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The interface properties of hydrogenated amorphous carbon films (a-C:H) on silicon have been studied by an in situ 
photoelectron spectroscopy technique. Carbon layers have been deposited in situ on silicon oxide films, produced by ion beam 
oxidation (450 eV ion energy) and by thermal oxidation of Si(lOOf, respectively. It is found that the ion beam oxidized silicon film 
contains contribution of lower oxidation states whereas the thermally oxidized silicon forms stoichiometric SiO,. However, the 
phot~le~ron spectroscopy measurements revealed in both cases the formation of a mixed SiC/SiO,C, interface phase. The 
interface properties of the investigated a-C : H/silicon oxide systems could be correlated with the excellent adhesion properties of 
a-C: H films on SiO, substrates. 

1. Introduction 

motivations for studying amorphous hydro- 
genated carbon (a-C: 11) films stem from both 
their scientific interest [1,2] as well as technologi- 
cal applications. These films possess a variety of 
outstanding properties such as extreme hardness, 
chemical inertness and optical transparency up to 
12 pm. These properties provide a-C: H films 
important applications in magnetic recording me- 
dia [3,4], ~croelectronics [5-71, and optical com- 
ponents [8,9]. A few of the latest applications are 
protective coatings on lenses, sunglasses and 
watch-glasses as well as a-C:H deposition on 
razor-blades [lo]. 

A primary concern in all applications of a-C : H 
films is adhesion. The quality of adhesion de- 
pends to a large degree on the properties of the 
interfacial layer that is formed between the over- 
layer and the underlying substrate. Earlier studies 
of a-C: H films on Si, GaAs, and Ge substrates 
have shown that the adhesion is strongly influ- 
enced by chemical bonding and atomic interdiffu- 
sion [ll-131. Good adhesion was found for these 

three substrate materials and was correlated with 
the formation of carbidic bonds at the interface. 

The good adhesion of a-C: H films on SiO, 
substrates is well established. This adhesive be- 
haviour of a-C : H films on quartz substrates lets 
presume the formation of an active interface. A 
detailed investigation of the a-C : H/SiO, inter- 
face becomes of particular importance specially 
in view of the fact that very often a-C : H films are 
deposited on Si substrates that are covered with a 
native oxide layer, with a typical thickness of 
II-13 fi 1141. This is in the order of the thickness 
of our investigated oxide films ( _ 15 and 35 A) 
which have been produced by ion beam oxidation 
and thermal oxidation, respectively. Therefore the 
obtained results on the a-C: H/SiO, interface 
are also relevant for applications of a-C : H on Si. 
In the following we will show that the strong 
adhesion of a-C: H films on SiO, substrates is 
due to the formation of chemical bonds in the 
interface. 

The ion beam oxidation of the silicon substrate 
resulted in the formation of silicon oxide films 
with contributions of lower oxidation states, and 
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a stoichiometry of SiO,,, was obtained. The moti- 
vation for investigating the interface of a-C : H on 
ion beam oxidized SiO,,, films stems from the 
question whether the existence of lower oxidation 
states in the sihcon oxide film could be responsi- 
ble for the fo~ation of other kinds of bonds at 
the interface. We could show that the bombard- 
ment with 400 eV carbon ions completely de- 
stroys this ab initio difference in stoichiometry, 
and that both interfaces are found to be very 
similar. 

2. Expe~mental 

Cleaning of the Si substrates was performed by 
sputtering with 5 keV Ar+ ions with the substrate 
held at room temperature. Bombarding the Si 
substrate with 5 keV Ar+ ions completely de- 
stroys the crystal structure at the surface. The 
cleanliness of the substrates was checked with 
photoelectron spectroscopy techniques. The sili- 
con oxide films were then prepared in two differ- 
ent ways: by in situ oxygen ion bombardment of 
clean Si(lO0) substrates with a Penning ion source 
operated at an ion energy of 450 eV, and by 
thermal oxidation of Si(100). In order to perform 
the thermal oxidation (TO) the silicon was heated 
to 850°C for 5 min in 5 x lo-* mbar pressure of 
pure oxygen. The as obtained silicon oxide films 
were then characterized using photoelectron 
spectroscopy. Contributions of lower oxidation 
states have been observed in the ion beam oxi- 
dized (IBO) silicon film [15], whereas the ther- 
mally oxidized silicon formed stoichiometric SiO,. 
The a-C : H films were then deposited in situ with 
the Penning ion source operated with methane 
gas at an ion energy of 400 eV. The a-C: H 
deposition rate was of the order of low 10-i” 
m/s. 

