
DISCLAIMER •

ENERGY LOSSES AND MEAN FREE PATHS OF ELECTRONS

IN SILICON DIOXIDE1

J. C. Ashley and V. E. Anderson
Health and Safety Research Division

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

SUMMARY

MASTER
Theoretical models and calculations are combined with experimental

optical data to determine a model energy-loss function for SiOo. Sum-

rule checks and comparisons with experimental information are made to

insure overall consistency of the model. The model energy-loss function

is employed to calculate electron inelastic mean free paths and stopping

powers for electrons with energies £ 10 keV in Si Op.

INTRODUCTION

Silicon dioxide, in its various solid-state forms, is a material of

widespread interest and importance in the electronics industry. Studies

of its basic physical properties are so extensive that entire conferences

are devoted to reports of current research. For military, space and

commercial electronics applications, the performance of devices involving

SiO2 in a radiation environment may be of critical importance. No matter

what type of incident radiation is involved, calculations of energy

deposition must include contributions from electron cascades generated

in the material.

Our ultimate objective is to study the energy deposition processes

which occur when a flux of electrons slows down in SiO,. A thin layer
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of SiO2 or SiO2 on Si is of particular interest. If one knows the

probabilities for various inelastic processes as a function of electron

energy, this information can be incorporated in Monte Carlo programs to

examine the details of the energy deposition process as discussed earlier

for Si [3]. For example, one could study the dependence on layer thick-

ness, the role of interface effects, or the statistics of the energy-

loss processes. The more limited purpose of this paper is to describe a

nwdel for determining the required probabilities for inelastic events.

The model is tested by computing quantities that can be compared with

experimental data. In particular we calculate the mean energy loss per

unit path length and inelastic mean free path for electrons in SiCL and

the mean excitation energy of

THEORETICAL MODEL

For incident electron energies considered here (1 10 keV), the main

source of energy loss is due to interactions with the electrons in the

medium. The response of a medium to a given energy transfer, w, and

momentum transfer q may be described by a complex dielectric function

e(q,u). In general, e may be a tensor which depends on the direction of

q. In this work it is assumed that the medium is homogeneous and isotropic

so that e is a scalar quantity which depends on the magnitude of q and

not its direction. If e is known, for an electron of kinetic energy E

and velocity v, the probability of an energy loss w per unit energy loss

per unit distance traveled can be determined from [4,5]

x{E,u>) = -L / + p- Im [-l/£(q,*)] . (1)
TTV q_ H
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The equations in this paper are in Hartree atomic units where "R = m =

e = 1. To account for the small relativisitic correction at the higher

electron energies considered here, the limits on the integral in Eq. (1)

are given by

q± = [2E(l+E/2c2)]2 ± [2E(l+E/2c2) - 2u(1+E/c2) + u>2/c2]

and v2/2 = E(l+E/2c2)/(l+E/c2)2 with c = 137. For most of the energy

region considered here, these expressions reduce to the usual non-

relativistic forms E = v /2 and q+ = ^[vf ± /E-wJ. The quantity T(E,W)

is also called the differential inverse mean free path, since by integrating

it over allowed energy transfers, the inelastic inverse mean path for an

electron of energy E is obtained. In addition, the quantity UT(E,OJ)

integrated over allowed values of OJ gives the energy loss per unit path

length or, neglecting radiation by the electron, the stopping power of

the medium for an electron of energy E.

The main task then is to find a suitable expression for £(q,w) =

£,(q,u>) + ^(qjO)) to describe the dielectric response of SiOp. For the

purpose of modeling, the electrons in the medium are divided into two

groups: valence electrons and inner-shell electrons. A model insulator

theory [6] is used to describe the valence electrons, while generalized

oscillator strengths are used to describe inner-shell ionization. The

theoretical model for e is based, in part, on optical data and has-been

employed previously for other solids [7] as well as for SiOo [8]. The

results of Ref. 8 have been improved by doing a more detailed fit of

e2(0,(i)), the imaginary part of the dielectric function for zero momentum

transfer, to experimental values [9] of z^ f°r crystalline SiO2 of density
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2.65 g/cm . The new fit is shown in Fig. 1 by the dashed curve, using a

band gap of 8.9 eV [10]. The sharp peak at 10.3 eV is generally agreed

to be due to an exciton transition, while the structure at higher energies

is less certain and is described by some workers as due to interband transi-

tions [11] or, most recently, as being due to excitonic resonances [10].

The assignment of the processes responsible for these features in e 2 may

be important in examining the detailed energy deposition processes in SiOg

as was done earlier for silicon [3] and water [12]. The fitting process

and the sum-rule checks for overall consistency have been discussed in

detail elsewhere [13]. The insulator model describes the dielectric

response of 16.8 effective valence electrons per SiO2 molecule at zero

momentum transfer. The effective number of valence electrons decreases

to 16 for large momentum transfers as the effective number of inner-shell

electrons increases to a value corresponding to the occupation numbers

for the inner shells [13].

