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The thermal conductivity of freestanding films of z-Ge has been measured in the tem-
perature range 0.03-5 K. The results indicate scattering of phonons from tunneling
systems, cylindrical voids, and boundaries. The first two mechanisms are correlated
with density, the strongest scattering occurring in the samples of lowest density.

PACS numbers: 61.40.Df, 66.70.+f

The amorphous tetrahedral semiconductors a-
Ge and a-Si are currently under intense investi-
gation from a fundamental as well as practical
point of view, One of the unanswered questions
concerns the basic structure of these materials
and how it differs from the structure of most
glasses. In this Letter we address the question
of the existence in these amorphous semiconduc-
tors of the two-level tunneling systems®? (TLS)
which nearly universally dominate the properties
of glasses at very low temperatures.® Previous
reports* ! on this issue have been contradictory,
some claiming the presence and some the absence
of tunneling systems. We report measurements
of the thermal conductivity of a-Ge films under
conditions which overcome problems in previous
measurements.” The samples have been careful-
ly characterized and are free standing to avoid
difficulties due to the substrate. The data extend
over a wide range in temperature, permitting an
analysis which takes into account various scatter-
ing mechanisms., Evidence for TLS is found in
all our films, with the greatest number occurring
in the films of lowest average mass density. This
correlation with density, observed here for the
first time, sheds light on previous contradictions
and, more importantly, suggests the location of
the tunneling systems. These TLS should also
appear in heat-capacity measurements at low tem-
peratures.

The films were deposited at 8—25 A/sec by
evaporation of 99.9999% Ge in an oil-free high-
vacuum system capable of maintaining a pressure
of ~107® Torr during evaporation. The substrates,
located 30 cm from the source, were glass mi-
croscope slides coated with ~0.1 um of B,O, as
a parting agent. During the Ge deposition the sub-
strates were clamped at their ends against a cop-
per plate controlled at temperature T,~ 100 C.
The films were characterized by infrared and Ra-
man spectroscopy, scanning electron microscopy,
and neutron activation analysis. The results of
these tests show the films to be typical of unan-
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nealed films of a-Ge prepared under high-vacuum
conditions.'® The density (Table I) is computed
from the mass and dimensions of the sample. We
find that the density is nof a simple function of
T,; it depends more on other variables such as
evaporation rate and substrate clamping force.
Thin-film Manganin heaters and isothermal Au
pads® were deposited by evaporation onto the a-
Ge films. After electrical and thermal leads
were attached, the film was removed from the
substrate and mounted by its leads in a *He-*He
dilution refrigerator. The thermal conductivity
measurement used a thermal gradient across a
narrow region of the Ge film delineated by the
heaters and isothermal pads.

The thermal conductivity « of three representa-
tive samples is shown in Fig. 1. The data exhibit
a smooth change from a roughly linear variation
above 1 K to a T® dependence at the lowest tem-
perature. Except for the limiting 7® rather than
T2 behavior at low temperatures, the magnitude
and temperature dependence of the data are rough-
ly similar to those of most glasses cooled from
the melt. « is strongly sample dependent, vary-
ing by a factor of ~5 at any given temperature,
but for all samples it is greater than « in Ref. 7.
In contrast to those results, we find no correla-
tion of x with sample thickness.

TABLE I. Film characteristics and parameters for
samples 1-6 and for the thickest sample (LS) of Ref. 7.
Units are the following: thickness # (um), mass density
p (@/cm¥, A @m K), B (umK3), 7, (um), and 7, (@m).

Sample t p A B 1y 1,
1 10.7 5.17 450 721 516 103
2 11.2 4.88 435 234 383 490
3 10.4 4.75 201 206 593 253
4 13.6 4.92 313 210 282 380
5 10.3 4.88 385 211 149 294
6 10.5 4.54 60 170 301 167
LS 5.7 250 113 coe 163
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FIG. 1. Thermal conductivity of three representative
samples of g-Ge. Circles denote sample 1; squares,
sample 3; and triangles, sample 6. The solid lines
represent fits of Eq. (1) with the parameters listed in
Table I. The dashed lines are fits without TLS as des-
cribed in the text, The data (solid small dots) for the
thickest sample of Ref. 7 are shown for comparison,

Thermal conduction in glasses® takes place via
thermal phonons, and the plateau above 1K is
evidence of a strongly frequency-dependent pho-
non mean free path I(R2), where Q=%w/ky and w
is the phonon frequency. We take

K(T)=%17f0“Dc(n,T)z(sz,T)dQ, (1)

where C is the Debye heat capacity of the heat
carriers (thermal phonons) and 7 is an average
phonon velocity. A number of models® for 1(R2)
have been advanced to yield a rapid variation of /
in the appropriate frequency range. To describe
the present data, we take the following combina-
tion'> ¥ of scattering mechanisms:

