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Heat transport through propagon-phonon
interaction in epitaxial amorphous-crystalline
multilayers
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Managing heat dissipation is a necessity for nanoscale electronic devices with high-density
interfaces, but despite considerable effort, it has been difficult to establish the phonon transport
physics at the interface due to a “complex” interface layer. In contrast, the amorphous/epitaxial
interface is expected to have almost no “complex” interface layer due to the lack of lattice
mismatch strain and less associated defects. Here, we experimentally observe the extremely-
small interface thermal resistance per unit area at the interface of the amorphous-germanium
sulfide/epitaxial-lead telluride superlattice (-0.8 + 4.0 x 10=2 m2KW=T1). Ab initio lattice
dynamics calculations demonstrate that high phonon transmission through this interface can be
predicted, like electron transport physics, from large vibron-phonon density-of-states over-
lapping and phonon group velocity similarity between propagon in amorphous layer and
“conventional” phonon in crystal. This indicates that controlling phonon (or vibron) density-of-
states and phonon group velocity similarity can be a comprehensive guideline to manage heat

conduction in nanoscale systems.
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become a critical issue owing to their large interface den-

sity preventing heat conduction: e.g., SiO, layer/Si for Si-
based large scale integrated circuit (Fig. 1la). The interfaces
complicate the comprehension of heat conduction in nanoscale
world. Therefore, over the last few decades, academic research on
nanoscale phonon transport in nanostructured materials with
interfaces!~1> has been intensively conducted to elucidate its
mechanism and manage heat conduction!6-20 i

The dissipation of heat in nanoscale electronic devices has

in various scientific
fields, such as thermoelectrics®1221:22, phonon engineering®%11,
etc.

In the nanoscale phonon transport, phonon transmission/
scattering at the interface is one of the most profound topics to
understand. Considerable effort has been made to understand the
interface thermal resistance per unit area (ITR), such as the dif-
fuse mismatch model, the molecular dynamics with specific
interface models, and so on?3-2%, For example, calculations
revealed that the ITR is decreased by a certain amount of com-
positional inhomogeneity near the interface?#2°. In contrast,
other calculations explained that the atomic-order segregation
and inhomogeneity increase ITR232%. Although the ITR at the
specific interface can be calculated, it is hard to discuss the effect
of certain interface structure parameters, such as inhomogeneity
and strain, on the ITR in general. Then, it is actually difficult to
predict the ITR in the realistic interface system with more com-
plex structure, which comes from the discrepancy between the
realistic interface and the ideal or simplified specific interface for
calculation. From this background, we considered that it is
demanded to reveal the universal physics of phonon transport
across the interface by performing the research in the interface
system without such discrepancy, namely realistic interface
without complex structure. This universal physics leads to the
establishment of a rough but versatile prediction method of ITR
from the information of interface structure. The complex inter-
face is usually composed of dissimilar materials (A and B) with
different phonon properties; at the interface composed of quite
different crystals, a “complex” interface layer possibly with large
lattice strain, compositional inhomogeneity, and defects is formed
(Fig. 1b). As the realistic interface system without complex
structure to reveal phonon transport physics with versatility and
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Fig. 1 Schematics of thermal transport physics through the interface. a
Schematic of heat dissipation issue in large scale integrated circuit. b
Phonon transport at the interface between materials A and B. ¢ Small and d
Large overlappings of vibron-phonon density-of-states (DOS) between
amorphous and epitaxial crystals related to the large and small interface
thermal resistance per unit area (ITR), respectively.
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universality, we propose an interface between amorphous mate-
rial A/crystal material B, where lattice mismatch strain and
associated defects are supposedly almost negligible. Assuming
that a “complex” interface layer is not formed by the contact of
amorphous A and crystal B, the phonon transport can be simply
understood by basing on transition in quantum physics between
the states of materials A and B with versatility and universality.
This is similar to the electron transport case. Therein, when
considering transition between the states of materials A and B,
the interface layer for electrons is simply treated as the defect
states, strain effect, and potential barrier.

Recently, deep understanding of phonon transport across
amorphous/crystal interface is required because amorphous lay-
ers ubiquitously exist in nanoscale semiconductor crystal devices,
which prevent heat dissipation resulting in negative influence on
the electronic device characteristics. In amorphous materials, the
vibron (extended phonon) works as a heat carrier. The vibron is
classified into propagon, diffuson, and locon, each of which has
different frequency ranges?”-28. Their wave numbers are no longer
good quantum numbers unlike the phonons in crystal. The
vibron density-of-states (DOS) of amorphous material is smaller
and flatter than phonon DOS of crystal composed of the same
elements. Additionally, there is also mysterious problem about
nanoscale phonon transport across the amorphous/crystal inter-
face; the ITR at the amorphous/crystal interface is calculated to be
small2®-3! against the qualitative expectation of large ITR from
small overlapping between small and flat vibron DOS in amor-
phous layer and phonon DOS with distinct peaks in epitaxial
layer (Fig. 1c)32.

