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Thermal properties of a-Si:H at low temperatures
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The specif&c heat and thermal conductivity of bulk samples of a-Si:H have been measured in the tern-

perature range 0.1-5 K. A quasilinear temperature dependence of the specific heat and a T2 thermal con-

ductivity indicates a density of No-level tunneling systems very similar to that in fused silica. A flour of
heat from the sample has been observed at lour temperatures, with a decay extending over a period of
days.

Thc clcctrlcal Rnd optical pl Opcl tlcs Gf hydrogenated
81Tlol phous slllcon have bccn stUdlcd cxtcnslvcly bccaUsc
of the passivating effect of H on the intrinsic gap states of
a-Si. The thermal properties, on the other hand, have re-
ceived very little attention, particularly at temperatures
belo~ a few kelvins. Low-temperature thermal measure-
ments are important to resolve the question of the existence
of two-level atomic tunneling systems (TLS) in tetrahedrally
bonded amorphous semiconductors. %C report measure-
ments of heat capacity C~ Bnd thermal conductivity & of
plasma-deposited a-Si:H in the temperature range 0.1-5 K
that reveal a large quasilinear C~ and a roughly T variation
of K. These results for K are comparable with similar find-

ings in a related material, a-oc, which were attributed to
TLS. %C show that the present results are not duc to un-

paired spins3 at the dangling bonds because of the low

number density of spins found in the material. Thus we in-

terpret our data as evidence for a broad spectrum of TLS in

a hydrogenated tctrahedrally coordinated amorphous sem-
lcondUctor, with 8 density Gf stBtcs which ls vcI'y similar to
that in a typical melt-quenched glass such as fused silica. 4

%C have also observed 8 flow of heat from the sample to
the bath which depends on the thermal history on cooling
from 300 K. This slow release of heat does not affect the
(transient) heat-capacity measurements.

Thc salTlplcs wclc prepared by plBsma dccoIYlposition Of

sllanc OA RA aluminum sUbstl'Btc Bt Rn Bvcragc temperature
of 120-180'C. The plasma was produced from silane with

10 ppm 82H6 at an average rf power of 2 %. Irregularly
shaped pieces several millimeters in each dimension were
obtained by removing them from the supports of thc plasma
chamber after many runs. The density of spins X, was

measured by KSR to be 4.4X10' cm 3. The mass density

p was 2.00 g/cm, i.e., 140k lower than the density of crys-
talline Si. The concentration of hydrogen as measured by
NMR5 was 17 at. '/o. Thc evolution of hydrogen from onc
5.7-mg plccc was monltorcd with 8 IYlass spectrometer as thc
sample was heated at the rate of 10 C/min in a high vacu-
Um. Thc largest peak occurred at 320 'C, indicating
(SiHI)„polysilane material in intcrcolumnar regions. A

second broad peak —,0 as large occurred at —550'C, indi-

cating bulk SiH and SiH2. A narrow peak at 630'C accom-
panied crystallization. The sample broke into many smaller
pieces dunng thc hcatlng process.

A thcl'm81 rclaxatlon tcchnlqUc was Used to measure C&

with 8 thin Au wire serving as the thermal link between the
calorimeter RAd 8 dllUtlon rcfrlgcl'Rtol. Thc thermal conduc-
tivity was measured with 8 two-heater one-thermometer
technique on 8 sample roughly in the shape of a circular
cylinder of —2-mm diam and —4-mm length. Thermal
contact to the sample at four places along its length was

made by wrapping and gluing several turns of thin Au wire
Bt each location.

The typical cooling procedure from 300 K consisted of a
slow cooling (12 h) to —150 K followed by relatively rapid
cooling (2 h) to 4.2 K. On several occasions, however, an
extra 24 h was spent cooling to 135 K, resulting in a 10'/0

smaller heat flow from thc sample at low temperatures.
Nine pieces of a-Si:H totaling 100 mg werc used in vari-

ous combinations in the calorimeter during six separate
runs. Typical results for 60 mg are shown in Fig. 1. The
heat capacity of the addenda, typically 40% of thc a-Si:H
contribution, has .been subtracted from the raw data. A
quasilincar regime at thc lowest temperatures gradually
changes to 8 T dcpcndcncc Rt. hlghcr tcITlpcraturcs. Thc
data can be reproduced quite well with the expression

Cp= Clr + C3T

c,= (1.9+0.1)x10 JK g

Tllc first tcl'In lfl Eq. (1) Is almost Identical 111 lllagIlltudc
and temperature dependence with that' for a-Si02, for
which a=1.30 and el=1.5&10 JK 3og

Thc sample temperature Tg ln Flg. 1 did Aot fall below
T;„—125 mK even with the refrigerator at —20 mK. Us-

ing this temperature difference and the previously measured
temperature-dependent conductance of the thermal link, wc
calculate a heat flow g of 2.2X 10 W for the 60-mg sam-
ple. During one run, g was monitored for four days. g
was obsclvcd to dccrcasc wltl1 tIInc (11ollcxponclltlally), re-
quiring —2 days to reach half Gf its initial value. 9

The thermal conductivity of one 15-mg piece of a-Si:H is
presented in Fig. 2. The K sample was somewhat better
coupled to the refrigerator than the C~ samples werc, and
the T;„ is correspondingly lower. %C estimate thc tem-
perature drop along the sample due to g in the absence of
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Considering the small density of free spins in the sample
( ( 10"cm '), we argue that the quasilinear specific heat
is not due to free spins. The entropy corresponding to the
heat capacity, integrated from 0.1-5 K, is 120 ergs/gK.
Even if all of the X, spins contributed to the specific heat
by being distributed over a band of energy 5 K wide, the
available entropy would be only X,ksln2/p=2 ergs/gK,
i.e., a factor of 60 too small to account for the heat capacity.

