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Low-energy excitations in amorphous films of silicon and germanium

Xiao Liu and R. O. Pohl*
Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14853-2501

~Received 6 May 1998!

We present measurements of internal friction and shear modulus of amorphous Si (a-Si) and amorphous Ge
(a-Ge) films on double-paddle oscillators at 5500 Hz from 0.5 K up to room temperature. The temperature-
independent plateau in internal friction below 10 K, which is common to all amorphous solids, also exists in
these films. However, its magnitude is smaller than found for all other amorphous solids studied to date.
Furthermore, it depends critically on the deposition methods. Fora-Si films, it decreases in the sequence of
electron-beam evaporation, sputtering, self-ion implantation, and hot-wire chemical-vapor deposition
~HWCVD!. Annealing can also reduce the internal friction of the amorphous films considerably. Hydrogenated
a-Si with 1 at.% H prepared by HWCVD leads to an internal friction more than two orders of magnitude
smaller than observed for all other amorphous solids. The internal friction increases after the hydrogen is
removed by effusion. Our results are compared with earlier measurements ona-Si anda-Ge films, none of
which had the sensitivity achieved here. The variability of the low-energy tunneling states in thea-Si anda-Ge
films may be a consequence of the tetrahedrally bonded covalent continuous random network. The perfection
of this network, however, depends critically on the preparation conditions, with hydrogen incorporation play-
ing a particularly important role.@S0163-1829~98!07838-2#
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I. INTRODUCTION

In spite of the rapid development of amorphous Si (a-Si)
and amorphous Ge (a-Ge) technology in solar cells, thin
film transistors, flat panel displays, and many other appl
tions, many fundamental questions concerning these tetr
drally bonded amorphous semiconductors and their poss
relation to the electronic and optical properties of these m
terials still remain unanswered. An example is the lo
energy vibrational excitations in these solids, which are
subject of this investigation.

Shortly after the discovery of the anomalous lo
temperature properties of amorphous solids which indic
the existence of a broad distribution of low-energy exci
tions in addition to propagating phonons,1 it was proposed
that these low-energy excitations are caused by tunnelin
atoms or groups of atoms between nearly degenerate equ
rium positions.2,3 As a consequence, it was argued3 that the
tunneling motion is expected to be much less likely to oc
in tetrahedrally bonded amorphous solids because of t
overconstrained structure which restricts the atomic mot
Thus, it was hoped that by probing the absence of tunne
states ina-Si and a-Ge a microscopic foundation for th
two-level tunneling system~TLS! model would be provided
which had been highly successful in providing a phenome
logical description of the thermal and elastic properties
amorphous solids.4

However, in spite of much experimental effort, it r
mained unclear whether or not the low-energy excitatio
exist ina-Si anda-Ge. This uncertainty is mainly due to th
fact thata-Si anda-Ge can only be prepared as thin film
which are poorly suited for the standard techniques use
detect those states, i.e., thermal conductivity, specific h
and acoustic waves. For example, the thermal conducti
of a-Ge films was found to be dominated by Rayleigh a
boundary scattering,5,6 which made it difficult to identify the
PRB 580163-1829/98/58~14!/9067~15!/$15.00
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expectedT2 temperature dependence below 1 K. Specifi
heat measurements ona-Ge ~Refs. 7–9! and a-Si ~Refs.
10,11! films could not resolve the typical linear temperatu
dependence, and resulted only in upper limits of the den
of tunneling states. These were determined to be somew
smaller than those observed in other amorphous solids,
by a factor of 5 smaller than in amorphous SiO2 (a-SiO2) at
most. The technique of surface acoustic waves was app
to search for the logarithmic temperature dependence of
relative variation in sound velocity at low temperatures.12–15

However, the results were conflicting, possibly because
the limited sensitivity of the technique and influence of a
cidentally incorporated impurities during sample prepa
tions and heat treatments.

Another problem may arise from the fact that thin film
prepared by condensation from the vapor phase are fur
away from the equilibrium state than amorphous solids p
duced by quenching from the melt. Therefore their physi
properties might depend on the preparation methods, v
able conditions within each method, heat treatments,16 and
incorporation of hydrogen.17 The influence of these addi
tional parameters on the low-energy excitations ina-Si and
a-Ge films may have been important in earlier experime
and requires a more systematic study.

The objective of the study reported here is to use
double-paddle oscillator technique to investigate the lo
energy excitations ina-Si and a-Ge films. This technique
was developed specifically to probe the low-energy exc
tions in thin films.18 It has been found that the backgroun
damping of the torsional oscillation of double-paddle osc
lators is extremely low~internal frictionQ21;1028) so that
the low-temperature internal friction of thin films deposite
onto them can be studied with great sensitivity. This te
nique has been used successfully to detect energy dissip
caused by films ofa-SiO2 as thin as 7.5 Å.19 Using the same
technique, we are now able to show unambiguously the
9067 © 1998 The American Physical Society
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TABLE I. The parameters of the TLS model,P̄g2 andC ~see text for explanation!, obtained from earlier meaurements are compared w
those determined in this work. For simplicity, we use the transverse sound velocity in all cases. This introduces typically about 2

in convertingP̄ obtained in specific-heat measurements toC. The relationship between sound velocities of transverse and Rayleigh w
is unknown. However, as has been frequently done in earlier work~Ref.13!, we assumevR'v t in this work as well. We assume the couplin
energyg for all a-Si anda-Ge films listed here to be the same as that determined by Duquesne and Bellessa fora-Ge ~Ref. 13!. Parameters
in brackets are not originally given in the references cited in column 2. They are introduced or calculated here to complete the com
The symbolsa, Dv/v0 , and Cp in column 2 have the meaning of acoustic attenuation, variation of sound velocity, and specific
respectively. For the sake of clarity, the results of earlier work on thea-Si:H films are not included in this table.

Previous work This worka

Samples References r v P̄ g P̄g2 C P̄g2 C

(g/cm3) (105 cm/s) (1031 /erg cm3) ~eV! (107erg/cm3) (1025) (107 erg/cm3) (1025)

e-beama-Ge Cp ~Ref. 9! ~4.2! ~1.92! ,1.4 ~0.36! (,0.53) (,3.4) 0.7 4.5
e-beama-Si Cp ~Ref. 11! ~2.1! ~3.85! ,5.4 ~0.36! (,1.8) (,5.8) 3.0 8.3
Sputtereda-Si a ~Ref. 12! ~2.1! ~3.85! ~7.8! ~0.36! 2.6 8.2 1.2 3.8
Sputtereda-Si Dv/v0 ~Ref. 12! ~2.1! ~3.85! ~4.5! ~0.36! ,1.5 ,4.8 1.2 3.8
Sputtereda-Ge a ~Ref. 14! ~4.2! ~1.92! ~2.1! ~0.36! 0.71 4.1 0.7 4.5
Sputtereda-Ge a ~Ref. 13! 4.7 3.2 ~4.0! 0.36 1.35 2.8 0.7 4.5
Sputtereda-Ge Dv/v0 ~Ref. 13! 4.7 3.2 ~4.0! 0.36 1.35 2.8 0.7 4.5
Sputtereda-Si a ~Ref. 15! 2.0 4.0 ~3.0! ~0.36! 1.0 3.1 1.2 3.8
Sputtereda-Si Dv/v0 ~Ref. 15! 2.0 4.0 ~1.1! ~0.36! 3.5 11.0 1.2 3.8
Bulk a-SiO2 ~Ref. 22! 2.2 3.8 8 0.65 9.2 29.0

aDetermined from internal friction plateau andGfilm as given in Sec. IV.
a
e
de

o

n

Th
ed

e
he
,

e

ig

w
ir
ta
lm
al
e
ea
n
.

e

o-
ates
-

or

t of

his
er

ring

ri-
an-
by

ic
an

r
r,
tec-
ly
be

the
thin
ling
tive
istence of the low-energy excitations in botha-Si anda-Ge
films, and will report here that they resemble those of
amorphous solids. Their concentration, however, as m
sured through the magnitude of the temperature-indepen
plateau of the low-temperature internal friction,Q0

21 , can
vary over two orders of magnitude and depends critically
film preparation and heat treatment. Among thea-Si and
a-Ge films studied in this work, the highest internal frictio
is found in e-beama-Si films, but even itsQ0

21 is smaller
than that of any known amorphous solid studied to date.
smallest Q21 has been found for certain hydrogenat
a-Si (a-Si:H) films as reported recently.20 The variability of
the low-energy excitations in these tetrahedrally bond
amorphous thin films is in contrast to the universality of t
low-energy tunneling states in all other amorphous solids
which values ofQ0

21 range between 1.531023 and 1.5
31024 ~Ref. 21!—the so-called ‘‘glassy range.’’ Possibl
reasons for this different behavior ina-Si anda-Ge will be
discussed, and may shed new light on the microscopic or
of the intriguing low-energy excitations.