Given e2(q>w) for the valence electrons, £-,(q,oj) was determined

from a Kramers-Kronig relation. The total energy-loss function for the

medium is given by
2*2n. df,(q)

Im [-l/e(q,u))] = Im [-l/e(q,(o)]val + Z —^ - J J J - (2)

where the f i r s t term on the right is the valence electron term as determined

by the insulator model and the second term is due to ionization of the

inner shells. The generalized oscillator strength for shell i , df.(q)/du,

was taken from McGuire's tables [14] for the K shell of oxygen, from

Manson's values [15] for the L shell of si l icon, and derived from hydro-

genic wave functions [16] for the K shell of silicon. The number of shells
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of type i per unit volume is n.. The energy-loss function in Eq. (2)

was constructed so that the energy-loss sum rule

r2u Im [-l/e(q,w)] = 2Tr2nQN (3)

is obeyed for any q where N = 30 electrons per SiOp molecule and n =

3.930x10" molecules per unit volume in atomic units. The energy-loss

function in the q = 0 limit (dashed curve) is shown in Fig. 2 for com-

parison with that determined by Buechner from electron energy-loss

measurements (solid surve) [17]. The main peak in our result lies

VI eV higher than Buechner1s, possibly due to a slightly different

density. The structure below the main peak is sharper for the insulator

model (or the optical data) than in the solid curve.

As a further check on the model dielectric function in the optical

limit (q = 0), we have evaluated the mean excitation energy I of crystal-

line SiO2 from [18]

i "

Inl = — 5 r — / dtu u Im [-l/e(0,w)] Znu (4)

2TT nQN 0

using Eq. (2). The mean excitation energy is found to be I = 142 eV, in

good agreement with the value 139.2 eV determined from proton range measure-

ments [19].

Given the model energy-loss function, Eq. (2), differential inverse

mean free paths were calculated from Eq. (1). Exchange corrections were

included as described previously [13,20]. The inverse mean free path,

or the energy loss per unit pathlength, for an electron of energy E is

determined by integrating T, or un, over allowed energy transfers.
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ELECTRON MEAN FREE PATHS

The results for electron inelastic mean free paths are shown in

Fig. 3 and listed in Table I with electron energies measured from the

bottom of the conduction band. These new results are ^20c* larger than

our earlier results [8] for E £ 80 eV. For comparison, predicted mean

free paths for electrons in silicon (p = 2.33 g/cm ) are also shown where

the "dashed" curve is from Ref. 8 and the "dot-dash" curve is from Ref.

21. The difference in these two calculations for silicon is ^ 3% for

E £ 60 eV. The curve for Si has approximately the same energy dependence

as the curve for SiO2 at the higher energies. For very low electron

energies, mean free paths in SiO2 are much larger than those in Si due

to the difference in the band gaps. Experimental data on electron mean

free paths in silicon are collected and discussed in the appendix.

Experimental measurements of electron mean free paths from three

sources are shown in Fig. 3. The sources of these data are: open circles,

Flitsch and Raider [22]; triangles, Klasson et al. [23]; and solid dot,

Hill et al. [24]. Reasonably good agreement is found between the theo-

retical result and the experimental measurements. The data of Flitsch

and Raider [22] are consistent with the energy dependence of the model

calculation but lie 20-25% below our predicted values. No attempt was

made in these comparisons with theoretical inelastic mean free paths to

eliminate the contribution of elastic scattering, differences in sample

densities, etc.
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STOPPING POWER FOR ELECTRONS

The results for the stopping power of SiO2 at a density p = 2.65

g/cm are shown in Table I in the form S1 = (1/p) (-dE/dx) where -dE/dx

is the energy loss per unit pathlength. These values are ^.25% lower than

our earlier tabulated results [8] near the Bragg peak around 150 eV but

agree to within 1% at 10 keV. For the smaller electron energies, the

stopping power is determined entirely by interactions with the valence

electrons. As the incident electron energy increases, ionization of the

inner shells becomes increasingly important in the stopping process and

accounts for <305o of the total stopping power at 10 keV.

In Fig. 4 the total stopping power is displayed as a function of

electron energy. Also shown is the total inner-shell contribution. For

E t 10 keV the Bethe-theory calculations of Pages et al. [25], recalculated

with I = 142 eV, are given by the dashed curve. The two theoretical cal-

culations differ by VI.5% at 10 keV. If the Bethe-theory calculation is

extended to lower energies, the difference between the two theoretical

predictions increases to ^5% at 1000 eV. Thare appear to be no experi-

mental data available for comparison.

MEAN PATHLENGTHS FOR ELECTRONS

From the stopping power we can determine the mean pathlength

traveled by an electron as its energy is reduced from E to EQ. This

mean pathlength is given by

RF (E) = JE dE7S'(E') . (5)
0 E0

The results for Rr are shown in Fig. 5 for two choices of the "cut-off"
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energy EQ in eV. The shape of the curves at the lower energies is very

sensitive to the choice of EQ since the difference R10(E) - R 2 Q ( E )
 =

f20 dE7S'(E'), and values of S1 in this energy region are small relative
10

to those near the Bragg peak. The curves become relatively insensitive

to EQ for large E.

