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Direct identification of the synergism between methyl radicals and atomic
hydrogen during growth of amorphous hydrogenated carbon films
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The simultaneous interaction of methyl radicals @End atomic hydrogefH) with the surface of
amorphous hydrogenated carb¢aC:H) film is investigated. Two identical quantified beam
sources for H and Clare used. The growth and/or erosion during the simultaneous interaction of
the two beams with an amorphous hydrogenated carbon film is monitored byinisitgreal-time
ellipsometry at a substrate temperature of 320 K. Interaction with thgh@Bim alone causes slow
growth, corresponding to a sticking coefficient for £6f ~3x 107°. Simultaneous interaction of
the atomic hydrogen beam and the Ciddical beam yields a sticking coefficient for gidf 3

x 103, which is two orders of magnitude larger than for £xone. From a microscopic modeling
of this synergistic growth, the reaction probability for Catisorbing at an adsorption site, which is
created by atomic hydrogen at the surface, is derived to be 0.1420@ American Institute of
Physics[S0003-695000)01306-1

The interaction of methyl radicals (GHand atomic hy- load due to the radiation of the hot tungsten capillary a water
drogen(H) with the surface of carbon or hydrocarbon films cooled copper shield is used. Two identical radical sources
(a-C:H) plays an important role in the understanding of thefor CH; and atomic hydrogen are implemented. The radical
growth of these films from low-temperature plasmagor  source for atomic hydrogen is operated at a capillary tem-
the deposition of amorphous hydrogenated carbon films fronperature of 2100 K and a gas flow of 0.1 sccr tHrough
glow discharges using a hydrocarbon precursor gas such &se capillary, controlled by a mass flow controller. The emit-
methane, atomic hydrogen and Ckadicals represent the ted absolute flux of atomic hydrogen as well as the angular
dominant contributions of the impinging radical flux, as wasdistribution is determined in a separate experimental setup
shown by mass spectromet§.In diamond deposition from by using ionization threshold mass spectrometiMS),
discharges using a mixture of a few percent methane in hyyielding a flux of 1x 10**cm™2s ™! at the substrate surface.
drogen, the microscopic growth mechanism is believed to b®etails on the quantification and on the implementation of
the adsorption of Chlat free surface sites, which are createdthis source for atomic hydrogen are presented elsewfere.
via the abstraction of surface-bonded hydrogen by incominghe radical source for CHis operated at a capillary tem-
atomic hydrogeni=® Albeit this dominant role for the simul- perature of 1150 K. At this temperature, the precursor gas

taneous interaction of H and Ghwith the growing film sur-  azomethane MCH;), decomposes efficiently into Nand
face, only few experimental data on reaction probabilities ar@¢ CH, and produces a flux of CH radicals of 1

known. Only the cross sections for the interaction of atomicx 10'°cm=2s™* at the substrate surface which was quanti-
hydrogen with a-C:H films have been measured by fied by mass spectrometry. The precursor gas azomethane is
Kiippers; and yielded 0.05 Afor the abstraction of surface produced in a small oven via the thermal release from an
bonded hydrogen by H and 1.3?Aor H adsorption at a azomethane-Cugktomplex at an oven temperature of about
dangling bond. 320 K2 The heating power is feedback controlled by a bara-
In this letter, we report on experiments using two quan-tron gauge, which measures the pressure in the gas line of the
tified radical sources for methyl radicals and atomic hydrO'CHa radica' source. Th|s gas pressure is kept constant at 1.5
gen in order to measure reaction probabilities. The simultampar, thus maintaining a constant gkadical flux. Details
neous interaction of these two radical beams with the surfacgp the implementation and quantification of the Qtdical
of an amorphous hydrogenated carbon film is investigatedgyrce will be presented elsewhéfeThe two radical
using in situ real-time ellipsometry to monitor the growth goyrces are mounted on an UHV system with a distance of
and/or etch rate. 46 mm between sample and capillary tip. The base pressure
Methyl radicals or atomic hydrogen atoms are produceqs at 10 °mbar. A schematic sketch of the experimental

via thermal dissociation of a precursor gas in a heated tun%etup is shown in Fig. 1. With both sources operating, the
sten capillary. The inner diameter of the capillary is 1 mm.namber pressure is 280~ ° mbar.

