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Thermal conductivity of a-Si:H thin films
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The thermal conductivity of sputtered a-Si:H thin films for a hydrogen content of 1-20% and a
film thickness of 0.2-1.5 pm is determined in the temperature range 80-400 K using an extension
of the 3w measurement technique. The reliability of the method is demonstrated on 1-um-thick
a-SiO; thermally grown on Si. Scattering of phonons at the interface between the a-Si:H film and
the substrate places a simple upper limit on the heat transport by long-wavelength phonons and
facilitates the comparison of the experimental data to recent numerical solutions of a Kubo formula

using harmonic vibrations.

I. INTRODUCTION

In a disordered material, heat transport by lattice vi-
brations can be separated into two regimes. At low vi-
brational energies, the lattice vibrations are wavelike, i.e.,
phonons exist with well defined wave vector and veloc-
ity. In this regime, the kinetic formula is applicable:
A = Cvl/3, where A is the thermal conductivity, C the
heat capacity, v the velocity, and ! the mean free path.
As the energy F of the mode increases, the scattering
rate increases as E* until [=! ~ k where k is the wave
vector of the mode. Although the Boltzmann description
is no longer valid in this high-energy regime, the magni-
tude of the thermal conductivity of disordered materials
is in reasonable agreement with the kinetic formula with
l ~ a (a=lattice constant), a fact first noted by Birch
and Clark! and later by Kittel,? Slack,® and others.4™®

The experiments described below address this high-
energy regime of heat transport by lattice vibrations in
disordered materials. Analysis of thermal conductivity
data has led to the proposal that a dominant fraction
of the high-frequency modes are localized” and unable
to contribute to heat transport unless anharmonic forces
are present. Recently, numerical solution of a Kubo for-
mula for an a-Si lattice with harmonic vibrations has
concluded that the majority of the vibrational modes are
not localized,®*1° a conclusion supported by molecular
dynamics calculations.!!'? Calculations using the har-
monic a-Si lattice show that velocity and wave vector are
not well defined for the high-frequency modes and that
heat transport takes place by coupling between nearly de-
generate, extended vibrational modes, leading to a ther-
mal conductivity comparable to Cvl/3 with I ~ a. The
purpose of our experiments on micrometer-thick a-Si:H
films is to provide a quantitative test of the Kubo formula
approach for calculating heat transport in disordered ma-
terials.

Figure 1 summarizes previously published data
on the thermal conductivity of a-Si and a-Si:H. The data
show wide variations and it is not clear how much of the
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variation is intrinsic (due to film thickness and hydrogen
content) or extrinsic (microstructure produced during de-
position or experimental error). Data for other thin film
materials also show wide scatter. Despite the importance
of thermal properties of thin films to the performance of
high-power laser optics,'® optical storage disks,2%:2! and
microelectronic circuits,?2:2% the thermal conductivity of
thin film materials is poorly known.

Included in Fig. 1 are data for two 50-ym-thick a-Si:H
films produced by plasma-assisted chemical vapor depo-
sition (PACVD) and a 50-pm-thick film of a-Si prepared
by sputtering.!® These data were acquired using the 3w
method, a well tested measurement technique that was
developed for measuring bulk materials2* but is directly
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FIG. 1. Review of experimental data for the thermal con-
ductivity of a-Si and a-Si:H. GP: 26-um-thick sputtered a-Si
measured parallel to the plane of the film, see Ref. 15; DC:
50-pm-thick plasma-assisted CVD a-Si:H (solid triangles) and
sputtered a-Si (open triangles) measured with radial heat
flow, see Ref. 16; BK: the effective thermal conductivity of two
1-pm-thick a-Si films, see Ref. 18; HG: 1.15-um-thick a-Si, see
Ref. 13; TP: 0.74-pum-thick evaporated a-Si, see Ref. 14; MG:
0.33-pm-thick a-Si prepared by ion implantation and anneal-
ing, see Ref. 17.
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applicable to films greater than 30 pm thick. The cause
of the higher value of the thermal conductivity of the
PACVD a-Si:H relative to the sputtered, hydrogen-free
film is puzzling. A systematic study of the dependence
of the thermal conductivity on hydrogen content would
clearly be desirable. Unfortunately, for most film depo-
sition methods, the growth of films > 30 pm thick is
extremely time consuming and as a result films that can
be measured by the standard 3w method are not readily
available.