The outline of the paper is as follows. In Sec. II, a revie
of the earlier investigations will be given including the
analyses within the TLS model. In Sec. III, the experimen
method employed here will be presented. In Sec. IV, fi
preparation and characterization will be described, and
some of the film properties, like mass density and sh
modulus, which are needed for the evaluation of our m
surements, will be summarized. Sections V, VI, and VII co
tain the experimental results, discussion, and conclusion

II. REVIEW OF EARLIER WORK WITHIN
THE TLS MODEL

According to the TLS model, a wide distribution of th
asymmetrye and of the tunneling parameterl which de-
ll
a-
nt

n

e

d

in

in

l

so
ar
-

-

scribes the overlap of the wave functions of double-well p
tentials leads to a constant spectral density of tunneling st
P(e,l)5 P̄. This in turn yields the linear specific heat com
monly observed in amorphous solids:

Cp5
p2

12
kB

2 P̄T ln
4t

tmin
, ~1!

wherekB is Boltzmann’s constant,t the measuring time, and
tmin the minimum relaxation time of the tunneling states. F
a typical measuring time~1 to 10 s! at low temperatures (T
,1 K), one finds22 ln(4t/tmin)'20.

In measurements of the low-temperature specific hea
sputtereda-Ge ~Ref. 7! and a-Si ~Ref. 10! films performed
above 1 K, a softening of the lattice has been observed. T
softening, a prelude for possible tunneling states at low
temperature, was confirmed by inelastic neutron scatte
measurements.23 The specific-heat measurements of bothe-
beama-Ge ~Refs. 8,9! and a-Si ~Ref. 11! films performed
below 1 K was found to be dominated by magnetic cont
butions arising from exchange-coupled clustering of d
gling bonds. After suppressing the magnetic contribution
applying a 6 Tmagnetic field, an upper limit for a magnet
field-independent linear term was given. It translated to
upper limit for P̄ of 1.431031 and 5.431031 erg21 cm23 for
e-beama-Ge anda-Si films, respectively, somewhat smalle
than that ofa-SiO2 ;22 see Table I for comparison. Howeve
since the measurements were done almost within the de
tion limit of the technique, it could be safely concluded on
that if there were tunneling states, their density ought to
smaller than ina-SiO2 .

Much work was done using surface acoustic waves,
so-called Rayleigh waves. Such waves propagate in the
film, and sometimes also extend into the substrate. Tunne
states can be probed by the logarithmic rise of the rela
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variation of sound velocityv with increasing temperatur
due to the resonant scattering of phonons by those stat
low temperatures:

S Dv
v0

D5
v2v0

v0
5C• ln

T

T0
, ~2!

wherev0 is the sound velocity at an arbitrary reference te
peratureT0 , andC is the tunneling strength given by

C5Cl ,t5
P̄g l ,t

2

rv l ,t
2

, ~3!

whereg l ,t is the coupling energy of the phonons to the tu
neling entities, and the subscripts denote the coupling en
of transverse~t! and longitudinal~l! phonons. SinceC has
been found to be insensitive to the modes of the sound w
we omit those subscripts here and in the following.

The quantityC appears not only in the expression of t
relative variation of sound velocity@Eq. ~2!#, but also in the
thermal conductivity and the internal friction at low temper
tures. The internal friction plateau below 10 K is a dire
measure ofC with

Q0
215

p

2
C. ~4!

Although the individual quantities in the expression forC
may vary by more than two orders of magnitude, the quan
C is found to have a value between 1024 and 1023 for all
amorphous solids studied so far.24 This is the universality of
the anomalous low-temperature properties of amorphous
ids referred to above. Therefore, internal friction measu
ments at low temperatures, as will be presented in this pa
offer a simple way to detect low-energy excitations witho
mathematical complications.

Ultrasonic attenuation,a, which can also be probed b
surface acoustic waves, relates directly to the internal frict
by Q215(v/v)a.25 However, one has to keep in mind th
the evaluation of the Rayleigh wave attenuation is com
cated due to the spatial inhomogeneity of the deforma
field,13 which causes difficulties in determining the couplin
energygR and sound velocityvR of Rayleigh waves.

Sputtereda-Si films were investigated by v. Haumed
et al.12 using surface acoustic waves. The relative variat
of sound velocity did not show a logarithmic temperatu
dependence as predicted in Eq.~2!. Instead only an uppe
limit of P̄g2 was given, which was smaller than that
a-SiO2 ; see Table I for comparison. This failure to probe t
tunneling states was attributed to the film thicknesses wh
were smaller than the penetration depths, so that a large
portion of the sound wave travelled in the substrate, mask
the effect of the tunneling states as suggested by Duqu
and Bellesa.13 Although the authors12 did observe an attenu
ation shoulder at about 10 K, typical of tunneling states
300 MHz, they suspected it to be caused by residual oxy
impurities accidentally incorporated during deposition. In
similar study on sputtereda-Ge films by Bhatiaet al.,14 a
similar conclusion was drawn.

Subsequent measurements of sputtereda-Ge films by Du-
quesne and Bellesa13 identified the logarithmic temperatur
at
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dependence ofDv/v0 using much thicker films so that th
Rayleigh waves propagated only in the film. In addition, t
authors demonstrated that the logarithmic temperature
pendence could also vanish when the frequency was red
so that the Rayleigh waves extended into the substrate. T
authors were able to present a consistent description of
relative variation of sound velocity and of the acoustic a
sorption using a single set of parameters on the basis of
TLS model.13 These parameters are summarized in Tabl
Annealing at 350 °C for 5 h did not cause a reduction of th
tunneling states, but a 20% increase ofC. The authors con-
sidered this as conclusive evidence of the atomic tunne
states in these films, since it is known that heat treatm
hardly affects the tunneling states in bulk amorpho
solids.26 However, it has also been suggested14 that oxygen
impurities might be extremely effective in forming tunnelin
states ina-Ge films. We consider this to be a likely expla
nation because of the low deposition rate and the relativ
poor vacuum used in these experiments during deposi
and annealing. As a demonstration of the high sticking pr
ability of oxygen onto vaporized Si atoms, wee-beam
evaporateda-Si under a vacuum of;1026 torr with a depo-
sition rate of 10 Å/s. The oxygen content was found to be
at. % as checked by Rutherford backscattering spectrom
~RBS!. As will be demonstrated in this work, a significa
reduction in the density of the tunneling states in thin film
of very purea-Si and a-Ge may indeed be possible upo
thermal annealing.

Measurements on sputtereda-Si films by Tokumoto
et al.15 also revealed the existence of tunneling sta
through a logarithmic temperature dependence ofDv/v0 ,
consistent with the results by Duquesne and Bellessa
sputtereda-Ge films.13 Again, see Table I for the paramete
derived by Tokumotoet al. While the authors attributed th
shoulder of the acoustic absorption at 10 K to oxygen im
rities, they concluded that the effect observed in the variat
of the sound velocity was not affected by oxygen althoug
50% increase ofP̄g2 was observed after exposure to air f
6 months.15 It has been found that exposure ofa-Si films to
air will not change the oxygen content as much as deposi
or annealing in poor vacuum.16 We suggest that more carefu
surface acoustic wave measurements are required to cl
the influence of deposition conditions and the effect of a
nealing ina-Si anda-Ge films.

For the variousa-Si anda-Ge films studied, the coupling
energyg was determined only for sputtereda-Ge films by
Duquesne and Bellessa.13 Assuming the same value ofg for
all other a-Si anda-Ge films, one can make a rough com
parison between quantities determined in specific heat m
surements and in acoustic or elastic measurements. Th
done in Table I. As can be seen, the agreement of the va
or the upper limits ofP̄g2 andC determined by specific hea
and by surface acoustic waves is in fact reasonably goo

The limited suitability of the dielectric and thermal con
ductivity experiments for detecting tunneling states ina-Si
anda-Ge films has been thoroughly discussed by Duque
and Bellessa.13 Therefore, we will not review those measur
ments here.