Our implementation of such type of radical source is similar  The surface of am-C:H film with a thickness of~32

. lO .
to the design developed by Hogt al:™ The tip of the cap- ) js used as the sample. The film is deposited onto a single
illary is resistively heated and its temperature is measured b¥rystal|ine silicon wafer in a separate setup applying a rf

pyrometry. In order to protect the samples from the thermaljischarge in methane at a pressure of 2 Pa and a dc self-bias
of —300 V. The films have a H/C ratio of 0.41 and a density
dCorresponding author; electronic mail: von_Kuedell@ipp.mpg.de of about 1.9 g/cri) determined by ion-beam analysis proton
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from point 1 to point 2, as shown in Fig. 2. Then the £H
beam is switched on additionally and the ellipsometric
angles change from point 2 to point 3. While the {b¢am

is on, the H beam is switched on and off and, in addition, the
H flux is varied by changing the Hgas flow. The ellipso-
metric angles remain on the line between point 2 and point 3
during variation of the H flux, which indicates that only the
growth rate changes and not the optical film properties. At
point 3 the CH beam is switched off and the ellipsometric
angles change from point 3 to point 4, indicating a slight
etching of the film.

substrate, T = 320 K The ellipsometric data are fitted with optical models as
illustrated in Figs. 2a)—(c).

The optical model in Fig. @) corresponds to aa-C:H
film with a complex refractive index2.1-i0.1 and a vari-

able film thicknesgdotted line in Fig. 2 At point 1, the

FIG. 1. Schematic sketch of the experimental setup.

enhanced scatterindPES and elastic recoil detection

14,15 H ;
(ERD). UJ\?e sart’nples_ are Itraglsfelr(re_tlj_h|nto tt?e; utltrath'ghellipsometric angles correspond to a film thickness of 32.48
vacuum( ) system via a loadlock. The substrate €M for the initial film prior to exposure to the radical beams.

perature is measured by thermocouples. The heating of the The oot - )
—_ . . . ptical model in Fig. @) corresponds to aa-C:H
capillaries of both radical sources is started 20 h prior to thefilm (n=2.1-10.1) with variable film thickness and a top

beglnn_lng of the exposure of the sampl_e '.[O the H ang CHIayer of 1 nm thickness with refractive index=1.48-i0
beam in order to achieve thermal equilibrium of the whole dashed line in Fig. 2 After switching on the H beam, the
setup. Without additional external heating of the substraté 9. 9 ’

under these conditions, a substrate temperature of 320 K Ieslhpsometrlc angles change from point 1 to point 2, which

reached. The beams are switched on and off by switching tha?n f)e r‘r|10deledhby assuméng ltlha]E the_ogt'ffl. gri)ptertllezgm al
gas flow through the capillaries on and off. nm top fayer change gradually from=c.1=10.1 10 L.

Growth and erosion of the hydrocarbon films during in- _Fr:o z_;md thaF ihettOtiLﬂLLn trt])'Ck.neSS (;Iecreaseshby_l.S nfm.
teraction with the CH and H beams is monitored using a IS 1S consistent wi € basic surtaceé mechanisms for

rotating analyzer ellipsometé?. The angle of incidence is atomic hydrogen at the surface of aC:H film known from

; 9,17 ;
74.85° and the optical properties are measured at a Wavggerature. atomic _hydrogen hydrogenatesp” carbon-—
length of 632.8 nm. For each data point 50 revolutions of th

&arbon double bonds at the hydrocarbon film surface and
3 - . . . .

analyzer are averaged, yielding a time separation of the dafQrms sp” carbon groups. Since the extinction coefficient at

points of 3.38 s.

632.8 nm is due to the presencesy® groups in the initial
Y fi ; ; 3
Figure 2 shows the change of the ellipsometric angle& C:H film, the transformation afp” groups intas p® groups
during the interaction of the CHand H beams with the hard leads to the decrease of the extinction coefficient in the top
a-C:H film. At the beginning of the experiment, only the H layer from 0.1 to 0. In addition, the interaction of atomic

beam is switched on, and the ellipsometric angles chang@ydrogen with thea-C:H film leads to a structural change
towards a hydrogen-rich polymer-like film with a lower film

density, indicated by the decrease of the refractive index

% o '2' ~ . data from 2.1 to 1.48. This occurs only in a top layer of about 1

64 | optical "‘°de'sa i nm, corresponding to the maximum range of atomic hydro-
R . S ; gen in a-C:H. Finally, at elevated substrate temperature,

62 . atomic hydrogen leads to slight etching of the film, indicated
- by the decrease in total film thickness.