Because electron emission from the highly in- 
sulating SiO, films may cause charging problems, 
special care has to be taken in order to work with 
optimum film thickness for photoelectron spec- 
troscopy measurements. These charging effects 
can be prevented by using thin films. In this case 
surface charging can be compensated by the in- 
jection of photoelectrons from the substrate since 

the penetration depth of the photons is much 
larger than the mean free path of the excited 
electrons, which is of the order of 1 nm. On the 
other hand, the film has to be thick enough in 
order to avoid the photoelectron spectra from 
being influenced by electrons originating from 
the substrate. Charging effects resulting in energy 
shifts of the order of about 0.3 eV have been 
observed in the He I and He II valence band (VB) 
spectra of the IBO silicon film. Due to a lower 
current density of the incoming photons, charging 
effects in the XPS spectra are smaller, of the 
order of the experimental error of the peak posi- 
tion (0.1 eV). The optimum thickness of the IBO 
Si is found to be about 35 A. The thickness of the 
oxide layers was determined by calculating the 
intensity ratio of the Si2p-oxide and the Si2p- 
substrate core level peaks, assuming a SiO, es- 
cape depth of 3 nm for a photon energy of 1486.6 
eV [15]. 

Photoelectron spectroscopy investigations were 
performed with a combined UPS/XPS/AES 
spectrometer EAll/lOO by Leybold. The UPS 
spectra were measured in the constant retarda- 
tion mode of 4 using He I (hv = 21.2 eV) and 
He II (hv = 40.8 eV) resonance lines. The energy 
resolution is 0.1 and 0.2 eV for He1 and He II 
excitations, respectively. A satellite removal pro- 
cedure was used to subtract the contributions 
from the He I and He II satehites [16f. The XPS 
core level data were measured with a monochro- 
matized AlIG X-ray source (hv = 1486.6 eV> 
and a spectrometer pass energy of 50 eV. For this 
case the energy resolution is about 0.6 eV. For all 
XPS measurements the energy calibration of the 
core levels was performed using a gold calibration 
sample and setting the Au 4f,,, binding energy at 
83.7 eV. Core level binding energy shifts were 
measured within an accuracy of 0.1 eV. A back- 
ground subtraction was carried out for all XPS 
core level spectra. 

The adhesive behaviour of a-C: H films on 
SiO, and SiO,,, was tested by scratching the 
a-C : If film (deposited about 1 year earlier) with 
a WC-pencil and performing the conventional 
scotch tape test. The a-C: H film could not be 
removed from the quartz film, which indicates 
the excellent adhesion properties. 
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3. Results 

The UPS He1 and He11 valence band (VB) 
spectra of the clean silicon oxide (IBO) film 
(thickness N 35 A> and a sequence of spectra 
measured after a number of deposition cycles are 
shown in figs. la and lb, respectively. The VB 
spectra of the silicon oxide surface is dominated 
by three peaks at a binding energy of about 7.5 
(peak a), 11.5 (peak b) and 15.5 eV (peak c, 
visible in the He II VB spectrum only). Peak (a) 
has been associated with the oxygen 2p nonbond- 
ing states occupied by a single pair of electrons. 
Peak (b) corresponds to 0 2p (Si 3p, Si 3s) bond- 
ing states with mainly 02p character due to the 
strong polarity of the Si-0 bond [17,18]. Slightly 
different assignments have been given by Sim- 
unek and Wiech [19]. They confirmed the 0 2p- 

like character of peak (a), but in addition their 
X-ray emission spectroscopy (XES) measure- 
ments revealed the existence of Si3p-like elec- 
trons. They have shown that Si3p electrons con- 
tribute mainly to the energy region of peak (b) 
forming strong Si3p-02p bonds. Moreover they 
found the contribution of Si3s to peak (b) to be 
quite small (minimum of SiGband). We observe 
marked differences in the valence band shape as 
measured with He1 and He11 excitation, namely 
an extra peak (peak c) and an increase in the 
relative intensity of the peak (b) as compared to 
peak (a) in He II. Both effects are due to a large 
extend to the analyzer transmission function, 
which is very low in this energy region. 

