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We report anomalously high thermal conductivities of amorphous Si (a-Si) ﬁlms prepared
by hot-wire chemical-vapor deposition (HWCVD) at the National Renewable Energy laboratory (NREL), that is a factor of 4∼6 higher than predicted by the model of minimum
thermal conductivity. The temperature dependent thermal conductivities are measured with
the time-domain thermoreﬂectance method on two thin ﬁlms and with the 3 ω method on
a thick ﬁlm. For all these ﬁlms, the thermal conductivity shows a strong phonon mean
free path dependence that has so far only been found in crystalline semiconductor alloys.
Similar HWCVD a-Si ﬁlms prepared at the U. Illinois do not show an enhanced thermal
conductivity even though the Raman spectra of the NREL and the U. Illinois samples are
essentially identical. We also applied a Kubo based theory using a tight-binding method
on three 1000 atom continuous random network models. The theory gives higher thermal
conductivity for more ordered models, but not high enough to explain our results, even after
extrapolating to lower frequencies with a Boltzmann approach. Our results show that the
thermal conductivity of a-Si depends strongly on the details of their microstructure that are
not revealed by vibrational spectroscopy.
PACS numbers: 65.60.+a, 63.50.-x, 66.70.-f

I. INTRODUCTION

The nature of heat transport in disordered solids is still poorly understood. At low
temperatures, the T 2 dependent thermal conductivity (κ) below 1 K is understood as caused
by phonon scattering of the atomic tunneling states (TS), common in amorphous solids but
unknown in origin [1]. The high temperature features, such as the plateau at near 10 K,
the continued rise of κ with T at above 40 K, and the near saturation at higher T are still
debated as well [2–7], where the model of minimum thermal conductivity [4, 5], the fracton
theory [6], and a Kubo based theory [7] have all been applied to the high temperature
regime.
In this work, we report on temperature and laser-modulation-frequency dependent
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measurements of κ of two thin (∼2 µm) and one thick (80 µm) hydrogenated amorphous silicon (a-Si) ﬁlms with 1 at.% H prepared by hot-wire chemical-vapor deposition (HWCVD)
at the National Renewable Energy laboratory (NREL). This type of a-Si prepared at the
NREL has shown a range of novel properties, including the lack of the two-level tunneling
states [8] that are characteristic of nearly all other amorphous solids. We show that its thermal conductivity is about a factor of 4–6 higher than predicted by the model of the minimum
thermal conductivity. We also show a strong phonon mean free path (l) dependence with
l up to 612 nm still contributing to the thermal conductivity, in conﬂict with the model of
minimum thermal conductivity. In contrast, similarly HWCVD a-Si ﬁlms prepared at the
U. Illinois do not show an enhanced thermal conductivity even though the Raman spectra
of the U. Illinois and the NREL samples are essentially identical. To explain the results, we
have performed Kubo based calculations using a tight-binding electronic structure method
and examined three diﬀerent continuous random network (CRN) based models of a-Si [9].
We ﬁnd that the theory gives higher κ for more structurally ordered models within the
wavelength limit of their ﬁnite size, but not high enough to explain the high κ in the NREL
a-Si ﬁlms, even after extrapolating to lower frequencies with a Boltzmann approach.

II. EXPERIMENT

Three HWCVD a-Si ﬁlms prepared at the NREL were studied in this work. They
were deposited at a substrate temperature of 425 ◦ C with the SiH4 ﬂow rate of 20 sccm, on
crystalline Si substrates for two thin ﬁlms (H14, 1.6 µm; H35, 2.8 µm) and on a stainless
steel substrate for a thick ﬁlm (H84, 80 µm). Growth rates were 0.8 nm/s for H14, 1.0
nm/s for H35 and 2.8 nm/s for H84. For H84, deposition was lasted for 8 hours to achieve
the desired thickness to perform standard 3 ω measurement. As a result, some annealing
may have taken place and its surface was then polished to remove hydrogen bubbles. The
low temperature internal friction of H14 and H35 was published in ref. [8], where the
disappearance of the two-level tunneling states was reported. In the same paper, a similarly
prepared 2 µm thick ﬁlm was characterized to be fully amorphous by high resolution TEM
and electron diﬀraction. In this work, Raman measurements on all these three ﬁlms again
showed their Raman spectra were the same as a typical a-Si.
A second set of HWCVD a-Si ﬁlms were prepared at the U. of Illinois on sapphire
substrates at substrate temperatures between 114 and 600 ◦ C to explore how the Raman
spectra and thermal conductivity vary with deposition temperature. The growth rate of
the U. Illinois samples was 0.3 nm/s, and ﬁlm thicknesses were about 180 nm for this set
of ﬁlms.
To add to the discussion and further validate the experiments, we also studied the
thermal conductivity of a 500 nm thick layer of a-SiO2 formed by thermal oxidation of
a silicon wafer and a bulk substrate of 8 ω t.% yttria-stabilzed zirconia (YSZ). YSZ is a
disordered crystalline oxide with a glass-like thermal conductivity.
Thermal conductivities were measured mostly by the time-domain thermoreﬂectance
(TDTR) method [10], except for the temperature dependent thermal conductivity of H84
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FIG. 1: κ of a-Si vs T . Our results are compared with previous ones: (a) above 40 K, (b) down to 2
K. The 50 µm data are from Ref. [11]; the 26 µm, Ref. [12]; the 0.52 and 1.45 µm, Ref. [13]; the 1.2
µm, Ref. [14]; the 0.13 and 0.27 µm, Ref. [15]. The Kubo based theory results for the three CRNs
as detailed later in the text are represented by the lines labeled.

