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Low-energy excitations in amorphous films of silicon and germanium
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We present measurements of internal friction and shear modulus of amorpha@uSipisghd 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.aF8r 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 measurementsSoanda-Ge films, none of
which had the sensitivity achieved here. The variability of the low-energy tunneling statesairSitenda-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 rold.50163-182@8)07838-4

[. INTRODUCTION expectedT? temperature dependence below 1 K. Specific-
heat measurements an-Ge (Refs. 7—9 and a-Si (Refs.

In spite of the rapid development of amorphous &iSj) 10,17 films could not resolve the typical linear temperature
and amorphous GeafGe) technology in solar cells, thin- dependence, and resulted only in upper limits of the density
film transistors, flat panel displays, and many other applicaef tunneling states. These were determined to be somewhat
tions, many fundamental questions concerning these tetrahemaller than those observed in other amorphous solids, e.g.,
drally bonded amorphous semiconductors and their possibley a factor of 5 smaller than in amorphous $i@-SiO,) at
relation to the electronic and optical properties of these mamost. The technique of surface acoustic waves was applied
terials still remain unanswered. An example is the low-to search for the logarithmic temperature dependence of the
energy vibrational excitations in these solids, which are theelative variation in sound velocity at low temperatut&s:>
subject of this investigation. However, the results were conflicting, possibly because of

Shortly after the discovery of the anomalous low- the limited sensitivity of the technique and influence of ac-
temperature properties of amorphous solids which indicateidentally incorporated impurities during sample prepara-
the existence of a broad distribution of low-energy excita-tions and heat treatments.
tions in addition to propagating phonohg, was proposed Another problem may arise from the fact that thin films
that these low-energy excitations are caused by tunneling gfrepared by condensation from the vapor phase are further
atoms or groups of atoms between nearly degenerate equililbway from the equilibrium state than amorphous solids pro-
rium positions>® As a consequence, it was argdebat the  duced by quenching from the melt. Therefore their physical
tunneling motion is expected to be much less likely to occumproperties might depend on the preparation methods, vari-
in tetrahedrally bonded amorphous solids because of theable conditions within each method, heat treatmé&htmd
overconstrained structure which restricts the atomic motionincorporation of hydrogeh’ The influence of these addi-
Thus, it was hoped that by probing the absence of tunnelingonal parameters on the low-energy excitationaii and
states ina-Si and a-Ge a microscopic foundation for the a-Ge films may have been important in earlier experiments
two-level tunneling systerfiTLS) model would be provided, and requires a more systematic study.
which had been highly successful in providing a phenomeno- The objective of the study reported here is to use the
logical description of the thermal and elastic properties ofdouble-paddle oscillator technique to investigate the low-
amorphous solid$. energy excitations ira-Si and a-Ge films. This technique

However, in spite of much experimental effort, it re- was developed specifically to probe the low-energy excita-
mained unclear whether or not the low-energy excitationgions in thin films!® It has been found that the background
exist ina-Si anda-Ge. This uncertainty is mainly due to the damping of the torsional oscillation of double-paddle oscil-
fact thata-Si anda-Ge can only be prepared as thin films lators is extremely lowinternal frictionQ ~1~10"8) so that
which are poorly suited for the standard techniques used tthe low-temperature internal friction of thin films deposited
detect those states, i.e., thermal conductivity, specific heagnto them can be studied with great sensitivity. This tech-
and acoustic waves. For example, the thermal conductivitypique has been used successfully to detect energy dissipation
of a-Ge films was found to be dominated by Rayleigh andcaused by films 0&-SiO, as thin as 7.5 A? Using the same
boundary scattering® which made it difficult to identify the technique, we are now able to show unambiguously the ex-
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TABLE I. The parameters of the TLS modél;? andC (see text for explanationobtained from earlier meaurements are compared with
those determined in this work. For simplicity, we use the transverse sound velocity in all cases. This introduces typically about 20% error
in convertingP obtained in specific-heat measurement€toThe relationship between sound velocities of transverse and Rayleigh waves
is unknown. However, as has been frequently done in earlier (Rek13, we assume r~v, in this work as well. We assume the coupling
energyy for all a-Si anda-Ge films listed here to be the same as that determined by Duquesne and Belles§ef@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 comparison.
The symbolse, Av/v,, andC, in column 2 have the meaning of acoustic attenuation, variation of sound velocity, and specific heat,
respectively. For the sake of clarity, the results of earlier work orati®:H films are not included in this table.

Previous work This work

Samples References p v P v P2 C P2 C

(glen®)  (10°cmis) (1Gllergcent) (eV) (107erg/en?) (10°%) (107 erg/ent) (1075)
e-beama-Ge C, (Ref. 9 4.2 (1.92 <14 (039  (<0.53) (<3.4) 0.7 45
e-beama-Si C, (Ref. 11 2.2 (3.85 <5.4 036  (<1.8) (<5.8) 3.0 8.3
Sputtereda-Si a (Ref. 12 (2.2 (3.89 (7.8 (0.36 2.6 8.2 1.2 3.8
Sputtereda-Si Av/v, (Ref. 12 (2.1 (3.8 (4.5 (0.3 <15 <4.8 1.2 3.8
Sputtereda-Ge a (Ref. 19 4.2 (1.92 (2.2 (0.3 0.71 4.1 0.7 45
Sputtereda-Ge a (Ref. 13 4.7 3.2 (4.0 0.36 1.35 2.8 0.7 45
Sputtereda-Ge  Av/v, (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 (0.39 1.0 3.1 1.2 3.8
Sputtereda-Si Av/v, (Ref. 19 2.0 4.0 1.2 (0.36 35 11.0 1.2 3.8
Bulk a-Sio, (Ref. 22 2.2 3.8 8 0.65 9.2 29.0

@Determined from internal friction plateau a@},, as given in Sec. IV.

istence of the low-energy excitations in batkSi anda-Ge  scribes the overlap of the wave functions of double-well po-
films, and will report here that they resemble those of alltentials leads to a constant spectral density of tunneling states
amorphous solids. Their concentration, however, as me&(e,\)=P. This in turn yields the linear specific heat com-
sured through the magnitude of the temperature-independenionly observed in amorphous solids:
plateau of the low-temperature internal frictioQ, 1 can
vary over two orders of magnitude and depends critically on
film preparation and heat treatment. Among #&i and
a-Ge films studied in this work, the highest internal friction
is found ine-beama-Si films, but even itQ,* is smaller ~ Wherekg is Boltzmann’s constant,the measuring time, and
than that of any known amorphous solid studied to date. Th&min the minimum relaxation time of the tunneling states. For
smallest Q~! has been found for certain hydrogenated@ typical measuring timél to 10 § at low temperaturesT{
a-Si (a-Si:H) films as reported recent’.The variability of <1 K), one find$> In(4t/ ;) ~ 20.
the low-energy excitations in these tetrahedrally bonded In measurements of the low-temperature specific heat of
amorphous thin films is in contrast to the universality of thesputtereda-Ge (Ref. 7) anda-Si (Ref. 10 films performed
low-energy tunneling states in all other amorphous solids, ir@bove 1 K, a softening of the lattice has been observed. This
which values ofQ,* range between 16102 and 1.5 softening, a prelude fqr possmlg tunngllng states at Iower
X104 (Ref. 2)—the so-called “glassy range.” Possible temperature, was confirmed by inelastic neutron scattering
reasons for this different behavior mSi anda-Ge will be ~MeasurementS. The specific-heat measurements of beth
discussed, and may shed new light on the microscopic origiRe@ma-Ge (Refs. 8,9 anda-Si (Ref. 1] films performed
of the intriguing low-energy excitations. belov 1 K was found to be dominated by magnetic contri-
The outline of the paper is as follows. In Sec. II, a reviewbutions arising from exchange-coupled clustering of dan-
of the earlier investigations will be given including their 9ling bonds. After suppressing the magnetic contribution by
analyses within the TLS model. In Sec. IIl, the experimentaf@PPlying & 6 Tmagnetic field, an upper limit for a magnetic
method employed here will be presented. In Sec. IV, filmfield-independent linear term was given. It translated to an
preparation and characterization will be described, and alsgpper limit for P of 1.4x 10** and 5.4< 16** erg ' cm ™2 for
some of the film properties, like mass density and sheae-beama-Ge anda-Si films, respectively, somewhat smaller
modulus, which are needed for the evaluation of our meathan that ofa-SiO,;?% see Table | for comparison. However,
surements, will be summarized. Sections V, VI, and VII con-since the measurements were done almost within the detec-
tain the experimental results, discussion, and conclusion. tion limit of the technique, it could be safely concluded only
that if there were tunneling states, their density ought to be
Il. REVIEW OF EARLIER WORK WITHIN smaller than ira-SiG,. . .
THE TLS MODEL Much work was done using surface acoustic waves, the
so-called Rayleigh waves. Such waves propagate in the thin
According to the TLS model, a wide distribution of the film, and sometimes also extend into the substrate. Tunneling
asymmetrye and of the tunneling parametar which de- states can be probed by the logarithmic rise of the relative
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variation of sound velocity with increasing temperature dependence oAv/v, using much thicker films so that the
due to the resonant scattering of phonons by those states Rayleigh waves propagated only in the film. In addition, the

low temperatures: authors demonstrated that the logarithmic temperature de-
pendence could also vanish when the frequency was reduced

