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Dielectric amorphous multilayers (AMLs) play a critical role in a wide array of technologies such as optical
coatings, nanoelectronics, energy harvesting, and recovery devices. However, despite their wide applications,
a robust understanding of the effect of the interplay between chemical and structural disorder on the thermal
properties of AMLs is still lacking. Therefore, in this paper, we experimentally and numerically investigate the
effects of composition and interface density on the sound speed and thermal conductivity of a series of amorphous
aluminum nitride and aluminum oxide multilayers grown via plasma-enhanced atomic layer deposition. To
systematically change the composition, the oxygen content of the AMLs is proportionally varied with interface
density during growth. We find that the longitudinal sound speed of these AMLs is dictated by the oxygen
content instead of the number of interfaces. The thermal conductivity, in contrast, is dictated by both interface
density and oxygen content. The interfaces act to decrease the thermal conductivity, whereas the oxygen content
increases the thermal conductivity. Due to the competing influence of the interfaces and oxygen content, the
thermal conductivity of the AMLs remains nearly constant as a function of interface density. Our study provides
crucial insights into the effect of the interplay of composition and interfaces on the sound speed and thermal
conductivity of AMLs.

DOI: 10.1103/PhysRevMaterials.7.025401

I. INTRODUCTION

Amorphous multilayers (AMLs) are widely used for ther-
mal, optical, and mechanical coatings [1,2], optoelectronics
[3,4], thermoelectrics [5–9], and microelectronic devices [10].
However, compared with their crystalline counterparts, the
vibrational thermal transport mechanisms of AMLs are still
not well understood. In contrast to the phonons in crystalline
superlattices, multiple vibrational modes such as propagons
(delocalized, propagating modes), diffusons (delocalized,
nonpropagating modes), and locons (localized, nonpropagat-
ing modes) dictate the thermal transport of AMLs [11–14].
Unlike a crystalline superlattice, the thermal conductivity of
an AML can be expressed by a thermal circuit model where
the total resistance of an AML is the superposition of the
resistances provided by the individual layers and interfaces
[15,16].

A large number of studies have investigated the role of
interfaces on the thermal conductivity of AMLs. Ali et al. [17]

*phopkins@virginia.edu

reported that increasing the number of interfaces (defined by
interface density) reduced the thermal conductivity of amor-
phous Al2O3/TiO2 multilayers up to a certain extent, after
which the thermal conductivity became constant. A similar
trend was also noticed in Si/Ge AMLs [18]. These works
showed that the interfaces play a non-negligible role in the
thermal conductivity of AMLs. Such thermal conductivity
reduction due to the presence of a large number of inter-
faces is highly undesirable for microelectronic applications
where waste heat needs to be quickly dissipated. Recently,
Giri et al. [15] showed that this issue can be mitigated via
interfacial defects. The introduction of nitrogen defects at the
SiOC:H/SiC:H interfaces caused the thermal conductivity of
the AMLs to become independent of interface density. Such
behavior is particularly intriguing considering that the thermal
properties of many amorphous materials can be tuned via
stoichiometry [19,20]. Together, these findings motivate us to
investigate the impact of compositional change on the thermal
conductivity of an AML. Additionally, it is of significant
interest to study the effect of such compositional change on
the sound speed of AMLs. In crystalline materials, the thermal
conductivity usually scales with sound speed [21,22]. As the
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TABLE I. Structural and chemical compositions of the AMLs and control films along with the measured sound speed and thermal
conductivities. The period and film thicknesses of the samples are measured via TEM and have an uncertainty of ∼3%.