where standard 3 ω method [11] were used.

III. RESULTS

The thermal conductivity results of the three HWCVD a-Si ﬁlms prepared at the
NREL are shown in Figure 1, together with most of the temperature dependent results
available in literature so far. H14 and H35 were measured with the TDTR method at 1.1
MHz. H84 was measured with the standard 3 ω method. Figure 1(a) focuses on measurements above 40 K, while Figure 1(b) shows four more measurements that extend to below
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10K. We note that a-Si can have diﬀerent microstructures depending on ﬁlm preparation,
hydrogenation, and heat treatment that may all impact κ. If boundary scattering dominates, κ could also show a ﬁlm thickness dependence. The variation of κ in a-Si may have
been further complicated by the diﬃculties of measuring κ of thin ﬁlms. While most of the
κ in Figure 1 show values between 1 and 2.5 W/mK near 300 K [11–15], room temperature
only measurements show a wider variation, to as high as 4 ∼ 6 W/mK in a few indirect
measurements based on diﬀusivity [16] (not shown). Over the entire temperature range
covered, our result is signiﬁcantly higher than any of the previous ones, and they are about
4 ∼ 6 times higher than predicted by the model of minimum thermal conductivity. The
thermal conductivities of H14 and H35 are higher than that of H84, probably due to the
optimized growth condition for these two thin ﬁlms mentioned earlier. In addition, the
thermal conductivities of H14 and H35 reach a maximum near 150 K. Both the magnitude and temperature dependence of the thermal conductivities are more reminiscent of
semiconductor alloys [17] than typical amorphous solids such as a-SiO2 .
The three NREL ﬁlms not only show anomalously high values of thermal conductivity,
but also show a strong modulation frequency dependence of the pump laser beam used in
the TDTR experiments shown in Figure 2. The thermal conductivity measured at 9.8 MHz
modulation frequency is nearly a factor of 2 smaller than the conductivity measured at
1.1 MHz at all temperatures. Results of H14 and H35 are similar. We only show H14 at
115K and at room temperature in Figure 2. H84 is only measured at room temperature
and the results are shown. In the limit of low modulation frequency, our 3 ω and TDTR
results on H84 agree within 10%. In a TDTR experiment, phonons with l longer than
the spatial extent of the T gradient do not contribute to the measured value of κ [10].
The agreement between the 3 ω and the TDTR measurements at 1.11 MHz suggests that
phonons with l > (D/ω)1/2 = 612 nm are not signiﬁcant for thermal conduction in this
sample. Furthermore, the diﬀerence between the high and low frequency measurements by
TDTR indicates that phonons with 162 nm < l < 612 nm contribute ∼ 40% of κ of the
sample. For comparison, a-SiO2 and YSZ do not show a signiﬁcant frequency dependence
larger than the uncertainties in the measurements, also shown Figure 2. The frequency
dependence and the magnitude of the room temperature data for a-Si in Figure 2 are
almost identical to what we observed previously in crystalline SiGe alloys [10].
However, we could not duplicate the anomalously high thermal conductivity of the
NREL HWCVD a-Si in ﬁlms similarly prepared at the U. of Illinois. Figure 3 shows how
the room temperature thermal conductivity varies with the substrate temperatures during
deposition of the U. Illinois samples. The thermal conductivity increases with deposition
temperature but only exceeds 2 W/mK at the highest deposition temperature. The a-Si
ﬁlms prepared at the U. Illinois are relatively thin, ∼180 nm in thickness; therefore, we could
not reliably measure their thermal conductivity at low modulation frequencies. At 9.8 MHz,
however, the thermal penetration depth is smaller than the ﬁlm thickness, (D/ω)1/2 = 170
nm, and we do not expect that the smaller ﬁlm thickness of the U. Illinois could make a
meaningful diﬀerence in the results. The room temperature thermal conductivity of the
three NREL a-Si ﬁlms measured at 9.8 MHz are included in Figure 3 for comparison.
All the a-Si ﬁlms studied in this work are further characterized by Raman spec-
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FIG. 2: Thermal conductivity of the NREL prepared a-Si (H14 and H84), YSZ, and SiO2 as a
function of the modulation frequency used in the TDTR measurements. The open symbols are
for data taken at T = 115 K and ﬁlled symbols are for room temperature, except for YSZ where
open symbols are for data taken at 154 K and ﬁlled symbols are for 328 K. The dashed lines show
theoretical estimates of the frequency dependence explained later in the text.