(A_U> _ VTV, Inl 2 SO that the Rayleigh waves extended into the substrate. These

Vg Vo Ty’ authors were able to present a consistent description of the

relative variation of sound velocity and of the acoustic ab-
sorption using a single set of parameters on the basis of the
TLS model*® These parameters are summarized in Table I.

wherev is the sound velocity at an arbitrary reference tem-
peratureTy, andC is the tunneling strength given by

Y Annealing at 350 °C fo5 h did not cause a reduction of the
Cc=C¢, t:ﬂ' (3)  tunneling states, but a 20% increase(fThe authors con-
' pvﬁt sidered this as conclusive evidence of the atomic tunneling

states in these films, since it is known that heat treatment

wherey, . is the coupling energy of the phonons to the tun'hardIy affects the tunneling states in bulk amorphous

neling entities, and the subscripts denote the coupling energy | <26 .
o ; olids?® However, it has also been suggesfeithat oxygen
of transversd() and longitudinal() phonons. Sinc& has impurities might be extremely effective in forming tunneling

been found to be insensitive to the modes of the sound wave . . . : .
we omit those subscripts here and in the following. states ina-Ge films. We consider this to be a likely expla-

The quantityC appears not only in the expression of the nation because of the low deposmqn rate and_ the relatly(_aly
relative variation of sound velocityEg. (2)], but also in the poor vacuum used in these experiments during deposition

thermal conductivity and the internal friction at low tempera- and annealing. As a demonstration of the high sticking prob-

tures. The internal friction plateau below 10 K is a directablllty of oxygen onto vaporized 816atoms,. webeam
measure ofS with evaporated-Si under a vacuum of 10" ° torr with a depo-

sition rate of 10 A/s. The oxygen content was found to be 20
- at. % as checked by Rutherford backscattering spectrometry
lezgc, (4)  (RBS. As will be demonstrated in this work, a significant
reduction in the density of the tunneling states in thin films
Although the individual quantities in the expression for ©Of very purea-Si anda-Ge may indeed be possible upon
may vary by more than two orders of magnitude, the quantitfnermal annealing. o
C is found to have a value between TY0and 10 3 for all Measurements on sputtereatSi films by Tokumoto
amorphous solids studied so frThis is the universality of €tal=> also revealed the existence of tunneling states
the anomalous low-temperature properties of amorphous soffifough a logarithmic temperature dependencedofu,
ids referred to above. Therefore, internal friction measureSonsistent with the results by Duquesne and Bellessa on
ments at low temperatures, as will be presented in this papefputtéreda-Ge films.~ Again, see Table | for the parameters

mathematical complications. shoulder of the acoustic absorption at 10 K to oxygen impu-

Ultrasonic attenuationg, which can also be probed by 'ities, they concluded that the effect observed in the variation

surface acoustic waves, relates directly to the internal frictiorf the sound velocity was not affected by oxygen although a
by Q1= (v/w)a.?® However, one has to keep in mind that 50% increase oPy* was observed after exposure to air for
the evaluation of the Rayleigh wave attenuation is compli-6 months'® It has been found that exposure @i films to
cated due to the spatial inhomogeneity of the deformatiorair will not change the oxygen content as much as depositing
field,'® which causes difficulties in determining the coupling or annealing in poor vacuuMi.We suggest that more careful
energyygr and sound velocity g of Rayleigh waves. surface acoustic wave measurements are required to clarify

Sputtereda-Si films were investigated by v. Haumeder the influence of deposition conditions and the effect of an-
et al!? using surface acoustic waves. The relative variatiornealing ina-Si anda-Ge films.
of sound velocity did not show a logarithmic temperature For the variousa-Si anda-Ge films studied, the coupling
dependence as predicted in HE). Instead only an upper energyy was determined only for sputteredGe films by
limit of Py? was given, which was smaller than that of Duguesne and BellesSAssuming the same value offor
a-Si0, ; see Table | for comparison. This failure to probe the@ll othera-Si anda-Ge films, one can make a rough com-
tunneling states was attributed to the film thicknesses whicRarison between quantities determined in specific heat mea-
were smaller than the penetration depths, so that a large préirements and in acoustic or elastic measurements. This is
portion of the sound wave travelled in the substrate, maskin§one in Table I. As can be seen, the agreement of the values
the effect of the tunneling states as suggested by Duquesiog the upper limits oPy? andC determined by specific heat
and Bellesd® Although the author€ did observe an attenu- and by surface acoustic waves is in fact reasonably good.
ation shoulder at about 10 K, typical of tunneling states at The limited suitability of the dielectric and thermal con-
300 MHz, they suspected it to be caused by residual oxygeductivity experiments for detecting tunneling statesai®i
impurities accidentally incorporated during deposition. In aanda-Ge films has been thoroughly discussed by Duquesne
similar study on sputtered-Ge films by Bhatiaet al,'* a  and Bellessa&® Therefore, we will not review those measure-
similar conclusion was drawn. ments here.

Subsequent measurements of sputter€ge films by Du- There have been some experimental efforts to determine
quesne and Belle$hidentified the logarithmic temperature the existence of tunneling statesarSi:H anda-Ge:H films
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as well. Specific-heat measurements by vhheysen of an
a-Si:H film with 35 at.% H prepared by plasma-enhanced
chemical-vapor depositioPECVD) onto a crystalline Si
substrate held at room temperafirmdicated contributions
from both tunneling states and magnetic excitations which
disappeared after annealing at 210 °C. A combined study of
specific heat and thermal conductivity of PECVASi:H
films with 17 at. % H deposited at 120—180 °C by Graebner
et al.28_showed evidence for a spectral density of tunneling
statesP=9x 10! erg tcm 3, similar to that ina-Si0,,
which was attributed to both intrinsic tunneling states as in
H-freea-Si films and H related ones involving the motion of
hydrogen atoms. In contrast to the specific-heat study by v.
Lohneyserf/ no sign of a magnetic contribution could be
inferred, which might be due to the elevated depostion tem-
perature. We have to point out that thermal conductivity
measurements performed on the same sample also suffered
from the complications discussed in Ref. 13, where four in-
dependent parameters were used to fit three phonon scatter-
ing processe&

Observation of tunneling states in PEC\DSI:H films . 1cm .
was also reported in the logarithmic temperature dependence

of Av/v, using surface acoustic wavEsyhere theP y2 was FIG. 1. The double-paddle oscillator: the arrows ilustrate the
found to increase from 810" erg/cn? for a-Si:H contain-  oscillation in the antisymmetric mode. Thin films of interest are
ing 14 at. % H, to 4.X 10° erg/cn? with 27 at.% H. The deposited or ion-implanted on the shaded area of the neck.

value ofPy? for a-SiO, (see Table)llies between those two o ]

values. A similar increase of the acoustic absorption withWhich is electrically grounded to the cryostat, so that the
increasing H content was observed as WelHowever, ap-  0Scillator can be excited capacitively into its resonant modes.
plying the same surface acoustic wave technique, tunneling"€ driving and detection circuit is kept in a phase-locked
states were not observed in sputte@®i:H (Ref. 29 or  00p, so that the resonant frequency can be measured accu-
a-Ge:H films (Ref. 30 with H concentrations up to 15 and ately (1 partin 16). The internal friction is measured from
25 at. %, respectively. This again might be due to the insenth® free amplitude decay after the driving force is turned off.
sitivity caused by the relatively thin-film thicknesses used inTN€ antisymmetric mode, with a resonant frequency of
those experiments. However, a nonmonotonic dependence 612200 Hz, has an extremely small internal frictioQ (

the acoustic absorption on the H content was observed i 10 °) at low temperatures. In this mode the head and the
sputtereda-SizH films (but not in sputterec-Ge:H) with a  Wings vibrate out of phase, twisting the neck as illustrated in

