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ABSTRACT

Electron-impact total ionization cross sections of some silicon and germanium compounds have
been calculated by applying a new theoretical model that has been found to be reliable for awide
rangeof molecules. The new theory, the binary-encounter-Bethe (BEB) model, combinesthe
binary-encounter theory and the Bethe theory for electron-impact ionization, and uses simple
theoretical molecular orbital data—binding energies, average kinetic energies, and occupation
numbers—which are readily available from molecular structurecodes. Total ionization cross
sections of SiH, SiH,, SiH3, SiH4, SizHe, Si(CHz3)4, GeH, GeH,, GeHs, GeH,, and Ge;Hg are
presented for incident electron energies T from threshold to 1 keV, and compared to available
experimental data. Theory and experiment agreewell for SiH, x=1-4, from thresholds to T<80
eV, while theoretical peaks occur at lower T than experimental peaks for SiHy, x=1-3. No
experimental data are available for germanium hydrides for comparison. The theoretical cross
sections are given by a compact analytic form suitable for applications in plasma processing.
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Electron-impact total ionization cross sections of some silicon and germanium compounds have
been calculated by applying a new theoretical model that has been found to be reliable for a wide
range of molecules. The new theory, the binary-encounter-Bé#) model, combines the
binary-encounter theory and the Bethe theory for electron-impact ionization, and uses simple
theoretical molecular orbital data—binding energies, average kinetic energies, and occupation
numbers—which are readily available from molecular structure codes. Total ionization cross
sections of SiH, Sikl SiH;, SiH,;, SiHg Si(CHy),, GeH, GeH, GeH;, GeH, and GeHg are
presented for incident electron energiesrom threshold to 1 keV, and compared to available
experimental data. Theory and experiment agree well for, Sik1—4, from thresholds t@

<80 eV, while theoretical peaks occur at lowkethan experimental peaks for SiHx=1-3. No
experimental data are available for germanium hydrides for comparison. The theoretical cross
sections are given by a compact analytic form suitable for applications in plasma processing.
© 1997 American Institute of Physids$0021-960807)00922-7

I. INTRODUCTION cal vapor depositioiCVD) and plasma enhanced chemical
. . L vapor deposition (PECVD) of semiconductor§T’ SiH,
It has been shown in previous publications that the neV\éin, SiH, SiH,; SibHe SiCHy), GeH, GeH, GeH,

theoretical method, the binary-encounter-BetiBEB) GeH, and GeH. Silane (SiH) is widely used for plasma

1-3 : i i mig At
model, ™ produces reliable electron-impact total |on|zat|on_ assisted deposition of silicon and amorphous silicon—hydride

CLOtzssisrﬁ C::aonmso:cg(r:j:bcl)?bri?:llzgtj;efo?Phderar(i)lﬁﬁlds :tzltr(]ag :”SO' a:SiH) films2 Silane has also been detected on Saturn and
P P 9 ' on several other planets and satellites. As was the case for 28

which can be obtained by using standard molecular WaVe olecules reported earliér®the BEB model provides cross

ifzrlﬁgot?lggs/es' There are no adjustable or fitted pz’m”lmemrssections in good agreement with available experimental data

The BEB model however. does not provide details suchand sometimes enables one to discriminate between conflict-
S L hotp X |Pg data for the same molecule. To the best of our knowl-
as resonances in the continuum, vibration and/or rotationa

excitations concomitant with ionization, multiple ionization €dge, the total ionization cross sections for Gek=1-4,
: S N, mutip . and GegHg presented here are the first of its kind in the
and dissociative ionization. The total ionization cross sectio

) . . o . rfiterature.
in this method is the sum of ionization cross sections for The main advantages of the BEB model are threefold
ejecting one electron from each of the occupied moIecuIa[:irst the model is valid for the entire energy range from.

orbitals in the ground state. The BEB cross sections wer reshold to several keV. Second, it provides compact ana-
) . e o | . ,
f105uo;1d to r:aproducg ;eha;ble :axp?nmfentalﬂ? at:l ‘;V'.th'.” 5t'/0 lytic expressions for the total ionization cross section with
threosr?glg tirgsee\\//:rrz T(gvr?r? ierfgideesntrzrlnectreor:rznlgplizeaslorConStamS characterizing occupied molecular orbitals. Third,
gies. Mpe theory is applicable to a large variety of stable molecules

ipzrrlglrt]if)lrﬁli’r;?ssszgig(r)wdfri)? gﬁ u:tea?et(z): 2'?::(')?;?3;?; torf\lli'(;);ind radicals as long as the ground state wave function can be
. . y sta . € p alculated. The wave function need not be of very high qual-
that the state is predominantly a single configuration in char-