The He I and He II VB spectra obtained after 
subsequent deposition of thin a-C : H layers re- 
veal a gradual formation of an interface phase. 

a-C:H/SiOl.rlBO 

iid lw=21.2ev 

(a) BINDING ENERGY (eV) 

a-C:H/SiOdBO 
lieu hl=4o.t3ev 

a 16 12 8 4 EF 
(W BINDING ENERGY (ev) 

Fig. 1. UPS He I and He II VB spectra of clean ion beam oxidized silicon and a sequence of spectra measured after the indicated 

a-C : H deposition times. The topmost curves represent the VB spectra of a-C : H. The a-C : H deposition energy is 400 eV (room 

temperature deposition). All curves are normalized to the same peak height. 
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After a deposition of 20 min, which corresponds 
to a layer of about 2-3 A, the most dominant 
effect is a contribution of electronic states near 
the Fermi level. This causes a shift of the VB 
edge towards the Fermi level from E, -E, = 5.3 
eV to E,-E, = 2.7 eV. In addition peak (a) and 
(b) are shifted by about 0.3 eV towards lower 
binding energy. This shift is interpreted in terms 
of the disappearance of charging effects. With 
longer deposition times the photoelectrons em- 
anate more and more from the overlayer. After 
about 280 min deposition time the He I and He II 
VB spectra are identical to that of bulk a-C: H 
1201. 

Figs. 2a and 2b show the corresponding VB 
spectra of thermally oxidized silicon films (thick- 
ness N 15 A> before and after sequential steps of 
a-C: H deposition. In contrast to the ion beam 
oxidized silicon a clear split of the nonbonding 

0 2p-states in two bands is visible in the thermal 
SiO, film. This two nonbonding bands at 6.1 and 
7.3 eV binding energy correspond to nonbonding 
orbitals which lie perpendicular and parallel to a 
plane determined by the Si-0-Si-chain [21,22]. 
The spectra obtained after several deposition 
steps of a-C : H are similar to those obtained from 
the a-C : H/silicon oxide-IBO interface. This in- 
dicates a similar structure of the interface in both 
cases. 

The Si2p core levels are presented in figs. 3 
and 4 for the ion beam oxidized silicon and the 
thermal SiO,, respectively. All curves are normal- 
ized to the same peak height. The bottom curves 
correspond to a silicon oxide layer on the Si (100) 
substrate. The peak at 99.1 eV binding energy 
(peak A) is related to the pure Si substrate, while 
the second peak (peak B) at 103.3 and 102.8 eV 
(ion beam oxidized and thermally oxidized sili- 

a-C:H/SiO~-TO 
He1 hv=Zi.ZeV 

(a) BINDING ENERGY (eV) 

I 
a-C:H/SiOz-TO 

HeI, h = 40.8 eV 

Deposition time 

(min) 

- r*rJbv 

16 12 8 4 EF 

(b) BINDING ENERGY (eV) 

Fig. 2. UPS He I and He II VB spectra of clean thermally oxidized silicon and a sequence of spectra measured after the indicated 
a-C: H deposition times. The a-C : H deposition energy is 400 eV (room temperature deposition). 
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con, respectively) arises because of the charge 
transfer from Si to 0 following the Si-0 bond 
formation. This effects a chemical shift to higher 
binding energy of the Si2p core level [151. 

