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and nonresonant diffusion, is then calculated. It
should be noted that the wave spectrum employed
in our ana, lysis contains a, wide range in k space
and there exist waves with small phase velocity,
e.g. , mph

= u~/&= 0.6C, for h =h,o, which can di-
rectly interact with ions. We find that the non-
resonant diffusion is essential for the ion-tail
formation. It is the nonresonant quasilinear dif-
fusion that brings a small portion of ions into the
ion-acoustic velocity range. Once an ion tail is
formed by the nonresonant diffusion, the resonant
interaction pulls more ions from the bulk into
the tail.

In conclusion, we have found that quasilinear
diffusion in velocity space is sufficient to explain
the mechanism of high-energy ion-tail formation
in current-driven ion-acoustic instability. The
nonresonant quasilinear diffusion plays an im-
portant role in the early stage, and later both
nonresonant diffusion mechanisms become im-
portant.
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Vibrational Excitations in a-Si:F and a-Si:(F,H) Alloys
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The vibrational excitations, both in the Si-bulk band mode region and above it at the
impurity centers in the various configurations for the a-Si:F and a —Si:(F,H) alloys, have
been obtained by using a cluster Bethe-lattice method. The predicted frequencies are in
excellent agreement with the available experimental data.

PAGS numbers: 63.50.+x, 72.80.Ng

Amorphous silicon (a-Si) is well known to be a
very promising material for low-cost solar cells
and field-effect transistors (FET's) for display
panels. Hydrogenated a-Si can be substitution-
ally doped, in contrast to a-Si, but the doping ef-
ficiency is much smaller because of, in part, the
presence of the appreciable density of localized

states in the energy gap of' a-Si; however, this
density is reduced by the incorporation of hydro-
gen, but not completely removed. Madan a,nd co-
workers' have reported that the addition of fluo-
rine to a-Si:H increases the doping efficiency of
the material, and also that the a-Si:(F,H) alloys
have much better thermal and mechanical stabil-



VOLUME 46, NUMBER 12 PHYSICAL REVIEW LETTERS 23 MARGH 1981

r

F 2%
3000

I

E
lJ

I—

LU—2000-

U
U
UJ
O
O

I I I I I

a-Si: F, H

Sample F p3

SiF4/pH -5
Hp

Si-H wag

Si-F str.etch

Si-Fp

SiFI, stretch—
SiFg

bend

UJ(3

X
U)

8 100%
Z 1000-0
I—
CL
K
O
CQ

0 I I i

2500 2100

stretch

I I I I I I i I i

1700 1300 900
WAVE NUMBER [cm-&]

si To

500

Si-F
wag

T =300OC

FIG. 2. Infrared absorption spectra of Fang et al .
(H,ef. 7) for &-Si:(F,H) alloys, along with their assign-
ment. The present assignment is different for some
modes (see Table I).
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FIG. 1. Infrared transmission spectra of a-Si:F
alloys measured by Shimada, Katayama, and Horigome
(Ref. 5) for some SiF4-Ar gas mixtures. The percent-
age shown in the figure is of SiF4 gas and the symbols
E&, I'&, and I 3 denote their assignment of the modes.

ities and less photo-structural changes than the
a-Si:H alloys. "The alloys are highly photocon-
ductive.

In order to understand the bonding configura-
tions of F and H atoms in a-Si, some infrared
absorption measurements in a-Si: F~' and in a-
Si:(F,H) alloys"' have recently been made.
Assignments of the observed lines to the various
atomic configurations have also been made in
these studies, although in some cases they are
conflicting. From a theoretical point of view, in
contrast to detailed cluster calculations for a-
Si:H alloys, "very few calculations'"" have
been reported for the Si:F system, and there is
no detailed calculation of the vibrational excita-
tions in a-Si: F and a-Si:(F,H) alloys. In the
present paper, I present the results of such a
study for these materials, using a cluster Bethe-
lattice method. The method has been used suc-
cessfully earlier for understanding the electronic
and phonon properties of various inhomogeneous
systems.

For the details of the cluster Bethe-lattice
method I refer to earlier papers. " I reproduce

here a part of the measured infrared spectra of
Shimada, Katayama, and Horigome' for a-Si: F
alloys (Fig. 1), and of Ley etal, .' for a-Si:(H, F)
alloys (Fig. 2).

In earlier studies with my collaborators, "a
four-parameter second-neighbor force model
was seen to be quite successful in generating the
phonon dispersion curves of Si and Ge in the sym-
metry directions. As the second-neighbor force
constants are quite small, I consider here only
the nearest-neighbor central and noncentral force
constants. The phonon density of the Bethe-lat-
tice model of bulk a-Si resembles closely the in-
frared data and TA and TO peaks appear at 200
and 510 cm ', respectively. Calculations have
been performed for the various configurations of
Si, F, and H atoms, as shown in Figs. 3-5. The
silicon atoms are connected to a Bethe lattice ap-
propriate for bulk a-Si. The force constants
chosen to reproduce the experimental frequencies
are shown in Table I.

Figures 3 and 4 exhibit the phonon density of
states at one Si atom and at one F atom in the
SiF, SiF„and SiF, configurations. For SiF, I
have reproduced a resonance near 300 cm ' and
a localized mode at 830 cm ' (Table I). An im-
purity-activated TO peak of Si appears near 510
crn ' in the bulk-mode region. For the SiF, con-
figuration [Fig. 4(a)] one observes the resonance
modes gt 300 and 330 cm '. The localized modes
appear at 868 and 968 cm '. For the SiF, config-
uration [Fig. 4(b)), resonances appear at 300,
375, and 520 cm ', and the localized modes at
839 and 1016 cm"'.

