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For electrons with energies below the band gap energy of ~9 eV in SiO2,
energy loss or gain occurs through phonon emission or absorption. Coupling to
the longitudinal optical (LO) modes has been considered by several workers in
connection with "electron-runaway" and subsequent "breakdown" when high
electric fields are applied to this insulator.1"3 The important role played
by acoustic phonon modes in predicting the breakdown field in SiO2 was
recently discussed by Fischetti4 and Fischetti. et al.6 following the
theoretical formulations described by Sparks, et al.6 We have re-examined
these interactions and evaluated the energy loss per unit pathlength and
transport mean free path to aid in a qualitative description of the behavior
of subexcitation electrons in SiO2. For example, energy losses and angular
deflections experienced by subexcitation electrons in matter are very
important in establishing whether geminate recombination occurs between an
ejected electron and its parent ion in radiation physics. The response of
solid-state devices to ionizing radiation is determined in part by
recombination processes, which in turn may depend importantly on the kinds of
cross sections that we consider here.

Interaction with LO Modes

For interaction with the LO modes we use the Frblich modelT as described
by Llacer and Garwin8 and by Fitting and Friemann.3 The contribution to the
stopping power from a single LO mode for an electron with speed v and energy E
is given by

dE
dx
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LO

where

Z = min i k (1 + >1 1 T hu/E )' kBZ/

j a = + k (1 - 4 1 T fto/E )
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exp (WkgT) - 1

Here V is the volume of the primitive cell, hw is the LO phonon energy, k^
P o

is the thermal energy of the lattice, and m is the electron effective mass.
The transport mean free path is given by

where

W ±

"l

and the scattering angle 0 for phonon emission (+) or absorption (-) is

determined from conservation of energy and momentum. We find
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The scattering rate is given by
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with the abbreviations "em" for phonon emission and "abs" for phonon
absorption.

For SiO2 ("ordinary low-temperature quartz") we have
9 V = 112.98 A3 or

762.3 au where au means atomic units (h=m=e=l). This value implies

.4267 au so E ™ = fik BZ/2m* = 2.48 eV with m* = 1 au. Each primitive cell

contains 3 SiO2 molecules so the average volume per molecule is V /3. This
P

number is the same as the average volume per molecule assuming a density of
2.65 g/cm3. For the electron effective mass take6



m /m =

1/2 . E £
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All results are calculated for "room temperature," kj,T = .025 eV.

The strength of the LO mode is proportional to 1/e-̂  - 1/t where e is

the static dielectric constant and Em is the dielectric constant in the

optical region below the onset of UV absorption. For alkali halides with a
single LO mode, the above equations can be applied directly; for SiO2 there
are several prominent LO modes. The division of the mode strengths can be
made from the infrared data of Spitzer and Kleinman. 10 The energy-loss

function, Im(-l/fe). for«SiO2 is shown in Fig. 1 as a function of wavenumber v
as determined from fitting parameters in Table I(a) and Eq. (1) of Ref. 10.
Of the several LO modes present, the two considered most important occur at

u = SOS.3 cm"1 (0.063 eV) and v = 1237 cm"1 (0.1534 eV). Since

CO ~

(5)

where vm is a value of v for which e = e.m, and taking 900 cm as the

separation point, the strengths of the two modes are found from Eq. (5) to be

900

= - — Im(-l/e) = .08104
.063 v J v

2500

i _ _ ^ l = 2 r d| Im{.1/£) = ill24
o J .1534

900

These numbers can be compared with values in Ref. 5 of .063 and .143 (only the
latter number can be found in Ref. 1, the purported source). The total
strength .193 is slightly smaller than the .206 of Ref. 5 but larger than the
value .181 used in Ref. 3.

The scattering rate will be described first since other calculations are
available for comparison. Scattering rates for emission and absorption
calculated from the constants described above are shown in Fig. 2. The total

scattering rate calculated with m /m = 1 for all electron energies, and with
mode strengths of Ref. 5, agrees well with predictions given in Fig. 5 of Ref.



5. Comparison of m /m = 1 results with Fig. 1 in the Fitting and Friemann
paper (Ref. 3) show that they use the sane strength, .181, for each mode and

15 -1
thus overestimate the total scattering rate. We find T (10 sec ) at .4 eV

(near the maximum) is .49 (with m /m = 1) and .70 (m /m = 1/2) compared with
the Fischetti value of ~.6 and the Fitting and Friemann value of ~.8.

The energy loss per unit pathlength due to energy loss to (and gain from)
LO phonons is shown in Fig. 3. The small increase in energy loss rate for T =
0° K can be seen only in the contributions from the low energy mode as shown
by the dashed curves. For E £ .17 eV. increases are much less than 1 percent.

