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Abstract

We report calculations of integral cross-section and differential cross-section for intermediate- and high-energy (20–

2000 eV) elastic electron collisions with tetrahedral compounds of silicon and germanium: SiH4, SiF4, SiCl4, SiBr4, SiI4,

GeH4, GeF4, GeCl4, GeBr4 and GeI4. The calculations have been carried out using an independent atom model with

static-polarization model potential. The present results are compared with available experimental and theoretical data.

For collision energies higher than 100 eV, results of present theoretical calculations are in satisfactory agreement with

experimental data.

� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The recent interest in electron-scattering cross-

section data for tetrahedral compounds of silicon
and germanium is partly related to the impor-

tance of these molecules in the chemistry of low-

temperature plasmas, manufacturing of semicon-

ductors and other industrial processes. Moreover,

due to their relatively simple geometry, the mole-

cules of tetrahedral symmetry are convenient tar-
gets for testing different theoretical models applied

to the electron-molecule scattering problem.

Experimental studies concerning elastic colli-

sional processes of electrons with XY4 molecules

are still rather very scarce. Elastic cross-section for

electron collision with SiH4 molecule was mea-

sured with crossed electron and molecular beam

method by Tanaka et al. [1]. The same experimen-
tal group reported the differential cross-section

(DCS) and elastic integral elastic cross-section
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(ICS) for electron scattering from GeH4 molecule

[2]. In both experiments energy of incident elec-

trons did not exceed 100 eV.

Theoretical works on the electron scattering
from silane (SiH4) and germane (GeH4) molecules

were focused mainly on the low energy region [3–

15] where ICS exhibit both Ramsauer minimum

and a shape resonance maximum. For higher

energy range elastic DCS and/or ICS for electron

collisions with SiH4 molecules were calculated

using spherical-complex-optical-potential (SCOP)

treated in variable phase approach (VPA) for
electron energy between 30 and 400 eV by Jain [16]

and from 10 to 5000 eV by Jain and Baluja [17].

Jain and Tripathi [18] employed relativistic ap-

proach to compute the DCS and ICS for e-SiH4

collisions from 1 to 400 eV. Jain et al. [19] and

Baluja et al. [20] using SCOP and VPA calculated

elastic integral and DCS for GeH4 molecules from

1 to 100 eV and 10 to 5000 eV, respectively. Kumar
et al. [21] solved Dirac equation for e-GeH4 scat-

tering problem and obtained elastic cross-section

for energies ranging from low up to 300 eV while

Lee et al. [22] presented elastic integral and DCS

for GeH4 molecules calculated using the Schwinger

iterative variational method in the fixed-nuclei,

static exchange plus correlation–polarization ap-

proximation for energies between 0.2 and 100 eV.
Theoretical calculations of cross-sections for

electron collisions with other tetrahedral com-

pounds of silicon and germanium are less numer-

ous than these for silane and germane molecules.

Elastic scattering of low energy electrons from

SiF4 and SiCl4 molecules was theoretically inves-

tigated by Tossell and Davenport [3] using multi-

ple scattering Xa calculations while Natalense et al.
[23] and Varella et al. [24] reported elastic cross-

sections for SiCl4, SiBr4 and SiI4 molecules

obtained in calculations in which Schwinger mul-

tichannel method (SMC) with norm-conserving

pseudopotential was employed at energies below

40 eV. Recently, elastic cross-section for low-

energy (from 5 to 30 eV) electron collisions with

GeCl4 molecules has been calculated by Azevedo
et al. [25] with the SMC method.

We are not aware any previous theoretical cal-

culations related to electron collisions with GeF4,

GeBr4 and GeI4 molecules and any calculations of

electron elastic DCS and ICS for SiF4, SiCl4, SiI4,

SiBr4, SiI4 and GeCl4 molecules for intermediate

and high impact energies.

The aim of the present work was to calculate
DCS and elastic ICS for electron scattering from

tetrahedral compounds of silicon and germanium:

SiH4, SiF4, SiCl4, SiBr4, SiI4, GeH4, GeF4, GeCl4,

GeBr4 and GeI4, for impact energies ranging from

tens of electronvolts up to 2000 eV. In the fol-

lowing section we present main assumptions of the

used theoretical method and numerical proce-

dures. In this presentation we adopted atomic
units in which e ¼ m ¼ �h ¼ 1, although all results

of our calculation, presented and discussed in the

next sections, are given in the SI units.