Neck

«— Wings

Leg

maximum absorption at 1.5 at. %49. Fig. 1 by the arrows. The small rotational inertia of the head
In view of these earlier investigations, there is only lim- relative to that of the wings minimizes the twisting of the
ited information on the tunneling states iGe anda-Si, leg. This greatly reduces the clamping loss. In addition, since

and no clear picture as to the effect of hydrogen. Moreover’Ehe metal film does not cover the neck, the energy dissipation

most of the earlier results are limited by the sensitivity of the®f the metal film to the antisymmetric mode can be
techniques used. minimized>" This special design ensures an exceptionally

small damping of the oscillator, so that very thin films or
films with very little internal friction can be studied when
IIl. EXPERIMENTAL METHOD they are deposited onto the netk? o
The symmetric mode, in which the leg is twisted by the
The fabrication and use of double-paddle oscillators havén-phase oscillation of the head and wings with a resonant
been described in Ref. 18 and references therein. Here wieequency of~410 Hz, is also used. Due to the clamping of
only summarize some points directly related to this work. the foot, the damping of this mode is more than one order of
The double-paddle oscillators shown in Fig. 1 are fabri-magnitude higher than that of the antisymmetric mode, mak-
cated from superpure, undoped, float-zone silicon wafering it less sensitive for the internal friction study of thin
({100 oriented, 3065 um thick) with room-temperature films. However, by not coating the leg with the thin film of
electrical resistivities greater than 1@Im. The head and interest, the resonant frequency shift of the symmetric mode
wings are connected by a narrow neck about 1 mm widebefore and after the film is deposited on the neck and wings
The wings in turn are connected to the foot by a leg which igs solely determined by the mass increase while the resonant
longer and narrower than the neck. The foot is attached witfrequency shift of the antisymmetric mode is determined by
Stycast 2850 FT epoxy to an Invar block, the thermal expanboth the mass increase and change in shear modulus of the
sion of which closely matches that of crystalline silicon. A paddle oscillator. This provides a way to determine the mass
metal film (30 A Cr + 500 A Au) is then evaporated on the and the shear modulus of the film, as was detailed in Ref. 18.
back side of the oscillator, without coating the neck and Before mounting the paddle oscillator, it is cleaned by
head. This film makes electrical contact to the Invar blockdipping it in 25% HF followed by acetone, isopropanol, and



PRB 58 LOW-ENERGY EXCITATIONS IN AMORPHOUS FILMS ... 9071

deionized water rinses, and blown dry. The HF removes th&or our high-purity silicon oscillators operating at 5500 Hz,
800 A thick amorphous §N, layer used as an etch mask there is no observable temperature variation 8F/(fo)<up
during the KOH etching. After this cleaning, the surface ofbelow 1 K for torsional oscillation along thé110) orienta-
the substrate is considered semiconducting grade clean, atidn. (Af/fy)s,, decreases gradually with increasing tem-
ready for thin-film deposition or implantatiaisee Sec. IV. perature abow 1 K as thdattice softens due to anharmonic-
The internal friction is measured in an evacuatdde ity. Similar behavior has been found in crystalline
cryostat in the temperature range from 0.5 K to room temgermanium in the samé110 orientation in ultrasonic
perature with a sample chamber pressure always smaller thaneasurement
2X10 7 torr. The sample temperature is determined by a
calibrated germanium thermometer from 0.5 to 30 K, and a
calibrated Pt thermometer from 30 K up to room tempera-
ture. Before each data point is taken, the temperature is sta- The e-beam evaporation was done in a high vacuum
bilized until there is no detectable change in resonant freehamber under a pressure ok20 ' torr during deposi-
quency of the oscillator. Because of the good vibrationtion. The silicon source was the same material as that from
isolation, the background internal friction of a bare paddlewhich the paddle oscillator was made, while the germanium
can be reproduced within 10% from paddle to paddle, andource was commercially 99.999% pure. They were evapo-
within 1% for the same paddle in separate runs. No straimated from a vitreous coated carbon crucible at normal inci-
amplitude dependence was observed for strain amplitude ugence at a deposition rate of 25 A/s, while the paddle oscil-
to 5x10°°. lator was kept below 100 °C by water cooling. The oxygen
Deposition of a thin film(layer) onto the double-paddle content in the film was found to be below the detection limit
oscillator will change the internal friction of the paddle of RBS (1 at.%9. In order to check for possible effects of
(Q,;a}jd,(). From the increase above the backgrou@t),  damping due to the interface, thresbeama-Si films of
the internal friction of the filmitself (Qg;1) can be obtained different thicknesse$43, 500, and 1700 njnwere evapo-

IV. FILM PREPARATION AND CHARACTERIZATION

througH?® rated separately under identical conditions.
Fore-beama-Si anda-Ge films, the sound velocities used
. Gsudswo 4 . to evaluate our data are 76.8% and 81.6% of the correspond-
inlm:m(Qpaddle_ Qbard» (5)  ing directionally averaged ones in their crystalline counter-
nm*rmm

parts, respectively, as determined by Cox-Sreitlal,*® who

whereG andt refer to the shear moduli and thicknesses offound no substrate temperature dependence up to 235°C
the paddle(substratg and the film (laye, respectively. during deposition. The mass densities of &&i anda-Ge
Since the torsional motion of the neck is along (eL0) films are uncertain since-beam films are porous, and their
orientation, its shear modulus can be calculated from th&hicrostructure and mass density depends on the conditions
known elastic constants of SiRef. 32 as Ggy=6.2 of fllm.prepa_ra.ttlon and on g?e thermal history of the fllms.
X 10 dyn/cn?. As mentioned above, the absolute value ofFollowing Williamson et al,”™ we assume a mass density
the shear modulus of a thin film can be determined from th&l€ficit of 10% relative to the crystalline phase for bath
resonant frequency shifts of the symmetric and antisymmet?€@ma-Si anda-Ge films and also for both sputteredSi

ric modes before and after the film has been depogited and al—Ge films. Applying Eq.(6), we obtain Gy, =3.63
ion-implanted.® However, this can be done accurately only ¥ 1011 dyn/cnf for the e-beama-Si films and Gy, =2.90
when the film is depositedh situ®® because the resonant 10" dyn/cnf for the e-beama-Ge films. Adding the fact
frequency is also slightly sensitive to the mounting. In thethat no measurable mass density chang&%) of the films

present work we therefore calculaBs,, via was found by measuring the film thickness with stylus pro-
filometry for e-beama-Si anda-Ge films after annealing at
G = pv t2 6) 350°C for 5 h, we use the san®;,, for both as-evaporated
nm ’

and annealed films. As an additional check for our estima-

wherep andv, are the mass density and the transverse sounton, we determinegr, and Gy, of an e-beama-Si film
velocity of the thin film respectively, inferred from literature. from the resonant frequency shifts of both antisymmetric and
In some cases, it was possible to compare@g, values Symmetric modes before and after the film had been evapo-
using both methodésee Sec. IV for details rated without taking the paddle oscillator from its mounting.
The relative variation of the sound velocity of a thin film They were in good agreement with those determined via Eq.

as the temperature is changed can be measured as follows.(®- ) )

(Af/fo)eupis the relative variation of the resonant frequency 1 he Sputtering was done in a magnetron sputter system.
of the bare oscillator with temperature, wifl being the Commercial 99.999% pure targets were used for both silicon
frequency at some reference temperaflge and if (Af/f,)  and _germanium. The argon partial pressure - was 4
is the relative variation of the resonant frequency of the os< 10~ torr with background pressure o410 torr, and

cillator, also atT,, after the deposition of a thin film, the he substrate was kept at room temperature. Sputtering will
relative variation of the sound velocity of the thin film is Incorporate impuritiese.g., Aj typically a few atomic per-

given by cent in the thin film, and the films are less stressed than the
ones prepared bg-beam evaporatioff. Here we use a shear
Av Gl Af Af modulusGg,=3.10x 10'* dyn/cn? for sputteredh-Si films
<_) :LSU"H_) —(_) J (77 and Gg,=1.60<10" dyn/cn? for sputtereda-Ge films,
00/ gy 3Cimtsim| | To fo/g based on sound velocity measurements of Rayf8igimd
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Young's waves? The film thickness was found to be un- was about 4107 torr. Internal friction results of three
changed by stylus profilometry after annealing, indicating Nna(HWCVD a-Si:H films are presented in this work. Two of
measurable mass density increase. Although a 5-10% inhem (Nos. HW133 and H7lwere of the best device qual-
crease of sound velocity of sputteredSi films after a ity, deposited at a rate of 8 A/s onto the necks of the oscil-
500°C anneal was mentioned in Ref. 39, this will only lators held at 380 °C, which led to an incorporation of about
changeQy, > by 10—20 %, much smaller than the change ob-1 at. % H. The third onéNo. THD217 was deposited at a
served herdgsee below. Therefore, just as foe-beam films, rate of 33 A/s onto the neck of an oscillator held at 300 °C,
we will ignore the effect of annealing on the shear moduluswhich resulted in 4 at. % H. The H contents were determined