. . " . ity.
fargtrir;';?erci?;r'rgsu'l]gf;?gg:éb'tal quantities are obtainabl We outline briefly the underlying theory in Sec. II,
) present the total ionization cross sections of individual mol-
In the present paper, we apply the BEB model to 11

: : . ‘ecules in Sec. lll, and the conclusion in Sec. IV.
molecules of great current interest in the modeling of chemi-

dpresent address: Ultraprecision Technology Team, Samsung Electronids OUTLINE OF THE THEORY

Co., Suwon, Kyonggi-do, Korea. . . . .
bpresent address: Department of Chemistry, University of California, Irv-  1he BEB model is a simpler version of the binary-

ine, California 92715. encounter-dipolg BED) model for electron-impact ioniza-
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tion cross sections for atoms and molecules. The BED moddlon. One can use either theoretical or experimental values of
combines the binary-encounter thebrand the Bethe B if they are available from photoionization measurements
theory® The combination of the binary-encounter theory with unambiguous assignments. Howewdrjs a theoretical
and the Bethe theory is achieved by requiring that thegquantity that cannot be measured directly, although the sum
asymptotic form at high incident enerdy of the former, of all U’s is equal to the magnitude of the total energy of the
match that of the latter, both in the ionization cross sectiortarget molecule, according to the virial theorem. Since ex-
and in the stopping cross sectibithe stopping cross section perimental values oB are often smaller than theoretical

is used to evaluate the stopping power of the target mediunvalues, which are taken to be equal to the negative of orbital
The BED model provides a formula to calculate the singlyenergies using the Koopman theorem, the BEB cross sec-
differential cross section, or the energy distribution oftions obtained using experiment® values are usually
ejected electronslo/dW, with the ejected electron energy higher (by 10%—15% at the cross section pe#kan those

W, for each atomic or molecular orbital. To apply the BED obtained using theoretic#l values. Using the experimental
model, one needs for each occupied orbital the electron bindralue for the lowest electron binding energyfirst ioniza-

ing energy B, the average kinetic energy =(p?2m), tion potential, IP ensures that the cross section starts at the
wherep and m are the bound electron momentum and theright threshold and also leads to improved agreement of the
electron mass, respectively, the electron occupation numbehape and magnitude of the BEB cross section near the
N, and the continuum dipole oscillator strengtfydW. threshold with known experimental cross sections.

The value of the average kinetic energyfor each or- For closed-shell molecules, we used the restricted
bital in the initial state can be obtained from any atomic orHartree—FocKRHF) method with the Gaussian 6-311G ba-
molecular wave function code that calculates the total energgis set available in theAMESS code. For open-shell mol-
in an independent particle model. To calculdfédW, how-  ecules, it was fourif that the unrestricted Hartree—Fock
ever, both the initial- and continuum-state wave functions ardUHF) method produced more realistic orbital energies for
needed, thus making the application of the BED model nonvalence orbitals than the restricted open-shell Hartree—Fock
trivial. Alternatively, df/dW can be deduced from experi- (ROHF method. We used the UHF method for open-shell
mental photoionization cross sections. Unfortunately, sucimolecules also with the same Gaussian 6-3tlBasis set.
data are available for only a few stable molecules over &lthough the UHF method has the disadvantage of produc-
large energy range. Moreover, partial photoionization crosing a pair of orbital and kinetic energiéassociated withx
sections are needed to dedwt®dW for each orbital, and and 8 sping, the valence orbital energies from the ROHF
the deduction of orbital photoionization cross sections frommethod were often unrealistically small compared to experi-

the total is problematic at best. mental IP’s, making the corresponding cross section too
To circumvent this difficultyd f/dW is approximated in large. On the other hand, using sepafatandU values for

the BEB model by choosing molecular orbitals associated with and 8 spins from the
df/dW=N/(B+W)>. 1) UHF method, produces BEB cross sections almost identical