Here, we form amorphous-(a-) GeS/epitaxial-(e-) PbTe
superlattice (SL) using hot wall epitaxy33 and experimentally
extract ITR at the a-GeS/e-PbTe interface by measuring the
temperature (T) dependence of thermal conductivity (x) in a-
GeS/e-PbTe SL. This ITR at the amorphous/epitaxial layer
interface is extremely small (~0.8 4.0 x 1072 m?KW~!) com-
pared with that at the epitaxial/epitaxial layer interface (e-PbS/e-
GeTe) (~1.5+ 0.6 x 10~8 m2KW—1). Furthermore, from ab initio
lattice dynamics calculation and the above-mentioned experi-
mental results, it is found that high phonon transmission through
this interface can be predicted from large vibron-phonon DOS
overlapping (Fig. 1d) and phonon group velocity (vg) similarity
between propagon in amorphous layers and the “conventional”
phonon in crystals. This demonstrates that controlling phonon
(or vibron) DOS and v, similarity can be a comprehensive
guideline to manage the heat conduction in nanoscale system
with high-density interfaces.

Results and discussion

Formation of amorphous/epitaxial SLs. We formed two types of
samples: e-PbS/e-GeTe SLs and a-GeS/e-PbTe SLs on BaF,(111)
substrates, which are suitable stages to obtain higher ITR signal-
to-noise ratio. By alternately depositing PbS and GeTe at 300 °C,
e-PbS/e-GeTe SLs were successfully formed. Some of the e-PbS/e-
GeTe SLs were annealed, resulting in the change from e-PbS/e-
GeTe SLs to a-GeS/e-PbTe SLs through the atomic exchange of S
and Te33 (See Supplementary Note 1). This structural change was
observed using X-ray diffraction (See Supplementary Note 2).
The total film thicknesses (d) were independently confirmed
using scanning electron microscopy and a stylus profilometer
(summarized with other structure information in Supplementary
Note 2). Figure 2a shows a low-magnification cross-sectional
bright-field transmission electron microscope (TEM) image of the
annealed SL sample with a period thickness, L of ~100 nm.
Figure 2b is a high-magnification scanning TEM (STEM) image,
indicating the formation of a stacked structure with the layer
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Fig. 2 Transmission electron microscopy results of a-GeS/e-PbTe
superlattice. a Low-magnification cross-sectional bright-field transmission
electron microscope (TEM) image of a-GeS/e-PbTe superlattice (SL). b
High-magnification cross-sectional scanning TEM (STEM) image, c-e
Energy dispersive X-ray spectroscopy (EDX) mapping images of ¢ Pb, d Te,
and e Ge in the same region of a-GeS/e-PbTe SL. f, g Selective area
electron diffraction (SAED) patterns of f black and g white regions in a-
GeS/e-PbTe SL.

thickness ratio of black and white regions to 1:1. To confirm the
crystal structures of both layers, selective area electron diffraction
(SAED) patterns of the black and white regions in Fig. 2b were
observed, as shown in Fig. 2f and g, respectively. The SAED
pattern of black region (Fig. 2f) corresponds to the theoretical
pattern of single-crystalline PbTe with the epitaxial relationship
of (111)ppre//(111)p,p2- On the other hand, the SAED pattern of
white region displayed amorphous pattern, as shown in Fig. 2g.
The compositions of the SL were analyzed by performing
energy dispersive X-ray spectroscopy (EDX) measurements in the
STEM image area (Fig. 2b). As shown in the EDX images (Fig. 2c
and d), we observed considerably higher Pb and Te intensities in
the black region. In the white region, the Ge intensity was higher
in Fig. 2e. From these EDX and SAED results, it was found that
black regions were epitaxial PbTe crystals with the relationship of
(111)ppre//(111)p,5p, whereas the white regions were amorphous
GeS. This revealed that the a-GeS/e-PbTe SL was successfully
formed by this atomic exchange technique33 although in general,
epitaxial growth on an amorphous layer is basically difficult.