All the calculated localized-mode frequencies
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TABLE I. Assignment of the measured frequencies against the various con-
figurations in a-Si:F and a-Si:(F,II) alloys. o'. and P denote the central and ~~gu-
lar force constants, respectively.

Force constants
Confi-

guration Bond (10 dyn/cm)
Resonance and localized frequencies (cm ')

Cale ulated Measured

SiF
Si-Si 1.40 0. 17
Si-F 4.43 1.o1

Sit2 Si-F 5.40 1.o1

si-F 5.71 i.01

Sg-Q 2 ' 27 0.43
si-p 4. 43 i.01

SiP&H Si-8 2. 48 0.43
si-F 5.40 1.01

510
300
830

300
330
868
968

300
375
520
840

1O16

529
792
877
902

2000

300

385
529
82@

839
908
992

2090

490
300
850, 828, 830

300
525 (tentative)
s70 (s27)
965, (92o) , 95o",95o', 975

300
380
515 5&o

838
1o15,d, 1010b, c

515,510
828

890,900

1985 , 2000

300
525 (tentative)
380
515 , 510
828
840
890 , 900
975

2090, 2100

'Ref. 5.
Ref. 7.

Ref. 4.
Ref. 6.

are in excellent agreement with the data of Shi-
mada, Katayama, and Horigome' as is clear from
Table I. The measured Si-F stretching frequen-
cy in the SiF configuration varies from 830 to
850 cm ' in the reported experimental data. It
should be noted that a central force constant cho-
sen for each configuration gives two localized fre-
quencies in the SiF, and SiF, configurations, in
agreement with the measured frequencies. These
frequencies are not affected by the angular force
constant which determines the resonance modes
in the bulk-mode region. The twist mode at 330
cm ' is only Raman active and might be quite

weak in Raman spectra because of the matrix-
element effect.

I then calculated the phonon density for the
SiFH and SiF,H configurations [Figs. 5(a) and
5(b), respectively]. The central and angular
force constants for the Si-H bond were first fitted
to reproduce the experimental frequencies in
SiH, SiH„and SiH, configurations in pure hydro-
genated Si material, i.e. , 630 and 2000 cm ' for
SiH, and 850, 890, and 2090 cm ' for SiH, . For
the SiH, configuration, the calculated frequencies
are 875, 910, and 2140 cm '. For the SiH, and

SiH3 configurations, we also observe splittings
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FIG. 3. Local phonon density of states for SiF con-
figurations. The continuous and dashed curves depict
the densities at F and Si atoms, respectively, for &
= 4.43& 10 dyn/cm and P = 0.34&&10 dyn/cm, where
the resonance mode appears at 224 cm '. (The value
of P is different here from that of Table I in the text. )
The small dashed lines at Si atoms show the connection
to the Bethe lattice.
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FIG. 5. Same for Fig. 3 except that this is for (a)
SiFH and (b) SiF2H configurations. The density at H

atom appears mainly above the band-mode region.
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FIG. 4. Same for Fig. 3 except that this is for (a)
SiF, and (b) SiF, configurations.

the pure fluorinated Si materials.
The various resonance and localized modes for

the SiFH and SiF,H configurations are enumerat-
ed in Table I, along with the measured frequen-
cies by different workers. The resonance fre-
quencies at 300, 380, and 520 cm ' have been de-
tected by Ley etal. ' A perusal of Table I reveals
that almost all the predicted frequencies have
been seen in the infrared data.

ln the above calculation for Si:(F,H) alloys, the
interaction parameters used were those of the
pure Si:H and Si:F systems. However, they
might be affected by the induction effects" and
other effects arising from the local environment,
etc. The calculated frequencies will show some
variation and may lead to the disappea, rance of
some observed small discrepancies. It may be
noted that the possible occurrence of unwanted
impurities such as H and 0 in the measured sam-
ples (Figs. l and 2) may also give rise to peaks
observed at 650 and 1015 cm ', and one should
be quite careful while attempting an assignment.
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In molecular-dynamics simulations of BeF2 glass, it is observed that a few percent of
the ions are capable of displacements of the order of 1 A in 10 ps at temperatures lower
than 300 K. It is shown that these ions are located at well-defined defect sites in the glass.
The activation energy for such motion is between 0.03 and 0.2 eV. Ions making large dis-
placements often return to their starting points after a few picoseconds (periodic motion).
It is suggested that such mobile ions are responsible for the low-temperature anomalous
properties of glass.

PACS numbers: 61.40.Df

Many inorganic glasses have anomalous ther-
mal, acoustic, and dielectric properties at tem-
peratures ranging from a few millidegrees to
100 K.' The measured anomalies are of two
types. In a number of glasses at temperatures
above 10 K, including BeF, and silica, there is
a broad, strong acoustic absorption associated
with activated hopping over potential barriers of
height a few hundred to about 1000 K." At tem-
peratures below a few degrees Kelvin (where
vitreous silica has been studied most extensive-
ly), the situation is different. There, the speci-

fic heat, thermal resistance, and negative ther-
mal expansion are all unusually large and have
anomalous temperature dependencies. There is
considerable saturable acoustic absorption at all
frequencies below 35 GHz. Phenomenologically,
the excitations producing these very —low-tem-
perature anomalies are two-level systems (TLS)
with energy separations ranging from 0 to at
least 35 GHz.

The experimental results indicate that an atom,
or group of atoms, is somehow loosely bound and
so moves about relatively freely, presumably
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