Film thickness Oxygen content Longitudinal sound speed Thermal conductivity
Specimens (nm) (at. %) (m/s) (W m−1 K−1)

a-AlN control films 48 0 6370 ± 547 0.94 ± 0.1
81

a-Al2O3 control films 86 100 8747 ± 328 2.1 ± 0.23
104

22-nm-period AML 109 57.5 7413 ± 235 1.45 ± 0.1
10-nm-period AML 106 62.4 7717 ± 304 1.68 ± 0.13
5-nm-period AML 101 71.5 7962 ± 310 1.61 ± 0.13
2.4-nm-period AML 95 94 8184 ± 395 1.58 ± 0.13

vibrational thermal transport mechanisms of AMLs are com-
pletely different from crystalline ones, the possibility exists
for deviation from the aforementioned trend in AMLs. There-
fore a systematic study on the interplay between vibrational
scattering and the structural and chemical disorder inherent to
an AML is highly warranted.

Towards this goal, we study the sound speed and
thermal conductivity of a series of amorphous aluminum
nitride/aluminum oxide (AlN/Al2O3) multilayers grown via
plasma-enhanced atomic layer deposition. The presence of
oxygen in the deposition chamber during the growth causes
oxidation of the AlN layers. As a result, the oxygen content
of the amorphous AlN/Al2O3 multilayers linearly varies with
interface density. Our measurements reveal that such compo-
sitional change gives rise to different trends in longitudinal
sound speed and thermal conductivity. The longitudinal sound
speed of the multilayers linearly increases with oxygen con-
tent irrespective of interface density. This happens as the Al-O
bond is stronger than the Al-N bond. The thermal conductivity
of the AMLs, on the other hand, remains nearly constant
as a function of both interface density and oxygen content
and is an average of the thermal conductivities of amorphous
aluminum nitride (a-AlN) and aluminum oxide (a-Al2O3). We
posit that this trend in AML thermal conductivity stems from
the simultaneous occurrence of two opposing thermal trans-
port mechanisms. The increase in interface density leads to a
decrease in thermal conductivity. In contrast, the increasing
oxygen content leads to an increase in thermal conductivity
due to the relatively higher thermal conductivity of a-Al2O3.
We verify our hypothesis by performing molecular dynamics
(MD) simulations on a representative AML system. Thus, in
addition to providing fundamental insights into the vibrational
thermal transport mechanisms, our study opens up pathways
for tuning thermal properties of AMLs.

II. GROWTH DETAILS OF THE AlN/Al2O3

MULTILAYER FILMS

In this paper, we grow four amorphous AlN/Al2O3 mul-
tilayers along with two a-AlN and two a-Al2O3 control
films via plasma-enhanced atomic layer deposition (PE-ALD;
FlexAL II, Oxford Instruments) on lightly doped, p-type
(001)-orientation silicon (Si) wafers (University Wafers). The
AlN/Al2O3 multilayers are grown in period thicknesses of 22,
10, 5, and 2.4 nm with final film thicknesses of 109, 106, 101,

and 95 nm, respectively. The thicknesses of the two control a-
AlN samples are 48 and 81 nm, whereas for the a-Al2O3 films,
the thicknesses are 86 and 104 nm. Tetramethyl aluminum
precursor in conjunction with nitrogen and oxygen plasmas is
utilized to deposit the AlN and Al2O3 layers at growth rates of
0.61 and 1.05 Å/cycle, respectively. A deposition temperature
of 350 ◦C is used during the growth of all samples.

III. CHARACTERIZATION

We characterize the structural and chemical compositions
of the AMLs and control films by the following techniques:
transmission electron microscopy (TEM) [23], scanning trans-
mission electron microscopy coupled with electron energy
loss spectroscopy (STEM-EELS) [24–26], and x-ray reflec-
tivity (XRR) [27]. The findings of these characterization
techniques along with the measured sound speed and ther-
mal conductivity of the samples are provided in Table I.
Details of the characterization techniques can be found in the
Supplemental Material [28].

TEM is used to characterize the period and film thickness
of the AlN/Al2O3 multilayers and control samples. TEM im-
ages exhibiting the periodicity of the 22- and 2.4-nm AMLs
are presented in Figs. 1(a) and 1(b), respectively. The final
thicknesses of the four multilayer samples are within 15% of
each other (95–109 nm). The top period of the multilayers
is asymmetrically deposited, while the rest of the periods
are symmetric. The AlN layers of the 22- and 10-nm-period
multilayers contain nanometer-sized crystalline grains. Grains
of similar sizes have also been detected in the a-AlN control
samples. However, no such nanocrystals are observed in the
5- and 2.4-nm-period multilayers or the a-Al2O3 control sam-
ples.