From the positions of A and B we deduce a 
chemical shift of 4.2 and 3.7 eV for the IBO and 
thermally oxidized silicon, respectively. Various 
values of the chemical shift in SiO, as deduced 
from the position of A and B have been reported 
[23-261 and their origin has been a matter of 
controversy. On one hand it has been argued 
theoretically [25] and experimentally [23] that the 
charge transfer from Si to 0 in Si02 depends 
sensitively on the Si-0-Si bridging bond angle 
leading to a variation of the core level shifts. A 

e 
BINDING ENERGY (eV) 

Fig. 3. XPS Si2p core level spectrum of a clean SiO,.,-IBO 
layer on a Si(lO0) substrate and a sequence of spectra after 
the indicated a-C:H deposition time in minutes. (All curves 

are normalized to the same peak intensity.) 

a-C:li/SiO~-TO =Q 

xPshv=14%.6ev 

I ’ I ’ I ’ I ’ II 
106 104 tm 1cKl ge 

BINDING ENERGY (ev) 

Fig. 4. XPS Si2p core level spectrum of a clean SiO,-thermal 
oxidation layer on a Si(100) substrate and a sequence of 

spectra after the indicated a-C: H deposition time. 

testbed of this model was found in the variation 
of the core level shift as function of the Si-SiO, 
interface thickness, due to the compressive strain 
arising from the density mismatch between Si and 
SiO, which reduces the average value of the 
Si-0-Si bond angle (i.e. core level shift) to lower 
values near the interface. Such point of view has 
been refuted by Iqbal et al. [26] who explained 
the observed core level shifts as a function of 
thickness in terms of changes in oxidation process 
most likely due to the disruption of Si-0 bonds. 
We investigated the dependence of the chemical 
shifts (as deduced from the positions of A and B 
in the Si2p region as well as from the difference 
in binding energy of the 0 1s and the Si 2p core 
level) in our IBO samples as a function of oxide 
thickness down to thicknesses of about 10 A. 
Based on the fact that we could not ascertain any 
dependence of the chemical shift as a function of 
oxide thickness and that our two samples have 
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been IBO prepared in one case and TO prepared 
in the other, we tend to agree with the latter 
point of view and believe the observed difference 
in the chemical shift is most likely due to changes 
in the oxidation process arising from different 
sample preparation. In addition, we observe con- 
tributions of intermediate oxidation states be- 
tween peaks A and B, in the ion beam oxidized 
silicon film, as evidenced by the intensity buildup 
in the loo-102 eV energy region as compared to 
the TO sample. In fact the film stoichiometry as 
determined by the intensity ratio of the 0 Is to 
Si2p core levels, taking the contributions of the 
lower oxidation states into account and using the 
nominal SiO, stoichiometry of the TO film for 
calibration, is found to be close to SiO,,,. 

A decrease in intensity of peak A and a clear 
shift of the Si2p-oxide level (peak Bl to smaller 
binding energy with increasing coverage are visi- 

ble in both sequences (figs. 3 and 4). We point 
out that at low coverages we obtain information 
mainly from the SiO, layer and Si substrate. With 

increasing coverage we sample the a-C : H/SiO, 
interface due to the limited escape depth of the 
photoelectrons. A detailed analysis of the top 
curve of fig. 3 (deposition time 280 min) which 
contains information of the interface will be given 
below. 

The C 1s core lines are depicted in figs. 5 and 
6 as a function of a-C: H deposition time. Infor- 
mation of the interface can be obtained from the 
C 1s core level at low deposition times, whereas 
the film properties themselves can be studied 
after prolonged deposition, when the film thick- 
ness has grown to a thickness that essentially all 
photoelectrons are originating from the a-C: H 
film. From the topmost curve a C 1s binding 
energy of 284.4 k 0.1 and 284.5 & 0.1 eV - a- 
C : H/SiO,,,-IBO and a-C : H/SiO,-TO, respec- 
tively - are obtained, the typical value for C in 
a-C : H [20]. We clearly observe a decrease in the 
line width of the C 1s core level with increasing 
deposition time. 

The 0 1s core levels are shown in figs. 7 and 8 
for the ion beam and thermally oxidized silicon 
with different a-C : H coverages, respectively. The 
0 1s peak binding energy of the ion beam oxi- 
dized silicon amounts to 532.7 + 0.1 eV, versus 

a-C:H/SiOl2-IBO 

XPS hv = 1466.6 eV 

288 286 284 282 280 

BINDING ENERGY (eV) 

Fig. 5. XPS Cls core level spectra measured after individual 

steps of a-C: H deposition on ion beam oxidized silicon. 