2. Theory

The calculations have been carried out using an
independent atom method (IAM) [26–28] with

static-polarization model potential. In this ap-

proximation the electron–molecule collision prob-

lem is reduced to electron–atom collision problem

under the following assumptions [27]: (i) each

atom of the molecule scatters independently, (ii)

any redistribution of atomic electrons due to the

molecular binding is unimportant so that each
atom scatters as if it were free, (iii) multiple scat-

tering within the molecules is negligible. Above

assumptions seem to be valid for collisions with

fast electrons only. This approach was successfully

employed for calculations of elastic, momentum

transfer as well as total cross-sections for inter-

mediate- and high-energy electron scattering from

many diatomic and polyatomic molecular targets
[29–46].

In the IAM method the DCS for elastic electron

scattering on molecule, taking into account all

possible orientations of the intermolecular axis in

the space, is given as

dr
dX

¼
XN
i

XN
j

fiðh; kÞf �
j ðh; kÞ

sinðsrijÞ
srij

; ð1Þ

where N is the number of atoms within molecule, h
is the scattering angle and fiðh; kÞ and fjðh; kÞ are
complex scattering amplitudes due to the ith and

jth atom of the molecule, respectively. s ¼ 2k sin
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ðh=2Þ is the magnitude of the momentum transfer

during the collision and k is the wave number of

the incident electron. The distance between the ith
and jth atom is denoted as rij. From Eq. (1) it

follows that the DCS for elastic electron scattering

from molecules of tetrahedral symmetry can be

derived as

dr
dX

� �
XY4

¼ dr
dX

� �
X

þ 4
dr
dX

� �
Y

1

�
þ 3

sinðsrYYÞ
srYY

�

þ 8½RefXðh; kÞRefYðh; kÞ

þ ImfXðh; kÞImfYðh; kÞ�
sinðsrXYÞ
srXY

;

ð2Þ

where ðdr=dXÞX and ðdr=dXÞY are DCS for elec-

tron scattering from X and Y atoms, respectively,

while RefXðh; kÞ, RefYðh; kÞ, ImfXðh; kÞ and

ImfY� ðh; kÞ are real and imaginary parts of the

scattering amplitude on the X and Y atoms, re-

spectively. It follows from the optical theorem that

the elastic ICS for electron scattering on the mol-
ecule in this approximation is given by

rðEÞ ¼ 4p
k
Imf ðs ¼ 0; kÞ

¼ 4p
k

XN
i¼1

Imfiðh ¼ 0; kÞ

¼
XN
i¼1

riðEÞ; ð3Þ

where riðEÞ is the ICS of the ith atom of the
molecule, and E ¼ k2=2 is the energy of the inci-

dent electron.

To obtain the elastic electron–atom cross-

sections and atomic scattering amplitudes we

employed partial wave analysis and solved numer-

ically the radial Schr€oodinger equation

d2

dr2

�
	 lðlþ 1Þ

r2
þ k2 	 2ðVstatðrÞ þ VpolarðrÞÞ

�
ulðrÞ ¼ 0;

ð4Þ
under the boundary conditions

ulð0Þ ¼ 0; ulðrÞ	!
r!1

Al|̂|lðkrÞ 	 Bln̂nlðkrÞ; ð5Þ
where |̂|lðkrÞ and n̂nlðkrÞ are the spherical Bessel–
Riccatti and Neumann–Riccatti functions, respec-

tively. VstatðrÞ is the static potential of the atom

determined following the procedure of Salvat et al.