Amorphization of crystalline Sid-Si) induced by self-ion by measurements of the IR absorption strength of the Si-H
implantation provides a different morphology afSi. The wagging mode at 630 cnt (Ref. 49 on companion
oscillator was implanted at room temperature using a Variansamples. Internal friction was measured again for sample
Extrion 200-1000 implanter. We use€dSi* ions to implant H71 and THD217 after the hydrogen was driven out by an-
one side of the oscillator under an angle of 7° off the axis tanealing at 500°C and 810’ torr for 24 h in a quartz
avoid channeling. Three energies, 50, 120, and 180 KeWube. The temperature was ramped up at 1 °C/min and down
were used to achieve uniform amorphization, each at a doss 0.5 °C/min to avoid both explosive evolution of hydrogen
of 7x 10 cm 2. The average power generated by accelerduring heating and quenched-in metastable defects during
ating the ions was kept below 45 mW/érto avoidin situ  cooling. Since there exist no sound velocity measurements
annealing. This resulted in an amorphized silicon layer 33®n HWCVD a-Si:H films to date, we assumed its shear
nm thick, as determined by cross-sectional transmission eleecnodulus to be equal to that of silicon layers amorphized by
tron microscopy’’ by RBS channeling, and also by a Monte ion-implantation because of their similarly dense structfire.
Carlo simulation(TRIM code, all of which agreed very well. Selected films, especially the HWCV®Si:H films, were
In contrast to physical-vapor depositigRVD) as described checked for amorphicity by small-angle x-ray diffraction,
above, the structure is dense and no nanovoids can be dRaman scattering, electron diffraction, and high-resolution
tected by small-angle x-ray diffractidhfor silicon layers cross-sectional transmission electron microscesge Fig. 2
properly amorphized by ion implantation. The mass densityn Ref. 20. They all showed the typical features of amor-
of the resulting amorphous structure is only 1.7% smallephous solids with no sign of any inclusion of crystalline
than that ofc-Si.® Incorporation of impurities should also be phase. Film thicknesses were measured by stylus profilom-
much less likely. Since the sound velocity is about 90% ofetry, except for the silicon layer amorphized by ion implan-
that in c-Si,*>®* we usedGy,,=5.54x 10'* dyn/cn? for  tation which was described above.
both as-implanted and annealed layers.

For use as a semiconductor, the dangling bonda-8i
films have to be passivated by hydrodéRecently, the use V. EXPERIMENTAL RESULTS
of low-pressure hot-wire-assisted chemical-vapor deposition A. Internal friction of a-Si films
(HWCVD) to improvea-Si:H (Refs. 43,44 has received in-

prgased gttention. Through a.pproprigte c_hoice of con.ditionsg300 nm thicke-beam amorphous films, as-evaporated and
it is possible to produce device qualigSi:H over a wide after annealing at 350 °C for 5 h. The solid line is the back-

range of hydrogen concentrations. The HWCVD films are : T ) i
superior both structurally and electronically to the PECVD.ground !nternal f“(.:t'(.)n of a paddie without f|!m. Also shown
films for small hydrogen contents<(10 at. %). In particu- is the internal friction of a paddle carrying a 400 nm

ar, HWCVD a-SiH containing as litle as 0.07 at. 5 H ex- 2o i I PPt QA0 S O ok S8 &
hibits device-quality electronic properti&This concentra- '

tion is just sufficient to passivate the dangling bondsmternal friction. Since a high-quality MBE layer is a simple

S ; . ‘extension of the crystalline silicon substrate, this absence of
indicating that excess H is not necessary and may indeed bé : .
detrimental. Ira-Si:H, hydrogen is not uniformly distributed o effect Is to b? expected. In contrast, a SOOmheama—_Sl
; yarogen y film increasex_ % ,.by more than one order of magnitude

throughout the amorphous lattice but rather has its own mi- : paddie y _ ! g .
crostructure. More than 99% of the hydrogen is eitherN€aling at350°C leads to a reduction@f,qq. although
bonded as silicon monohydride or dihydride in device qualthe film remains amorpholl?élz.The cggrespondmg internal
ity a-Si:H.%5 In HWCVD a-Si:H with 2 at. % H, over 90% friction of the e-beama-Si films, Qg , calculated from
of the hydrogen has been observed to form clusters in ledfese measurements after £8), is shown in Fig. &). Both
than 10% of the total volum®. Isolated hydrogen is distrib- the as-evaporated and the annealed films show the character-
uted over about 20—30% of the total voluffeleaving a  istiC plateau of amorphqus.sol!ds below 10 K, indicating _the
major fraction of the volume without hydrogen at all. The €xistence of a broad distribution of the low-energy excita-
structural properties of the HWCVD material with small hy- tions with constant spectral density of stalesFor compari-
drogen concentrations are also remarkable. Nanovoids casen, the internal friction of bulla-SiO,, measured at 4500
not be detected by any technique, and x-ray-diffractionHz on a double-paddle oscillator made out of bulk Suprasil-
measurementé show this material to have a 20% narrower W,>2 is shown in Fig. ) as a solid line, representing the
first diffraction peak than PECVIa-Si:H, indicating in- internal friction of typical amorphous solids. The internal
creased medium range ordér. friction of thin a-SiO, films measured with the same double-

HWCVD a-Si:H films were grown at the National Re- paddle oscillator technique was found in good agreement
newable Energy Laboratory in a high vacuum single chamwith that of the bulk shown her€. For the as-evaporated
ber reactor. The base pressure prior to admitting the, SiHa-Si film, its internal friction plateau value is already slightly

Figure 2a) shows the internal friction of paddles carrying
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FIG. 3. (&) The internal friction of paddle oscillators carrying
e-beama-Si films of different thicknesses indicated. The back-

10° 10 10®

ground internal friction of a bare paddle oscillator is shown as a
Temperature (K)

solid line. (b) The internal friction of the same-beama-Si films.

FIG. 2. (@) The internal friction of paddle oscillators carrying
vacuum depositee-beama-Si films: as evaporated and annealed at 1700 nm.anldd,eis shown in Fig. 8), while Qfﬁnl1 is plotted
350°C for 5 h, and a molecular-beam epitaxial Si layer. The backin Fig. 3(b), which agree within 20% for the three different
ground internal friction of a bare paddle oscillator is shown as athicknesses. Therefore, no film thickness dependence can be
solid line. (b) The internal _friction of Fhe_ samebegma—Si filmg. inferred, and we conclude that t@ﬂé represents the damp-
Symbols are the same_as(m). The s_olld line is the internal friction ing within the films, with no measurable interface effects.
of”t_)ulk ‘?:.'S'OZ (iléﬁ)ras'l \n} etChe_dh'n the Samfe shape asftzgogﬁ' Figure 4 shows the internal friction of a 550 nm thick
talline silicon padde oscillator, with resonant requency of o Zas-sputteredi-Si film and of a companion film which was
(Ref. 52. The double arrow demonstrates the “glassy range” ex- o . .
plained in text, annealed at _3_50 C for 5 h. The internal friction of the as-

sputtereda-Si film is smaller by a factor of 2.2 than that of
below the lower limit of the “glassy range,” as indicated by the as-evaporateetbeama-Si film [see Fig. )], and lies
the double arrow. After annealing, the plateau is reduced bglearly outside the “glassy range” as shown by the double
a factor of 2. Since the sound velocity is not expected tarrow in Fig. 4. The difference i@, * for e-beam and sput-
change considerabfi?,we attribute it to a reduction of the tereda-Sifilms demonstrates the influence of the preparation
defect states as will be detailed in Sec. VI. methods on the low-energy excitationsarsi films, in con-