Motivated by these factors, we have developed an ex-
tension of the 3w method for measurements of films 2000
A to 5um thick.?® Films of this thickness can be rou-
tinely produced with nearly full density using magnetron
sputtering. The use of data for thin films also facilitates
our comparison of experiment and theory because the in-
terface between film and substrate?® places a simple up-
per limit on heat transport by long-wavelength phonons.
Boundary scattering of phonons at the film /substrate in-
terface limits the value of the mean free path to the film
thickness. We can therefore eliminate the possibility of
a large contribution to the thermal conductivity arising
from a small minority of lattice modes with large mean
free paths.

II. EXPERIMENTAL DETAILS

Our experimental technique for thin films is an exten-
sion of the 3w method described previously.?* A narrow
metal line, prepared using thermal evaporation and pho-
tolithography serves as both the heater and the ther-
mometer for the experiment. Our experiments use a
3000-A layer of Au deposited on a 30-A layer of Cr to
enhance the adhesion of the Au metal line to the sam-
ple. The metal line is heated by Joule heating at fre-
quency 2w. The temperature oscillations of the metal
line at frequency 2w are measured through the small volt-
age oscillations at the third harmonic 3w produced as
a result of the temperature-dependent resistance of the
metal line.2"28 We use a digital signal processing lock-in
amplifier?® to produce the drive current and detect the
third-harmonic voltage.

The geometry of the thin film measurement is shown
in Fig. 2. We have chosen the dimensions so that the
metal line is wide compared to the thickness of the film
and therefore heat flow through the film is one dimen-
sional. The temperature oscillations at the interface be-
tween film and substrate are identical to the standard
3w method used for bulk samples. For a metal line of
width 2b and length ! the amplitude of the temperature
oscillation at the substrate is given by2*

P [ sin®(kb) 2 2iw
AT, = m/(; (kb)z(k2+q2)1/2 dk, ¢°= (F) )

(1)

where P is the power supplied to the line at frequency 2w
and D is the thermal diffusivity and A the thermal con-
ductivity of the substrate. Equation (1) was derived with
the assumption that heat enters the sample uniformly
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FIG. 2. Geometry for thin film thermal conductivity mea-
surements using an extension of the 3w method. The width
of the metal line that serves as the heater and thermometer
is typically 25 pm.

across the width of the metal line and that the metal line
measures the average temperature of the surface without
altering the heat flow. The agreement between Eq. (1)
and experimental data for SiO; and MgO over a wide
temperature range is excellent and can be improved fur-
ther by using an effective value of b in Eq. (1) that is 10%
larger than the actual value.

For our situation where the thermal conductivity of
the film Ay is small compared to the thermal con-
ductivity of the substrate, the thin film of thickness
t behaves as a simple thermal resistance and adds a
frequency-independent temperature oscillation to the re-
sult of Eq. (1):3°

Pt

Figure 3 shows the raw experimental data for the metal
line deposited directly on the (001) face of a MgO sub-
strate and the data for the metal line deposited on a 0.5-
pum-thick film of a-Si:H that was grown on MgO. For both
sets of data, 2b = 25 ym and ! = 3 mm. The data for the
MgO substrate have been scaled by the ratio of the power
supplied to the metal lines in the two experiments. The
data for the metal line deposited directly on MgO are in
good agreement with Eq. (1) using A = 51 Wm~!K™!
[determined from the slope of the in-phase data versus
In(w)] and a specific heat of 3.34 JK~'cm™3.3! As ex-
pected, the presence of the a-Si:H thin film produces a
frequency-independent increase in the in-phase AT and
no change in the out-of-phase signal.

Any new measurement method should be tested on a
well characterized, standard material. Unfortunately, no
thin film currently has a well known thermal conductiv-
ity. To evaluate the precision of our method, we chose to
measure the thermal conductivity of a thermally grown
a-SiO; layer on silicon based on the fact that the thermal
conductivity near room temperature has been reported
to be comparable to that of bulk a-5i0,.23:33 The oxi-
dized wafer was purchased commercially and the details
of the preparation are not available but a standard mi-
croelectronic process for thick oxides is oxidation of the
silicon wafer at ~ 1100 °C in an atmosphere containing
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FIG. 3. Measured AT (rms) at T = 298 K for a MgO
substrate (triangles) and for a 0.5-pm-thick a-Si:H film grown
on a MgO substrate (circles). AT has been separated into the
magnitude of the in-phase (filled symbols) and out-of-phase
(open symbols) components. The solid and dashed lines are
the calculated in-phase and out-of-phase contributions from
the MgO substrate using Eq. (1). with an effective linewidth
of 28-pm, 10% larger than the measured width of the metal
line.