The transport mean free path, calculated from Eq. (3), is shown in Fig. 4 as

A versus electron energy. The "acoustical" curve will be discussed later.

Interaction with Acoustical Modes

Our description of the interaction of an electron with acoustical modes
follows the treatment outlined by Sparks, et al.,6 as applied to SiO2 by
Fischetti.4lB Considerable uncertainty is present in these calculations due
to a variety of approximations as discussed in Refs. 4-6. We start with the
scattering rate for acoustic phonon emission (+) or absorption (-) given by

" 4TTM N hv
P c

where we have assumed the three acoustic modes will be treated as equivalent
with sound velocity C . The matrix element S(q) = S is assumed to be constant

s

for all q. Variation of the mass M from the mass of the primitive cell, M ,

for small q, to the mass of the heaviest constituents for q > kR7 is

incorporated through

Further definitions and assumptions are:

N = density of primitive cells

q

ckBZ . q>

9t I X1

fik = m v = s2m E



Q~ = 2k + 2m*C /fi
s

n(q) =

hCkBZ/E
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The energy loss per unit pathlength, or the contribution to the stopping power
of the medium due to interaction with the acoustic modes is

4TTM N v

P C

r dq q 3 f ( q ) _ r dq q 3 f ( q ) n ( q ) \
J J + } •
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The transport mean free path is calculated from

+
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where

l-q2 /2k2 + nco(q)/2E

U + hu(q)/E

and, again, the top sign corresponds to phonon emission by the electron and
the bottom sign corresponds to absorption of a phonon by the electron.

The parameters for SiO2 for these calculations are V = 762.3 au,

N = 1/V = 1.312 x 10"3 au, k,,, = .4267 au. and E,,- = 2.48 eV. For f(q). Mc p OL DL ' p



is the mass of 3 SiO2's while M is the mass of 3 silicon atoms for q 2 kjjZ' so

f(kB2) = 2.139 and C = 6.256. The "average" sound velocity is calculated from

Cp = 3.75 x 105 cm/s and C^ = 5.90 x 105 cm/s through 3/CT = 2/Cj. + 1/C^ for

3 3
"clear, fused quartz" with p = 2.2 g/cm . Scaling to p = 2.64 g/cm through
C = C" (2.2/2.64)^ gives C = 1.79 x 10~3 au. S = 3.5 eV from Refs. 4 and 5.

The scattering rate for interaction with acoustic phonons, T = -Y + T ,
ac

calculated from Eq. (6), is shown in Fig. 5 along with the total scattering
rate for interaction with LO phonons. The scattering rate T can be compared

ac
with Fischetfi's result,"1 a portion of which is shown by the dashed curve in
our Fig. 5. At 6 eV we predict 3.2 compared with 3.6 from Ref. 4 or 5. Since
the energy dependence should be the same for both calculations, the curves
should remain parallel for E > 6 eV. For E .> 3 eV, our curve is given

approximately by

7 a c ~0.22 [E(eV)]
1-5 .

The most obvious difference in the two results for t is in the location of

ac

the "kinks" in the curves at E~~/2 and EL,7, since Fischetti used a value for

twice as large as ours.

Both T. Fig. 5, and I/A , Fig. 4, are dominated at the higher energies by

interactions with the acoustic phonons. While contributions to I/A from

acoustic and LO phonons are of the same order of magnitude for E < 1 eV, the
stopping power (Fig. 3) is determined almost totally by LO phonons due partly
to the smaller average acoustic phonon energy. These features are manifest in
Monte Carlo trajectory simulations of electrons accelerated by small and large
values of electric field (Ref. 5, Fig. 12). At small fields the transport is
influenced mainly by forward, LO scattering while at high fields scattering by
acoustic modes dominates (small A ), i.e. many large-angle scattering events,
increasing the pathlength and thus the probability of energy loss to the LO
modes.

As an additional example of the use of this information in studying the
behavior of subexcitation electrons, we calculate the mean square pathlength
traveled by an electron in slowing down from an energy equal to the bandgap
energy, En ~ 9 eV, to an energy E. It is determined from the energy loss per

unit distance and the transport mean free path through

EG

r2(E) = 2 f — ^-^ . (9)



2 XA
The results are shown in Fig. 6. The root-mean-square pathlength, [r (E)] ,
for slowing to 1 eV is ~190 A while slowing to E = 0.1 eV gives ~ 220 A. At
electron energies below ~ 0.06 eV, the energy loss per unit pathlength becomes
negative since the electron can gain energy from the phonons for the "room-
temperature" case.
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process disclosed, or represents that its use would not infringe privately owned rights. Refer-
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