[47],

VstatðrÞ ¼ 	 Z
r

X3
i¼1

ai expð	birÞ; ð6Þ

where Z is the nuclear charge and bi and ai are
the parameters, determined by an analytical fit-

ting procedure to Dirac–Hartree–Fock–Slater self-

consistent data [47]. The polarization potential
VpolarðrÞ was expressed in the form proposed by

Padial et al. [48],

VpolarðrÞ ¼
vðrÞ r6 rc

	a=2r4 r > rc
;

�
ð7Þ

where vðrÞ is the free-electron-gas correlation

energy [49] and a is the static electric dipole po-

larizability of atom. The rc is the first crossing

point of the vðrÞ and 	a=2r4 curves [50]. The val-
ues of rc are listed in Table 1. The phaseshifts dl

are connected with the asymptotic form of the
wave function, ulðrÞ, by

tan dl ¼
Bl

Al
: ð8Þ

The scattering amplitudes for electron scattering

on the atom were obtained using the following

equation:

f ðh; kÞ ¼ 1

2ik

X1
l¼0

ð2lþ 1Þðe2idl 	 1ÞPlðcos hÞ

� 1

2ik

Xlmax
l¼0

ð2lþ 1Þðe2idl 	 1ÞPlðcos hÞ

þ f ðBÞðh; kÞ; ð9Þ
where Plðcos hÞ are Legendre polynomials and

f ðBÞðh; kÞ is the Born scattering amplitude which

for potential of the form (7) may be expressed as

Table 1

The crossing point rc

Atom rc (�AA)

H 1.57

F 1.42

Si 2.79

Cl 2.14

Ge 2.93

Br 2.42

I 2.87
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f ðBÞðh; kÞ ¼ pak
X1

l¼lmaxþ1

Plðcos hÞ
ð2l	 1Þð2lþ 3Þ

¼ pak
1

3

 
	 1

2
sin

h
2

	
Xlmax
l¼1

Plðcos hÞ
ð2l	 1Þð2lþ 3Þ

!
; ð10Þ

in the presented calculations lmax ¼ 100.

Finally, the scattering amplitude can be ex-

pressed as

f ðh; kÞ ¼ 1

2ik

Xlmax
l¼0

ð2lþ 1Þðe2idl 	 1ÞPlðcos hÞ

þ pak
1

3

 
	 1

2
sin

h
2
	
Xlmax
l¼1

Plðcos hÞ
ð2l	 1Þð2lþ 3Þ

!
:

ð11Þ

Fig. 1. DCS for e	-SiH4 collisions. (a) 40 eV. Experiment: (
)
[1]. Theory: (––) present results; (� � �) [1]. (b) 100 eV. Experi-

ment: (
) [1]. Theory: (––) present results; (� � �) [1]; (– – –) [16]
(	 � �	) [18]. (c) 400 eV. Theory: (––) present results; (– – –) [16].

Fig. 2. DCS for e	-GeH4 collisions. (a) 60 eV. Experimet: (
)
[2]. Theory: (––) present results; (– – –) [19]; (	 � �	) [22]. (b) 100
eV. Experiment: (
) [2]. Theory: (––) present results; (– – –) [19];
(	 � 	) [2]; (� � �) [21]; (	 � �	) [22]. (c) 300 eV. Theory: (––)

present results; (� � �) [21].
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DCS for elastic electron scattering from atoms

were calculated according to

dr
dX

¼ jf ðh; kÞj2; ð12Þ

while ICS for elastic electron-atom scattering were

derived from the expression

r ¼ 4p
k2

Xlmax
l¼0

ð2l
 

þ 1Þ sin2 dl

þ
X1

l¼lmaxþ1

ð2lþ 1Þ sin2 dðBÞ
l

!
: ð13Þ

3. Results

3.1. Differential cross-section

DCSs for e	-SiH4 collisions at energy 40, 100

and 400 eV calculated in the reported work are

presented and compared with other available the-

oretical and experimental data in the Fig. 1(a)–(c),

respectively. Generally, the shape of all cross-

sections presented in Fig. 1 is similar. However, for

E ¼ 40 eV observed structures of our cross-section

are shifted towards lower angles (of about 20
degrees) in comparison with experimental data.

For higher impact energies (100 eV and more)

much better agreement of present results with ex-

perimental data of Tanaka et al. [1] and results of

other calculations [1,16,18] can be observed. Pre-

sented results have nearly the same angular distri-

bution as the other data. On the other hand, our

calculations give the cross-sections which exceed
experimental data and other theoretical cross-sec-

tions.