The values of R10(E) are shown in Table I. The differences in these

values may be of more importance than the values themselves. For example,

suppose we wanted to know the irean pathlength traveled by an electron

of initial energy 300 eV as its energy is reduced to 200 eV. This is

given by R]0{300) - R1Q(200) = 0.76 yg/cm
2 or %29A for p » 2.65 g/cm3.

For comparison, a 10-keV electron will have a mean pathlength ^7 times

greater for the same energy loss.

DISCUSSION AND CONCLUSIONS

A model for the response of the valence electrons in SiOg to energy

and momentum transfers was combined with generalized oscillator strengths

for inner-shell ionization to determine a model energy-loss function for

SiOg. Various sum rules were employed to constrain and check the overall

behavior of this function and insure consistency with known physical

properties of the system. From the energy-loss function, differential

inverse mean free paths for inelastic processes were derived and used

to calculate electron inelastic mean free paths in SiO2 and the stopping

power of SiO2 for electrons. These quantities are useful if one is only

interested in the total energy deposited in the medium. However, for

studies of the distribution or statistics of the energy deposition processes

in the medium, the differential inverse mean free paths are the important
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quantities. They form part of the input data for Monte Carlo calculations

as described earlier for H20 [12,26] and Si [3]. The results of the calcu-

lations described in this paper will be incorporated in future studies of

the details of energy deposition in thin layers of SiOg and can be used

in conjunction with Ref. 3 to simulate actual device configurations con-

taining both Si and Si02-
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APPENDIX

Electron Mean Free Paths in Silicon

In Fig. 6 we have collected experimental data on mean frae paths for

comparison with our earlier calculations [7,8] for silicon at a density

of p = 2.33 g/cm . The heavy, solid curve is from Ref. 8. For E > 150 eV,

our theoretical result is in good agreement with all the experimental

values except those of Klasson et al. [23] indicated by the open triangles.

Those values show approximately the same energy dependence as the theo-

retical predictions but fall some 40-60K higher than the theory curve.

The dashed curve is Penn's result [28] for Si assuming silicon is a

free-electron-like material; this result agrees quite well with our

theoretical predictions (12% lower at E = 200 eV; 8% lower for E > 800 eV).

The experimental data (open squares) and theoretical predictions

(light, solid curve) of Zaporozhchenko et al. [27] depart significantly

from our predictions for E < 100 eV. Their theoretical calculation is

based on a quantum field theory approach and may indicate failure of the

Born approximation, employed in our calculations [8], at the lower electron

energies. This aspect of our calculations deserves further study. How-

ever, the difference in energy dependence of their predictions at the

higher energies from Penn's [28] or our [8] calculation is somewhat

puzzling.
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Table I. Electron inelastic mean free paths, stopping powers
for electrons, and mean pathlengths of electrons in SiO9. The

3
density of SiO2 is p = 2.65 g/cm , and electron energies are

measured from the bottom of the conduction band.

E (eV)

15

20

30

40

60

80

100

150

200

300

400

600

300

1,000

2,000

4,000

6,000

8,000

10,000

A(A)

170

73.0

23.9

13.7

9 09

8.40

8.40

9.26

10.4

12.7

15.0

19.5

23.7

27.8

46.7

81.3

114

144

173

S1 (MeV • cm2/g)

2.40

6.64

26.2

55.1

105

128

137

141

137

127

117

99.6

87.5

78.1

52.8

33.5

25.1

20.4

17.4

Rlo (ug/cm )

4.37

5.64

6.40

6.66

6.91

7.08

7.23

7.59

7.95

8.71

9.53

11.4

13.5

16.0

31.9

81.0

151

241

348
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FIGURE CAPTIONS

Fig. 1. The imaginary part of the dielectric function as a function

of photon energy. The solid curve is from the optical data

of Phillip [9]; the dashed curve is the insulator model fit.

Fig. 2. The dashed line shows the energy-loss function predicted by

the insulator model. The solid curve is from electron

energy-loss measurements by Buechner [17].

Fig. 3. The solid curve is the inelastic mean free path as a function

of electron kinetic energy for SiOp at p = 2.65 g/cm . Also

shown for comparison is A for electrons in Si at p - 2.33

g/cm ; the dashed curve from Ref. 8 and the dot-dash curve

from Ref. 21. Experimental data are from: Ref. 22 - O ,

Ref. 23 - A , and Ref. 24 - • .

Fig. 4. The stopping power S1 = (l/p)(-dE/dx) of SiO2 for an electron

of kinetic energy E. The dashed curve is the Bethe-theory

result for I = 142 eV.

Fig. 5. Mean pathlength as a function of electron energy for two values

of the "cut-off" energy Eg.

Fig. 6. Comparison of theoretical results and experimental data for

electron mean free paths in silicon. The heavy, solid curve

is from Ref. 8; the light, solid curve from Ref. 27; and the

dashed curve from Ref. 28. The sources ior the experimental

data are: 0 - Ref. 22; ± - Ref. 23; t - Ref. ?4; c - Ref. 27;

A - Ref. 29.
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