To determine the relative chemical composition of the
AlN and Al2O3 layers, we perform STEM-EELS character-
ization on the 22-, 5-, and 2.4-nm-period multilayers. The
periodic variations of the nitrogen and oxygen content in
these three multilayers are shown in Figs. 1(c), 1(d), and
1(e), respectively. In the 22-nm-period multilayer, the Al2O3

layers do not contain any nitrogen. The AlN layers, on the
other hand, contain ∼15 at. % oxygen relative to nitrogen.
In crystalline AlN, incorporated oxygen impurities have been
shown to readily react and substitute the nitrogen [29–31]. The
same mechanism of oxidation allows us to grow amorphous
AlN/Al2O3 multilayers with varying oxygen stoichiometry
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FIG. 1. TEM images of the (a) 22- and (b) 2.4-nm-period AMLs.
Relative at. % of oxygen (O) and nitrogen (N) in the (c) 22-, (d) 5-,
and (e) 2.4-nm-period multilayers quantified from STEM-EELS line
scans. (f) Average film composition as a function of interface density
of the AMLs.

in the AlN layers. Due to this tendency of AlN to oxidize
during growth, the AlN/Al2O3 interface is chemically diffuse
in the 22-nm-period sample. The extent of oxidation is more
severe in the 5-nm-period multilayer. In this specimen, the
oxygen composition continuously varies in a sinusoidal-like
behavior with a maximum of 100 at. % in the Al2O3 layer
and a minimum of ∼43 at. % in the AlN layer. In the 2.4-nm-
period multilayer, the nitrogen content in the AlN layer is very
low, and the average film composition is ∼94 at. % oxygen
relative to nitrogen. This gradual reduction in the nitrogen
content of the AlN layer as a function of interface density (i.e.,
2/period thickness) is more clearly exhibited in Fig. 1(f). From
this figure, we can also reasonably estimate that the average
film composition of the 10-nm-period multilayer is ∼62.4
at. % oxygen relative to nitrogen. We further note that the
presence of some nonstoichiometric Al2O3 can be expected
in the AlN layers of our multilayers [29–31]. However, within
the experimental resolution of our technique, we are unable to
determine the relative percentage of any nonstoichiometry in
the studied samples.

As the thermal conductivity of amorphous materials highly
depends on density [32,33], we use XRR to measure the
density of the specimens. The XRR-measured densities of the
a-AlN and a-Al2O3 control samples are approximately 2.6 and
3.08 g/cm3, respectively. Similar values have been reported in
the literature for a-AlN and a-Al2O3 [19]. Extracting the den-
sity of the AlN/Al2O3 multilayers from XRR is challenging
due to the compositional change with interface density. There-
fore, based on the density of the control films, we assume that
the AMLs have an average density of ∼2.84 ± 0.24 g/cm3.
This assumption is verified in Sec. IV.

IV. RESULTS AND DISCUSSION

To investigate the effects of structural and chemical dis-
order on the sound speed of the AMLs, we employ the
picosecond acoustics technique [14,22,32,34–37]. For this
purpose, we use a two-tint time-domain thermoreflectance
(TDTR) setup, details of which are provided in the Supple-
mental Material [28,38–42]. Prior to the measurements, an
∼80-nm aluminum (Al) film is deposited atop the samples
via electron beam evaporation for optothermal transduction
[43–47]. During picosecond acoustics, the heating event from
the pump laser launches a strain wave that propagates through
the Al and underlying amorphous films at the correspond-
ing longitudinal sound speed of each film. The interfaces
partially reflect this strain wave, which is captured by the
probe beam at earlier pump-probe delay times. A “hump”
or “trough” is generated in the TDTR thermal decay curves
based on whether the reflecting material possesses a higher
or lower acoustic impedance, respectively. With the knowl-
edge of the propagation time period and film thickness, the
longitudinal sound speed of the amorphous films can be cal-
culated. Additional details regarding the picosecond acoustics
technique and analyses can be found in the Supplemental
Material [28].