troscopy, although the NREL a-Si samples have been extensively characterized and we
have little doubt that the samples are truly amorphous. Figure 4 compares the Raman
spectra of the NREL samples H14 (grown at 425 ◦ C) with that of the U. Illinois a-Si sample grown at 400 ◦ C. (Raman spectra of samples of H14 and H35 are indistinguishable.)
The spectra of both the NREL and U. Illinois samples are almost identical and they are
typical of a-Si. The main diﬀerence between the two, however, is the presence of the 615
cm−1 peak in the U. Illinois sample. Since the broad peak near 615 cm−1 is commonly
associated with “wagging” vibrations of Si-H bonds [18], this suggests that growth conditions at the U. Illinois produce, for unknown reasons, higher hydrogen content. Raman
spectra also show a consecutive reduction of the 615 cm−1 peak in the U. Illinois samples
with increasing the deposition temperature (not shown), although they are all amorphous
even at the highest deposition temperature. A change of hydrogen content may explain the
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FIG. 3: Room temperature thermal conductivities of HWCVD a-Si ﬁlms prepared at the U. Illinois
as a function of the substrate temperature during deposition. The NREL results are shown for
comparison. All results shown here are taken by the TDTR experiments at the modulation frequency
of 9.8 MHz.

thermal conductivity variation in the U. Illinois a-Si ﬁlms shown in Figure 3. But it still
can not explain the anomalously high thermal conductivity in the NREL ﬁlms.

IV. DISCUSSION

To understand the high thermal conductivity, we apply Kubo based theory in the harmonic approximation to compute the vibrational spectrum using a TB electronic structure
total energy method [19] with the parameters derived from Ref. [20]]. Anharmonicity has
been shown to have a small eﬀect on κ [21]. We use three 1000 atom CRNs which diﬀer in
structural ordering (see Ref. [9] and references therein) and are all “relaxed” within our TB
method. The Wooten model is based on an initial diamond structure and a bond switching
algorithm, the Barkema and Mousseau (BM) model uses a generated random distribution
as an initial conﬁguration, and the environment dependent interatomic potential (EDIP)
model is based entirely on a molecular dynamics quench from the liquid.
The acoustic projected spectral density S(Q, E) is shown in Figure 5. Our results
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FIG. 4: Raman spectra of NREL a-Si ﬁlm H14 compared to the U. Illinois a-Si ﬁlm grown at 400
◦
C.

show that diﬀerent CRN models can produce substantially diﬀerent spectral density properties at low frequencies. Not surprisingly, we ﬁnd that for the three CRNs compared in
Figure 5 the peak sharpness increases with increasing structural order. The BM model has
the highest structural order and EDIP has the lowest. For example, the BM model, which
has the sharpest peaks, also has the lowest energy structure [9].
The Kubo based theory expresses κKubo as an autorrelation function of an energy
current operator S. In practice, due to discreteness in normal mode frequencies as a result
of ﬁnite size of the models, the theory relies on an extrapolation of an applied frequency
(Ω) dependent κ to Ω = 0. Finite κ at small Ω comes from a non-zero overlap quantity,
⟨i|Sx |j⟩, involving the dynamical matrix, equilibrium positions, and pairs of normal mode
eigenvectors |i⟩ of nearby frequencies [7]. κKubo can be written as
κxx (ΩT ) =