1Q)= (1, +1g 7 +2,7 ) +1, @)

where we include scattering from the boundaries
of the sample (I,) which we assume to be frequen-
cy independent, and Rayleigh scattering from in-
homogeneities (I =B/Q™). Values of m =2, 3,

or 4 correspond to Rayleigh scattering from pla-
nar, cylindrical, or spherical inhomogeneities,
respectively. A minimum value /,, serves as an

upper frequency limit on Rayleigh scattering. !
also includes complicating effects at the upper
end of our temperature range, such as a non-
quadratic phonon density of states'® and phonon-
phonon scattering.®

Scattering from TLS was originally introduced®?
to explain the thermal conductivity typical of
most glasses below 1 K. TLS are small groups
of atoms capable of tunneling between two differ-
ent configurations and are thought to be intrinsic
to the disordered state. The inverse scattering
length due to tunneling may be written*

1,"'=A"'Qtanh(Q/2T) + (44/Q +4/DT%) % (3)

The first term describes resonant scattering,
and the second, relaxational. The latter is negli-
gible for the present temperature range but is in-
cluded for completeness. Figure 1 shows least-
squares fits of Eq. (1) to the data. The best fits

m

. (solid lines) were obtained by using m = 3 and the

parameters A, B, l,, and [, of Table I.*" If TLS
scattering is not included the fits are worse
(short-dashed lines). A fit of the data of sample

1 with m =4 and no TLS (long-dashed line) shows
that the commonly used Rayleigh scattering con-
tribution is even less adequate. The poorer fits
without TLS have x*°/DF > 1 (where DF is the num-
ber of degrees of freedom), compared to ¥*/DF
<1 when TLS are included. In each case, the in-
clusion of TLS improves (decreases) x?/DF by a
factor which lies in the range 2-10. A, B, [,,
and /,, each dominate distinct portions of our tem-
perature range and are therefore quite indepen-
dent of each other. [,, for example, produces a
rise in k for T = 3 K and is therefore independent
of A, which has a significant effect only for 7 < 2
K. The reason for the independence of the param-
eters is the very large change in ! (4 orders of
magnitude) for the temperature range covered
here. The values of A and B that we have fitted
to the data of Ref. 7 are consistent with the pres-
ent results but are statistically meaningless be-
cause of the small range of temperature.

The low-temperature T2 region, in which bound-
ary scattering dominates, yields a mean free
path 7, which is 20-50 times the film thickness,
implying highly specular reflection.

m =3 corresponds to scattering from cylindri-
cal inhomogeneities with cylinder axes oriented
at right angles to the heat flow. Small-angle x-
ray scattering'® from similar thick films of a-Ge
indicates cylindrical inhomogeneities roughly 30
A in diameter and 2000 A long, with the long axis
parallel to the direction of growth. If these re-
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gions are voids, the total number of cylinders
corresponds to an overall sample density deficit
(porosity 7) of (1-2)%. Thus they account for

part but not all of the density deficit (up.to 30%)

in a-Ge. We adapt an expression'® for Rayleigh
scattering from a line of missing atoms in a crys-
tal to obtain

1% = 4%/ 3k rd?, 4)

where d is the average diameter of the cylinder.
Use of »=0.01 yields [zx2°=360 um, in remark-
ably good agreement with typical values of B in
Table I. The criterion for Rayleigh scattering,
A=2m/w)=zd=30 A, is satisfied for all frequen-
cies up to that corresponding to the transition
from I=lg tol~1, (\~85A for /,~200 A and B
~200 um K3).

The TLS mean free path corresponds to a scat-
tering strength® PM?=7%pv®/nkzA, where P is the
density of states of those TLS which are effective
in scattering phonons and M is the phonon matrix
element. P is a subset of n,, the TLS contribu-
tion to the specific heat. PM? and the Rayleigh
scattering strength, B™!, are shown in Fig. 2 as
functions of film density. Both decrease by a
large factor as p varies from 85% to 97% of the
crystalline density. The internal structure of a-
Ge is still not fully understood, but it is thought
to consist of low-density regions (including the
cylinders referred to above) and high- (nearly
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FIG. 2. Scattering strengths PM? due to tunneling
systems and B~! due tocylindrical voids, as functions
of average mass density, The arrow at 5.32 g/cm?
indicates the density of crystalline Ge. The lines are
intended only as guides for the eye.
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crystalline) density regions., The film density
then depends upon the fractional volume of each
type of region. We interpret the density depen-
dence of PM? as evidence that the TLS are asso-
ciated with the low-density regions.?® In this pic-
ture, the appearance or nonappearance of TLS is
at least partially attributable to variations in the
density, which was not perceived as an important
parameter in previous investigations.*™!*

The largest value of PM? in Fig. 2 is just equal
to its value in a typical glass, a-SiO,. If we as-
sume for a-Ge the same fraction of strongly coup-
led states and a somewhat smaller M (1 eV) com-
pared to a-Si0O, (1.5 eV), we obtain for our low-
est-density film a sufficiently large #n, to account
for the quasilinear heat capacity found recently®
in a-Ge but attributed instead to paramagnetic
spin centers. We predict that careful heat-capac-
ity measurements on well-characterized films of
a-Ge will show a substantial tunneling-system
contribution that increases with decreasing den-
sity.
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