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Ab initio calculations of the dissociative attachment resonance energies
for an octafluorocyclopentene molecule with comparisons
to electron attachment mass spectrometric measurements
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Dissociative electron attachment to an octafluorocyclopenten€sfFs) molecule has been
investigated by means aib initio molecular orbital calculations. Because of the antibonding
character of the virtual valence orbitals, the temporary anions dissociate, producing neutral and
negative radical fragments in reactive plasma. In order to identify the valence of virtual orbitals
associated with the dissociative electron attachment in the calculation with the diffuse basis set, we
examined the spatial distribution and antibonding characteristics of the virtual molecular orbitals.
This theoretical approach reproduced experimental resonance energies of the dissociative electron
attachment, which display rich resonance energy spectra as observed by electron attachment mass
spectrometry. ©2002 American Institute of Physic§DOI: 10.1063/1.148121]2

Perfluorocarbons such as octafluorocyclopentenéeed gases due to its low possibility of contributing to global
(c-CsFg) are feed gases for plasma etching of silicon diox-warming, its high etching selectivity of SiOover Si,
ide, which is a key process in manufacturing semiconductosi;N,,®> and photoresist, and its high deposition rate in
microelectronics. In addition, fluorocarbon film prepared byplasma enhanced CVD of an amorphous fluorinated carbon
plasma enhanced chemical vapor depositi@vD) is re-  film.” In this letter, we discuss the origin of the resonance
garded as promising for low-dielectric-constant interlayer di-structure seen in dissociative attachment-@Fg by means
electrics. The optimization of these microelectronics pro-of ab initio molecular orbital calculations.
cesses must be made on the basis of a deep understanding of All of the ab initio molecular orbital calculations have
decomposition and polymer deposition in fluorocarbonbeen carried out with theAussiaN 98 program® The equi-
plasma. Recently, we have investigated the electronic excitelibrium geometry was optimized by second-order M-
states of various perfluorocarbons by usingabninitio mo-  Plesset perturbatioMP2) calculations with the 6-31Gl)
lecular orbital calculatioh. The chemical reactions via the basis set. The Hartree—Fo@F) calculations with STO-6G,
excited states were predicted from the antibonding characte6-31G(d), and 6-3% G(d) basis sets were performed at the
istics of the relevant molecular orbitals and the internal coMP2/6-31Gf) optimized geometry. In particular, the 6-31
ordinate force of the excited state at the ground-state geom+ G(d) basis set, including diffuse functions, was employed
etry. On the basis of quantum chemistry, types ofin order to take into account the valence/Rydberg mixing.
perfluorocarbons, such as two-double-bonded, one-tripl8ecause electron attachment is rapid with respect to nuclear
bonded, and aromatic perfluorocarbons, were predicted tmotion, temporary anions are formed at the equilibrium ge-
show good performance for application to plasma processsmetry of the parent neutral molecule. Thus, they are char-
ing. acteristic of a vertical process in which the geometry of the

Some properties of fluorocarbons of practical interest inanion does not relax. The attachment energy for electron cap-
plasma processing are related to the possible dissociatiare into the vacant orbital was evaluated as the eigenvalue
electron attachment yielding neutral and negative radicabf the corresponding virtual orbital where an extra electron is
fragments. Electron attachment mass spectrom@&AMS), added. The experimental resonance energies were assumed
which has been applied for the detection of polymerized neuto correspond to the energies required for attaching electrons
tral specie$;* gives the yield of negative ions as a function to the C—F and/or C—C antibonding orbitals at the equilib-
of the impact electron energy. In the high-frequency dis—+ium geometries of the parent neutral molecules.
charges recently used for surface processing, negative ions The yields of the fragment negative ions as a function of
are trapped in reactive plasma, where they have sufficierthe incident electron energy were given by EAKMSThe
time to participate in further chemical reactions. Thus, it isexperimental data on dissociative electron attachment to
becoming more important to study the generation mechanisrme-CsFg are summarized in Table I. In gas-phase collisions, a
of negative species in processing plasma. c-CsFg molecule can attach an electron of proper energy to