to those produced by using the aver&yandU values from
This form of df/dW closely resembles the shape of the matchinga and 8 molecular orbitals. Thé8 and U values

df/d/W of the hydrogen atom in the ground state. presented for open-shell molecules in Tables | and Il are
With this simplified df/dW, the integrated ionization these average values.
cross section per molecular orbitakgeg, is obtained by In practice, the BEB model is insensitive to minor varia-

integratingdo/dW from W=0 to (T—B)/2. The result i5 tions in the values oB and U used, except for the lowest
s | B. Thus the use of extended basis sets other than 64@11G
nt 1 1 Int . .
Opep=——— | —= ( —S|+1-———, 2) leading to slightly altere® andU values, would not change
ttu+l| 2 t tot+l the BEB cross section significantly. However, the BEB cross
wheret=T/B, u=U/B, S=47alNR?B?, a;=0.5292 A,  section is sensitive to the loweBtandU, as the contribution
andR=13.61 eV. to ionization cross section from the outermost occupied mo-
In Eq. (2), the term associated with the first logarithmic lecular orbital is substantial, if not dominant. For this reason,
function on the right-hand sidehs) represents distant colli- We used the experimental first IP’s for the low&stwhich
sions(large impact parametérslominated by the dipole in- are available for many moleculé$and theoretical values
teraction, and the rest of the terms on the rhs represent cloger the remaining orbitals.
collisions (small impact parametersas described by the
Mott cross secn_or’l.2 The second logarithmic function origi- ||, AbpLICATION TO MOLECULES
nates from the interference of the direct and exchange scat-
tering also described by the Mott cross section. In this section, we compare the BEB cross sections to
We present the values &, U, andN for the 11 mol- the experimental values of 11 molecules. As far as we are
ecules in this article in Tables | and Il. The molecular orbitalaware, no experimental cross sections are available for GeH,
data were generated for the ground states of the molecules lyeH,, GeH;, GeH,, and GgHg. Most experiments measured
using the molecular structure codamess'® We have omit-  the “gross” ionization cross section, i.e., the total ion cur-
ted deep inner shell orbitals with large binding energies berent rather than the number of ions. On the other hand, BEB
cause they contribute little to the total ionization cross seceross sections are ‘“‘counting” ionization cross sections,

J. Chem. Phys., Vol. 106, No. 23, 15 June 1997
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FIG. 1. Comparison of the BEB cross section to experiment for SiH. SolidFIG. 2. Comparison of the BEB cross section to experiment for,.S8dlid
curve, the present work; circles, experimental data by Tarnoesky. (Ref. curve, the present work; circles, experimental data by Tarnogtky. (Ref.
16). 16).

which account for the number of singly charged ions pro-SiD2+ and SiD' for SiD,, and SiD} and SiD} for SiDs, and

duced. When a significant fraction of the ions produced ar@ence the sum of these partial cross sections should be a
multiply charged, the gross ionization cross section will ac4\yer jimit to the total ionization cross section. Experimental
cordingly be larger than the corresponding counting ionizayat, for these molecules are compared to BEB cross sections
tion cross section at highi. Thus BEB cross sections pro- i, gigs 13, Experimentally, the parent ionization cross sec-
vide lower limits to experimental gross ionization Crossyqon for all three targets SiD(x=1-3), i.e., the production

sections. In mass spectrometric experiments, the goal is tg SiD , has essentially the same maximum value at 70 eV,
collect both parent molecular ions as well as all fragments af, 4 the parent ionization is the dominant process.

different T. However, since the BEB cross sections are |, 4 molecule with a heavy atom, the valence molecular

simple sums of cross sections for ionizing one electron from, yisa|q are often dominated by an atomic valence orbital. In
each of the occupied molecular orbitals, the theory cannog . a case, thel value of the valence orbital tends to be
provide relative cross sections for the production of differenthigh due to the radial nodes, and a highvalue leads to an
molecular fragments and ions. The separation of BEB crosgyqally small orbital cross section. When this happens, we
sections into partial ionization cross sections for dlﬁerentfound it necessary to reduce tblevalue by dividing it by the

molecular fragments and ions is not straightforward, as th@yincinal quantum number of the dominant atomic orbital.
crossing of different potential energy surfaces correspondingi e the valence molecular orbitals for the molecules in this
to diverse dissociative ionization and fragmentation channelamcle are the silicon @ orbital or the germaniumgorbital,

must be taken into account. For instance, the BEB mode\}v

; : ; bt e divided the appropriatd values by the respective prin-
cannot predict the paucity of SjHin the ionization of