532.1 k 0.1 eV for the thermal stoichiometric SiO, 
(fig. 8) [27]. A close inspection of the photoemis- 
sion 0 1s line shape shows a symmetric line in the 
case of the TO film with a FWHM of 1.70 f 0.05 
eV, while that of the IBO is asymmetric and the 
FWHM amounts to 1.85 -t 0.05 eV. We assume 
that such asymmetry of the IBO 0 1s line shape is 
the manifestation of the contribution of those 
intermediate oxidation states already mentioned 
when discussing the XPS Si2p core level. After 
20 min C,H,C bombardment the 0 1s core level 
of the thermal SiO, film is shifted towards higher 
binding energy, to the same value of the 0 1s 
binding energy in the ion beam oxidized silicon. 
A gradual shift toward lower binding energy is 
observed as function of increasing coverage, 
reaching a common value of 531.9 + 0.1 eV in 
both cases for a deposition time of 145 min. 

The binding energies of the Si2p (280 min 
deposition time) and the C 1s (20 min deposition 
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time) core level peaks cannot be explained by 
assuming a single phase (e.g. Sic) in the interface 
region. The most plausible explanation is to be 
found within a two phases model in the interface. 
Fig. 9 shows a least-squares decomposition of the 
Si2p core level (SiO,,,-IBO, 280 min deposition 
time) into two Gaussian unctions. The binding 
energies of the two Gaussian peaks are located at 
100.5 + 0.2 and 101.2 f 0.2 eV, which can be re- 
lated to a Sic phase [11,28] and a SiO,C, phase, 
respectively, The assignment of the 101.2 eV value 
to a SiO,C, phase will be shown below, based on 
the position of the 01s peak at high deposition 
times. The Gaussian FWHM corresponding to 
the SiO,C, phase amounts to 1.8 and that of the 
Sic phase to 1.3 eV. From the intensi~ ratio of 
the SiO,C, and the SIC peak we deduce that 
48% of the whole Si2p intensity is originating 

a-C:H/SiO2-TO 
XPS hv = 1486.6 eV 

ClS 

1 , I , , [ 1 , 1 ,’ 
285 286 284 282 280 

BINDING ENERGY (eV) 

Fig. 6. XPS Cls core level spectra measured after individual 
steps of a-C:H deposition on thermal SiO,. 

XF’S hv = 1488.6 eV 

5% 534 532 sso 528 

BINDING ENERGY (e’d) 

Fig. 7. XPS 01s core level spectra of a clean ion beam 
oxidized silicon layer on a Si(lO0) substrate and a sequence of 
spectra measured after the indicated deposition time in min. 

from the SiO,C, phase in the interface. Taking 
now the intensity ratio of the 0 1s core level and 
48% of the Si2p core level (280 min deposition 
time, IBO interface, fig. 91, we get a value of 

The oxygen to silicon concentration can now be 
calculated using the cross sections of Scofield [29] 
and amounts to 0.5, which corresponds to a 
Si20,C, phase in the interface. 

Another argument for the two phase model 
can be obtained from the data taken at shorter 
deposition times. In spite of the large scatter in 
the data, th$ film thickness being estimated to be 
about 2-3 A, the Cls core level spectrum after 
20 min deposition time reveals an abnormal large 
line width. This could be explained by the super- 
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a-C:H/SQ-TO 0% 

Xf’S hv = 1486.6 BV 

536 5% 532 530 526 

BINDING ENERGY (eV) 

Fig. 8. XPS 0 Is core level spectra measured after individual 

steps of a-C: H deposition on thermal 30,. 

a-C:HISiOtrlBO 

XF’S hv= 1466.6 eV 

snp 

Dqxsii time (mir 

t I t 

tm x0 98 
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Fig. 9. Peak fit after the least-squares method of the Si2p 
peak after an a-C: H deposition time of 280 min, a- 

