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Direct identification of the synergism between methyl radicals and atomic
hydrogen during growth of amorphous hydrogenated carbon films

A. von Keudell,a) T. Schwarz-Selinger, M. Meier, and W. Jacob
Max-Planck-Institut fu¨r Plasmaphysik, EURATOM Association, Boltzmannstrasse 2,
85748 Garching, Germany

~Received 12 October 1999; accepted for publication 8 December 1999!

The simultaneous interaction of methyl radicals (CH3) and atomic hydrogen~H! with the surface of
amorphous hydrogenated carbon~a-C:H! film is investigated. Two identical quantified beam
sources for H and CH3 are used. The growth and/or erosion during the simultaneous interaction of
the two beams with an amorphous hydrogenated carbon film is monitored by usingin situ real-time
ellipsometry at a substrate temperature of 320 K. Interaction with the CH3 beam alone causes slow
growth, corresponding to a sticking coefficient for CH3 of ;331025. Simultaneous interaction of
the atomic hydrogen beam and the CH3 radical beam yields a sticking coefficient for CH3 of 3
31023, which is two orders of magnitude larger than for CH3 alone. From a microscopic modeling
of this synergistic growth, the reaction probability for CH3 adsorbing at an adsorption site, which is
created by atomic hydrogen at the surface, is derived to be 0.14. ©2000 American Institute of
Physics.@S0003-6951~00!01306-1#
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The interaction of methyl radicals (CH3) and atomic hy-
drogen~H! with the surface of carbon or hydrocarbon film
~a-C:H! plays an important role in the understanding of t
growth of these films from low-temperature plasmas.1,2 For
the deposition of amorphous hydrogenated carbon films f
glow discharges using a hydrocarbon precursor gas suc
methane, atomic hydrogen and CH3 radicals represent th
dominant contributions of the impinging radical flux, as w
shown by mass spectrometry.3,4 In diamond deposition from
discharges using a mixture of a few percent methane in
drogen, the microscopic growth mechanism is believed to
the adsorption of CH3 at free surface sites, which are creat
via the abstraction of surface-bonded hydrogen by incom
atomic hydrogen.5–8 Albeit this dominant role for the simul
taneous interaction of H and CH3 with the growing film sur-
face, only few experimental data on reaction probabilities
known. Only the cross sections for the interaction of atom
hydrogen with a-C:H films have been measured b
Küppers,9 and yielded 0.05 Å2 for the abstraction of surfac
bonded hydrogen by H and 1.3 Å2 for H adsorption at a
dangling bond.

In this letter, we report on experiments using two qua
tified radical sources for methyl radicals and atomic hyd
gen in order to measure reaction probabilities. The simu
neous interaction of these two radical beams with the sur
of an amorphous hydrogenated carbon film is investiga
using in situ real-time ellipsometry to monitor the growt
and/or etch rate.

Methyl radicals or atomic hydrogen atoms are produc
via thermal dissociation of a precursor gas in a heated tu
sten capillary. The inner diameter of the capillary is 1 m
Our implementation of such type of radical source is sim
to the design developed by Hornet al.10 The tip of the cap-
illary is resistively heated and its temperature is measured
pyrometry. In order to protect the samples from the therm
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load due to the radiation of the hot tungsten capillary a wa
cooled copper shield is used. Two identical radical sour
for CH3 and atomic hydrogen are implemented. The radi
source for atomic hydrogen is operated at a capillary te
perature of 2100 K and a gas flow of 0.1 sccm H2 through
the capillary, controlled by a mass flow controller. The em
ted absolute flux of atomic hydrogen as well as the angu
distribution is determined in a separate experimental se
by using ionization threshold mass spectrometry~ITMS!,
yielding a flux of 131016cm22 s21 at the substrate surface
Details on the quantification and on the implementation
this source for atomic hydrogen are presented elsewhe11

The radical source for CH3 is operated at a capillary tem
perature of 1150 K. At this temperature, the precursor
azomethane N2~CH3!2 decomposes efficiently into N2 and
2CH3 and produces a flux of CH3 radicals of 1
31015cm22 s21 at the substrate surface which was quan
fied by mass spectrometry. The precursor gas azometha
produced in a small oven via the thermal release from
azomethane-CuCl2 complex at an oven temperature of abo
320 K.12 The heating power is feedback controlled by a ba
tron gauge, which measures the pressure in the gas line o
CH3 radical source. This gas pressure is kept constant at
mbar, thus maintaining a constant CH3 radical flux. Details
on the implementation and quantification of the CH3 radical
source will be presented elsewhere.13 The two radical
sources are mounted on an UHV system with a distance
46 mm between sample and capillary tip. The base pres
is at 1029 mbar. A schematic sketch of the experimen
setup is shown in Fig. 1. With both sources operating,
chamber pressure is 1.531025 mbar.