X o ' cipal quantum numbers when the Mulliken population analy-
SiH, due to the preionization into SiH observed by s indicated that the valence molecular orbitals were domi-

Berkowﬂzgt al=> For S|mpI|C|ty, we compare our theoretlcal_ nated by atomic orbitals90%). For instance, we reduced
cross sections to the simple sum of all experimental partial

cross sections that produce an ion. Nevertheless, the com-
parison presented here will clearly demonstrate wide appli
cability of our theory and suggest that the theoretical cros:
sections for the other molecules not yet measured should k 5|
reliable. Cgeteee

A. Silylidyne (SiH), Silylene (SiH ), and Silyl (SiH 3)

For SiH and SiH, we used the UHF method with the
6-311G() basis set and we found that SiHas the doublet
C3, ground state. For Sifl the singlet G, structure is the
ground state using the same basis set. The only experiment 1l
data for these molecules are by Tarnovskyl.,'® who mea-
sured absolute electron-impact ionization cross sections fc 0" Y
SiD, (x=1-3) from threshold to 200 eV using a fast neutral T(eV)
beam technique. Since the BEB cross sections are insensiti\ _
tO. isotope effects, we h_ave cc_)mpared their isotopic re.SUHEIG. 3. Comparison of the BEB cross section to experiment fos.S8élid
with the BEB cross sections with hydrogen atoms. The i0ngyve, the present work; circles, experimental data by Tarmogsi. (Ref.
collected by Tarnovskgt al. were: SiD" and Si* for SiD, 16

BEB

L Tarnovsky

0;(107°m?)

J. Chem. Phys., Vol. 106, No. 23, 15 June 1997
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the U value by a factor of 3 in SiH and that for GeH by a 7 I
factor of 4. The BEB cross sections calculated using the e~ on SiH,
reducedU values are denoted by BEB(3) or BEB(U/4), or
depending on the principal quantum number of the dominan
atomic orbital. This increases the calculated cross section b
10%—-15%.

For germanium hydrides, some inner molecular orbitals
are basicallyn=3 atomic orbitals of Ge. Th& values of
such molecular orbitals were also divided by the principal
guantum number, as indicated in Table Il. This reduction 1
increases the cross sections from inner orbitals, which in tur L L
increases the total cross section Tobeyond the cross sec- 10 10 10°
tion peak by a few percent. T(eV)

—— BEB,adiab.
----- BEB,vert. 4
Krishnakumar
Chatham
Basner

0:(107%°m?)

(@ For SiH, t.he BEBU/3) cross section agrees well with FIG. 4. Comparison of the BEB cross section to experiment foy,.Sgélid
the experimental results fdf<. S0 eV (Fig. 1). For T curv.e,.the BEB cross section with adiabatic IP; dashed curve, th-e BEB cross
>50 eV, however, the experimental values are 25%-—section with vertical IP; circles, experimental data by Krishnakumar and
30% higher than the theory, reaching a maximum be-Srivastava(Ref. 18; triangles, data by Chathaet al. (Ref. 179; squares,
tween 70 and 80 eV, while the BEB cross sectiondata by Basneet al. (Ref. 19.
reaches a somewhat lower maximum between 50 and
55 eV.

(b) For SiH,, again the BEB cross section agrees well withtion with the vertical IP of 12.7 eV deduced from the photo-
the experimental result foF<50 eV (Fig. 2). Similar  ionization spectrum? is significantly smaller than all experi-
to the case of SiH, the experimental ionization crossmental data near the threshold. The BEB cross section with
section reaches a maximum between 70 and 80 e\/t,he vertical IP is marked “BEB, vert.” in Fig. 4. We should
while the experimental values are 25%—30% largemvait until we have more examples before rendering any con-
than the theory foff >60 eV. The BEB cross section clusion about the merit of using adiabatic versus vertical
has a maximum between 60 and 65 eV. IP’s.

