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Electron collision cross sections for tetraethoxysilane
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We describe the development of a consistent set of low-energy electron-collision cross sections for
tetraethoxysilane, also known as tetraethylorthosilicakeinitio calculations are used to obtain the
elastic and momentum-transfer cross sections. These are combined with measured values of the
ionization cross section and with model vibrational and electronic excitation cross sections to form
a preliminary cross section set, which is then adjusted to achieve consistency with measured swarm
parameters. €2002 American Institute of Physic§DOI: 10.1063/1.1491024

I. INTRODUCTION of contracted Gaussian basis functions for TEOS was 525;

, after allowing for the 57 occupied molecular orbitals, 468

Tetraethoxysilan H Iso known ra- . . . N
etraethoxysilane, 8DCH,CH),, also known as tetra virtual orbitals were therefore available for description of the

ethylorthosilicate and commonly called TEOS, is used in ttering electron. The SMC calculations wer ried out at
plasma deposition of SiOthin films in semiconductor de- scattering efectron. 1he cajculations were carried out &
the static-exchangéSE) level of approximation, i.e., with

vice fabrication. Modeling and simulation of TEOS plasma L S P
chemistry requires knowledge of the relevant electron coIIi-pOl"’mZ"Jltlon effects neglected. The principal limitations  of

sion cross sections. Elastic or momentum-transfer cross se['p—e SE appro?qmatlon occur at the lowest energms €v).
where a spurious enhancementseflave scattering is seen,

tions are needed for the plasma electrical conductivity, ion- din th f hich tend to be placed
ization cross sections for the electron and ion densities, anghd N th€ presence or resonances, which tend o beé place

- - - . high in energy. Errors of the latter type should be par-
dissociation cross sections for fragmentation of the parentt00
gas into neutral radicals. tially offset by the use of MP2/6-31@) bond lengths, al-

Here, we present electron collision cross sections fo;hough we still expect the calculated resonance energies to

TEOS that are based on measuremeats,initio calcula- be too hlgh. . .
tions, and electron swarm analysis. We employ the approach In Fig. 1, we show the integral e,IaSt'C Cross secti@rs)
that we have used in our previous work on Q;Hszz; 23 and momentum-transfer cross section obtained from the cal-

and c-C,F4.*5 We obtain the elastic cross section for TEOs culation. Also shown are the contributions to the integral
from anab initio calculation and then, making use of mea- €/astic cross section from different symmetry components,
sured ionization cross sectioféwe employ swarm analysis labeled according to the irreducible representationsSof

techniques to derive two vibrational excitation cross sectiond € sharp dips near 28 and 40 eV are clearly numerical in
and a total dissociation cross section. origin: they occur in multiple symmetries, and we have oc-

The ab initio calculations are discussed in Sec. II. In casionally seen such features at the same energies in the

Sec. Ill, we describe and present results from our swarn§'0SS sections of other large molecules; however, their pre-

analyses, which yield the self-consistent cross section set th&iS€ 0rigin is not known. Apart from these artifacts, the only
we seek. prominent features of the ICS are a broad peak near 11.5 eV

and a rise in the cross section at the lowest energe? (
eV), the latter due to the enhancementsafiave scattering
characteristic of the SE approximation.

To obtain the equilibrium geometry of the TEOS ground Looking at the individual symmetry components instead
electronic state, we optimized the internuclear distances anaf the summed ICS, it is possible to discern more structure.
angles within theS, symmetry point group at the MP2/6- In particular, the shoulder that is barely visible near 4 eV in
31G(d) level of approximation, usingsAUSSIAN 948 Al- the ICS turns out to arise from a peak ¥ symmetry at
though this commonly used approximation gives reasonablgbout 4.5 eV. There are also maxima in fiteand?B com-
good geometries, it tends to overestimate bond lengthgonents at about 2.0 and 2.5 eV, respectively; however, from
which may in turn cause electron-scattering resonances to libeir shapes, these maxima appear to be nonresonant, repre-
shifted to lower energies. Elastic cross sections were calcwsenting instead the rapid turn on and subsequent slow falloff
lated using the Schwinger multichanf&MC) method*°as  of p-wave scattering. Beneath the 11.5 eV peak in the ICS
implemented for parallel computets!? For the scattering are aB peak near 11 eV and%A peak near 12 eV; however,
calculations, we used the 6-3t%G(2d,2p) basis set as there is also a very broad maximum 3& extending from
defined in the programsamess®® with default splitting fac- ~6 to ~20 eV that appears to comprise multiple overlap-
tors for thed functions. Using this basis set, the total numberping resonances. A weak shoulder is also discernible near 19

