating strong bonding of the carbon layer to the sub-yeposition process combined with high voltage implantation

stratg. This adhgsion was for superior_ to that show'n by carss a means of promoting the formation of a mixing layer

bon films deposited without implantation. Carbon films de-qntaining atoms of the substrate and the depositing material.

posited by cathodic arc or by electron evaporation 0fScratch testing of a carbon film deposited onto a silicon sub-

rEtrate reveals that the degree bonding of the deposited film to

the mixing layer and of the mixing layer to the substrate is

very high. However, failure occurs in the substrate probably

because of implantation damage. The possibility of improv-

ing the performance of the carbon/silicon combination by
The XPS profile data and the TEM investigations enableannealing out the damage in the silicon needs to be investi-

an interpretation of the carbon film structure and formationgated. Similar improvements in film adhesion using this

mechanism to be made. The damaged silicon substrate cotechnique should be obtainable with other film/substrate ma-

C. Scratch testing

ment for a thickness of 100 nm or greater.

IV. A STRUCTURAL MODEL FOR THE LAYERS

2. Vac. Sci. Technal. A, Vol. 13, No. 2, Mar/Apr 1095
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