(c) For SiH,, again the experimental ionization cross sec-  For SkHg, the experimental results of Chathaha
tion has a maximum between 70 and 80 eV, while theand Krishnakumar and Srivastdfaliffer markedly in the
BEB cross section reaches a maximum between 55 an@eak region(Fig. 5. The Chatham results resemble in gen-
60 eV (Fig. 3. eral the shape of the BEB cross section but are higher in

magnitude. However, if we reduce the Chatham data by a

factor of 0.78, then the renormalized Chatham data agree

- ) - well with BEB cross section in magnitude over the entire

aboveT=50eV in the cro_ss+sect|0n_s for the production of ;546 ofT. The data by Krishnakumar and Srivastava form

the parent molecular ionSiH™ and SiH), which dominate  an ynusually sharp peak at~30 eV, unlike the shape of
the total ionization cross section. The overall experimental,nization cross sections for a large number of molecules,

accuracy claimed is- 15%, which is indicated in Figs. 1-3. 4jihough their data af>100 eV are in excellent agreement
The discrepancy between theory and experiment at fiigh .+ the BEB cross section.

may have resulted from high-events that have not been
accounted for in the theory, such as multiple ionization.

|17

The experimental data by Tarnovskyal® for SiH and
SiH; show large fluctuations of the order of 20%—-25%

B. Silane (SiH ,) and Disilane (Si ,Hg) 14 e on Si,He JP

BEB
[ Krishnakumar

121 A Chatham 1

The experimental data for silane and disilane by 5
Chathamet all’ from threshold to 300 eV, and Krishnaku-
mar and Srivastav from threshold to 1000 eV, are com-
pared to BEB cross sections in Figs. 4 and 5. For,SiH
recent experimental data by Basrerall® agree well with
the data by Chathamt al, and also with the BEB cross
section calculated using the adiabatic IP of 11.65 eV, while
the data by Krishnakumar and Srivastava are significantly
lower than the theory af>30 eV. We found earli€rthat 0 =3 — T
when the adiabatic and vertical IP’s are different by more T(eV)
than 1 eV, as is the case for ¢Hnd NH;, using the vertical
IP for the lowest binding energy '?d to a much .better agreeI-:IG. 5. Comparison of the BEB cross section to experiment fgilSiSolid
ment between the BEB cross section and experiment near thge, the present work; circles, experimental data by Krishnakumar and
threshold. However, in the case of SjHhe BEB cross sec- SrivastavaRef. 18; triangles, data by Chathast al. (Ref. 17.

0i(107%m?)
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25 T — T T
—— BEB -
20k € on Sl(CH3)4 _____ McGinnis | e on GeH2
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FIG. 6. Comparison of the BEB cross section to experiment for TMS,
Si(CH,),. Solid curve, the present work; dashed curve, experimental data by
McGinnis et al. (Ref. 2J); circles, data by Basnaat al. (Ref. 22.

FIG. 8. The BEB cross section for GeH

in Table Il are the average of the quantities of the corre-
spondinga and 8 molecular orbitals characterized by the
same irreducible representation. The ground state geometry
Two sets of experimental data are available for this mol-of GeH, was found to beCs, rather thanDy,. The singlet
ecule: by McGinnis etal®" from the threshold toT  C, state of Getwas found to be the ground state with the
=70eV, and by Basneet al®® from the threshold T same basis set, i.e., DZV plus odepolarization function in
=90 eV. The BEB cross section agrees in shape with thghe RHF approximation. For GgHind GeHg, we used the
data by Basneet al, but the theory is smaller in magnitude, pzv hasis set with thred polarization functions in the RHF
while the data by McGinnisetal. near the peak afl  approximation with thely and D,q point groups. As far as
~70 eV are almost one-half of the thealfig. 6). The pre- e are aware, our BEB total ionization cross sections are the
mature flattening of the data by McGinnistal. at T only results available for these molecules. In view of the
>30 eV suggests that their experiment may not have colimportance of these radicals and molecules in the chemical
lected as many fragment ions as Baseeal. did. For in- yapor deposition of Ge, experimental verification of our re-
stance, the combined cross section for ions of mass/chargg|ts for these molecules would be worthwhile. Our BEB
<42 collected by Basnest al, but not by McGinniset al,  total ionization cross sections are shown in Figs. 7—11.
atT=70eV is 2.8% 10 2° m? which will increase the peak We noted earlié that the UHF approximation some-
cross section by McGinnist al.to within ~20% of the BEB  times produces an unrealistically low binding energy for an
cross section peak. unpaired valence electron. For instance, the theoretical bind-
ing energy for the & electron of GeH is only 4.008 eV,
D. GeH, GeH,, GeHs, GeH,, Ge,Hs which is almost certainly too low. Such a low binding energy
For GeH and GelJ the UHF approximation was used to in turn generates an unrealistically large ionization cross sec-
obtain molecular wave functions with an internally suppliedtion. Similar low theoretical binding energy was also ob-
double-zeta valencgdZV) basis set with one polarization ~ tained for SiH, but in this case an experimental IP was avail-
function. The binding energies and kinetic energies reporte@Plé. Since no experimental IP is known for GeH, we