C : H/SiO,_,-IBO interface. 

position of two ~ntributions at least. The ap- 
proximate binding energies of 283.1 F 0.2 and 
284.4 & 0.2 eV in the a-C : H/ SiO,,-IBO inter- 
face, and 282.9 5 0.2 and 284.6 * 0.2 eV in the 
a-C : H/SiO,-TO interface, are suggestive of con- 
tributions from an a-C : H phase for the higher 
set of values (284.4 and 284.6 eV), and from a SiC 
phase for the lower set of values (283.1 and 282.9 
eV). Our measured values of the C 1s binding 
energy in a-C : H and Sic amount to 284.4 and 
283.1 eV, respectively [ll]. In fact the presence of 
an a-C : H phase at very low deposition times has 
already been observed in the interface of a-C : H 
on Si and Ge [11,13]. A fit of the Cls core Level 
based on the model above is found to reproduce 
the data quite well, with however a slightly higher 
line width for the a-C: H contribution. The larger 
line width of the a-C: H contribution (1.9 eV as 
opposed to the accepted value of 1.5 eV in pure 
a-C: H) can be attributed to the presence of a 
third phase namely to the S&OC, phase (already 
observed in the Si2p region) in addition to the 
a-C: H and Sic phase. The a-C:H to Sic peak 
ratio amounts to 1.2 and 2.4 for the IBO and TO 
case, respectively. The higher amount of a-C: H 
in the TO interface as compared to the IBO 
interface (20 min deposition time) reflects the 
difference in deposition rate, which was about 
twice as high in the TO interface. The difference 
in deposition rate is estimated from the compari- 
son of the variation of the Si2p intensity as a 
function of deposition time. The Si2p core level 
intensities become equal after a deposition time 
of 440 min for the IBO case and after 265 min for 
the TO interface case. From this comparison we 
deduce the TO deposition rate to be roughly 
about twice as high as the IBO deposition rate. 

This model of a mixed SiC/Si,OC, phase in 
the interface is relied by our earlier investigations 
on ion beam deposition of the monomer hexam- 
ethyldisiloxan (HMDSO) at an ion energy of 270 
eV 1301. By this technique a Si,O,,Cz, phase 
was obtained with an 0 2s binding energy of 
531.9 eV, a C 1s binding energy of 284.2 eV and a 
Si2p binding energy of 100.9 eV. The 0 1s bind- 
ing energy of the HMDSO film is in good agree- 
ment with the 0 1s binding energy of our inter- 
face study. However, the Si2p binding energy of 
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the HMDSO film is about 0.3 eV smaller than 
those of the a-C : H/silicon oxide interface. With 
small amounts of oxygen in a SiO,C, film the 
binding energy of the Si2p core levels will be 
close to the binding energy of Sic. With increas- 
ing oxygen content the chemical shift of the C 1s 
and Si2p core levels increase [31]. We have al- 
ready seen that the oxygen concentration in the 
SizOiC, phase of a-C : H/SiO,,,-IBO interface is 
about twice that in the HMDSO film. So the 
smaller binding energies of the C 1s and Si2p 
core levels in the HMDSO film compared to our 
interface peaks are plausible. To get a further 
indication to the existence of the Si,OC, phase 
in the a-C: H/silicon oxide interface we per- 
formed an other experiment where we sputtered 
a Sic target with an argon-oxygen gas mixture, 
with variable oxygen content [31]. We prepared 
SiO,C, phases with different Si : 0 : C ratios. In- 
terpolating the data we obtained a Si,O,C,., 
phase with an 0 1s binding energy of 532.0 &- 0.1 
eV, a C 1s binding energy of 283.4 &- 0.1 eV and a 
Si 2p binding energy of 100.8 f 0.1 eV. The ob- 
served differences in binding energies of the three 
investigated SiO,C, phases can be explained by 
the lack of hydrogen in the case of the sputtered 
Sic target as opposed to the HMDSO film and 
most probably to our interface phase. Based on 
our measurements, we can now conclude that the 
interface consists of a mixed SiC/Si,OC, phase. 