There have been some experimental efforts to determ
the existence of tunneling states ina-Si:H anda-Ge:H films



e

ic
y

ne
in

i
of
y
e
m
it
fe
in
at

n

it

lin

d
e
in
e

d

-

e
he

av
w

.
ri

fe

id
i
i

an
A
e
n
c

he
es.
ed
ccu-

ff.
of

the
in

ad
e

nce
tion
be
lly

or
n

he
ant
of
r of
ak-
in
f

ode
ngs
nant
by
f the
ass
18.
by
nd

the
re

9070 PRB 58XIAO LIU AND R. O. POHL
as well. Specific-heat measurements by v. Lo¨hneysen of an
a-Si:H film with 35 at. % H prepared by plasma-enhanc
chemical-vapor deposition~PECVD! onto a crystalline Si
substrate held at room temperature27 indicated contributions
from both tunneling states and magnetic excitations wh
disappeared after annealing at 210 °C. A combined stud
specific heat and thermal conductivity of PECVDa-Si:H
films with 17 at. % H deposited at 120–180 °C by Graeb
et al.28 showed evidence for a spectral density of tunnel
statesP5931031 erg21 cm23, similar to that ina-SiO2 ,
which was attributed to both intrinsic tunneling states as
H-freea-Si films and H related ones involving the motion
hydrogen atoms. In contrast to the specific-heat study b
Löhneysen,27 no sign of a magnetic contribution could b
inferred, which might be due to the elevated depostion te
perature. We have to point out that thermal conductiv
measurements performed on the same sample also suf
from the complications discussed in Ref. 13, where four
dependent parameters were used to fit three phonon sc
ing processes.28

Observation of tunneling states in PECVDa-Si:H films
was also reported in the logarithmic temperature depende
of Dv/v0 using surface acoustic waves,17 where theP̄g2 was
found to increase from 63107 erg/cm3 for a-Si:H contain-
ing 14 at. % H, to 4.23108 erg/cm3 with 27 at. % H. The
value ofP̄g2 for a-SiO2 ~see Table I! lies between those two
values. A similar increase of the acoustic absorption w
increasing H content was observed as well.17 However, ap-
plying the same surface acoustic wave technique, tunne
states were not observed in sputtereda-Si:H ~Ref. 29! or
a-Ge:H films ~Ref. 30! with H concentrations up to 15 an
25 at. %, respectively. This again might be due to the ins
sitivity caused by the relatively thin-film thicknesses used
those experiments. However, a nonmonotonic dependenc
the acoustic absorption on the H content was observe
sputtereda-Si:H films ~but not in sputtereda-Ge:H) with a
maximum absorption at 1.5 at. % H.29

In view of these earlier investigations, there is only lim
ited information on the tunneling states ina-Ge anda-Si,
and no clear picture as to the effect of hydrogen. Moreov
most of the earlier results are limited by the sensitivity of t
techniques used.

III. EXPERIMENTAL METHOD

The fabrication and use of double-paddle oscillators h
been described in Ref. 18 and references therein. Here
only summarize some points directly related to this work

The double-paddle oscillators shown in Fig. 1 are fab
cated from superpure, undoped, float-zone silicon wa
(^100& oriented, 30065 mm thick! with room-temperature
electrical resistivities greater than 10 kV cm. The head and
wings are connected by a narrow neck about 1 mm w
The wings in turn are connected to the foot by a leg which
longer and narrower than the neck. The foot is attached w
Stycast 2850 FT epoxy to an Invar block, the thermal exp
sion of which closely matches that of crystalline silicon.
metal film ~30 Å Cr 1 500 Å Au! is then evaporated on th
back side of the oscillator, without coating the neck a
head. This film makes electrical contact to the Invar blo
d
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which is electrically grounded to the cryostat, so that t
oscillator can be excited capacitively into its resonant mod
The driving and detection circuit is kept in a phase-lock
loop, so that the resonant frequency can be measured a
rately ~1 part in 108). The internal friction is measured from
the free amplitude decay after the driving force is turned o
The antisymmetric mode, with a resonant frequency
;5500 Hz, has an extremely small internal friction (Q21

;1028) at low temperatures. In this mode the head and
wings vibrate out of phase, twisting the neck as illustrated
Fig. 1 by the arrows. The small rotational inertia of the he
relative to that of the wings minimizes the twisting of th
leg. This greatly reduces the clamping loss. In addition, si
the metal film does not cover the neck, the energy dissipa
of the metal film to the antisymmetric mode can
minimized.31 This special design ensures an exceptiona
small damping of the oscillator, so that very thin films
films with very little internal friction can be studied whe
they are deposited onto the neck.19,20

The symmetric mode, in which the leg is twisted by t
in-phase oscillation of the head and wings with a reson
frequency of;410 Hz, is also used. Due to the clamping
the foot, the damping of this mode is more than one orde
magnitude higher than that of the antisymmetric mode, m
ing it less sensitive for the internal friction study of th
films. However, by not coating the leg with the thin film o
interest, the resonant frequency shift of the symmetric m
before and after the film is deposited on the neck and wi
is solely determined by the mass increase while the reso
frequency shift of the antisymmetric mode is determined
both the mass increase and change in shear modulus o
paddle oscillator. This provides a way to determine the m
and the shear modulus of the film, as was detailed in Ref.

Before mounting the paddle oscillator, it is cleaned
dipping it in 25% HF followed by acetone, isopropanol, a

FIG. 1. The double-paddle oscillator: the arrows ilustrate
oscillation in the antisymmetric mode. Thin films of interest a
deposited or ion-implanted on the shaded area of the neck.
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deionized water rinses, and blown dry. The HF removes
800 Å thick amorphous Si3N4 layer used as an etch mas
during the KOH etching. After this cleaning, the surface
the substrate is considered semiconducting grade clean
ready for thin-film deposition or implantation~see Sec. IV!.

The internal friction is measured in an evacuated3He
cryostat in the temperature range from 0.5 K to room te
perature with a sample chamber pressure always smaller
231027 torr. The sample temperature is determined b
calibrated germanium thermometer from 0.5 to 30 K, an
calibrated Pt thermometer from 30 K up to room tempe
ture. Before each data point is taken, the temperature is
bilized until there is no detectable change in resonant
quency of the oscillator. Because of the good vibrat
isolation, the background internal friction of a bare pad
can be reproduced within 10% from paddle to paddle, a
within 1% for the same paddle in separate runs. No str
amplitude dependence was observed for strain amplitud
to 531025.

Deposition of a thin film~layer! onto the double-paddle
oscillator will change the internal friction of the padd
(Qpaddle

21 ). From the increase above the background (Qbare
21 ),

the internal friction of the filmitself (Qfilm
21) can be obtained

through18

Qfilm
215

Gsubtsub

3Gfilmtfilm
~Qpaddle

21 2Qbare
21 !, ~5!

whereG and t refer to the shear moduli and thicknesses
the paddle~substrate! and the film ~layer!, respectively.
Since the torsional motion of the neck is along the^110&
orientation, its shear modulus can be calculated from
known elastic constants of Si~Ref. 32! as Gsub56.2
31011 dyn/cm2. As mentioned above, the absolute value
the shear modulus of a thin film can be determined from
resonant frequency shifts of the symmetric and antisymm
ric modes before and after the film has been deposited~or
ion-implanted!.18 However, this can be done accurately on
when the film is depositedin situ33 because the resonan
frequency is also slightly sensitive to the mounting. In t
present work we therefore calculateGfilm via

Gfilm5rv t
2 , ~6!

wherer andv t are the mass density and the transverse so
velocity of the thin film respectively, inferred from literatur
In some cases, it was possible to compare theGfilm values
using both methods~see Sec. IV for details!.