Another feature shown in Fig.(B) is a broad relaxation trast to the fact that no difference i@gl was found in
peak centered at about 120 K for the as-evaporated, and at
about 200 K for the annealed films. A similar but more pro- e
nounced peak has been observed at 270 K in acoustic ab- 10° |
sorption of as-sputtered-Si films measured at 300 MHz :

which shifted to 450 K after annealing at 600'%2° It has o
been attributed to thermally activated relaxation of twofold- . ® assputtered a-Si (550 nm)  SY" e
coordinated Si atoms in the nonideal networkae®i. How- = © annealed at 350°C, Shrs g® } o000
ever, the reason why the peak shifts to higher temperature ~ © 10* ISl ot 1
after annealing is not fully understoddAssuming the same ‘ ...-.ooou“" o°
mechanism for the peak in oerbeam films, we obtain an [ OOoo
activation energy of 200 meV for the as-evaporated film i Ooogmpoo

from its shift in temperature with frequency, in reasonable 105 L f’ff’_?ooo.oolof’f’ml
agreement to a parametric fit given in Ref. 29. 10° 10" 102

In order to check for the possible influence of interface
related effects on the internal friction, e.g., film adhesion,
disorder at the interface, and contamination at the free sur- FIG. 4. The internal friction of sputtereatSi films: as sputtered
face, we measured the internal friction of three paddles carand annealed at 350 °C for 5 h. The solid line and double arrow
rying e-beama-Si films with thicknesses ranging from 43 to have the same meaning as in Figo)2

Temperature (K)
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a-Sio, films prepared bye-beam evaporation and wet ther- A
mal oxidation!® Even more remarkable is that ti@y~ of Amorphized S layer 330 nm) % )
the annealed film is a factor of 4 smaller than that of the 10° | by 2Si* self-ion implantation ~ * E
as-sputtered film, thus being one order of magnitude below 4 asimplanted as
the lower limit of the “glassy range.” In contrast to the © annealed at 300°C, 1hr

. . ¥V annealed at 850°C, 30 sec
e-beam films, no relaxation peak can be resolved above 100
K in either the as-sputtered or annealed films.

The internal friction of a paddle with a 330 nm layer
amorphized by ion-implantation is shown in Fig@p In -
addition to the temperature-independent internal friction be- an YLV
low 10 K which is more than four times above the back- 107 |
ground of a bare paddigolid line), a narrow relaxation peak
occurs at 48 K. This peak has previously been identified as
occurring in the heavily damaged crystalline region beneath
the amorphous layer, and is believed to be caused by elec- I RN
tronic relaxation of divacancy defecdflIt will be ignored in 10° 10’ 107
the following discussion since it is not connected with the Temperature (K)
amorphous layer of interest. Rapid thermal annealRigA)
at 850 °C for 30 s is known to lead to epitaxial regrowth of
c-Si from the substrat&" This RTA is performed on a com- 10°% () . E
panion as-implanted paddle, and its internal friction indeed [ 4 asimplanted “
fully recovers as shown in Fig.(&. Slow thermal annealing L 2 annealed at 300°C, 1hr
at 300 °C of another companion as-implanted paddle for 1 h I
leads to a complete disappearance of the relaxation peak as 10° |
expected for the annealing behavior of divacantiashile ;
the temperature-independent internal friction develops some
structure: the rise observed bel® K is caused by some
unidentified contamination resulting from the ion- 104 L
implantation, although it affects the internal friction only af- i
ter a slow anneat’ In addition to this and a small peak at 5 ‘A‘Aﬁ%:ﬁ:gA“‘:%
K, which we believe to originate from metastable states in et a8
the heavily damaged crystalline region beneath the amor- I T
phous layer as well, the plateau appears to be slightly re- 10° 10"
duced after annealinfby about a factor of 2 This can be Temperature (K)
viewed more clearly in Fig. ) where Qg is shown. An-
nealing at 300°C fo 1 h will not induce epitaxial FIG. 5. (8 The internal friction of double-paddle oscillators
recrystallizatior?* The internal friction plateau of the as- Carrying an amorphous layer prepared Bgi* self-ion implanta-
implanteda-Si is even smaller than that of the as-sputteredion: as implanted and annealed at 300 °C for 1 h. Also shown is the
film by a factor of 1.7, demonstrating once again the impor-!memal friction of a double-paddle osc!llator carrying an identical
tance of how the films were prepared. implanted amorphous layer after a rapid-thermal anneal at 850 °C

From e-beam evaporation to amorphization by ion im- for 30 s so that the amorphous layer has undergone epitaxial recrys-

. 1. . tallization to th iginal talli tructure. The back d in-
plantatlon,QOl is reduced by a factor of 4. Including the afization "o The ongina’ crys-ariing Stuctulrs. | he hackground in

. . . . . ternal friction of a bare paddle oscillator is shown as a solid line for
annealed, yet still fully amorphous films in this Comparlson'comparison(b) The resulting internal friction of the same self-ion

a decrease by a factor of 8 @, * is obtained from the as- implanted amorphous layer, assuming that all the additional internal
e-beam-evaporated to the sputtered-and-anneai®ifilms.  friction is within its 330 nm thick amorphous layer. However, the
This is a much larger variation than that commonly observediivacancies are actually confined to the damaged crystalline region
in other amorphous solids prepared by different techniquesabout 70 nm thick underneath the amorphous ldRef. 40. Thus,

For example, in heavily neutron-irradiated bu#kSiO,, the internal friction axis Q) is valid only for the amorphous
low-temperature thermal conductivity and specific-heat mealayer. The solid line and double-arrow have the same meaning as in
surements have indicated a decreas@gtf by a factor of 2 Fig. 2(b).

relative to that of well annealed, unirradiatedSiO,.>® B. Internal friction of HWCVD  a-Si-H films

Compaction of bulka-SiO, by 10% leads to a similar reduc- ' '

tion of Qy* as measured by low-temperature specific feat  We have reported previously that the low-temperature in-
and internal frictior?’ Effects of annealing were previously ernal friction of HWCVD a-Si:H with about 1 at. % H is

observed in some amorphous metal alloys. So far, the largeBgarly three orders of magnitude smaller than that of any
change was found in superconducting amorphous Gz, other known amorphous sol?&.Thls_|§ the first amorphous
where a decrease of the internal friction by a factor of 3.550lid which does not have any significant low-energy excita-

was observed as well as an increase of the thermal condulOns, in clear contrast to the universality established to date.
tivity by a factor of 2.5. This finding shows that the amorphous structure per se does
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silicon oscillator similar to that mentioned above after a slow
anneal of an ion-implanted paddle oscillator, although the
contaminants may be differefitAs was shown previous%f’,
increasing the H content above 1 at. % not only increases the
internal friction over the entire temperature range, but also
causes some structure as well. This is also illustrated in Figs.
6(a) and Gb) with a 12.4 um thick film (THD217) which
contains 4 at. % H. The double-peak structure between 3 and
15 K is attributed to the existence of molecular hydrogen and
is the subject of a separate investigattdihe main point is

that as the hydrogen concentration increases from 1 to 4
at. %, Q! increases by about one order of magnitude. This
clearly demonstrates that while H is needed to eliminate the
low-energy excitations ad-Si films, excess H is detrimental

to the elastic quality. This dependence on hydrogen is also in
agreement with earlier surface acoustic-wave measurements,
where a systematic increase Bfy? with hydrogen content
was observed in the relative variation of sound velocity in
PECVD a-Si:H films for H content larger than 14 at. %.

In order to explore the role played by hydrogen in these
HWCVD a-Si:H films, we annealed both sample THD217
and a companion sample to HW133, labeled H71 (23
thick), at 500 °C for 24 h. It is known that all the hydrogen
will be driven out of the films by this annealing process,
without leading to crystallizatior? Figures 6a) and (b)
show that the internal friction increases, in contrast to the
decrease resulting from annealing H-fraeSi films pre-
sented in the previous subsection. Most remarkably, although
both films (THD217 and H7] have experienced the same
heat treatment and have the same zero-hydrogen content at
the end of the process, their internal friction plateaus are
different by a factor of 6. This observation indicates that the
low-energy excitations in these amorphous films strongly de-
pend on the original states formed during deposition, i.e., on
the way that hydrogen is incorporated rather than the anneal-
ing process involved to remove hydrogen, reflecting the cru-
cial role played by hydrogen in reducing the low-energy ex-
citations ina-Si:H films. TheQ, ! of sample THD217 after
driving off the hydrogen reaches a value close to that of the
sputtered-and-annealedSi (see Fig. 4, the lowest among
the H-freea-Si films.