Results of our DCS calculations for electron

scattering from germane (GeH4) molecules are

presented in Fig. 2(a) for energy of 60 eV, (b) for

100 eV, and (c) for 300 eV. It can be easily seen

that for 60 eV the present cross-section has the

same shape as previously obtained experimental
and theoretical results although all structures in

the cross-section function are shifted towards lower

scattering angles. For higher energies, agreement

Fig. 3. DCS for electron collisions with SiF4, SiCl4, SiBr4, SiI4, GeF4, GeCl4, GeBr4 and GeI4 molecules for 100 eV.
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with the other data, with respect to the shape and

positions of the local minima and maxima, is much

better, especially with relativistic calculations of

Kumar et al. [21] at 300 eV.
DCSs for electron scattering from XF4, XCl4,

XBr4 and XI4 (X ¼ Si, Ge) molecules for collision

energy of 100 eV are presented in Fig. 3. No other

data, both experimental and theoretical, are

available for comparison. It can be easily seen that

DCSs for these molecules have more reach struc-

tures in angular dependence than those for SiH4

and GeH4. Moreover, it seems that cross-section
shape depends on the kind of outermost atoms of

the molecules rather than on the central one.

Similar behaviour was observed in experimental

total cross-section for molecules of tetrahedral

symmetry [51].

3.2. Integral cross-section

Elastic ICS for electron collisions with XY4

molecules are listed in Table 2. We found via

comparison with experimental total cross-sections

[51–54], that for SiF4, SiCl4, GeF4 and GeCl4
molecules the cross-sections calculated in the pre-
sent work have reasonable magnitude for energies

Table 2

Elastic ICS for electron collisions with tetrahedral XY4 (X ¼ Si, Ge; Y ¼ H, F, Cl, Br, I) molecules in units of 10	20 m2