The relative variation of the sound velocity of a thin fil
as the temperature is changed can be measured as follow
(D f / f 0)sub is the relative variation of the resonant frequen
of the bare oscillator with temperature, withf 0 being the
frequency at some reference temperatureT0 ; and if (D f / f 0)
is the relative variation of the resonant frequency of the
cillator, also atT0 , after the deposition of a thin film, th
relative variation of the sound velocity of the thin film
given by

S Dv
v0

D
film

5
Gsubtsub

3Gfilmtfilm
F S D f

f 0
D2S D f

f 0
D

sub
G . ~7!
e

f
nd

-
an
a
a
-
ta-
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f

e

f
e
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-

For our high-purity silicon oscillators operating at 5500 H
there is no observable temperature variation of (D f / f 0)sub
below 1 K for torsional oscillation along thê110& orienta-
tion. (D f / f 0)sub decreases gradually with increasing tem
perature above 1 K as thelattice softens due to anharmonic
ity. Similar behavior has been found in crystallin
germanium in the samê110& orientation in ultrasonic
measurement.34

IV. FILM PREPARATION AND CHARACTERIZATION

The e-beam evaporation was done in a high vacuu
chamber under a pressure of 231027 torr during deposi-
tion. The silicon source was the same material as that fr
which the paddle oscillator was made, while the germani
source was commercially 99.999% pure. They were eva
rated from a vitreous coated carbon crucible at normal in
dence at a deposition rate of 25 Å/s, while the paddle os
lator was kept below 100 °C by water cooling. The oxyg
content in the film was found to be below the detection lim
of RBS ~1 at. %!. In order to check for possible effects o
damping due to the interface, threee-beam a-Si films of
different thicknesses~43, 500, and 1700 nm! were evapo-
rated separately under identical conditions.

For e-beama-Si anda-Ge films, the sound velocities use
to evaluate our data are 76.8% and 81.6% of the corresp
ing directionally averaged ones in their crystalline count
parts, respectively, as determined by Cox-Smithet al.,35 who
found no substrate temperature dependence up to 23
during deposition. The mass densities of thea-Si anda-Ge
films are uncertain sincee-beam films are porous, and the
microstructure and mass density depends on the condit
of film preparation and on the thermal history of the film
Following Williamson et al.,36 we assume a mass densi
deficit of 10% relative to the crystalline phase for bothe-
beama-Si anda-Ge films and also for both sputtereda-Si
and a-Ge films. Applying Eq.~6!, we obtainGfilm53.63
31011 dyn/cm2 for the e-beama-Si films andGfilm52.90
31011 dyn/cm2 for the e-beama-Ge films. Adding the fact
that no measurable mass density change (,5%) of the films
was found by measuring the film thickness with stylus p
filometry for e-beama-Si anda-Ge films after annealing a
350 °C for 5 h, we use the sameGfilm for both as-evaporated
and annealed films. As an additional check for our estim
tion, we determinedrfilm and Gfilm of an e-beama-Si film
from the resonant frequency shifts of both antisymmetric a
symmetric modes before and after the film had been eva
rated without taking the paddle oscillator from its mountin
They were in good agreement with those determined via
~6!.

The sputtering was done in a magnetron sputter syst
Commercial 99.999% pure targets were used for both sili
and germanium. The argon partial pressure was
31023 torr with background pressure of 431027 torr, and
the substrate was kept at room temperature. Sputtering
incorporate impurities~e.g., Ar! typically a few atomic per-
cent in the thin film, and the films are less stressed than
ones prepared bye-beam evaporation.37 Here we use a shea
modulusGfilm53.1031011 dyn/cm2 for sputtereda-Si films
and Gfilm51.6031011 dyn/cm2 for sputtereda-Ge films,
based on sound velocity measurements of Rayleigh38 and
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Young’s waves.39 The film thickness was found to be un
changed by stylus profilometry after annealing, indicating
measurable mass density increase. Although a 5–10 %
crease of sound velocity of sputtereda-Si films after a
500 °C anneal was mentioned in Ref. 39, this will on
changeQfilm

21 by 10–20 %, much smaller than the change o
served here~see below!. Therefore, just as fore-beam films,
we will ignore the effect of annealing on the shear modul

Amorphization of crystalline Si (c-Si) induced by self-ion
implantation provides a different morphology ofa-Si. The
oscillator was implanted at room temperature using a Var
Extrion 200-1000 implanter. We used28Si1 ions to implant
one side of the oscillator under an angle of 7° off the axis
avoid channeling. Three energies, 50, 120, and 180 K
were used to achieve uniform amorphization, each at a d
of 731015 cm22. The average power generated by acce
ating the ions was kept below 45 mW/cm2 to avoid in situ
annealing. This resulted in an amorphized silicon layer 3
nm thick, as determined by cross-sectional transmission e
tron microscopy,40 by RBS channeling, and also by a Mon
Carlo simulation~TRIM code!, all of which agreed very well.
In contrast to physical-vapor deposition~PVD! as described
above, the structure is dense and no nanovoids can be
tected by small-angle x-ray diffraction36 for silicon layers
properly amorphized by ion implantation. The mass den
of the resulting amorphous structure is only 1.7% sma
than that ofc-Si.36 Incorporation of impurities should also b
much less likely. Since the sound velocity is about 90%
that in c-Si,38,41 we usedGfilm55.5431011 dyn/cm2 for
both as-implanted and annealed layers.

For use as a semiconductor, the dangling bonds ina-Si
films have to be passivated by hydrogen.42 Recently, the use
of low-pressure hot-wire-assisted chemical-vapor deposi
~HWCVD! to improvea-Si:H ~Refs. 43,44! has received in-
creased attention. Through appropriate choice of conditio
it is possible to produce device qualitya-Si:H over a wide
range of hydrogen concentrations. The HWCVD films a
superior both structurally and electronically to the PECV
films for small hydrogen contents (!10 at. %). In particu-
lar, HWCVD a-Si:H containing as little as 0.07 at. % H ex
hibits device-quality electronic properties.44 This concentra-
tion is just sufficient to passivate the dangling bon
indicating that excess H is not necessary and may indee
detrimental. Ina-Si:H, hydrogen is not uniformly distributed
throughout the amorphous lattice but rather has its own
crostructure. More than 99% of the hydrogen is eith
bonded as silicon monohydride or dihydride in device qu
ity a-Si:H.45 In HWCVD a-Si:H with 2 at. % H, over 90%
of the hydrogen has been observed to form clusters in
than 10% of the total volume.46 Isolated hydrogen is distrib
uted over about 20–30 % of the total volume,46 leaving a
major fraction of the volume without hydrogen at all. Th
structural properties of the HWCVD material with small h
drogen concentrations are also remarkable. Nanovoids
not be detected by any technique, and x-ray-diffract
measurements47 show this material to have a 20% narrow
first diffraction peak than PECVDa-Si:H, indicating in-
creased medium range order.48

HWCVD a-Si:H films were grown at the National Re
newable Energy Laboratory in a high vacuum single cha
ber reactor. The base pressure prior to admitting the S4
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was about 431027 torr. Internal friction results of three
HWCVD a-Si:H films are presented in this work. Two o
them ~Nos. HW133 and H71! were of the best device qua
ity, deposited at a rate of 8 Å/s onto the necks of the os
lators held at 380 °C, which led to an incorporation of abo
1 at. % H. The third one~No. THD217! was deposited at a
rate of 33 Å/s onto the neck of an oscillator held at 300 °
which resulted in 4 at. % H. The H contents were determin
by measurements of the IR absorption strength of the S
wagging mode at 630 cm21 ~Ref. 49! on companion
samples. Internal friction was measured again for sam
H71 and THD217 after the hydrogen was driven out by a
nealing at 500 °C and 331027 torr for 24 h in a quartz
tube. The temperature was ramped up at 1 °C/min and d
at 0.5 °C/min to avoid both explosive evolution of hydrog
during heating and quenched-in metastable defects du
cooling. Since there exist no sound velocity measureme
on HWCVD a-Si:H films to date, we assumed its she
modulus to be equal to that of silicon layers amorphized
ion-implantation because of their similarly dense structure50

Selected films, especially the HWCVDa-Si:H films, were
checked for amorphicity by small-angle x-ray diffractio
Raman scattering, electron diffraction, and high-resolut
cross-sectional transmission electron microscopy~see Fig. 2
in Ref. 20!. They all showed the typical features of amo
phous solids with no sign of any inclusion of crystallin
phase. Film thicknesses were measured by stylus profil
etry, except for the silicon layer amorphized by ion impla
tation which was described above.