In fluorocarbon plasma processing, thsFg molecule  its vacant molecular orbital, which usually has an antibond-
has attracted increasing interest as one of the most promisirigg character. As a preliminary calculation, qualitative infor-
mation on expected resonance energies was obtained from
dAuthor to whom correspondence should be addressed; electronic maiPhe minimal-basis-s¢STO-6G HF energies shown in Table
tosihiro@kuee.kyoto-u.ac.jp Il. Some experimental attachment energy positions for which
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TABLE |. Dissociative attachment energies and detected fragment anions T T T 1 T 717
obtained from the EAMS spectra of CsFg. - [ 0 HF/STO-6G tl -
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the STO-6G calculation cannot give the corresponding 2 T
empty energy levels are also found in Table II. In addition, o_ Ly a1 .t
we must shift the virtual orbital energies down by several 0 2 4 6 8 10
electron volts to explain the experimental resonance energy
positions due to the limits of the STO-6G basis set. Minimal Experimental Attachment Energy (eV)

b_aSIS sets ar% lrl]Ot affected by mixing Wlth. d-lscretlze.d CONEiG. 1. Correlation between the calculated virtual orbital energies and ex-
tinuum state$®! The employment of the minimal basis set perimental resonance energiescetsFs.

makes it possible to avoid the need for distinguishing solu-

tions associated with anion valence states from those belon

. ) . . . : %pondmg virtual orbital with the same character as the
ing to the discretized continuum. However, the virtual orbital . " . . ) :

o . ... minimal-basis-set LUMO appears as a slightly higher virtual
energy should be stabilized to account for strong mixing with

a nearby virtual orbital with considerable continuum charac-orbltal' In other words, as the basis set is enlarged with dif-

ter. Although a more extended basis set of 6-a)Gwhich fuse.funct|ons, the empty orbitals are liable to approximate
) N ) i continuum functions, and thus some further procedures are
includes polarization functions, gives lower attachment ener- . : . . : X .
: . . ) needed in order to identify the virtual orbitals associated with
gies, there remain problems with the experimental attach-,. - .
. dissociative electron attachment. The resonance energies are

ment energies that do not correspond to the calculated ones : ! : ) _
(see Table I associated with the eigenvalues of virtual orbitals localized

The extension of the basis set, with inclusion of diffusemalnly In the molecular region with a small amount of cou-

functions, improves the description of anion states but gen‘—)IIng between the valence states and the continuum, while

. . . . . .hhe remaining solutions are given as a discretization of the
erates discretized continuum solutions not associated wit

. : . continuum. With this diffuse basis set, the discretized con-
empty valence molecular orbita®.Thus, the inclusion of tinuum solutions aopear in the same enerav range as the
diffuse functions in the basis set leads to only an apparen{ PP ol 9

breakdown of Koopmans' theorethil® As the basis set is valence empty orbitals of the resonance states.

expanded, virtual orbital energies tend to collapse toward In this study, we examined the spatial distribution and
P ' 9 b antibonding character of the HF/6-315(d) virtual molecu-

zero, so a self-consistent-field calculation ultimately de- . : . : . .
. . lar orbitals to identify the valence virtual orbitals associated
scribes a neutral molecule and an unbound electron in the. ; o
. . : . ; . with the dissociative electron attachment. The expected reso-
continuum. Using the basis sets with the diffuse functions

the so-called lowest unoccupied molecular orbitdUMO) hance energies obtal_ned by this procedure V_V'th the
HF/6-31+ G(d) calculations are added in Table II. Figure 1

does not always have a valence character, and the corre- . : .
Ihdicates the correlation between the calculated orbital ener-

gies and experimental resonance energies. The computed or-

TABLE II. Basis-set dependence of calculated virtual orbital energies of;". . . .
P 9 pital energies obtained from the HF/6-85(d) calculations

c-CsFg. The corresponding experimental attachment energies are als

shown. are in reasonable agreement with all of the observed reso-
nance positions. Such a straightforward procedure can suc-
Calculated virtual orbital energieV) Experimental attachment  C€SSfully assign the observed resonance energy positions by
HF/STO-6G HF/6-31G{) HF/6-31+G(d)? energy(eV) distinguishing virtual orbitals with considerable valence
e P 15 o1 cha_racter fro_m all other_thual orbitals, including the dis-
3.84 34 cretized continuum solutions.
4.49 4.0 In the molecular structure of unsaturated fluorocarbons
11.5 5.76 5.57 55 such asc-CgFg, the maximum yield of fluorine anion frag-
5.94 6.3 ments occurs close to the* resonance energy position. In
121 519 6.01 6.6 the c-CsFg structure, the out-of-plane character of C—F
12.7 7.63 7.68 7.7 ; . . 14
129 785 8.02 8.8 bonds adjacent to the ring permits larg&/=* overlap:
15.3 10.5 10.1 10.1 Dissociation may follow the electron trapping into a ring