Figure 2(a) shows the ratios of in-phase to out-of-phase
signal (−Vin/Vout) in the picosecond regime for the 81-
nm-period a-AlN, 86-nm-period a-Al2O3, and 22-nm-period
AlN/Al2O3 multilayer films. The differences in acoustic
impedance among the Al transducer, amorphous films, and
Si substrate are clearly discernible here through the humps
and troughs. The measured longitudinal sound speed of the
amorphous films as a function of interface density is exhibited
in Fig. 2(b). As shown here, the a-AlN and a-Al2O3 control
films possess a longitudinal sound speed of 6370 ± 547 and
8750 ± 328 m/s, respectively. While the longitudinal sound
speed of a-AlN has not been reported in the literature, our
measured value of a-Al2O3 is in excellent agreement with the
findings of Gorham et al. [32]. For the AlN/Al2O3 multi-
layers, the longitudinal sound speed increases with interface
density. To understand the origin of this behavior, we review
the relationship between the longitudinal sound speed and
chemical composition of the multilayer films in Fig. 2(c). The
longitudinal sound speed of the AMLs scales linearly with the
oxygen content and agrees with the predictions of rule of mix-
tures. As the Al-O bond is significantly stronger than the Al-N
bond [48–51], with increasing oxygen content, the number of
Al-O bonds increases, leading to elastic stiffening [22] and the
observed trend in longitudinal sound speed. Figures 2(b) and
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FIG. 2. (a) Picosecond acoustic response of TDTR measurements for a-AlN, a-Al2O3, and AlN/Al2O3 multilayer films. (b) and (c) repre-
sent longitudinal sound speed of the amorphous films as a function of interface density and oxygen content, respectively. The dashed line in
(c) represents the longitudinal sound speed predicted via the rule of mixtures based on the composition of the AMLs.

2(c) provide evidence that instead of the number of interfaces,
the chemical composition is dictating the longitudinal sound
speed of the AMLs used in this study.

In Figs. 3(a) and 3(b), we present the TDTR-measured
cross-plane thermal conductivity of the amorphous films as

a function of interface density and oxygen content, respec-
tively. For analyzing the multilayer TDTR data, we assume a
volumetric heat capacity of ∼2.17 ± 0.19 MJ m−3 K−1 based
on the literature-reported [52] specific heat capacity and es-
timated density of the AMLs. To evaluate the validity of
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FIG. 3. TDTR-measured cross-plane thermal conductivity of a-AlN, a-Al2O3, and AlN/Al2O3 multilayer films as a function of (a) interface
density and (b) oxygen content. The dashed line in (b) represents the average thermal conductivity of a-AlN and a-Al2O3 control films.
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this assumption, we measure the thermal conductivity of the
AMLs with steady-state thermoreflectance (SSTR), a ther-
mometry technique insensitive to heat capacity [53–56]. As
shown in Fig. S2 of the Supplemental Material, the TDTR-
and SSTR-measured values are in excellent agreement, thus
proving the accuracy of our assumed volumetric heat capacity
and density. Details of our TDTR and SSTR measurement
procedures and analyses are provided in the Supplemental
Material [28,57–63].

As shown in Fig. 3, the thermal conductivity of the AMLs
is nearly the average of that of a-AlN and a-Al2O3 and remains
constant as a function of both interface density and oxygen
content. As the composition of the AMLs is changing, a sim-
ple average between the two constituents cannot explain the
thermal conductivity data. We hypothesize that two opposing
thermal transport mechanisms are taking place simultaneously
in the AlN/Al2O3 multilayers, leading to the observed trend.
First, the thermal conductivity of the AMLs is expected to
decrease with interface density as the thermal resistance due
to the interfaces becomes greater. Similar behavior has been
observed in amorphous Si/Ge [18] and Al2O3/TiO2 [17]
multilayers. Second, the thermal conductivity of the AMLs
is expected to increase with the oxygen content of the film.
As the thermal conductivity of a-Al2O3 is higher compared
with a-AlN, the higher oxygen content would reduce the net
resistance provided by a period [14,64]. We posit that due
to such opposing influence of interface density and oxygen
content, the thermal conductivity of the AMLs remains nearly
constant.