The variation as a function of deposition time 
of the binding energy of peak B in the Si2p 
region (see figs. 3 and 4) is depicted in fig. 10. 
The marked binding energy shifts indicate clearly 
that a chemical reaction between carbon and the 
substrate takes place in the interface region. The 
identical evolution of the chemical shifts in the 
a-C : H/SiOis-IBO and a-C : H/SiO,-TO inter- 
face is indicative of similar chemical reactions 
taking place at the interface. However the a-C : H 
deposition rate was higher by a factor of about 
two during the a-C: H/SiO,-TO reaction, which 
explains the horizontal shifting of the two curves 
for higher deposition times. One point worth 
noting is the monotonic decrease of the Si2p 
binding energy with increasing deposition time. A 
plateau value corresponding to a uniform inter- 
face phase is never reached since for times slightly 

IW “u .., .., .+ 
0 10 100 I 

DEPOSITION TIME (min) 

Fig. 10. XPS Si2p peak maximum binding energies of the 
a-C:H/SiO,,,-IBO and a-C: H/SiO,-TO interfaces as a func- 

tion of a-C : H deposition time. 

higher than 440 min, all the photoelectrons origi- 
nate from the overlayer a-C : H film and the Si 2p 
core level is no longer visible. Such behaviour is 
in contrast to that of the a-C: H/Si interface 
where a Sic interface formation was found to 
take place for subsequent deposition times before 
the Si2p vanishes eventually at longer deposition 
times [ill. The trend here is rather the formation 
of a two-phase interface which gradually evolves 
from a predominantly Si*OC, phase at early 
deposition times to a Sic rich phase at later 
times. The relative intensity (area) ratio of the 
Si20C, to Sic phase, obtained through the de- 
composition of the Si 2p core line into the Si*OC, 
and Sic phases (see fig. 91, is found to be about 
three times higher for a deposition time of 145 
min as compared to 280 min (a-C : H/SiO,.,-IBO 
interface). 

Additional information can be obtained from 
the variation of the FWHM of the C Is and 0 1s 
core lines as a function of deposition time, as 
shown in fig. 11. Relatively wide lines are found 
at the beginning of the deposition process. The 
FWHM then decreases with increasing deposi- 
tion time. The high value of the FWHM of the 
C 1s core level at low deposition time (20 min) is 
due to the superposition of three core lines origi- 
nating from the Sic, Si,OC, and a-C: H phase, 
already mentioned above. The Cls FWHM de- 
creases with higher coverages because the photo- 
electrons originate essentially from the a-C: H 
overlayer only. Information about the silicon ox- 
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ide layer are obtained from the 0 1s core level at 
low deposition times. An enhanced width of the 
0 1s core line in the ion beam oxidized silicon 
film is observed due to the contributions of lower 
oxidation states. The line width is markedly lower 
in the stoichiometric thermal SiO, film. A de- 
crease in the line width with increasing deposi- 
tion time is also found for the 0 1s core line. This 
indicates that the oxygen is built in the interface 
in a single phase. 

Fig. 12 shows the oxygen concentration as a 
function of deposition time. The oxygen concen- 
tration is calcuIated using the intensity ratio of 
the 0 1s peak and peak B in the Si 2p region (see 
figs. 3 and 4). Assuming now that the thermally 
oxidized silicon forms stoichiometric SiO,, we set 
the oxygen concentration in this case at 100% 

XI’S hv = 1466.6 eV 
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DEPOSITION TIME (min) 

. “..‘~I .““‘. . . . . . ..I 
(I 10 100 ,000 
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Fig. 11. FWHM of the Cls and 0 1s core lines of the 
a-C:H/SiO,,,-IBO and a-C:H/SiO,-TO interface as a func- 

tion of deposition time. 
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Fig. 12. Oxygen concentration as a function of a-C: H deposi- 
tion time. 