0O, and H,0 vapor.3? The thermal conductivity data are
shown in Fig. 4. The data for the micrometer-thick film
are in near perfect agreement with bulk SiO; over the
entire temperature range of our measurement, 80-400 K.

The fact that the data for a micrometer-thick film of
a-Si0; are nearly identical to those for bulk a-SiO, gives
further support to the assertion that long-wavelength
phonons do not make a significant contribution to heat
transport343% near room temperature in a-SiO,. If long-
wavelength phonons with [ > 1 pym contributed to heat
transport in bulk a-SiO;, then the conductivity of the

2 vy —

bulk a—Si0, 1

Thermal conductivity (W m™ K™)

02 4 .1 L L L

50 100 200 500
Temperature (K)

FIG. 4. Data (open circles) for a 0.99-pm-thick a-SiO2
layer thermally grown on Si(001). Data for bulk a-SiO2 are
shown as the solid line, see Ref. 24. Two data points at room
temperature marked “MO” and “KG” are also for thermally
grown oxide films, see Refs. 33 and 23.

thin film would have been reduced by scattering at the
film /substrate interface.

We deposited a-Si:H thin films on crystalline Si and
MgO substrates by dc reactive magnetron sputtering of
a silicon target in an Ar-H; atmosphere.3%:37 MgO sub-
strates were used for low hydrogen content films (1.0 and
7.5 % Hz) because these films did not adequately insulate
the metal line from the electrical effects of Si substrates.
The Ar partial pressure was fixed at 1.5 mTorr. Hydro-
gen content was varied by changing the H, partial pres-
sure and substrate temperature. Hydrogen content of the
films was determined from infrared absorption of Si-H
vibrational modes as described by Langford et al.>® The
microstructure of films prepared in our growth chambers
has been characterized using small-angle x-ray scattering
and spectroscopic ellipsometry.3%4° The void fraction of
films grown under similar conditions is 3-5%. We mea-
sure the a-Si:H film thickness using interference fringes
observed in infrared transmission.

Metal films for the heater/thermometer line are then
deposited on the a-Si:H samples using thermal evapora-
tion. In order to ensure that the hydrogen content and
crystallinity of the a-Si:H samples are not altered by the
metal deposition, we attach the samples to a large copper
plate to maintain the temperature of the samples near
room temperature and therefore far below the substrate
temperature during deposition of the a-Si:H samples. We
have not characterized the composition or structure of
the interface between the metal line and the a-Si:H film
but we expect that the 30-A Cr adhesion layer will re-
act with a-Si:H and its native oxide to form a disordered
silicide-oxide layer ~ 30 A thick. This interfacial layer is
too thin to significantly affect our thermal conductivity
data.

III. RESULTS AND DISCUSSION

Five samples of a-Si:H were measured in this study;
Table I lists the film thickness, hydrogen content, and
substrate temperature for each. While the highest-
conductivity film does have the lowest hydrogen content,
we do not observe a systematic change in the conduc-
tivity with hydrogen content (see Fig. 5). For example,
near room temperature the conductivity of the 15% film
is ~ 10% larger than that of the 7.5 % film, despite hav-
ing similar film thickness (1.45 versus 1.0 ym). Small
variation in film density between different films is a pos-

TABLE I. a-Si:H film composition, thickness, and sub-
strate temperature during deposition.

Hydrogen Film Substrate Substrate
content thickness temperature
(at. %) (um) (°C)
1 0.52 230 MgO
7.5 1.02 230 MgO
15 1.45 260 Si
16 1.65 275 Si
20 0.22 230 Si
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FIG. 5. Thermal conductivity of a-Si:H. The key to each
symbol gives the hydrogen content in atomic percent. Sub-
strate temperature and film thickness are listed in Table I.

sible cause of the spread in our data.