V. EXPERIMENTAL RESULTS

A. Internal friction of a-Si films

Figure 2~a! shows the internal friction of paddles carryin
500 nm thicke-beam amorphous films, as-evaporated a
after annealing at 350 °C for 5 h. The solid line is the bac
ground internal friction of a paddle without film. Also show
is the internal friction of a paddle carrying a 400 n
molecular-beam epitaxial~MBE! silicon layer grown at
Texas Instruments. This film has no observable effect on
internal friction. Since a high-quality MBE layer is a simp
extension of the crystalline silicon substrate, this absenc
an effect is to be expected. In contrast, a 500 nme-beama-Si
film increasesQpaddle

21 by more than one order of magnitud
Annealing at 350 °C leads to a reduction ofQpaddle

21 , although
the film remains amorphous.51 The corresponding interna
friction of the e-beam a-Si films, Qfilm

21 , calculated from
these measurements after Eq.~5!, is shown in Fig. 2~b!. Both
the as-evaporated and the annealed films show the chara
istic plateau of amorphous solids below 10 K, indicating t
existence of a broad distribution of the low-energy exci
tions with constant spectral density of statesP̄. For compari-
son, the internal friction of bulka-SiO2 , measured at 4500
Hz on a double-paddle oscillator made out of bulk Supra
W,52 is shown in Fig. 2~b! as a solid line, representing th
internal friction of typical amorphous solids. The intern
friction of thin a-SiO2 films measured with the same doubl
paddle oscillator technique was found in good agreem
with that of the bulk shown here.19 For the as-evaporate
a-Si film, its internal friction plateau value is already slight
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below the lower limit of the ‘‘glassy range,’’ as indicated b
the double arrow. After annealing, the plateau is reduced
a factor of 2. Since the sound velocity is not expected
change considerably,35 we attribute it to a reduction of the
defect states as will be detailed in Sec. VI.

Another feature shown in Fig. 2~b! is a broad relaxation
peak centered at about 120 K for the as-evaporated, an
about 200 K for the annealed films. A similar but more pr
nounced peak has been observed at 270 K in acoustic
sorption of as-sputtereda-Si films measured at 300 MH
which shifted to 450 K after annealing at 600 K.12,29 It has
been attributed to thermally activated relaxation of twofo
coordinated Si atoms in the nonideal network ofa-Si. How-
ever, the reason why the peak shifts to higher tempera
after annealing is not fully understood.29 Assuming the same
mechanism for the peak in oure-beam films, we obtain an
activation energy of 200 meV for the as-evaporated fi
from its shift in temperature with frequency, in reasona
agreement to a parametric fit given in Ref. 29.

In order to check for the possible influence of interfa
related effects on the internal friction, e.g., film adhesio
disorder at the interface, and contamination at the free
face, we measured the internal friction of three paddles
rying e-beama-Si films with thicknesses ranging from 43 t

FIG. 2. ~a! The internal friction of paddle oscillators carryin
vacuum depositede-beama-Si films: as evaporated and annealed
350 °C for 5 h, and a molecular-beam epitaxial Si layer. The ba
ground internal friction of a bare paddle oscillator is shown a
solid line. ~b! The internal friction of the samee-beama-Si films.
Symbols are the same as in~a!. The solid line is the internal friction
of bulk a-SiO2 ~Suprasil W! etched in the same shape as the cr
talline silicon paddle oscillator, with resonant frequency of 4500
~Ref. 52!. The double arrow demonstrates the ‘‘glassy range’’ e
plained in text.
y
o

at
-
b-

-

re

e

,
r-
r-

1700 nm.Qpaddle
21 is shown in Fig. 3~a!, while Qfilm

21 is plotted
in Fig. 3~b!, which agree within 20% for the three differen
thicknesses. Therefore, no film thickness dependence ca
inferred, and we conclude that theQfilm

21 represents the damp
ing within the films, with no measurable interface effects

Figure 4 shows the internal friction of a 550 nm thic
as-sputtereda-Si film and of a companion film which wa
annealed at 350 °C for 5 h. The internal friction of the a
sputtereda-Si film is smaller by a factor of 2.2 than that o
the as-evaporatede-beama-Si film @see Fig. 2~b!#, and lies
clearly outside the ‘‘glassy range’’ as shown by the dou
arrow in Fig. 4. The difference inQ0

21 for e-beam and sput-
tereda-Si films demonstrates the influence of the preparat
methods on the low-energy excitations ina-Si films, in con-
trast to the fact that no difference inQ0

21 was found in

t
-

a

-
z
-

FIG. 3. ~a! The internal friction of paddle oscillators carryin
e-beam a-Si films of different thicknesses indicated. The bac
ground internal friction of a bare paddle oscillator is shown a
solid line. ~b! The internal friction of the samee-beama-Si films.

FIG. 4. The internal friction of sputtereda-Si films: as sputtered
and annealed at 350 °C for 5 h. The solid line and double ar
have the same meaning as in Fig. 2~b!.
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9074 PRB 58XIAO LIU AND R. O. POHL
a-SiO2 films prepared bye-beam evaporation and wet the
mal oxidation.19 Even more remarkable is that theQfilm

21 of
the annealed film is a factor of 4 smaller than that of
as-sputtered film, thus being one order of magnitude be
the lower limit of the ‘‘glassy range.’’ In contrast to th
e-beam films, no relaxation peak can be resolved above
K in either the as-sputtered or annealed films.

The internal friction of a paddle with a 330 nm lay
amorphized by ion-implantation is shown in Fig. 5~a!. In
addition to the temperature-independent internal friction
low 10 K which is more than four times above the bac
ground of a bare paddle~solid line!, a narrow relaxation peak
occurs at 48 K. This peak has previously been identified
occurring in the heavily damaged crystalline region bene
the amorphous layer, and is believed to be caused by e
tronic relaxation of divacancy defects.40 It will be ignored in
the following discussion since it is not connected with t
amorphous layer of interest. Rapid thermal annealing~RTA!
at 850 °C for 30 s is known to lead to epitaxial regrowth
c-Si from the substrate.51 This RTA is performed on a com
panion as-implanted paddle, and its internal friction inde
fully recovers as shown in Fig. 5~a!. Slow thermal annealing
at 300 °C of another companion as-implanted paddle for
leads to a complete disappearance of the relaxation pea
expected for the annealing behavior of divacancies,53 while
the temperature-independent internal friction develops so
structure: the rise observed below 2 K is caused by some
unidentified contamination resulting from the io
implantation, although it affects the internal friction only a
ter a slow anneal.54 In addition to this and a small peak at
K, which we believe to originate from metastable states
the heavily damaged crystalline region beneath the am
phous layer as well, the plateau appears to be slightly
duced after annealing~by about a factor of 2!. This can be
viewed more clearly in Fig. 5~b! whereQfilm

21 is shown. An-
nealing at 300 °C for 1 h will not induce epitaxial
recrystallization.51 The internal friction plateau of the as
implanteda-Si is even smaller than that of the as-sputte
film by a factor of 1.7, demonstrating once again the imp
tance of how the films were prepared.

From e-beam evaporation to amorphization by ion im
plantation,Q0

21 is reduced by a factor of 4. Including th
annealed, yet still fully amorphous films in this compariso
a decrease by a factor of 8 inQ0

21 is obtained from the as
e-beam-evaporated to the sputtered-and-annealeda-Si films.
This is a much larger variation than that commonly obser
in other amorphous solids prepared by different techniqu
For example, in heavily neutron-irradiated bulka-SiO2 ,
low-temperature thermal conductivity and specific-heat m
surements have indicated a decrease ofQ0

21 by a factor of 2
relative to that of well annealed, unirradiateda-SiO2 .55

Compaction of bulka-SiO2 by 10% leads to a similar reduc
tion of Q0

21 as measured by low-temperature specific he56

and internal friction.57 Effects of annealing were previousl
observed in some amorphous metal alloys. So far, the lar
change was found in superconducting amorphous CuZ58

where a decrease of the internal friction by a factor of
was observed as well as an increase of the thermal con
tivity by a factor of 2.5.
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B. Internal friction of HWCVD a-Si:H films

We have reported previously that the low-temperature
ternal friction of HWCVD a-Si:H with about 1 at. % H is
nearly three orders of magnitude smaller than that of a
other known amorphous solid.20 This is the first amorphous
solid which does not have any significant low-energy exc
tions, in clear contrast to the universality established to d
This finding shows that the amorphous structure per se d
-

FIG. 5. ~a! The internal friction of double-paddle oscillator
carrying an amorphous layer prepared by28Si1 self-ion implanta-
tion: as implanted and annealed at 300 °C for 1 h. Also shown is
internal friction of a double-paddle oscillator carrying an identic
implanted amorphous layer after a rapid-thermal anneal at 850
for 30 s so that the amorphous layer has undergone epitaxial re
tallization to the original crystalline structure. The background
ternal friction of a bare paddle oscillator is shown as a solid line
comparison.~b! The resulting internal friction of the same self-io
implanted amorphous layer, assuming that all the additional inte
friction is within its 330 nm thick amorphous layer. However, th
divacancies are actually confined to the damaged crystalline re
about 70 nm thick underneath the amorphous layer~Ref. 40!. Thus,
the internal friction axis (Qfilm