Thermal transport in e-PbS/e-GeTe SLs and a-GeS/e-PbTe SLs.
Using 2w method34-36, we measured the  values of both e-PbS/e-
GeTe SLs and a-GeS/e-PbTe SLs in the T range of 50-300 K to
understand the phonon transport (See Supplementary Note 4).
The x was measured in the modulation frequency range with
sufficiently high « sensitivity in 2w method, where the x sensi-
tivity was calculated in advance (See Supplementary Note 3).
Figure 3a summarizes the T dependences of x in e-PbS/e-GeTe
SLs. The e-PbS/e-GeTe with the L of 70 nm exhibited remarkably
low « of 0.58 Wm~1K~! at 300 K, which was approximately five
times lower than those of GeTe crystal (3.0 Wm~!K~137) and
PbS bulk crystal (2.5 Wm~!K~138). In SLs, there are a lot of
interfaces that can scatter phonons. Hence, this lower x value is
considered to originate from strong interface phonon scattering.
The T-x data strongly depends on L. With decreasing L in e-PbS/
e-GeTe SLs, T-« data shifts downward. For example, at 300 K, the
x value of 0.58 Wm~!K~! decreases to 0.45 Wm~!K~! when L
decreases from 70 to 30 nm; namely, x is reduced with increasing
interface density (decreasing L). This indicates that interface
phonon scattering has a large influence on phonon transport,
which supports that interface phonon scattering is the origin of

the remarkably low x value (Fig. 3e); namely, this x includes the
ITR component related to the interface phonon scattering.

To extract the ITR at the e-PbS/e-GeTe interface, the thermal
resistances per unit area of one period structure (TRP) of e-PbS/
e-GeTe SLs at 300 K were plotted as a function of L (Fig. 3c).
When the number of period structures, n is large (>10), the
thermal resistance per unit area (TR) of SL edges (surface and
interface with substrate) is negligible compared with the total TR
of SL, Ro (=d/k) in thermal circuit model, based on the material
system used in this study. Then, the TRP of SL can be described
as;

R
TRP = ;lOt ~ pperiodL + 2Rint (1)

where pperioq is the effective thermal resistivity of the unit period
structure without ITR contribution and R;, is an ITR. The value
of 1/pperioa is the effective thermal conductivity without ITR
(Kno_rTr)- It is reported that, when the layer thickness is too small,
Rine and pperioa increase with decreasing thickness3°. However,
our present case is not in this situation because the phenomenon
often occurs when the film thickness is <~30nm from the
viewpoint of phonon mean free path04l, As indicated by Eq. (1),
Riot/n is proportional to L. The experimental data were best-fitted
with Eq. (1) when pperioa and Ry were adjusted to be ~1.2 +0.2
mKW—! (mKW~! indicates meter-KW—1!) and ~1.5 + 0.6 x 10~8
mZKW L, respectively, as indicated by the dotted line in Fig. 3c.
The uncertainties of pperioa and Rj,; come from standard
deviation in this fitting. The pperioa Was in close agreement with
those of chalcogenide SL*>#3. Thus, the linearity of the
experimental values of R,/ and plausible pperioa Value guarantee
the simple analysis using Eq. (1). The large ITR value (Ry,) is
comparable to the one at the other crystal/crystal interfaces (~3.3 x
1078 m?2KW~! for crystal (c)-diamond/c-Si and ~3.3 x 108
mZKW—! for c-GaN/c-Si)*445,