empty orbital at 2.1 eV and a subsequent intramolecular

4n the HF/6-3H G(d) calculation, the virtual orbital energies shown were transfer to the fluorine atom io-C<F.. Such an electron
obtained by distinguishing virtual orbitals with considerable valence char- 5T8:

acter from all other virtual orbitals, including the discretized continuum transfer due to orbital mixing may be one of the reasons why

solutions. the antibonding character of the virtual valence orbital can-
Downloaded 13 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



3906 Appl. Phys. Lett., Vol. 80, No. 21, 27 May 2002 T. Nakamura and K. Tachibana

not completely explain the fragmentation pattern of the cor-1T. Nakamura, H. Motomura, and K. Tachibana, Jpn. J. Appl. Phys., Part 1
responding dissociative attachment. , 40, 847 (2000. _ ,

. . “E. Stoffels, W. W. Stoffels, and K. Tachibana, Rev. Sci. Instr68.116
In summary, the correlations between the measured dls—(1998
sociative attachment energies and the calculated virtual or3w. w. stoffels, E. Stoffels, and K. Tachibana, J. Vac. Sci. Techndl6A
bital energies of C—F and/or C—C antibonding orbitals of487 (1998.

_ ; o ; S. Imai and K. Tachibana, Jpn. J. Appl. Phys., PaB82L888 (1999.
¢-CsFs \_Nere explored t_)y usingb initio molecular orbital 5H. Motomura, S. Imai, and K. Tachibana, Thin Solid Fill8g4, 273
calculations. The energies to attach an electron to the parenizggg.
molecule were computed by HF/6-815(d) calculation. As ~ °H. Motomura, S. Imai, and K. Tachibana, Thin Solid Filr890, 134
discussed previously, some of the energies computed using(2002- _ _ o

. . . . . . Takahashi, A. Itoh, T. Nakamura, and K. Tachibana, Thin Solid Films
this basis set actually correspond to discretized continuum 57, 303(2000.
solutions not anion valence states. The continuum solutiorfm. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J.
energies should be discarded by looking for the computed R Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr., R. E. Stratmann,

: : : : _ J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels, K. N. Kudin, M.
orbitals that were not localized in the molecular region. Us- Strain, O. Farkas, J. Tomasi. V. Barone, M. Cossi, R. Cammi, B. Men-

ing this procedure, the EAMS resonance energy spectrum ofpycci, ¢. Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P.
c-CsFg was predicted within 1 eV. The application of the Y.Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Ragha-
resent technigue developed for predictin lasma chemistr vachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul, B. B.
b q P . p. gp . yStefanov, G. Liu, A. Liashenko, P. Piskorz, |. Komaromi, R. Gomperts, R.
to other perfluorocarbons with their low global warming po- | martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanay-

tentials is now in progress. akkara, C. Gonzalez, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S.

The authors are grateful to Dr. M. Ehara for allowing the Replogle, and J. A. Poplesaussian 8 (Revision A.7, (Gaussian, Inc.,
; ; ; : Pittsburgh, PA, 1998
use of the computers in Kyotp Unlversny. Venture Busmesng Fenzlaff and E. lllenberger, Chem. Phys. LA86 443 (1986.
Laboratory (KU-VBL ). Numerical calculations were partly 10y g Falcetta and K. D. Jordan, J. Chem. P4 5666 (1990).
carried out at the Data Processing Center of Kyoto Univer*'K. Aflatooni, G. A. Gallup, and P. D. Burrow, J. Phys. Cheril@4, 7359
sity. This work was supported in part by a Grant-in-Aid for (2000
Y PP . . P y 12N, Heinrich, W. Koch, and G. Frenking, Chem. Phys. L4, 20(1986.

Encouragement of Young Scientigt$o. 12750269from the 12\ Guerra, Chem. Phys. Lett67, 315 (1990.

Ministry of Education, Science, Sports and Culture. A, Modelli and M. Venuti, J. Phys. Chem. 205, 5386(2001).

Downloaded 13 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