21) is valid only for the amorphous
layer. The solid line and double-arrow have the same meaning a
Fig. 2~b!.
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PRB 58 9075LOW-ENERGY EXCITATIONS IN AMORPHOUS FILMS . . .
not lead to the glassy excitations. It also provides the opp
tunity to study the microscopic origin of the tunneling sta
by varying them in a controlled way. The internal friction
one of these samples~HW133, 2.0 mm thick!20 is shown in
Fig. 6~a! as Qpaddle

21 vs T, with the solid line that of a bare
paddle, and in Fig. 6~b! asQfilm

21 vs T where the solid line and
double arrow are the internal friction of bulka-SiO2 and the
‘‘glassy range,’’ respectively, for comparison. The steep
crease ofQ21 with decreasing temperature below 2 K in the
film with 1 at. % H is caused by a contamination of th

FIG. 6. ~a! The internal friction of double-paddle oscillator
with hot-wire chemical-vapor-depositeda-Si:H films: sample
HW133 is as-deposited with 1 at. % H. Sample H71, prepared un
the same condition as sample HW133, is annealed in vacuu
500 °C for 24 h so that it does not contain any hydrogen in the fi
Sample THD217 is as-deposited as well as annealed at 500 °C
24 h. The background internal friction of a bare paddle oscillato
shown as solid line.~b! The resulting internal friction of the sam
a-Si:H films. The solid line and double arrow have the same me
ing as in Fig. 2~b!.
r-
s

-

silicon oscillator similar to that mentioned above after a sl
anneal of an ion-implanted paddle oscillator, although
contaminants may be different.54 As was shown previously,20

increasing the H content above 1 at. % not only increases
internal friction over the entire temperature range, but a
causes some structure as well. This is also illustrated in F
6~a! and 6~b! with a 12.4 mm thick film ~THD217! which
contains 4 at. % H. The double-peak structure between 3
15 K is attributed to the existence of molecular hydrogen a
is the subject of a separate investigation.59 The main point is
that as the hydrogen concentration increases from 1 t
at. %,Q21 increases by about one order of magnitude. T
clearly demonstrates that while H is needed to eliminate
low-energy excitations ofa-Si films, excess H is detrimenta
to the elastic quality. This dependence on hydrogen is als
agreement with earlier surface acoustic-wave measurem
where a systematic increase ofP̄g2 with hydrogen content
was observed in the relative variation of sound velocity
PECVD a-Si:H films for H content larger than 14 at. %.17

In order to explore the role played by hydrogen in the
HWCVD a-Si:H films, we annealed both sample THD21
and a companion sample to HW133, labeled H71 (2.3mm
thick!, at 500 °C for 24 h. It is known that all the hydroge
will be driven out of the films by this annealing proces
without leading to crystallization.50 Figures 6~a! and ~b!
show that the internal friction increases, in contrast to
decrease resulting from annealing H-freea-Si films pre-
sented in the previous subsection. Most remarkably, altho
both films ~THD217 and H71! have experienced the sam
heat treatment and have the same zero-hydrogen conte
the end of the process, their internal friction plateaus
different by a factor of 6. This observation indicates that t
low-energy excitations in these amorphous films strongly
pend on the original states formed during deposition, i.e.,
the way that hydrogen is incorporated rather than the ann
ing process involved to remove hydrogen, reflecting the c
cial role played by hydrogen in reducing the low-energy e
citations ina-Si:H films. TheQ0

21 of sample THD217 after
driving off the hydrogen reaches a value close to that of
sputtered-and-annealeda-Si ~see Fig. 4!, the lowest among
the H-freea-Si films.

C. Internal friction of a-Ge films

Figure 7 shows the internal friction ofe-beam and sput-
tered a-Ge films, both about 500 nm thick. In contrast
a-Si films where a difference of more than a factor of 2
Q0

21 between thee-beam and the sputtered films is observe
there is almost no difference in these two as-depositeda-Ge
films. The internal friction plateaus of the two are smal
than that ofe-beama-Si, but are almost the same as spu
tereda-Si. Annealing at 350 °C reducesQ0

21 of the amor-
phous film by a factor of 3. So we conclude that similar
a-Si films, a-Ge films have the same low-energy excitatio
as all amorphous solids, but the internal friction plate
clearly falls below the universal values as indicated by
double arrow of the ‘‘glassy range’’ in Fig. 7. We tentative
attribute the similarity betweena-Si anda-Ge films to their
tetrahedrally coordinated bonding.

Similar to e-beama-Si films, the internal friction ofe-
beama-Ge films shows a relaxation peak at about 150 K
both as-evaporated and annealed form. A similar, but m
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sharper, peak was reported by Bhatiaet al.14 in acoustic ab-
sorption of sputtereda-Ge films at 135 K using surfac
acoustic waves at 300 MHz, which they attributed to t
motion of twofold-coordinated germanium atoms. If th
broad peak observed in our internal friction measurem
had the same origin, i.e., the same activation energy, it wo
appear below 135 K instead of at 150 K because of
smaller resonant frequency used here. This is in contras
the case ofe-beama-Si films where a good agreement wi
the result of the surface acoustic waves was obtained~see
subsection A!. More accurate measurements at different f
quencies are needed to elucidate this peculiar higher t
perature feature. We believe that the study of the higher t
perature feature is also interesting because the struc
origin of thermally activated processes is relatively easy
locate and may well be closely related to that of the tunn
ing process occurring at low temperatures.60

D. Relative variation of sound velocity ofa-Si and a-Ge films

Characteristic differences between amorphous and c
talline solids also occur in the temperature variation of
sound velocity~see Sec. II!. Below 1 K, the resonant sca
tering of sound waves by the tunneling states in amorph
solids leads to the logarithmic temperature variation of
sound velocity given by Eq.~2!. This relation, which has
frequently been used to extract the quantityC in ultrasonic
measurements in the 105 Hz range and above, is, howeve
not accessible for the frequencies used in the present st
because this logarithmic temperature dependence occu
temperatures smaller than those available in our cryosta
the temperature range above a few K and up to tens of K
was found by Bellessa61 that, in a variety of amorphous so
ids, the sound velocity varies linearly with temperature
expressed by

Dv/v052b~T2T0!. ~8!

By compiling data on the linear variation of the sound v
locity described by Eq.~8! and theQ0

21 , White and Pohl62

recently summarized an empirical relation between the sl
of the linear variation of sound velocity,b, and the internal
friction plateau,Q0

21 , which is given by

FIG. 7. The internal friction ofa-Ge films: ase-beam evapo-
rated, and after annealing at 350 °C for 5 h, and as sputtered.
solid line and double arrow have the same meaning as in Fig. 2~b!.
e

nt
ld
e
to

-
m-

-
ral
o
l-

s-
e

s
e

dy,
at

In
it

s

-

e

b50.5•Q0
21~K21!. ~9!

This relationship was found to hold not only for all amo
phous solids studied, but also for disordered crystals.
have shown above that we are able to varyQ0

21 for amor-
phous solids over three orders of magnitude by includ
a-Si anda-Ge films, and in particulara-Si:H films. These
data can serve as an additional test of this intriguing but
far unexplained relation@Eq. ~9!# over an extended range o
Q0

21 . The temperature dependence ofDv/v0 of selected
a-Si(:H) anda-Ge films are plotted in Fig. 8 calculated a
cording to Eq.~7!. Each curve is shifted by one unit on th
vertical axis for clarity. Just as in all other amorpho
solids,62 the linear temperature dependence is obvious.
the as-implanteda-Si layer the rapid dropoff ofDv/v0 above
10 K is due to the influence of the divacancy peak in inter
friction at 48 K occurring in the damaged crystalline regi
beneath the amorphous layer as mentioned above@see Figs.
5~a! and 5~b!#. In this case, we determine the slope only fro
data points below 10 K. The solid lines are linear fits fro
which the slopesb are obtained. The relation betweenb and
Q0

21 is shown in Fig. 9 for all samples investigated in th
work except for HW133; for the paddle oscillator carryin
this film the relative variation of its resonant frequency w
too close to that of a bare paddle to permit a meaning
determination ofDv/v0 . Even for the other HWCVD films
large error bars have to be included in determiningb, which
are shown in Fig. 9. The solid line in this figure expresses
relation given by Eq.~9!. So we conclude that this relation i
still valid when tetrahedrally bonded amorphous solids
included, certainly within the experimental accuracy enco
tered in the previous work.62 In spite of the experimenta
uncertainty, we may conclude that a close relation exists

he

FIG. 8. The temperature variation of the sound velocity of
lecteda-Si(:H) anda-Ge films whose internal friction results hav
been presented in Figs. 2–7. The straight lines are linear fits f
which the slopes of the linear temperature variation@see Eq.~8!# are
determined.
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tween the quantityb and the magnitude of the plateau; as t
latter vanishes, the former also disappears. This observa
confirms that the Bellessa effect is related to the same de
which lead to the temperature-independent plateau of the
ternal friction.