Il. AB INITIO CALCULATIONS
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FIG. 1. Integral elastic cross sectiofsolid line with circles and c 10 B
momentum-transfer cross secti@olid line with squaresfor electron scat- Q 3
tering by TEOS. Also shown are the symmetry components of the integral *5 - b
cross section: dotted linéA; solid line, ?B; dashed line?E. @ s = -
m L .
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eV in 2A (and possibly’B). It may be noted that at higher o 20 eV ]
energies, away from the influence of resonances, the contri- 100 L -
butions of the?’A and?B components become nearly equal, ----25eV 3
while the contribution of the doubly degenerate compo- ——-30eV ]
nent is nearly equal to twice that A or 2B. [ —-— 35V 1
Although detailed exploration of the TEOS resonances is 10
beyond the scope of the present article, we can gain some
useful insights by examining the symmetries and energies of s
the virtual Hartree—Fock orbitals computed in a minimal ba- i
sis set, because one generally finds a good correlation be- | I T T B
tween the virtual valence orbitals and the low-energy shape
resonancesthough the orbital energies typically need to be 0 30 69 90 120 150 180
shifted downward by several electronvalta calculation us- Scattering Angle (deg)

ing the STO-6G minimal basis S?t and the same nuclear ge_IG 2. Elastic differential cross section for scattering of electrons by TEOS
omgtry as the scatterllng calculation places the' lowest unoé;—t répr'esemaﬁve energies.
cupied molecular orbitalLUMO) of TEOS, which hasa
symmetry, at 9.16 eV, with closely spacbdand e orbitals
nearby, at 11.19 and 11.61 eV, respectively. Examination ofiance of Si—O antibonding character, while the broad peak
their coefficients reveals that these orbitals all have considwith maximum near 11.5 eV is associated with resonances
erable Si—O antibonding character. The remaining 21 virtualocalized on the ethoxy moieties. These assignments give an
orbitals occur in a band extending from 16.2 to 21.1 eV. Foiindication of which modes may be involved in resonant vi-
comparison, the STO-6G orbitals of ethanol range in energyprational excitation and, possibly, dissociative attachment. In
from 15.0 to 20.9 eV, with the LUMO having considerable each case, it should be borne in mind that the actual reso-
O-H antibonding character. nance positions are likely to be lower in energy than the SE
In a recent study o€-C,Fg,® we found a shift of 4 to 5 positions.
eV between SE resonance energies and STO-6G orbital en- In Fig. 2, we show the computed elastic differential cross
ergies. If we apply the same shift here, theUMO lines up  section(DCYS) at representative energies. One notable feature
closely with the 4.5 e\?A resonance, and the Si—O anti- is how rapidly, as the energy increases, the DCS becomes
bondinge orbital, shifted to near 7 eV, can account for the forward peaked. Already at 6 eV, the DCS is dominated by a
rise in °E that begins above 6 eV, if we assume that theforward cone with the scattering angle<30°. It is perhaps
resonance it produces is broad and overlaps higher-Rihg worth remarking that this forward peaking is not, as fre-
features. The band of high-energy virtual orbitals also linegjuently seen in electron—molecule collisions, due to a strong
up reasonably well with the overlappirff\, °B, and?E ~ molecular dipole moment—indeed, th®, geometry of
maxima between about 11 and 16 eV. What appears to bEEOS implies a zero dipole moment—but reflects, rather, the
missing is @B resonance near 6.5 eV. On the whole, how-geometric size of the TEOS molecule. As we might expect
ever, agreement is reasonably good, and it seems clear thgiven the large nonresonant background and the multiplicity
the 4.5 eV resonance can be assigned fd\ashape reso- of overlapping resonances, no clear signals of the shape reso-
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nances seen in Fig. 1 are visible in the DCS; however, the 50
the DCS at 11 eV is more undulatory than the DCS at eithe
9 or 15 eV probably reflects resonant effects.