60 |- . The optical model in Fig. @) corresponds to aa-C:H

< | 3 | layer (n=2.1—1i0.1) with a thickness of 29.98 nm, an inter-

58 - c face layer =1.48-i0) with a thickness of 1 nm, and a
a b growth | 1 growing film with refractive indexn=1.55-i0 and variable

S6 polymer | | polymer | film thickness(open circles in Fig. 2; the distance between
e | e e ] two model points corresponds & 1 nmchange of the film
sap (2ot ] L& i thicknes$. At point 2, the CH beam is switched on and

5 [ s s S growth of ana-C:H film with a film thickness of 10.5 nm
18 19 20 21 22 23 from point 2 to point 3 is observed. The refractive index

Y indicates the formation of a hydrogen-rich polymer-like film.

_ , _ The density and the hydrogen to carbon ratio of this
FIG. 2. Change of the ellipsometric angles during exposure of adx&rii . . . -
film to the CH; and H beaméclosed circles (a) Optical model for the hard hydmgen'nCh polymer-llke film can be quam'f'ed based on
a-C:H film with refractive indexn=2.1-i0.1 and variable film thickness. the strong correlation among the material propertfes:re-
(b) Optical model for the hard-C:H film with variable film thickness and a  fractive index ofn=1.55—-i0 of the top layer corresponds to

1 nm top layer with refractive inder=1.48-i0. (c) Optical model for a ; =3 ;
polymer-like film with refractive index=1.55-i0 and variable film thick- a denSIty of 1 gcm and a H/C ratio of 0.93. Based on the

ness on top of a 29.98 nm haedC:H film with a 1 nminterface withn optical mOde”ng’ the Change in the eIIipsometric data is
=1.48-i0. The numbers indicate switching on and off of the radical beamstransferred into a variation of the film thickness. Using the
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abstraction of surface bonded hydrogen due to incoming
atomic hydrogen=® These dangling bonds serve as adsorp-
tion sites for incoming CHlradicals. The total number of
surface sites can be estimated from the density of 1 gPcm
for the polymer-likea-C:H film, yielding 1.2<10"®cm™2.
With this number, the cross sections for the surface reactions
measured by Kpper$ can be converted into reaction prob-
abilities per surface site: the cross section of 0.G5dk the
abstraction of surface bonded hydrogen by H gives
Pabstractior= 0-006 and the cross section of 1.3 for H ad-
sorption at a dangling bond givgSecombinatior= 0-157. The

growth rate (x 10" cm®s™)

§ i : — £ steady state growth during the simultaneous interaction of
; 2% CH; and H with thea-C:H film is modeled by a simple
z iy [ i Pl ;»—?m balance equation for the number of free sites at the surface:
5 2fi i | I (i) ganglén%li)onds are cre(at)edhvia hé/drogljen 2bst(rjaction by H
pogi I I S = |—|__|’ - with probability papstraction (i) these dangling bonds can re-
;—3 0 . l . m MR . combine with H with probabilityp,ecompination OF (iii) they
T 0 x10°  2xt0*  3x10* can recombine with Ciwith probability p,gsorpionl€ading to

time (s) film growth. It is assumed that synergistic growth occurs at

FIG. 3. (a) Variation of the impinging flux of H radicals normalized with the physical surface and that impinging species, which do

10 cm 2s7L (b) Variation of the impinging flux of Ciradicals normal- ~ Not react, are reflected. Based on the steady state solution for

ized with 2.5<10™cm 2% (c) Variation of the growth and/or etch rate this balance equation, including the known reaction prob-

_durjng exposure qf the-C:H film to the CH and H beams. The numbers  gpilities for H, the incoming fluxes of CHand H radicals

indicate changes in the beam parameters during the experiment. and the measurement of the grovvth rate, one obtains for the

. 5 ) ] ) ) reaction probability for CH adsorption at a dangling bond

density of 1 gcm®, the change in the film thickness is trans- adsorptio= 0-14. A detailed analysis of this reaction scheme

ferred into growth etch rate expressed in incorporatedang the investigation of the dependence of this synergistic

released carbon atoms per area and second respectively. growth mechanism on the incoming radical fluxes will be
Figures a) and 3b) show the variation of the H and the gypject of future experiments.

CHj; flux of the impinging radical beams. FigurécB shows

the corresponding variation of the growth and etch rate, re- Thanks are due to C. Linsmeier for his assistance with

spectively, determined from the change in the ellipsometridhe preparation of azomethane.
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