To study our hypothesis, we use molecular dynamics to
investigate the influence of interface density and composition
on the thermal conductivity of an AML. Since an empirical
potential of a-AlN or a-Al2O3 is not available in the litera-
ture, we use amorphous Si/Ge multilayers as a representative
system. The MD predicted thermal conductivity of a-Si and a-
Ge is 1.33 ± 0.13 and 0.72 ± 0.07 W m−1 K−1, respectively.
These thermal conductivity values are in agreement with the
literature [18,65,66]. To mimic the compositionally variant
AMLs studied in this paper, we simulate the Si/Ge multilay-
ers for three distinct cases. In the first case, the amorphous
Si/Ge multilayers possess sharp interfaces with equal Si and
Ge contents. In the second case, the interfaces between the
a-Si and a-Ge layers possess significant intermixing. In the
third case, the a-Si layer is much thicker compared with the
a-Ge layer representing a higher Si content in the system. De-
tails of our MD simulations are provided in the Supplemental
Material [28,67–74].

Figures 4(a)–4(c) show the schematics of the computa-
tional domains for the three cases. The thermal conductivity
as a function of interface density for these cases is presented
in Fig. 4(d). As exhibited here, when the Si/Ge multilayer
has sharp interfaces with equal Si and Ge contents, the ther-
mal conductivity decreases with interface density due to the
non-negligible role of the interface. This supports our hy-
pothesis regarding the role of interfacial resistance in the
thermal conductivity of AMLs. The influence of the interfaces
remains nearly the same regardless of significant intermixing
at the interfaces. This indicates that the chemically diffuse
interfaces observed in this paper cannot alone account for
the near-constant thermal conductivity. However, for the same
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FIG. 4. Schematics of the computational domains for an amor-
phous Si/Ge multilayer corresponding to three cases: (a) sharp
interface, (b) intermixed interface, and (c) higher Si content.
(d) Thermal conductivity as a function of interface density for the
domains presented in (a)–(c). The error bars associated with these
thermal conductivity values are ∼10%.

interface density, when the Si layer is thicker, the thermal con-
ductivity is usually higher. Increasing the Si content from 75
to 90% leads to an increase in thermal conductivity, particu-
larly for higher interface densities. This happens as the thicker
Si layer reduces the net resistance provided by the multilayer
period. Thus these simulations at least qualitatively suggest
that the thermal conductivity of AMLs can be highly affected
by composition along with interface density. The opposing in-
fluence of the composition and interface density in amorphous
Si/Ge multilayers can also be explained by diffusive thermal
transport as shown in Sec. S7 of the Supplemental Material
[28,65,75–78].

V. CONCLUSION

In summary, we investigate the impact of structural and
chemical disorder on the sound speed and thermal conduc-
tivity of a series of amorphous AlN/Al2O3 multilayers. The
oxygen content of these AMLs linearly increases with in-
terface density due to oxidation of the AlN layers during
growth. As the Al-O bond is stronger than the Al-N bond, the
longitudinal sound speed of the multilayers linearly increases
with oxygen content and is independent of interface density.
However, the thermal conductivity of multilayers is impacted
by both interface density and oxygen content. These two
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parameters act to decrease and increase the thermal conductiv-
ity, respectively. Due to such opposing influences, the thermal
conductivity of the AlN/Al2O3 multilayers is the average of
that of a-AlN and a-Al2O3 and remains nearly constant. We
further verify this by performing molecular dynamics simula-
tions on a representative Si/Ge system. Our study shows that
structural and chemical disorder can have vastly different ef-
fects on the sound speed and thermal conductivity of an AML.
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