The surface of ana-C:H film with a thickness of;32
nm is used as the sample. The film is deposited onto a si
crystalline silicon wafer in a separate setup applying a
discharge in methane at a pressure of 2 Pa and a dc self
of 2300 V. The films have a H/C ratio of 0.41 and a dens
of about 1.9 g/cm3, determined by ion-beam analysis proto
© 2000 American Institute of Physics
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enhanced scattering~PES! and elastic recoil detection
~ERD!.14,15 The samples are transferred into the ultrah
vacuum ~UHV! system via a loadlock. The substrate te
perature is measured by thermocouples. The heating of
capillaries of both radical sources is started 20 h prior to
beginning of the exposure of the sample to the H and C3

beam in order to achieve thermal equilibrium of the who
setup. Without additional external heating of the substr
under these conditions, a substrate temperature of 320
reached. The beams are switched on and off by switching
gas flow through the capillaries on and off.

Growth and erosion of the hydrocarbon films during
teraction with the CH3 and H beams is monitored using
rotating analyzer ellipsometer.16 The angle of incidence is
74.85° and the optical properties are measured at a w
length of 632.8 nm. For each data point 50 revolutions of
analyzer are averaged, yielding a time separation of the
points of 3.38 s.

Figure 2 shows the change of the ellipsometric ang
during the interaction of the CH3 and H beams with the har
a-C:H film. At the beginning of the experiment, only the
beam is switched on, and the ellipsometric angles cha

FIG. 1. Schematic sketch of the experimental setup.

FIG. 2. Change of the ellipsometric angles during exposure of a harda-C:H
film to the CH3 and H beams~closed circles!. ~a! Optical model for the hard
a-C:H film with refractive indexn52.12 i0.1 and variable film thickness
~b! Optical model for the harda-C:H film with variable film thickness and a
1 nm top layer with refractive indexn51.482 i0. ~c! Optical model for a
polymer-like film with refractive indexn51.552 i0 and variable film thick-
ness on top of a 29.98 nm harda-C:H film with a 1 nminterface withn
51.482 i0. The numbers indicate switching on and off of the radical bea
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from point 1 to point 2, as shown in Fig. 2. Then the CH3

beam is switched on additionally and the ellipsomet
angles change from point 2 to point 3. While the CH3 beam
is on, the H beam is switched on and off and, in addition,
H flux is varied by changing the H2 gas flow. The ellipso-
metric angles remain on the line between point 2 and poin
during variation of the H flux, which indicates that only th
growth rate changes and not the optical film properties.
point 3 the CH3 beam is switched off and the ellipsometr
angles change from point 3 to point 4, indicating a slig
etching of the film.

The ellipsometric data are fitted with optical models
illustrated in Figs. 2~a!–~c!.

The optical model in Fig. 2~a! corresponds to ana-C:H
film with a complex refractive index52.12 i0.1 and a vari-
able film thickness~dotted line in Fig. 2!. At point 1, the
ellipsometric angles correspond to a film thickness of 32
nm for the initial film prior to exposure to the radical beam

The optical model in Fig. 2~b! corresponds to ana-C:H
film (n52.12 i0.1) with variable film thickness and a to
layer of 1 nm thickness with refractive indexn51.482 i0
~dashed line in Fig. 2!. After switching on the H beam, the
ellipsometric angles change from point 1 to point 2, whi
can be modeled by assuming that the optical properties in
nm top layer change gradually fromn52.12 i0.1 to 1.48
2 i0 and that the total film thickness decreases by 1.5
This is consistent with the basic surface mechanisms
atomic hydrogen at the surface of ana-C:H film known from
literature:9,17 atomic hydrogen hydrogenatessp2 carbon–
carbon double bonds at the hydrocarbon film surface
forms sp3 carbon groups. Since the extinction coefficient
632.8 nm is due to the presence ofsp2 groups in the initial
a-C:H film, the transformation ofsp2 groups intosp3 groups
leads to the decrease of the extinction coefficient in the
layer from 0.1 to 0. In addition, the interaction of atom
hydrogen with thea-C:H film leads to a structural chang
towards a hydrogen-rich polymer-like film with a lower film
density, indicated by the decrease of the refractive ind
from 2.1 to 1.48. This occurs only in a top layer of about
nm, corresponding to the maximum range of atomic hyd
gen in a-C:H. Finally, at elevated substrate temperatu
atomic hydrogen leads to slight etching of the film, indicat
by the decrease in total film thickness.