and normalize all other 
ing factor. The marked 

values by the same scal- 
lower oxygen concentra- 

tion for the IBO silicon oxide sample reflects 
again the lower stoichiometry of 1.2 as compared 
to 2 in the TO sample. Again, information from 
the interface becomes accessible with increasing 
deposition time. So, the decrease in the oxygen 
concentration with increasing a-C : H coverage for 
higher deposition times reflects a decrease in the 
oxygen concentration in the interface itself. The 
effect of a decrease of the Si?OC, phase to the 
credit of the Sic phase towards the a-C: H over- 
layer has already been shown considering the 
Si2p binding energy at high deposition times 
(145-440 min). The oxygen concentration of the 
a-C : H/SiO,,,-IBO interface at high deposition 
time (280 min) amounts to 16%, whereas in the 
a-C: H/SiO,-TO interface (265 min) the oxygen 
concentration amounts to 8% only. This fact can 
again be explained considering the growth rate of 
the a-C : H fiims which was higher by a factor of 
about two during the a-C : H/SiO,-TO interface 
study. After an a-C : H deposition of 265 min on 
the thermal SiO, we get interface information at 
the a-C: H layer whereas the information about 
the a-C : H/SiO,.,-IBO interface originates from 
a region closer to the silicon oxide film. We have 
already shown that the oxygen concentration in 
the interface decreases towards the a-C: H over- 
layer. 



S. Schek, P. Oelhafen / Interface properties of carbon films on SiO, 147 

4. Discussion and conclusions 

The properties of the interface determine to a 
large extend the quality of adhesion of an over- 
layer on a substrate. Our investigations of the 
electronic structure of the a-C : H/SiO, interface 
have shown that there exists a strong interaction 
between the silicon oxide overlayer and the in- 
coming C,H,f ions. The binding energies and 
the relative intensities of the Si 2p, C 1s and 0 1s 
core levels lead to the conclusion that the inter- 
face consists of two phases, a Sic and a Si20C, 
phase. Considering the intensity ratio of the 0 1s 
and the Si2p peak at high deposition times we 
obtained an oxygen concentration of 16% (a- 
C : H/SiO,,,-IBO) and 8% (a-C : H/SiO,-TO) in 
the interface. This oxygen is bound in a single 
Si*OC, phase. We have also seen that the con- 
centration of the Sic phase increases with in- 
creasing interface thickness at the expense of the 
S&OC, phase. 

The penetration depth of 400 eV C+ ions in 
SiO, amounts to 24 A. The penetration depth 
was calculated with TRIDYN version 3.3 in the 
static mode. Assuming lo-20 strikes with SiO, 
molecules on average, the carbon ions would 
transmit 40-20 eV energy during each impact. 
The high bond strength in SiO, amounts to 799.6 
5 13.4 kJ/mol [32], which corresponds to 8.4 
eV/bond. In the investigated case the ion energy 
of the incoming carbon ions is high enough to 
break the Si-0 bond and form other compounds 
at the interface of SiO, and a-C : H. 

Earlier interface investigations of a-C : H films 
on Si and Ge substrates have shown that good 
adhesion is combined with a reactive interface 
leading to an interface phase of a few nanome- 
ters, whereas poor adhesion is indicative of a 
passive interface as in the case of a-C: H on Au 
[33]. However an active interface formation is a 
necessary but not sufficient condition as demon- 
strated by the case of a-C : H on GaAs(100) [ll], 
where adhesion of amorphous hydrogenated car- 
bon on GaAs is poor in spite of a reactive inter- 
face. A breaking up of GaAs bonds is resulting in 
an As enrichment of the a-C : H/GaAs interface 
and is believed to be responsible for the observed 
poor adhesion of a-C : H on GaAs. In the case of 

a-C : H on SiO, no such decomposition has been 
observed, and the formation of a reactive inter- 
face gradually changing from silicon oxide to the 
a-C : H film starting with an oxygen rich phase 
and ending with a carbon rich phase has been 
found. 

In conclusion, the interface properties of the 
investigated a-C : H/silicon oxide systems could 
well be correlated with the adhesion properties of 
a-C: H films on the SiO, substrates. It was found 
that chemical bonding and a gradual change in 
the interface are responsible for the strong adhe- 
sion of a-C : H films on SiO, substrates and sili- 
con substrates covered with a native oxide layer. 
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