π ∑ nj − ni
|⟨i|Sx |j⟩|2 δη (ωij − Ω),
VT
h̄ωij

(1)

i,j

where ni represents the Bose occupation, ωij is a normal mode frequency diﬀerence ωi − ωj ,
and δe ta is a Lorentzian of broadening parameter η [7]. The numerical results given here
average κii for i = x, y, z.
The computational results for the three models are shown in Figure 1, where η = 0.022
meV is chosen for all three models. Although we see a clear dependence of κKubo on
the structural ordering of the models, the values of κKubo are smaller than any of the
experimental results, even smaller than that of the TDTR at 9.8 MHz. Similar results have
been interpreted in the past as due to contributions from low frequency modes omitted
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FIG. 5: S(Q, E) for eigenvectors projected onto transverse (solid) and longitudinal (dashed) directions for the three CRNs. Sets of Q corresponding to each peak are indicated in units of 2π/L,
where L = 27.26 Åis the length of the computational cell.

from ﬁnite size of the models. It is necessary to augment the total κ with low frequency
contributions κL , i.e., κ = κKubo +κ. We consider approaches adopted by Cahill [13] for thin
ﬁlms and by Feldman [7] for thicker ﬁlms, where boundary and TS scattering respectively
was assumed to play a signiﬁcant role. We then employed a quartic, i.e., Rayleigh, phonon
scattering rate that was ﬁt at the lower frequency limit of the computational model to the
mode diﬀusivity, and used a Boltzmann transport theory that includes boundary scattering
[22] and anharmonic scattering (estimated from numerical studies on crystalline silicon
[23]). No TS scattering was included in this estimate because of the above-mentioned
characteristics of the sample. With this model, which admittedly is most appropriate for a
lateral steady state measurement, we can obtain κ to match our experimental results with a
large l that is inconsistent with the ﬁlm thicknesses and the nature of our experiments. The
only physical model that we are aware of that yields larger κ, yet still an amorphous-like
T dependence, is a nanocrystalline model [24], which is not applicable here. Instead, many
experiments show that a judicious incorporation of a small amount H is the key for the
superior material properties of this HWCVD sample [8]. Therefore, a well ordered a-Si:H
model that incorporates right amount of H [25], or even a paracrystalline a-Si:H model [26],
may be needed to achieve a better description of our results.
The dependence of the thermal conductivity on the frequency of the temperature
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ﬁelds used in the measurements shown in Figure 2 suggests that a signiﬁcant fraction of
heat is carried by phonons with mean-free-paths that are comparable to thermal penetration
depth. To extract quantitative information from these data requires a model for how the
phonon lifetimes vary with frequency. For glasses and amorphous semiconductors at low
frequencies, inverse quadratic or quartic dependencies are most often considered [27, 28].
The former can arise from either elastic scattering in the few meV region of the spectrum or
from anharmonicity in the much lower frequency part. The latter is also often assumed as it
represents Rayleigh scattering, although it yields a divergent result for an inﬁnite harmonic
solid.
If we assume that the frequency dependent TDTR results in Figure 2 correspond to
κ from phonons with l less than the spatial extent of the thermal gradients, we can extract
a simple scattering law appropriate to our experiment. We ﬁnd that a scattering rate of
ω 4 best represents the thin ﬁlms (H14 and H35), while ω 2 the thicker ﬁlm (H84) shown
as dashed lines in Figure 2. It is important to remark that unless one believes that the
thermal conductivity has reached a saturation value at the lowest modulation frequency
of the experiment the temperature dependence as shown is deceptive, because within our
theoretical model, the higher values of thermal conductivity for the lower temperature arise
solely from the diﬀerence in thermal penetration depth between T = 300 K and T = 115
K at a ﬁxed modulation frequency.

V. CONCLUSIONS

Amorphous Si prepared by HWCVD at the NREL shows a large enhancement in
thermal conductivity compared to the prediction of the model of the minimum thermal
conductivity. The magnitude, temperature, and frequency dependence of the conductivity
more closely resembles the behavior of crystalline semiconductor alloys than the typical
behavior of amorphous solids. We have not been able to reproduce this behavior, however,
in a-Si prepared at the U. of Illinois by nominally the same growth technique although their
Raman spectra look similar. Apparently, the anomalously high thermal conductivity of the
NREL a-Si samples is produced by a unique microstructure that diﬀers in a signiﬁcant way
from other a-Si where the model of the minimum thermal conductivity and the Kubo based
theory seems to work well. This is consistent with the many other novel properties this
amorphous material has manifested in prior studies, results which indicate that the NREL
a-Si is much more ordered than other a-Si.
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