FIG. 6. (a) The internal friction of double-paddle oscillators
with hot-wire chemical-vapor-deposited-Si:H films: sample C. Internal friction of a-Ge films
HW133 is as-deposited with 1 at. % H. Sample H71, prepared under Figure 7 shows the internal friction @beam and sput-
the same condition as sample HW133, is annealed in vacuum bred a-Ge films, both about 500 nm thick. In contrast to
500 °C for 24 h so that it does not contain any hydrogen in the ﬁlm'a-Si films where a difference of more than a factor of 2 in

Sample THD217 is as-deposited as well as annealed at 500 °C for -1 ) .
24 h. The background internal friction of a bare paddle oscillator iscef?0 between the-beam and the sputtered films is observed,

shown as solid line(b) The resulting internal friction of the same there IS a'”?OSt no dlffe_rence in these two as-depositéib
a-Si:H films. The solid line and double arrow have the same meanf'lms' The internal fr'Ct_'On plateaus of the two are smaller
ing as in Fig. 2b). than that ofe-beama-Si, but are almost the same as sput-
tereda-Si. Annealing at 350 °C reduce3, * of the amor-
not lead to the glassy excitations. It also provides the opporphous film by a factor of 3. So we conclude that similar to
tunity to study the microscopic origin of the tunneling statesa-s;j films, a-Ge films have the same low-energy excitations
by varying them in a controlled way. The internal friction of as all amorphous solids, but the internal friction plateau
one of these samplesiW133, 2.0 um thick* is shown in  clearly falls below the universal values as indicated by the
Fig. 6(a) as Qpauqe Vs T, with the solid line that of a bare double arrow of the “glassy range” in Fig. 7. We tentatively
paddle, and in Fig. ®) asQg, vs T where the solid line and  attribute the similarity betweea-Si anda-Ge films to their
double arrow are the internal friction of butkSiO, and the tetrahedrally coordinated bonding.
“glassy range,” respectively, for comparison. The steep in- Similar to eebeama-Si films, the internal friction ofe-
crease ofQ ! with decreasing temperature bel@ K inthe  beama-Ge films shows a relaxation peak at about 150 K in
film with 1 at.% H is caused by a contamination of the both as-evaporated and annealed form. A similar, but much
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a-Ge films
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FIG. 7. The internal friction ofa-Ge films: ase-beam evapo-

- q o 4
rated, and after annealing at 350 °C for 5 h, and as sputtered. The 2 o ;‘Zﬁ;’:‘eﬁ aSISi
solid line and double arrow have the same meaning as in Hiy. 2 ¢ implanted a-Si
14 | 2~ e-beam a-Ge .
X e-beam a-Si, annealed
sharper, peak was reported by Bhattaall* in acoustic ab- v HWCVD a-Si, no H (H71)

sorption of sputterech-Ge films at 135 K using surface '160 5 1(') 1‘5 2(') Pr——
acoustic waves at 300 MHz, which they attributed to the Temperature (K)

motion of twofold-coordinated germanium atoms. If the

broad peak ObS.eY"e.d in our internal'fric.:tion measqrement FIG. 8. The temperature variation of the sound velocity of se-
had the same origin, €., the same activation energy, it WOUI%cteda-Si(:H) anda-Ge films whose internal friction results have
appear below 135 K instead of at 150 K because of thGE)een presented in Figs. 2—7. The straight lines are linear fits from

smaller resonant frequency used here. This is in contrast tgpich the slopes of the linear temperature variafisee Eq(8)] are
the case ok-beama-Si films where a good agreement with getermined.

the result of the surface acoustic waves was obtaiseé
subsection A More accurate measurements at different fre- _ “1e—1

. ) i . . B=0.5Qp (K™%). 9
guencies are needed to elucidate this peculiar higher tem-

perature feature. We believe that the study of the higher temfhis relationship was found to hold not only for all amor-
perature feature is also interesting because the structurghous solids studied, but also for disordered crystals. We
origin of thermally activated processes is relatively easy tthayve shown above that we are able to vaxy* for amor-
!ocate and may We_II be closely related to that of the tunnel-phOus solids over three orders of magnitude by including
ing process occurring at low temperatuf@s. a-Si anda-Ge films, and in particulaa-Si:H films. These
data can serve as an additional test of this intriguing but so
D. Relative variation of sound velocity ofa-Si and a-Ge films ~ far unexplained relatiofiEq. (9)] over an extended range of

o Q,'. The temperature dependence &b/v, of selected
”Charatl:_tderlst||c dlfferen_ceshbetween amorpho_us_ and fcrﬁ/sei—OSi('H) anda-Ge films are plotted in Fig 2(3) calculated ac-
talline solids also occur in the temperature variation of the - &' : . : :
sound velocity(see Sec. )l Below 1 K, the resonant scat- cording to Eq/(7). Each curve is shifted by one unit on the

: . , vertical axis for clarity. Just as in all other amorphous
terl'ng of sound waves by thg tunneling states n e}morphougolidsez the linear temperature dependence is obvious. For
solids leads to the logarithmic temperature variation of the[he as, implanted-Si layer the rapid dropoff ok o /v, above

. . . . . - = O
?rzuzin\;lelotf:gng&\giré ?g eEx?g)C‘t :{I’ﬁés Le;itﬁ';mn’ Z\ITr::orTiiS 10 K is due to the influence of the divacancy peak in internal
me?a\sure?/nents in the 0Hz range an?j abov):e is. however friction at 48 K occurring in the damaged crystalline region
not accessible for the frequencies used in the present studbeneath the amorphous layer as mentioned ak Figs.

because this logarithmic temperature dependence occurs % g) and Sb)]. In this case, we determine the slope only from

temperatures smaller than those available in our cryostat. | ta points below 10 K. The solid lines are linear fits from
P y " which the slopeg are obtained. The relation betwegrand
the temperature range above a few K and up to tens of K, i

was found by Belles$athat, in a variety of amorphous sol- <° k|s shov':/r; |n|_l|:\|/8.13?3fofr alihsampé(iﬁ |nve§|t||gtated n t.h's
ids, the sound velocity varies linearly with temperature agVOrK except for i >, Tor ihe paddie oscillator carrying
this film the relative variation of its resonant frequency was
expressed by . :
too close to that of a bare paddle to permit a meaningful
determination ofAv/v,. Even for the other HWCVD films
Av/vo=—B(T—Ty). ) large error bars have to be included in determinghgvhich
3 . o are shown in Fig. 9. The solid line in this figure expresses the
By compiling data on the linear variation of the sound ve-relation given by Eq(9). So we conclude that this relation is
locity described by Eq(8) and theQy*, White and Polif  still valid when tetrahedrally bonded amorphous solids are
recently summarized an empirical relation between the slopincluded, certainly within the experimental accuracy encoun-
of the linear variation of sound velocity, and the internal tered in the previous wor¥ In spite of the experimental

friction plateau,Q, *, which is given by uncertainty, we may conclude that a close relation exists be-
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10° . and 60% reductions op and v, respectively, have to be
: considered for the sputteredGe films relative to those of
e-beam a-Si, annealed N, beam a.Si bulk polycrystalline germaniuntsee Sec. IY. This makes
pv? three times smaller than that used in Ref. 13, which has
a . . . . .
. | e-beam a-Ge, anneated - e-beam aGe to be taken into account in comparison. The important dif-
1070 W< sputtered a-Si ] ference is that in this work we find that annealing of as-
. W~ sputtered a-Ge depositeda-Si anda-Ge films at 350 °C fo5 h reduces the
. . implant a-Si internal friction plateau by a factor of 2—4, which is not
T \:pu,,ered a-Si, annealed observed in Ref. 13. For sputteredSi films measured by
Q g2 E N oD s | Tokumotoet al,* almost the same values pfandv were
v o f ™ HWCVD 2.8, no H (THD217) used as in the evaluation of this work. However, the values
g HWCVD 25, 4 aL% H (THb217) of Py2 and C determined by Tokumotet al. are consider-
ably larger than those determined in this work. This is prob-
-~ HWGVD a-Si, no H (H71) ably caused by the less sensitive measurements in the rela-
10°% E tive variation of frequency, resulting from the smaller film
; thicknesses than those used by Duquesne and Belfegga.
N R conclude that while the surface acoustic-wave technique may

102 107 10° 10! have just enough sensitivity to detect the low-energy excita-
10°Q " tions in the films, it may not be sensitive enough to distin-
guish the variations resulting from the different deposition
FIG. 9. A comparison of the slope of the linear temperaturemethods and from heat treatment, which are identified in our
variation of sound velocity [see Eq(8)] with the internal friction present systematic study for the first time through low-
plateauQ, * for all the a-Si(:H) anda-Ge films presented in this temperature internal friction measurements. However, we
work except for sample HW133, as explained in the text. The 5°“dsuggest that a systematic study of the logarithmic tempera-
line indicates the empirical relation proposed in Ref.[68e also e variation of sound velocity is still needed to show the
Eqg. (9)]. The error bars indicate the uncertainty in determingg dependence of the low-energy excitations on the modes of
for those samples. preparation and annealing, which is not covered in the