Because of the similarity between the present results and
those of other glasses, we interpret the data in terms of the
two-level tunneling theory. ' " lt is assumed that a glass
contains many atoms or groups of atoms that can tunnel
between two nearly degenerate configurations, These TLS
are widely distributed in energy splittings with a density of
states no that is roughly constant in energy, producing a
linear heat capacity

(2)

FIG. 1. Heat capacity of bulk a-Si:H. The solid line represents
Eq. (1) with parameters given in the text.

applied heat to be —1 mK at the lowest temperature. The
data vary approximately as T' below —1 K and T above.
They are similar in magnitude and temperature dependence
to K for a-Si02 with a less pronounced plateau, at least
within our temperature range.

Most glasses, like the present material, exhibit a superlinear
temperature dependence at low temperatures, but if we use
n= 1 as indicated in Eq. (2), we calculate no= 9 x10"
ergs ' cm . This may be compared with a value of
8x 103 ergs 'cn& for a-Si02.

Thc Inverse scattcllng length /g due to TLS 1s rclatcd to
a scattering strength PM, where P is thc density of effec-
tive scatterers and M their phonon matrix element. An im-
portant feature of the tunneling model is a wide distribution
in relaxation times, even for TI.S of a given energy splitting.
no includes all the TLS while P includes only the fastest re-
laxing (most strongly coupled) TLS. P thus represents a
subset of no with, typically, P/no-0. 1.

To extract a value of PM, we fit the K data by Including"
two additional scattering mechanisms in the total mean-free
path:

E
O

O

O

FIG. 2. Thermal conductivity of a-Si:H. The solid and dashed
lines represent calculations described in the text.

lq is due to Rayleigh scattering from inhomogeneities and
the constant l serves as a first approximation to more com-
plicated processes which begin to be important only at our
highest temperatures. ' We use is = 8 (tee/ks) ~, with

p, = 2 oI' 3, corrcspondlng to planar oI' cyllndrlcal lnhomo-
geneities, respectively. The plateau above 1 K is not pro-
nounced enough to require p, = 4 (spherical inhomo-
geneities). The solid (dashed) line in Fig. 2 represents the
integration over frequency, 4 '3 with p, = 2(3), A = 13(8)
pmK, 8=77 pmK' (18 pmK'), and / =12x10
(1.6x10 ') cm. Neither p, =2 nor p, =3 alone describes
the higher-temperature data well. Better agreement can be
achieved using a combination of p, = 2 and p, = 3 terms, sug-
gesting a variety of inhomogencities. From the TLS contri-
bution, which dominates for T & 0.3 K, we calculate
PM' = 2 x 108 ergs cm ' and, assuming M = 1 CV,
P=0.8x10" «gs 'cm '. Thus P/no ——0.1. These values
al'c all very close to those 1A a typical glass, Q-S102.

%c suggest several models for TLS in a-Si:H. %hile the
TLS are not directly attributed to spins, they may be associ-
ated with tunneling of hydrogen at the dangling bonds. Al-
ternatively, atomic or molecular hydrogen at other sites may
constitute TLS. Another possibility, not involving hydro-
gen, ls thc type of TLS obscI vcd 1A hydl ogcn"frcc 8-Qc
Bnd associated predominantly wIth thc dcfcct stI'ucturc be-
cause of the correlation of the TLS density of states with
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the volume fraction of low-density regions. At a density de-
ficit relative to the crystal of 14%, as in the present materi-
al, a Ge showed a TLS scattering strength PM' of
—10 ergscm . This value is only a factor of 2 smaller
than what we deduce from the present thermal conductivity.

The data presented here indicate the existence of TLS in

a hydrogenated tetrahedrally bonded amorphous semicon-
ductor. Thus we have further evidence that atomic tunnel-
ing can indeed take place in materials with nominally
tetrahedral bonding.

Note added in proof .Evolution of heat from a-Si:H has
recently been reported independently by H. v. Lohneysen,
H. J. Schink, and W. Beyer, Phys. Rev. Lett. 52, 549
(1984). In addition, J. E. Graebner, B. Golding, L. C. Al-
len, D. K. Biegelsen, and M. Stutzmann, Phys. Rev. Lett.
52, 553 (1984) have reported a large, time-dependent con-
tribution to C~ in annealed films of a-Si:H which they inter-
pret as orientational ordering within clusters of solid H2.
This contribution is not observed in the present measur-
ments on bulk, unannealed a-Si:H.
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