Energy (eV) ICS

SiH4 SiF4 SiCl4 SiBr4 SiI4 GeH4 GeF4 GeCl4 GeBr4 GeI4

20 24.29 23.07

25 20.65 16.14

30 18.13 12.89

40 14.83 10.07

50 12.75 24.36 40.56 24.64 44.96 8.85 20.47 36.66 20.75 41.06

60 11.31 21.26 35.75 24.05 42.95 8.17 18.11 32.61 20.91 39.80

70 10.25 19.08 32.25 23.93 39.43 7.71 16.54 29.71 21.39 36.89

80 9.43 17.46 29.64 23.90 36.30 7.36 15.39 27.57 21.83 34.24

90 8.76 16.19 27.63 23.81 33.97 7.08 14.51 25.95 22.13 32.29

100 8.21 15.16 26.03 23.64 32.34 6.83 13.79 24.66 22.27 30.96

110 7.74 14.31 24.72 23.40 31.18 6.61 13.19 23.59 22.27 30.05

120 7.33 13.59 23.61 23.09 30.32 6.41 12.67 22.69 22.18 29.40

140 6.66 12.41 21.81 22.39 29.09 6.05 11.81 21.21 21.78 28.49

160 6.12 11.48 20.39 21.64 28.17 5.74 11.10 20.01 21.26 27.78

180 5.68 10.72 19.23 20.91 27.35 5.45 10.50 19.01 20.69 27.13

200 5.30 10.09 18.24 20.21 26.59 5.20 9.99 18.14 20.11 26.49

220 4.98 9.54 17.38 19.56 25.86 4.97 9.53 17.37 19.55 25.85

250 4.58 8.85 16.28 18.67 24.81 4.67 8.93 16.37 18.76 24.90

300 4.05 7.93 14.80 17.37 23.21 4.24 8.12 14.99 17.57 23.40

350 3.64 7.22 13.62 16.27 21.80 3.89 7.47 13.87 16.53 22.05

400 3.32 6.64 12.65 15.33 20.57 3.61 6.93 12.94 15.62 20.85

450 3.06 6.17 11.84 14.51 19.49 3.37 6.48 12.15 14.82 19.80

500 2.84 5.76 11.14 13.79 18.54 3.16 6.09 11.46 14.12 18.87

600 2.49 5.11 10.00 12.59 16.96 2.83 5.46 10.34 12.94 17.31

700 2.22 4.61 9.10 11.63 15.70 2.58 4.96 9.46 11.98 16.06

800 2.02 4.21 8.38 10.84 14.67 2.38 4.56 8.73 11.19 15.03

900 1.85 3.87 7.77 10.17 13.81 2.21 4.23 8.13 10.53 14.17

1000 1.71 3.59 7.27 9.60 13.08 2.07 3.96 7.63 9.96 13.44

1100 1.60 3.36 6.83 9.11 12.44 1.96 3.72 7.19 9.47 12.80

1200 1.50 3.15 6.45 8.68 11.89 1.86 3.51 6.81 9.04 12.25

1400 1.34 2.82 5.83 7.96 10.97 1.69 3.17 6.18 8.31 11.32

1600 1.22 2.55 5.33 7.38 10.22 1.57 2.90 5.68 7.73 10.57

1800 1.12 2.34 4.93 6.91 9.61 1.46 2.69 5.28 7.25 9.95

2000 1.05 2.17 4.60 6.51 9.10 1.38 2.51 4.94 6.85 9.43
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higher than 50 eV. Below this energy the ICS

increases rapidly with decreasing of collision energy

and at low energies (�10 eV) exceeds the total

cross-section. Onemay therefore expect that similar
behaviour appears also for SiBr4, SiI4, GeBr4 and

GeI4 molecules for which experimental data are not

yet available. However, for SiH4 and GeH4 mole-

cules we found that the computed ICS are in good

agreement with experimental measurements of

Tanaka et al. [1] and Dillon et al. [2] even at 20 eV.

In Fig. 4 we compared our calculated elastic

ICS with ICS obtained from experiment [1] and
that computed by Jain [16]. For comparison we

plotted also total cross-section calculated by Jain

et al. [18] and total cross-sections measured by

Szmytkowski et al. [52] and Zecca et al. [55]. Our

calculations are in satisfactory agreement with

experimental data of Tanaka et al. [1] for lower

energies and lie close to theoretical cross-section of

Jain [16] for higher energies. However, at 100 eV,
the discrepancy between theoretical cross-sections

and experimental data of Tanaka et al. [1], pre-

sented in Fig. 4 amounts over 50%. It can be

partially attributed to the procedure of extrapo-

lation of experimental DCS towards low (<10�)
and high (>130�) angles used in [1] to obtain ICS.
It is worth noting that ICS presented by Tanaka

et al. is higher in its maximum than total cross-
section [52] at the same energy.

In Fig. 5 we compare elastic ICS for electron

collisions with GeH4 molecules obtained in the

present calculations with experimental ICS data of

Dillon et al. [2] and calculations of Baluja et al.

[20] and Lee et al. [22]. We plotted also absolute
total cross-sections measured by Mo _zzejko et al.

[56] and by Karwasz [57]. Our calculation are in

very good agreement with measurements of Dillon

et al. [2] and for energies higher than 100 eV also

with calculation of Baluja et al. [20]. Results of Lee

et al. [22] are higher than our results and that of

Baluja et al. [20] as well as experimental data of

Dillon et al. [2].
From our calculations we estimated that elastic

processes for the XY4 (X ¼ Si, Ge; Y ¼ H, F, Cl)

molecules constitute up to 60% of the absolute

total cross-sections for intermediate energies (100–

250 eV) and no more than 65% for the highest

examined energy.

4. Summary

We calculated with simply method, namely

IAM elastic ICS and elastic DCSs for electron

collisions with tetrahedral XY4 molecules (X ¼ Si,

Ge; Y ¼ H, F, Cl, Br, I) for a wide energy range

(from tens of eV up to 2000 eV). Presented results

are above 100 eV in good agreement with available
experimental cross-section data and with results of

Fig. 4. Cross-sections for e	-SiH4 collisions. Calculated: (––)

integral elastic, present results; (	 � 	) elastic ICS [16]; (	 � �	)
total cross-section [18]. Experimental: (�) elastic cross-section
[1]; (
) absolute TCS, [52]; (4) absolute TCS, [55].

Fig. 5. Cross-sections for e	-GeH4 collisions. Calculated elastic

ICS: (––) present results; (� � �) [20]; (	 � 	) [22]. Experimental:
(�) elastic cross-section, [2]; (
) absolute TCS, [56]; (4) absolute

TCS, [57].
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more sophisticated calculations for electron scat-

tering from tetrahedral compounds of silicon and

germanium.
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