To assist in construction of a cross section set, a vibra
tional spectrum for TEOS was computed USBWUSSIAN 94
at the restricted Hartree—Fo¢RHF)/6-31G level of theory;
as is usual, the resulting frequencies were scaled by 0.9 1
account for the excessive stiffness of the RHF potential. W«
also computed energetics for dissociation processes, usit
MP2/6-31H +G(d,p) electronic energies obtained at the
MP2/6-31G geometry together with RHF/6-31G frequencies
however, the number of processes considered was very lin
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111. SWARM ANALYSIS AND RECOMMENDED CROSS- FIG. 3. Electron-impact total ionization cross sections for TEOS. The open

SECTION SET circles with error bars are the measurements of Holtgesval.® and the

solid circles are those of Basnet al.”
A. Swarm analysis procedure

We have available to us measureméhtf the drift ve-
locity and ionization coefficient for electrons in TEOS. The There have been two measurements of the total and par-
electron drift velocity calculated from the solutidg(e) of tial ionization cross sections for TEOS. The total cross sec-

Boltzmann’s equation is defined as tions are shown in Fig. 3. We have used the more recent
1/2e\Y2E [ df(s,E/N)/ds measurements of Becket al.” in our calculations.
Vy=(v,)=— §(E) Nj o ede, (1) As we have discussed in detail elsewhetke two-term
Om

spherical harmonic expansion solution to Boltzmann’s equa-
wheree is the electron energyn is the electron mass, tion begins to fail for values oE/N in excess of, say, 500—

E/N is the electric field divided by the gas number densityl000 Td. We therefore have employed Monte Carlo simula-

(E=E2), f, is the electron energy distribution function, and tion of electron transport for high values BfN. We use the

o, is the momentum-transfer cross section. total elastic cross section and the differential elastic cross
The ionization rate coefficient is defined as sections for TEOS in these calculations. .
"™ The energy dependence of the model vibrational excita-
k-:(z—) J oi(e)fo(e)ede ?) tion cross sections is based on the Born approxima&fidh.
"im : 0 ' Ae is the vibrational excitation energy amdis the electron-

wherea, is the ionization cross section. The ionization co-MPact energy, the model vibrational excitation cross section
efficient measured in a swarm experiment is IS

kiN - oo l Xl/2+(X_1)l/2
a:V_d’ ©) T Aex X2~ (x—1)47 |’

which is the increase in electron density per centimeter dugrtherex=e/Ae and the factowr is to be determined by the
to ionization as a swarm of electrons drifts against an electriswarm analysis. Were we concerned with detailed low-
field. This is usually displayed as/N with units of cnf. energy cross sections, we would need to account for non-
We used a cross section set consisting of dbeinitio  dipole-allowed vibrational excitations, whose cross sections
momentum-transfer cross section, the measured ionizatioiall off more quickly from threshold than do the Born pro-
cross section, and model cross sections for vibrational excifiles we have assumed.
tation and for dissociation. We then adjusted the magnitudes The vibrational energy spectrum of TEOS is shown in
of the model cross sections in order for the calculated swarrkig. 4. We have chosen to use two model cross sections
coefficients to agree with the measurements. Boltzmann’kaving excitation energies of 0.16 and 0.37 eV to represent
equation for the transport of electrons in TEOS was solvedhe numerous levels shown in Fig. 4. Figure 4 also shows the
using the two-term spherical harmonic expan$idor low  fractional populations of the vibrational levels at a tempera-
values of E/N and Monte Carlo simulation for largé/N,  ture of 300 K. Clearly, there is substantial excitation of the
and the model cross sections were adjusted by means of tleentinuum of low-lying vibrational levels. Again, were we
downhill simplex optimization algorithnf?=° Although, as  concerned with detailed low-energy cross sections, we would
noted in Sec. Il, the SE momentum-transfer cross section iseed to account for electron superelastic collisions, whereby
expected to be overly large at low energies, the transpomlectrons gain energy in collisions with vibrationally excited
parameters are fairly insensitive to the low-energy regionstates, in our solution of Boltzmann’s equation.
consequently, it was not necessary to adjust the calculated For the model dissociation cross section, we assumed the
momentum transfer cross section. form