The optical model in Fig. 2~c! corresponds to ana-C:H
layer (n52.12 i0.1) with a thickness of 29.98 nm, an inte
face layer (n51.482 i0) with a thickness of 1 nm, and
growing film with refractive indexn51.552 i0 and variable
film thickness~open circles in Fig. 2; the distance betwe
two model points corresponds to a 1 nmchange of the film
thickness!. At point 2, the CH3 beam is switched on and
growth of ana-C:H film with a film thickness of 10.5 nm
from point 2 to point 3 is observed. The refractive ind
indicates the formation of a hydrogen-rich polymer-like film
The density and the hydrogen to carbon ratio of t
hydrogen-rich polymer-like film can be quantified based
the strong correlation among the material properties:18 a re-
fractive index ofn51.552 i0 of the top layer corresponds t
a density of 1 g cm23 and a H/C ratio of 0.93. Based on th
optical modeling, the change in the ellipsometric data
transferred into a variation of the film thickness. Using t.
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density of 1 g cm23, the change in the film thickness is tran
ferred into growth etch rate expressed in incorporat
released carbon atoms per area and second respectively

Figures 3~a! and 3~b! show the variation of the H and th
CH3 flux of the impinging radical beams. Figure 3~c! shows
the corresponding variation of the growth and etch rate,
spectively, determined from the change in the ellipsome
angles and the optical model, shown in Fig. 2. At the beg
ning of the experiment~from point 1 to point 2.1 in Fig. 3!,
the hydrogenation of the hard carbon film is indicated by
slow increase and the subsequent saturation of the etch
At point 2.1, the CH3 radical beam is switched on and etc
ing changes into growth at an almost constant rate. The s
ing coefficient under the ‘‘hydrogen beam on’’ condition
331023. At point 2.2 the atomic hydrogen beam is switch
off, and the growth rate drops significantly,althoughthe CH3

radical flux remains constant. The sticking coefficient un
‘‘H beam off’’ conditions is 1.331025. This proves that
CH3 adsorption is strongly enhanced by a simultaneous
of atomic hydrogen. This synergistic effect leads to a d
matic change in the sticking coefficient by 102. At point 2.3,
the atomic hydrogen beam is switched on again and gro
proceeds at the same rate as before~between 2.1 and 2.2!.
Between point 2.3 and point 3 the atomic hydrogen flux
varied, and the growth rate follows the variation of t
atomic hydrogen flux. At point 3 the CH3 beam is switched
off again and the growth changes instantaneously into e
ing. Finally, at point 4, the hydrogen flux is stopped.

The growth synergism between CH3 and H can be ex-
plained as follows. It is widely assumed in the literature th
CH3 adsorbs at dangling bonds which are created via

FIG. 3. ~a! Variation of the impinging flux of H radicals normalized wit
1016 cm22 s21. ~b! Variation of the impinging flux of CH3 radicals normal-
ized with 2.531015 cm22 s21. ~c! Variation of the growth and/or etch rat
during exposure of thea-C:H film to the CH3 and H beams. The number
indicate changes in the beam parameters during the experiment.
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abstraction of surface bonded hydrogen due to incom
atomic hydrogen.5–8 These dangling bonds serve as adso
tion sites for incoming CH3 radicals. The total number o
surface sites can be estimated from the density of 1 g cm23

for the polymer-likea-C:H film, yielding 1.231015cm22.
With this number, the cross sections for the surface react
measured by Ku¨ppers9 can be converted into reaction prob
abilities per surface site: the cross section of 0.05 Å2 for the
abstraction of surface bonded hydrogen by H giv
pabstraction50.006 and the cross section of 1.3 Å2 for H ad-
sorption at a dangling bond givesprecombination50.157. The
steady state growth during the simultaneous interaction
CH3 and H with thea-C:H film is modeled by a simple
balance equation for the number of free sites at the surf
~i! dangling bonds are created via hydrogen abstraction b
with probability pabstraction; ~ii ! these dangling bonds can re
combine with H with probabilityprecombination, or ~iii ! they
can recombine with CH3 with probabilitypadsorptionleading to
film growth. It is assumed that synergistic growth occurs
the physical surface and that impinging species, which
not react, are reflected. Based on the steady state solutio
this balance equation, including the known reaction pro
abilities for H, the incoming fluxes of CH3 and H radicals
and the measurement of the growth rate, one obtains for
reaction probability for CH3 adsorption at a dangling bon
padsorption50.14. A detailed analysis of this reaction schem
and the investigation of the dependence of this synergi
growth mechanism on the incoming radical fluxes will
subject of future experiments.

Thanks are due to C. Linsmeier for his assistance w
the preparation of azomethane.
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