. . resent study.
tween the quantityd and the magnitude of the plateau; as thep y

i ) . .~ Another interesting point is that among the studies usin
latter vanishes, the former also disappears. This observathﬂ gp g g

. ) e surface acoustic wave technique, only Duquesne and
confirms that the Bellessa effect is related to the same defecfs, || ossa? gave a consistent description of the relative varia-

which Igaq to the temperature-independent plateau of the "Non of sound velocity and acoustic attenuation using the TLS
ternal friction. model. In all the other studi€€;****an attenuation shoulder
at abot 2 K was observed, which is similar to that of the
VI. DISCUSSION sputtereda-Ge films found by Duquesne and Belled3a.
However, none of these authors attributed its existence to the
) . ] ) intrinsic tunneling states. Rather they suggested the cause to
As a continuation of the short review presented in Sec. llpe oxygen impurities. Using the conversion factor introduced
we will compare the results of our internal friction measure-py puquesne and BellesSafrom transverse to surface
ments with those of the earlier experiments. In Table I, theyaves, we find that the magnitude of these attenuation shoul-
values ofPy? andC determined in this work by the internal gers can yield values d¥y2 and C within a factor of 3 to
friction measurements using E(#) are compared to those those determined in this work, as summarized in Table | as
reviewed in Sec. Il for similar deposition methods. ~_ \ell. Conceivably, it was the insufficient sensitivity that led
For specific-heat measurements, only upper limitsPof to the conclusions reached in the earlier studies.
were given fore-beama-Si (Ref. 1) and a-Ge films®®
However, using these values to calculate upper limitB pf B. Low-energy excitations ina-Si and a-Ge films
andC (by using they value mentioned in Sec.)live obtain Internal friction provides a sensitive probe of the relax-
values which are close to those determined in this work. Thettional processes of defect states in solids. Dissipation of
comparison indicates that the residual anomalous specifignergy occurs whemr=1 is satisfied, where is the relax-
heat observed in high magnetic fields, especially in the casgtion time of the defect states under the strain of sound
of e-beama-Si, may indeed have been caused by the lowwaves with an angular frequenay. In amorphous solids,
energy excitations of the atomic tunneling states in the filmsthe resonant contribution t@ ! is negligible at the low
The upper limits or the values @2 andC of sputtered  frequencies used in our measurements. Tunneling states with

a-Si (Refs. 12,15 anda-Ge (Refs. 13,14 films determined 5 constant spectral density of staRgontribute a plateau in

by surface acoustic waves are also in reasonable agreemeffernal friction. However, there are other processes which
with those determined in this work. Note that the p”marymay cause energy dissipation at low temperaturesy thus in-
parameter determined by our internal friction measurementgrfering with the observation of the intrinsic structure-
is Py? for the fact that the measured internal friction in- induced atomic tunneling states in internal friction measure-
crease Q,;a}mm— Qpard has to be divided byGg,=pv? to  ments. We will discuss such possible influences here.

getC [see Eq(5)], while C is the initial quantity obtained in Although undopeda-Si and a-Ge films are electrically
measurements of the surface acoustic waves. We believe lisulating at low temperatures, an electronic contribution to

A. Comparison with earlier experiments
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Q! may still be possible due to the phonon-assisted hop- T T T
ping between !ocali;ed elgctronic states. However, we pe— 10° Glassy range

lieve that this is quite unlikely for the reason that even in E Uik 2-Si0

pure, crystalline metal films the electronic contribution to the z
damping is negligibly small due to its short mean free path.

Aa D
AL A BA

Moreover, the electronic density of states near the Fermi e'beﬁz‘gaio;atfi 6060600000099

level in a-Si anda-Ge films as estimated from tfe /4 law 10° E o tered J000 a9
. . . F [o} ]

for the hopping conductivif}f is about four orders of mag- ‘ N500000000000 “

AAAAAAAAAAAM

nitude smaller than that in pure metal films.
It is well known that PVDa-Si anda-Ge films contain

film

E4

| implanted 4 ]

unpaired localized electrons up to a densityNof 10'° to © . sputtere:ir ; ;n:e;; e

10?° cm™2 mostly on sites of dangling bonds, as evidenced 107 ¢ E
by electron-spin resonanteand magnetic susceptibilftf o HWCVB’ noH H7)
measurements. Magnetic moments of isolated unpaired elec- v ox XXX XXX X XXX XXy x X ]
trons ina-Si anda-Ge films will experience dipolar interac- xXTg

tions and hyperfine interactions between magnetic moments 10 b ¥ HWCVD, 1 at% H (HW133) |
of the electrons and the nucf&i.Also, clustered electron i v, 1
spins have been found to have exchange-coupled L s fims Yk vy TV ¥
interactions'®® According to Thomaset al,'® annealing at i T

350°C for 5 h reduces the spin densityefbeama-Si by a 03 '1 3 1'0
factor of 2, which coincides with the reduction @, * after Temperature (K)

the same annealing process observed in this work. The ques- _ o _ o

tion then arises whether the internal friction plateau observed F!G- 10. The internal friction of selectestSi anda-Si:H films

in our a-Si and a-Ge films may originate from magnetic presented in this work. The solid line and double arrow have the

excitations. So far, no direct evidence has been published 85 ° meaning as in Fig(td. The single arrow indicates the uncer-
) ' . L P ainty in determiningQy > for that sample.

to whether these magnetic excitations affect the elastic

and/or acoustic properties. We have recently measured the

internal friction of ebeama-Si films under high magnetic

fields and found the value ‘@51 to be independent of the To emphasize the dramatic dependence of the internal

applied field up to 6 T, thus excluding magnetic excitationsf”Ct'on plateau on the modes of preparation, thermal anneal-

as a possible origin. The results will be published'ng' and hydrogenation, we have collected in Fig. 10 some
separately® representive internal friction results afSi anda-Si:H films

. . . for comparison. Between films prepared dshpeam evapora-
Incorporation of oxygen is known to cause atomic tunnel- b brep y n

. . . 0 71 .
ing states inside tha-Si anda-Ge matriX?>*which are not tion and films prepared by HWCVD with 1 at.% K, " is

intrinsic to a-Si anda-Ge. Our samples were prepared with seen to vary by more than two orders of magnitude. The

ai : 0 o
great care to minimize the oxygen content. Using RBS, botﬁarror bar for the HWCVDa-Si:H with 1 at. % H indicates

evaporated and sputtered samples were found to have oxﬂ]e experimental uncertainty in the determination of(m;el
porate putte samp € OXii that case since there is essentially no damping excess over
gen within the detection limit €1 at.%). For thea-Si

S : the background except for the contamination peak which oc-
layer produced by self-ion implantation, the oxygen content, s pejgy 1 K mentioned in Sec. V. If we compare these
should.k-Je even less, within the limit of our superpure ﬂoat'data with the internal friction of bull-SiO, and the “glassy
zone silicon wafer £20 ppm). So oxygen should not be a y5nge” also shown in Fig. 10, it is quite obvious that the
problem in our internal friction measurements. However, Weyniversality of the low-energy tunneling states, which had
cannot exclude the influence of possible oxygen contaminayeen established without exceptions for the past 27 years,
tion as a cause for some of the contradictory early reports agoes not hold anymore. Since all of these silicon films are
reviewed in Sec. Il. clearly structurally amorphous, it follows that the amorphous

Besides oxygen, some other impurities may enter into thgtructure alone is insufficient to cause the glassy low-energy
a-Si and a-Ge films or the crystalline silicon substrates. states. The possible cause for the variability and nearly com-
They may form additional defect states. The contaminatiorplete disappearance of the low-energy excitations will be dis-
peak belav 1 K that occurred during thermal annealing of cussed below.
paddle oscillators after ion-implantation or during hot-wire ~ An amorphous solid having gerfecttetrahedrally bonded
chemical-vapor deposition is an example, see Figs. 5 and @ontinuous random network is rigid and may be expetted
These defect states, presumably originating in the crystallinBave none of the atomic tunneling states which had been
silicon substrate®! show temperature dependence in internalpostulated in the TLS model, because the appearance of tun-
friction distinct from that of the tunneling states. These ad-neling states requires more than one equilibrium position of
ditional contributions can be easily separated. the tunneling entities. This idea has been elaborated with the