VI. DISCUSSION

A. Comparison with earlier experiments

As a continuation of the short review presented in Sec
we will compare the results of our internal friction measu
ments with those of the earlier experiments. In Table I,
values ofP̄g2 andC determined in this work by the interna
friction measurements using Eq.~4! are compared to thos
reviewed in Sec. II for similar deposition methods.

For specific-heat measurements, only upper limits ofP̄
were given fore-beam a-Si ~Ref. 11! and a-Ge films.8,9

However, using these values to calculate upper limits ofP̄g2

andC ~by using theg value mentioned in Sec. II! we obtain
values which are close to those determined in this work. T
comparison indicates that the residual anomalous spe
heat observed in high magnetic fields, especially in the c
of e-beama-Si, may indeed have been caused by the lo
energy excitations of the atomic tunneling states in the film

The upper limits or the values ofP̄g2 andC of sputtered
a-Si ~Refs. 12,15! anda-Ge ~Refs. 13,14! films determined
by surface acoustic waves are also in reasonable agree
with those determined in this work. Note that the prima
parameter determined by our internal friction measureme
is P̄g2 for the fact that the measured internal friction i
crease (Qpaddle

21 2Qbare
21 ) has to be divided byGfilm5rv2 to

getC @see Eq.~5!#, while C is the initial quantity obtained in
measurements of the surface acoustic waves. We believ

FIG. 9. A comparison of the slope of the linear temperat
variation of sound velocityb @see Eq.~8!# with the internal friction
plateauQ0

21 for all the a-Si(:H) anda-Ge films presented in this
work except for sample HW133, as explained in the text. The s
line indicates the empirical relation proposed in Ref. 62@see also
Eq. ~9!#. The error bars indicate the uncertainty in determiningb
for those samples.
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and 60% reductions ofr and v, respectively, have to be
considered for the sputtereda-Ge films relative to those o
bulk polycrystalline germanium~see Sec. IV!. This makes
rv2 three times smaller than that used in Ref. 13, which
to be taken into account in comparison. The important d
ference is that in this work we find that annealing of a
depositeda-Si anda-Ge films at 350 °C for 5 h reduces the
internal friction plateau by a factor of 2–4, which is n
observed in Ref. 13. For sputtereda-Si films measured by
Tokumotoet al.,15 almost the same values ofr andv were
used as in the evaluation of this work. However, the valu
of P̄g2 andC determined by Tokumotoet al. are consider-
ably larger than those determined in this work. This is pro
ably caused by the less sensitive measurements in the
tive variation of frequency, resulting from the smaller fil
thicknesses than those used by Duquesne and Bellessa.13 We
conclude that while the surface acoustic-wave technique m
have just enough sensitivity to detect the low-energy exc
tions in the films, it may not be sensitive enough to dist
guish the variations resulting from the different depositi
methods and from heat treatment, which are identified in
present systematic study for the first time through lo
temperature internal friction measurements. However,
suggest that a systematic study of the logarithmic temp
ture variation of sound velocity is still needed to show t
dependence of the low-energy excitations on the mode
preparation and annealing, which is not covered in
present study.

Another interesting point is that among the studies us
the surface acoustic wave technique, only Duquesne
Bellessa13 gave a consistent description of the relative var
tion of sound velocity and acoustic attenuation using the T
model. In all the other studies,12,14,15an attenuation shoulde
at about 2 K was observed, which is similar to that of th
sputtereda-Ge films found by Duquesne and Bellessa13

However, none of these authors attributed its existence to
intrinsic tunneling states. Rather they suggested the caus
be oxygen impurities. Using the conversion factor introduc
by Duquesne and Bellessa13 from transverse to surfac
waves, we find that the magnitude of these attenuation sh
ders can yield values ofP̄g2 and C within a factor of 3 to
those determined in this work, as summarized in Table I
well. Conceivably, it was the insufficient sensitivity that le
to the conclusions reached in the earlier studies.

B. Low-energy excitations ina-Si and a-Ge films

Internal friction provides a sensitive probe of the rela
ational processes of defect states in solids. Dissipation
energy occurs whenvt51 is satisfied, wheret is the relax-
ation time of the defect states under the strain of sou
waves with an angular frequencyv. In amorphous solids
the resonant contribution toQ21 is negligible at the low
frequencies used in our measurements. Tunneling states
a constant spectral density of statesP̄ contribute a plateau in
internal friction. However, there are other processes wh
may cause energy dissipation at low temperatures, thus
terfering with the observation of the intrinsic structur
induced atomic tunneling states in internal friction measu
ments. We will discuss such possible influences here.

Although undopeda-Si and a-Ge films are electrically
insulating at low temperatures, an electronic contribution

e
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Q21 may still be possible due to the phonon-assisted h
ping between localized electronic states. However, we
lieve that this is quite unlikely for the reason that even
pure, crystalline metal films the electronic contribution to t
damping is negligibly small due to its short mean free path31

Moreover, the electronic density of states near the Fe
level in a-Si anda-Ge films as estimated from theT21/4 law
for the hopping conductivity63 is about four orders of mag
nitude smaller than that in pure metal films.

It is well known that PVDa-Si anda-Ge films contain
unpaired localized electrons up to a density ofN'1019 to
1020 cm23 mostly on sites of dangling bonds, as evidenc
by electron-spin resonance16 and magnetic susceptibility64

measurements. Magnetic moments of isolated unpaired e
trons ina-Si anda-Ge films will experience dipolar interac
tions and hyperfine interactions between magnetic mom
of the electrons and the nuclei.65 Also, clustered electron
spins have been found to have exchange-coup
interactions.16,8 According to Thomaset al.,16 annealing at
350 °C for 5 h reduces the spin density ine-beama-Si by a
factor of 2, which coincides with the reduction ofQ0

21 after
the same annealing process observed in this work. The q
tion then arises whether the internal friction plateau obser
in our a-Si and a-Ge films may originate from magneti
excitations. So far, no direct evidence has been publishe
to whether these magnetic excitations affect the ela
and/or acoustic properties. We have recently measured
internal friction of e-beama-Si films under high magnetic
fields and found the value ofQ0

21 to be independent of the
applied field up to 6 T, thus excluding magnetic excitatio
as a possible origin. The results will be publish
separately.66

Incorporation of oxygen is known to cause atomic tunn
ing states inside thea-Si anda-Ge matrix12,14 which are not
intrinsic to a-Si anda-Ge. Our samples were prepared wi
great care to minimize the oxygen content. Using RBS, b
evaporated and sputtered samples were found to have
gen within the detection limit (,1 at. %). For thea-Si
layer produced by self-ion implantation, the oxygen cont
should be even less, within the limit of our superpure flo
zone silicon wafer (,20 ppm). So oxygen should not be
problem in our internal friction measurements. However,
cannot exclude the influence of possible oxygen contam
tion as a cause for some of the contradictory early report
reviewed in Sec. II.

Besides oxygen, some other impurities may enter into
a-Si and a-Ge films or the crystalline silicon substrate
They may form additional defect states. The contaminat
peak below 1 K that occurred during thermal annealing
paddle oscillators after ion-implantation or during hot-w
chemical-vapor deposition is an example, see Figs. 5 an
These defect states, presumably originating in the crysta
silicon substrates,54 show temperature dependence in inter
friction distinct from that of the tunneling states. These a
ditional contributions can be easily separated.

We conclude that the low-energy excitations observed
a temperature-independent plateau in internal friction are
deed caused by the structurally induced tunneling sta
common to all other amorphous solids.
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C. What became of the ‘‘universality’’?