C. Tetramethylsilane (TMS) Si(CH 3),4

e” on GeH —— BEB(U/4)

—— BEB

e” on GeHs

0i(107%m?)

10'

FIG. 7.

10?

T(eV)

The BEB cross section for GeH.

J. Chem. Phys.,

10°

10'

I
102

T(eV)

FIG. 9. The BEB cross section for GgH
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10°



Ali et al.: Cross sections of silicon and germanium hydrides

9607

TABLE I. Molecular orbitals, electron binding enerdy in eV, kinetic

6 Lo T T T energyU in eV, and electron occupation numbirfor SiH, SiH,, SiH,,
e” on GeH, —— BEB,adiab. SiH,, SiHg and S(CHs),. All B andU values are theoretical, except that
o N~ N BEB,vert. ]| those marked by an asterisk are experimental adiabatic IP’s.
—
R Molecule MO B U N
‘?‘ 3| SiH 211 20 167.91 360.49 2
9 average ofx and 8 1w 116.24 331.62 4
~ 2} orbital values 5 116.23 332.69 2
© 4o 17.457 31174 2
11 S0 10.482 28.523 2
60 18.75 58.81 2
ol o e 27 (Si 3p) 7.8% 21.287/3 1
10 107 10° SiH, C,, A, 2a, 167.24  360.26 2
T(eV) 1b, 115.63 330.80 2
1b, 115.59 332.16 2
. . 3a, 115.57 332.72 2
FIG._ 10. ‘The BEB cross section for GgHSolid curve, the_BEB_ cross: 4a, 18.414 29.633 2
section with adiabatic IP; dashed curve, the BEB cross section with vertical 2b, 12.582 22 138 5
IP. 5a, 8.92 28.095 2
SiH; Cj, 2A; 2a, 166.88 359.80 2
obtained an “estimated” binding energy of itsrdelectron 316;1 ﬂggg ggi:;g i
by multiplying the ratio of the experimental to theoretical 4a, 19.253 29.560 2
binding energies of SiH to the theoretical binding energy of 2e 13.304 22.883 4
GeH, which put the 4 binding energy at 7.906 eV. 58y 8.14 26.787 1
SiH, T4 A, 2a, 166.74 359.73 2
1f, 115.20 331.82 6
3a, 19.921 28.986 2
IV. CONCLUSION 2f, 11.65 22.782 6
For the molecules where experimental ionization cross SiHs Daa *As gglg 122';1 gggs: ;
sections are available, the BEB cross sections are in good 1e2u“ 115.19 331.79 4
agreement with experiments at low incident energi€s, 3ay, 115.19 331.68 2
<50 eV. At higherT, however, BEB cross sections tend to ley 115.19 331.83 4
be lower than the available experimental data. This discrep- 33y, 11520~ 332.09 2
. : . ; 4a, 20.604 29.637 2
ancy may have come from wider fluctuations in the experi- 4a29 18.536 29,153 5
mental data at highefl than the general error bounds Zeu“ 13.619 22912 4
claimed by the experimenters, or some unidentified figh- 2e, 12.912 23.100 4
events, such as multiple ionization, that have not been ac- Sag 9.7 29.580 2
counted for in the theory. For unstable molecules and radi- SiCHa Ta Ay 1f, 304.62  435.95 6
cals, when only one set of measurements is available, addi- (TMS) gzl fgg'gg ggg'gg ;
tional independent measurements would be desirable. zfi 114.41 331.91 6
When vertical and adiabatic IP’s are different by more 4a, 26.477 32.346 2
than 1 eV, such as GHand NH;, often as a result of the 3f; 25.070 33.786 6
Jahn—Teller effect, we found that the use of vertical IP’s 53, 17.007  35.471 2
significantly improved the agreement between BEB cross 41;2 ii'ggg gg'igé i
1f, 14.376 26.810 6
5f, 9.8 34.868 6
9 T
8l e~ on GeyHg &
7F sections and experimental data between the threshold and the
NE 6| peak? However, we seéFig. 4) that this is not the case for
) 5| SiH,, whose vertical IP is 12.7 ¥/, while the adiabatic IP is
o 4l 11.65 eV. One feature that distinguishes Sftém CH, and
N NH; is that few parent ions, SiH, are generated in the
5 former!>’while the parent ions of the latter are not difficult
zr to produce.