We conclude that the low-energy excitations observed asonstraint-counting modé&l;® which is believed to govern
a temperature-independent plateau in internal friction are inthe elastic and vibrational properties of amorphous solids.
deed caused by the structurally induced tunneling state§he predicted floppy-rigid transition has been found in good
common to all other amorphous solids. agreement with experimental investigatiéidts impact on

C. What became of the “universality”?
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the low-energy tunneling states has also been evihighly strained regions which drive it into a less perfect
denced qualitatively in low-temperature specific-heatstructure, similar to the well-relaxed state in H-fraeSi
measurement®. Conceivably, the low-temperature internal films. An interesting observation is that the low-energy ex-
friction observed in the present work may be a direct consecitations in these hydrogen-free HWCVASi films depend
guence of the unique tetrahedrally bonded amorphous strugensitively on the initial deposition conditions which had led
ture in a-Si anda-Ge films. to different hydrogen content in the as-deposited films. This
For a-Si(:H) anda-Ge films prepared under various non- "éveals the profound role played by hydrogen during depo-
equilibrium conditions, local floppy modes might arise from sition in produpmg an equilibrium microscopic structure that
locally defective, effectively underconstrained, regions dud®@'tially remains even after the hydrogen has been removed.
to the internal or growth strains in an otherwise overcon- It i worth noting that the experimentally determined
strained network. Molecular-dynamics simulatiéri€ show roppy-ngld transition threshold has frequently bgen found to
that the existence of twofold- and threefold-coordinated site§€ higher than the predicted value of the mean-field th&bry.
leads to vibration localization which may be closely related! N® imperfection of the structure due to the existence of
to the atomic tunneling states observed in amorphous solid&2cally unconnected or weakly connected bonds may contrib-
Amorphous Si and Ge films deposited near room temperadté to the discrepancy. Therefore, we emphasize that local
ture are granular, even porous. When annealed at elevatdiyctuations should be included in the constraint-counting
temperatures, but well below the crystallization temperaturel0del, which sometimes may dominate the lattice vibrations
they undergo significant structural relaxation toward a moréf overall overconstrained continuous random networks, as
continuous random structure in which the underconstrained! the case o&-Si anda-Ge films. o o
regions are reduced.In a-Si films prepared by ion implan-  Another parameter which may be crucial in determining
tation, enthalpy release during annealing below the crystallith® existence of tunneling states is the random strain in
zation temperature has been studi®@his release is accom- amorphous soplds..lts role in _generatmg the low-temperature
panied by a reduction of bond-angle distributi@nthus ~ 9lassy behavior in the mixed crystal (KgKKB)os
demonstrating a significant structural relaxation with increas-H 0-9% CN has been demonstrated by WatSdhhas been
ing short-range order. Evidence of a reduction of the bondound recently that hydrogenation with 1-2 at. % Hae8i-
angle distribution and of a subsequent densification and hdy HWCVD effectively relieves the internal compressive
mogenization after annealing has also been foundaf@i stram._ We sugges_t that while amorphlcny is not a sufflcen'_[
(Refs. 76,77 anda-Ge (Refs. 73,78films prepared either by condition for tunneling stat_e_s, the existence of random strain
e-beam evaporation or by sputtering in structural and calorii@y be a necessary condition. .
metric studies. The observed structural relaxation upon ther- It has been proposed recently by ttuand Horstmarff
mal annealing may be closely related to the change in thehat am'orphous phases W{thqut IQW-energy tunneling states
density of the low-energy tunneling states as measured byay exist, although the criteria given have not been appli-
the internal friction. Cable to real amorphous systems. We hope the results pre-
Although annealed a-Si films have lower free energy thar?e”tfad herg wiI_I i.nspire both experimental and theore’;ical
as-deposited oné8 there may be a limit below which the §tud|es in identifying tr_le nature of the low-energy excita-
low-energy excitations cannot be decreased by thermal afions of amorphous solids.
nealing alone. Recent study of coherent transmission elec-
tron microscopy’® shows that annealing-beama-Ge _film VIl. CONCLUSION
increases short-range order at the expense of medium-range
order. This may be related to the difficulty encountered dur- Unlike all other amorphous solids studied so far, the low-
ing conventional deposition and annealing to nucleate a corenergy excitations ia-Si anda-Ge films show a wide varia-
tinuous random network. In addition, building a tetrahedrallytion, deviating from the universality established for all other
bonded continuous random network may inevitably caus@morphous solids without exceptions for the past 27 years.
clusters of dangling bonds to occur as a result of accumuTheir magnitude, as determined by the temperature-
lated local strains. Incorporation of hydrogen may thereforédndependent internal friction plateau below 10 K, is below
be a necessary step not only to passivate the dangling bontise lower limit of the “glassy range” (1510 3-1.5
but also to relieve the strain in the amorphous métr%in <10 %), in which all other amorphous solids have been
order to extend the medium-range order, which is indeedound to lie, and furthermore diminishes by more than two
observed in HWCVDa-Si:H films by x-ray diffraction’t’  orders of magnitude when HWCVR-Si:H films are in-
The structure of the resulting material may be closer to aluded. Film preparation methods, heat treatment, and incor-
perfectcontinuous random network than any other forms ofporation of hydrogen are found to be the parameters leading
a-Si studied so far. to the dramatic changes of the tunneling states. However, the
Since H-terminated Si lacks the full tetrahedral connectiv-connection of film preparation and thermal treatment with
ity of the network, additional local floppy modes may resultthe tunneling states is complicated. While annealing de-
as the H content exceeds the level which is needed to passireases the internal friction of H-free-Si anda-Ge films,
vate the dangling bonds and to relieve the strain. As a resultemoval of hydrogen by annealing of HWCV®Si:H films
the density of the tunneling states increases with excess hyacreases the internal friction, demonstrating the profound
drogen. role played by hydrogen in reducing the tunneling states.
Removal of hydrogen by an anneal at 500 °C may cause We have reviewed the earlier experimental investigations
the already near-perfect continuous random network enein both H-free and hydrogenatedSi anda-Ge films, and
getically unfavorable. The film may eventually recover thecompare those with our results of the internal friction mea-
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surements. We conclude that the previous reports of contrawith the H content and the minimum in both light-indufed
dictory observations are mainly caused by inadequate sensind thermally inducéf§ metastability, indicating a possible
tivity of the techniques applied together with the possiblerelation between the low-energy excitations discussed here

influence of film preparation conditions, e.g., incorporationand the electronic and optical properties of these semicon-
of impurities. In addition, earlier investigations are far from dyctors.

systematic so that comparison between results of differently
prepared samples may add further complication to the lim-
ited sensitivity.

We suggest that the peculiar properties of the low-energy
excitations in these thin amorphous films may be related to We are grateful for Dr. R. S. Crandall for many stimulat-
their unique tetrahetrally bonded structure which is globallying discussions. We acknowledge Dr. E. lwanizcko, A. H.
overconstrained. The atomic motion, which is a prerequisitdvlahan, K. M. Jones, T. E. Furtak, and D. L. Williamson for
for tunneling states at low temperatures, may originate fronpreparations and characterizations of the HWCHYESi:H
the locally underconstrained regions, and may therefore bthin films used in this work. We thank Dr. P. Wagner from
sensitively dependent on the perfection of the covalent conwacker Siltronic in Burghausen, Germany, for supplying us
tinuous random network. It may be that the tunneling statesvith the ultrapure silicon wafers, from which the double-
are caused by loosely bonded individual atoms or clusters gfaddle oscillators were made. We also thank Dr. G. Wilk
atoms as suggested by Phillibdncorporation of small from Texas Instruments Inc. at Dallas, Texas for growing the
amounts of hydrogen is found to be an effective way to anMBE silicon film, and Dr. P. Revesz at Cornell lon Beam
nihilate the low-energy excitations. However, the exact roleLaboratory for the RBS/channeling measurements. This
played by hydrogen, especially its structural relation to thework was supported by the Semiconductor Research Corpo-
atomic tunneling states in addition to its passivating the danration under Grant No. 95/Sc/069, the National Science
gling bonds and relieving the strains, is still not understoodFoundation under Grant No. DMR-9701972, the NREL
It is encouraging that the same thin-film material in whichFIRST Program, and the DOE under Contract No. DE-
we find the disappearance of the low-energy tunneling state&C0O2-83CH10093. Additional support was received from
also exhibits better device quality as a semiconduttor. the National Nanofabrication Facility at Cornell University,
There is a striking parallel between the minimum in (@gzl NSF Grant No. ECS-9319005.
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