4
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FIG. 5. Cross section set for TEOQ, andQ,, are the integratedb initio
FIG. 4. The 94 lowest vibrational energies of TEOS. The solid circles showcross sections described in Sec. II.
the fractional populations of the vibrational states at a temperature of 300 K.

cal solution of Boltzmann’s equation begins to fail at values
, (5  of E/N greater than about 500 Td. This occurs as the drift
velocity becomes non-negligible compared to the thermal ve-
where x=¢/Ae, with Ae now indicating the dissociation locity, violating the assumptions underlying the two-term
threshold. The dissociation energetics of TEOS are shown ifPherical harmonic expansion of Boltzmann’s equation.
Table I. Although the adiabatic thresholds shown in Table |
range as low as 3.6 eV, they are not necessarily indicative qf;, SUMMARY
the vertical thresholds that would be observed in an impul-

sive process such as electron-impact excitation. In fact, the We have presented the resultsatfinitio calculations of
lowest vertical threshold obtained from a single-excitationth€ €lastic and momentum-transfer cross sections for the col-

configuration-interaction calculation within the 6-8G(d) lisions of electrons with the TEOS molecule. Making use of

basis set at the MP2/6-31@ geometry proved to be 9.0 eV, the calculated cross sections as well as measured ionization

for a state ofE symmetry. In constructing the TEOS cross Cr0SS sections and measured electron-transport coefficients,
section set, we adjustetle for dissociation and found that We have constructed a self-consistent model cross section set

0
ogy(e)=o0y

1-1/x
X

7.0 eV gave the best fit to the swarm data. that includes vibrational excitation cross sections and a total
electronic excitation or dissociation cross section. This cross
B. Results of swarm analysis section set should provide an adequate starting point for

) ) _ o ~ modeling the chemistry of plasmas containing TEOS as a
Our final set of cross sections is shown in Fig. 5, while cqnstituent.

Fig. 6 shows the measurécelectron drift velocity and ion-
ization coefficient over a range &/N from 12 to 6000 Td
along with the results of our calculations of the transport 10000

coefficients. The results from the numerical solution to Bolt-
zmann’'s equation cover the range BfN from 20 to 1000 1000 | lonization Coefficient M
Td, and the Monte Carlo results range from 700 to 6000 Td.z (em) e
The error bars on the measured drift velocity range fromg &
+2% at 10 Td to about-5% at 1000 Td and are greatestat § ' Fo P,
6000 Td, with values of- 7% there. The error bars on the £ , . ;{& w#“w
measured ionization coefficient are abau82% at 500 Td § 10 1 Dr{éﬁg?ty m+++ﬁ+§++;_$ y
and narrow to+10% at 6000 Td. g L E s
. . . .. . [ +
Considering the simplicity of our model cross section 1] ++@+
set, our calculated transport coefficients agree reasonabl
well with the measurements. As we noted above, the numeri- 0 ‘ ‘
. 10 100 1000 10000
TABLE |. Dissociation energetics of TEOS. E/N (Td)
Products EnergyeV) FIG. 6. Calculated drift velocitie¥/y and ionization coefficients/N for
electrons in TEOS. The filled squares afg calculated using a numerical
SiIOCH,(OC,Hs5) 3+ CH; 3.6 solution of Boltzmann’s equation. The filled circles are results of Monte
SiIO(OC,Hs) 3+ CyHs 4.0 Carlo simulations. The diamonds a#¢N from solving Boltzmann’s equa-
Si(OC,Hs)3+C,Hs0 5.2 tion and the triangles are the Monte Carlo results. Experimental V4laies

shown by the+ signs.
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