L
T(eV)

FIG. 11. The BEB cross section for G

Intuitively, vertical IP’s appear to be the right ones to
use in electron-impact ionization because the ionization takes
place faster than the time a molecule takes to rearrange its
ionic configuration. Vertical IP’s are also used in interpreting
photoionization events. A comparison of the ionization cross
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TABLE Il. Molecular orbitals, electron binding enerd¥ in eV, kinetic
energy U in eV, and electron occupation numbét for GeH, GeH,
GeH;, GeH,, and GgHg. All B andU values are theoretical, except that

those marked by an asterisk are experimental adiabatic IP’s.

Molecule MO B U N
GeH?Il 4o 193.34 587.95/3 2
21 141.12 547.90/3 4
S0 140.99 548.13/3 2
16 45.160 409.88/3 4
3 44,975 409.68/3 4
60 44.975 408.74/3 2
To 17.434 44.324 2
8o 10.388 35,737 2
47 (Si 4p) 7.9068 26.370/4 1
GeH, C,, A, 4a, 192.80 587.75/3 2
2b, 140.70 547.69/3 2
2b, 140.52 548.02/3 2
5a, 140.45 548.18/3 2
6a, 44.744 409.25/3 2
la, 44.654 409.66/3 2
3b, 44,567 409.65/3 2
3b, 44.414 408.14/3 2
7a, 44,308 409.42/3 2
8a, 18.357 41.292 2
4b, 12.063 27.228 2
9a, 9.132 35.813 2
GeH, C,, %A, 4a, 192.73 587.37/3 2
5a, 140.56 548.09/3 2
2e 140.55 548.04/3 4
6a, 44538 409.09/3 2
3e 44,578 408.04/3 4
4e 44.477 409.30/3 4
7a, 19.343 40.919 2
Se 12.957 28.568 4
8a, 9.029 34.153 1
GeH, T4 A, 3a, 192.92 575.24/3 2
21, 140.34 551.86/3 6
3f, 44.346 407.41/3 6
le 44,238 409.24/3 4
4a, 20.071 39.214 2
af, 11.33 29.609 6
GeHg Dyg A, 4ay, 192.94 575.25/3 2
4ay, 192.93 575.34/3 2
2e, 140.35 551.93/3 4
2e, 140.35 551.86/3 4
5ay4 140.35 551.83/3 2
5a,, 140.34 551.64/3 2
6ay, 44.433 405.82/3 2
3e, 44.379 406.93/3 4
3e, 44,352 407.56/3 4
4e, 44.276 408.78/3 4
e, 44.224 410.05/3 4
6ay, 44.202 411.02/3 2
Tay, 20.773 40.906/3 2
Tay, 18.645 39.843 2
Se, 13.334 28.632 4
5eq 12.553 30.408 4
8ay, 12.5 39.824 2

section of Geld to the BEB cross section may provide fur-

sections for Gellin Fig. 10. The BEB cross section obtained
by using the adiabatic IR11.33 eV} is marked “BEB,
adiab.,” while the curve marked “BEB, vert.” was obtained
by using the vertical IR12.5 e\). Experimental vertical IP’s
are often not available, although adiabatic IP’s are available
for many molecules and radicals.

The results for germanium hydrides are new and no ex-
perimental results are available for comparison.
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