Since the thermal conductivity of these films has only
a weak dependence on hydrogen content, we can rule
out hydrogen composition as a cause of the variation
in the data reviewed in Fig. 1. Near room tempera-
ture, the data shown in Fig. 5 agree reasonably well with
the data for the 50-um-thick a-Si:H samples prepared
by plasma-assisted chemical vapor deposition (PACVD).
Below 100 K, the thermal conductivity of micrometer-
thick a-Si:H is smaller than the PACVD thick films be-
cause of scattering of long-wavelength phonons at the
interface between the film and substrate.

In Ref. 10, contributions to the thermal conductivity
from modes with energy < 10 meV cannot be calculated
using the Kubo formula because of the finite size of the
computational unit cell. Since the thermal conductivity
of an infinite, harmonic solid is infinite at all temper-
atures, Feldman and co-workers'® invoked scattering of
phonons by the tunneling states to produce a finite mean
free path for low-frequency phonons. This procedure re-
quires an extrapolation of the scattering rates derived at
T < 10 K to room temperature. While the extrapolation
is plausible, few experimental data are available to check
the validity of the procedure.

Our experimental system, a micrometer-thick film,
provides a straightforward limit to the mean free path
of the propagating vibrational modes. Phonon scatter-
ing at the interface between the film and substrate limits
the mean free path to the film thickness. Therefore the
thermal conductivity of our finite size specimen does not
diverge even if the lattice is assumed to be perfectly har-
monic.

We calculate the contribution to heat transport from
modes with energy < 10 meV by including bound-
ary scattering at the film/substrate interface and the
strength of Rayleigh scattering determined by the calcu-
lation of Ref. 10. A Debye model is used that treats sep-
arately the transverse and longitudinal acoustic modes.
A fit to the mode diffusivity as a function of energy
from Fig. 1 of Ref. 10 gives D(E) = Bo/E*, By = 230
cm?sec ! meV?%. This mode diffusivity is the average
of the diffusivity of transverse and longitudinal modes
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weighted by the respective density of states. We use val-
ues for the transverse and longitudinal speeds of sound
suggested by the low-temperature specific heat*! and
scaling from values for crystalline Si: vy = 4.37 kmsec™!,
v; = 7.36 kmsec™!. We also assume that the strength of
the Rayleigh scattering for transverse and longitudinal
modes is given by I' = Agv* where A is a constant in-
dependent of mode,*? T is the scattering rate, and v the
vibrational frequency of the mode. Our fit to D(E) gives
Ag = 2.9 x 10737 sec®. Including a boundary scatter-
ing term at 0.5-um gives a thermal conductivity of 0.31
Wm~1K~! at T > 50 K for modes with E < 10 meV.
This value is only weakly dependent on the film thick-
ness, varying as ~ t°-2% but more strongly dependent on
the size of Ag; we find that a change in Ag of a factor of
3 produces a factor of 2 change in the calculated contri-
bution to the thermal conductivity from low-frequency
modes.

Figure 6 displays the data for the 1.0% H; film (high-
est curve in Fig. 5) along with the thermal conductivity
calculated from Ref. 10. The dashed line shows the calcu-
lated thermal conductivity increased by 0.31 Wm~—!K~!
as described above to account for heat transport by prop-
agating modes with E < 10 meV. The discrepancy is
< 15% over the entire temperature range of our data,
80400 K.

While we expect that the thermal conductivity is rel-
atively insensitive to the details of the atomic structure,
we believe the comparison between theory and experi-
ment shown in Fig. 6 strongly supports the description
of heat transport in disordered materials developed in
Ref. 10, namely, that the dominant heat transport mech-
anism is coupling between nearly degenerate, extended,
but nonpropagating vibrational modes.

2 ; —
°oo°°°°
o°°° -
oO // o —
o~ —
o - —*
1 o - -*
°°/ ./'
7
7 /o/
V4
Ve 0

0.5

T
SR SRR

<

Thermal conductivity (W m™ K™?)

02L v 4] ) ) )
50 100 200 500

Temperature (K)

FIG. 6. Comparison of theoretical results of Ref. 10 (filled
circles with solid connecting line) with data for a-Si:H with
1 at.% hydrogen (open circles). The dashed line shows our
modification of the results of Ref. 10 to include contributions
to the thermal conductivity from vibrational modes with en-
ergies less than 10 meV (dashed line) using a Debye model
with no free parameters. The strength of Rayleigh scattering
is determined by a fit to the theoretically determined mode
diffusivity and boundary scattering at the film/substrate in-
terfaces limits the phonon mean free path to the film thick-
ness.
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