To emphasize the dramatic dependence of the inte
friction plateau on the modes of preparation, thermal ann
ing, and hydrogenation, we have collected in Fig. 10 so
representive internal friction results ofa-Si anda-Si:H films
for comparison. Between films prepared bye-beam evapora-
tion and films prepared by HWCVD with 1 at.% H,Q0

21 is
seen to vary by more than two orders of magnitude. T
error bar for the HWCVDa-Si:H with 1 at. % H indicates
the experimental uncertainty in the determination of theQ0

21

in that case since there is essentially no damping excess
the background except for the contamination peak which
curs below 1 K mentioned in Sec. V. If we compare thes
data with the internal friction of bulka-SiO2 and the ‘‘glassy
range’’ also shown in Fig. 10, it is quite obvious that th
universality of the low-energy tunneling states, which h
been established without exceptions for the past 27 ye
does not hold anymore. Since all of these silicon films
clearly structurally amorphous, it follows that the amorpho
structure alone is insufficient to cause the glassy low-ene
states. The possible cause for the variability and nearly c
plete disappearance of the low-energy excitations will be d
cussed below.

An amorphous solid having aperfecttetrahedrally bonded
continuous random network is rigid and may be expected3 to
have none of the atomic tunneling states which had b
postulated in the TLS model, because the appearance of
neling states requires more than one equilibrium position
the tunneling entities. This idea has been elaborated with
constraint-counting model,67,68 which is believed to govern
the elastic and vibrational properties of amorphous sol
The predicted floppy-rigid transition has been found in go
agreement with experimental investigations.69 Its impact on

FIG. 10. The internal friction of selecteda-Si anda-Si:H films
presented in this work. The solid line and double arrow have
same meaning as in Fig. 2~b!. The single arrow indicates the unce
tainty in determiningQfilm

21 for that sample.
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the low-energy tunneling states has also been
denced qualitatively in low-temperature specific-he
measurements.70 Conceivably, the low-temperature intern
friction observed in the present work may be a direct con
quence of the unique tetrahedrally bonded amorphous s
ture in a-Si anda-Ge films.

For a-Si(:H) anda-Ge films prepared under various no
equilibrium conditions, local floppy modes might arise fro
locally defective, effectively underconstrained, regions d
to the internal or growth strains in an otherwise overco
strained network. Molecular-dynamics simulations71,72 show
that the existence of twofold- and threefold-coordinated s
leads to vibration localization which may be closely relat
to the atomic tunneling states observed in amorphous so
Amorphous Si and Ge films deposited near room temp
ture are granular, even porous. When annealed at elev
temperatures, but well below the crystallization temperatu
they undergo significant structural relaxation toward a m
continuous random structure in which the underconstrai
regions are reduced.73 In a-Si films prepared by ion implan
tation, enthalpy release during annealing below the cryst
zation temperature has been studied.74 This release is accom
panied by a reduction of bond-angle distribution,75 thus
demonstrating a significant structural relaxation with incre
ing short-range order. Evidence of a reduction of the bo
angle distribution and of a subsequent densification and
mogenization after annealing has also been found fora-Si
~Refs. 76,77! anda-Ge~Refs. 73,78! films prepared either by
e-beam evaporation or by sputtering in structural and cal
metric studies. The observed structural relaxation upon t
mal annealing may be closely related to the change in
density of the low-energy tunneling states as measured
the internal friction.

Although annealed a-Si films have lower free energy th
as-deposited ones,76 there may be a limit below which th
low-energy excitations cannot be decreased by thermal
nealing alone. Recent study of coherent transmission e
tron microscopy73 shows that annealinge-beama-Ge film
increases short-range order at the expense of medium-r
order. This may be related to the difficulty encountered d
ing conventional deposition and annealing to nucleate a c
tinuous random network. In addition, building a tetrahedra
bonded continuous random network may inevitably ca
clusters of dangling bonds to occur as a result of accu
lated local strains. Incorporation of hydrogen may theref
be a necessary step not only to passivate the dangling b
but also to relieve the strain in the amorphous matrix72,79 in
order to extend the medium-range order, which is inde
observed in HWCVDa-Si:H films by x-ray diffraction.47

The structure of the resulting material may be closer t
perfectcontinuous random network than any other forms
a-Si studied so far.

Since H-terminated Si lacks the full tetrahedral connec
ity of the network, additional local floppy modes may res
as the H content exceeds the level which is needed to p
vate the dangling bonds and to relieve the strain. As a re
the density of the tunneling states increases with excess
drogen.

Removal of hydrogen by an anneal at 500 °C may ca
the already near-perfect continuous random network e
getically unfavorable. The film may eventually recover t
i-
t
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highly strained regions which drive it into a less perfe
structure, similar to the well-relaxed state in H-freea-Si
films. An interesting observation is that the low-energy e
citations in these hydrogen-free HWCVDa-Si films depend
sensitively on the initial deposition conditions which had l
to different hydrogen content in the as-deposited films. T
reveals the profound role played by hydrogen during de
sition in producing an equilibrium microscopic structure th
partially remains even after the hydrogen has been remo

It is worth noting that the experimentally determine
floppy-rigid transition threshold has frequently been found
be higher than the predicted value of the mean-field theor80

The imperfection of the structure due to the existence
locally unconnected or weakly connected bonds may cont
ute to the discrepancy. Therefore, we emphasize that l
fluctuations should be included in the constraint-count
model, which sometimes may dominate the lattice vibratio
of overall overconstrained continuous random networks,
in the case ofa-Si anda-Ge films.

Another parameter which may be crucial in determini
the existence of tunneling states is the random strain
amorphous solids. Its role in generating the low-temperat
glassy behavior in the mixed crystal (KCl)0.5(KBr) 0.5
10.9% CN has been demonstrated by Watson.81 It has been
found recently that hydrogenation with 1–2 at. % H ofa-Si
by HWCVD effectively relieves the internal compressiv
strain.82 We suggest that while amorphicity is not a suffice
condition for tunneling states, the existence of random str
may be a necessary condition.

It has been proposed recently by Ku¨hn and Horstmann83

that amorphous phases without low-energy tunneling st
may exist, although the criteria given have not been ap
cable to real amorphous systems. We hope the results
sented here will inspire both experimental and theoret
studies in identifying the nature of the low-energy exci
tions of amorphous solids.

VII. CONCLUSION

Unlike all other amorphous solids studied so far, the lo
energy excitations ina-Si anda-Ge films show a wide varia-
tion, deviating from the universality established for all oth
amorphous solids without exceptions for the past 27 ye
Their magnitude, as determined by the temperatu
independent internal friction plateau below 10 K, is belo
the lower limit of the ‘‘glassy range’’ (1.531023–1.5
31024), in which all other amorphous solids have be
found to lie, and furthermore diminishes by more than tw
orders of magnitude when HWCVDa-Si:H films are in-
cluded. Film preparation methods, heat treatment, and in
poration of hydrogen are found to be the parameters lead
to the dramatic changes of the tunneling states. However
connection of film preparation and thermal treatment w
the tunneling states is complicated. While annealing
creases the internal friction of H-freea-Si anda-Ge films,
removal of hydrogen by annealing of HWCVDa-Si:H films
increases the internal friction, demonstrating the profou
role played by hydrogen in reducing the tunneling states

We have reviewed the earlier experimental investigatio
in both H-free and hydrogenateda-Si anda-Ge films, and
compare those with our results of the internal friction me
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9080 PRB 58XIAO LIU AND R. O. POHL
surements. We conclude that the previous reports of con
dictory observations are mainly caused by inadequate se
tivity of the techniques applied together with the possi
influence of film preparation conditions, e.g., incorporati
of impurities. In addition, earlier investigations are far fro
systematic so that comparison between results of differe
prepared samples may add further complication to the l
ited sensitivity.

We suggest that the peculiar properties of the low-ene
excitations in these thin amorphous films may be related
their unique tetrahetrally bonded structure which is globa
overconstrained. The atomic motion, which is a prerequi
for tunneling states at low temperatures, may originate fr
the locally underconstrained regions, and may therefore
sensitively dependent on the perfection of the covalent c
tinuous random network. It may be that the tunneling sta
are caused by loosely bonded individual atoms or cluster
atoms as suggested by Phillips.3 Incorporation of small
amounts of hydrogen is found to be an effective way to
nihilate the low-energy excitations. However, the exact r
played by hydrogen, especially its structural relation to
atomic tunneling states in addition to its passivating the d
gling bonds and relieving the strains, is still not understo
It is encouraging that the same thin-film material in whi
we find the disappearance of the low-energy tunneling st
also exhibits better device quality as a semiconducto84

There is a striking parallel between the minimum in theQ0
21
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with the H content and the minimum in both light-induced85

and thermally induced86 metastability, indicating a possibl
relation between the low-energy excitations discussed
and the electronic and optical properties of these semic
ductors.
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