Next, we measured the x values of a-GeS/e-PbTe SLs with Ls of
30, 70, and 80 nm as a function of T (Fig. 3b). These samples
exhibited almost the same x values of ~0.6 Wm~!K~! at 300 K
and showed an increasing « tendency with increasing T due to the
increase of specific heat. Note that the x values of a-GeS/e-PbTe
SLs showed almost no L dependence unlike those of e-PbS/e-
GeTe SLs. This result implies that a-GeS itself has a considerably
higher TR than ITR of a-GeS/e-PbTe, making it difficult to detect
the ITR contribution between a-GeS and e-PbTe*%47. As is the
case with the ITR analysis of e-PbS/e-GeTe SLs, in order to
extract ITR, we estimated the TRP values of a-GeS/e-PbTe SLs at
300K as a function of L, as shown in Fig. 3d. The TRP values
were best-fitted with the Eq. (1) (decision coefficient value of
0.91) when pperiod and Ry, were adjusted to be ~1.7 £ 0.1 mKw~—!
and ~0.8 + 4.0 x 1072 m*KW 1, respectively. The uncertainties of
Pperiod and Ri come from standard deviation in this fitting. The
ITR at the a-GeS/e-PbTe interface (~0.8 £ 4.0 x 1079 m2KW 1) is
substantially smaller than that at the e-PbS/e-GeTe interface
(~1.5x 1078 m2KW—1). It is also found that this ITR at the a-
GeS/e-PbTe interface belongs to a class of small value by
comparing with those at various amorphous/crystal interfaces
(~3.5x 1072 m?KW~! for a-SiO,/c-Al, ~1.3 x 102 m?KW ! for
a-Ge/c-Si, ~2.0-3.0x 1072 m2KW~1 for a-SiO,/c-Si?°-31, and
~1.2 x 1078 m2KW~! for a-HfO,/c-Si*3) although these interface
materials with higher coordination numbers have the large
dissimilarities at the either side of the interface in terms of atomic
masses, chemical bonding and number densities of atoms unlike
Ge, Si or polymers with the lower coordination numbers (around
four or less). The obtained pperioq value (~1.7 mKW-1) is in
between the thermal resistivities of GeS (~3.3 mKW—1) and PbTe
(~0.6 mKW~1) (Supplementary Note 5), which indicates the high
reliability of this ITR analysis. We experimentally succeeded in
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Fig. 3 Thermal transport properties of superlattices. Temperature (T) dependences of thermal conductivity (x) values a in e-PbS/e-GeTe superlattices
(SLs) with period thicknesses (Ls) of 30 and 70 nm and (b) in a-GeS/e-PbTe SLs with Ls of 30, 70 and 80 nm (50-300 K). The experimental data of a-
GeS/e-PbTe SL with L of 70 nm are fitted with Eq. (2), as shown by the broken curve in b. ¢, d L dependences of thermal resistances per unit area of one
period structure (TRP) at 300 K in ¢ e-PbS/e-GeTe and d a-GeS/e-PbTe SLs, respectively. The dotted and broken lines are the fitted curves of the
experimental data of e-PbS/e-GeTe and a-GeS/e-PbTe SLs using Eq. (1), respectively. e, f Schematics of phonon transmission through e e-PbS/e-GeTe and
f a-GeS/e-PbTe interfaces. g T dependence of interface thermal resistance per unit area (ITR) at a-GeS/e-PbTe interfaces. The error bars in a-d, g

correspond to the standard deviations in the repeated measurements.

extracting the extremely small ITR of the amorphous/epitaxial
interface (Fig. 3f) by using a-GeS/e-PbTe SL although detecting
ITR is basically difficult.

It was also observed that the ITR at the a-GeS/e-PbTe interface
increased due to the decrease of phonon number with decreasing
T (Fig. 3g), which tendency is similar to what occurred to the ITR
at the crystal/crystal interface*®. Here, the experimental measure-
ment of the T dependence of ITR at the a-GeS/e-PbTe interface,
which is basically difficult to detect, were successful only by using
the present SLs with multiple a-GeS/e-PbTe interfaces and by
extracting the ITR from the L-dependent « at various T values.

First of all, for simple understanding of T-dependent « in these
amorphous/epitaxial SLs, we analyzed the « results by using the
theoretical expression of lattice thermal conductivity (kj,) based
on Debye-Callaway model. Here, it is assumed that acoustic
phonons mainly contribute to x,, as reported in other works>>0,
For simplicity, the phonon transport of three modes (one
longitudinal and two transverse modes) is treated using an
average velocity, v. In the structure model of PbTe/thin GeS SL,
where the GeS layer with the interfaces is assumed as the interface
layer for phonon scattering in the SL, the xj,, can be described as
follows (See Supplementary Note 6);

3ky (kg\® [O/T  xter
~— =2 _ 2
Kiat iy (h) /o T, . 1)zdx ()

where 6, is the Debye temperature, kg is the Boltzmann constant, # is
the reduced Planck constant, 7. is the combined relaxation time, x = A
w/kgT, and w is the angular frequency of the phonon. 6y can be
written as # (61'[2Nv3)1/ 3/kg, where N is the atom density. 7.~! can be
written  as  Tumklapp 1y T,-mpumyfl + dey*I through Matthissen’s
rule®!, where Tumidapp> Timpurity and Tpay are the relaxation times of
Umklapp scattering, impurity scattering, and phonon scattering by the
interface layer, respectively. The relaxation rates of impurity scattering
~1 and of Umklapp scattermg TUmlapp © are given by
Timpurity + =Aw? and TUmklapP =(h sz/MVZGD)wZTexp( Op/
(3T)), respectively®, where A is constant value, yg is the Griineisen
parameter, and M is the average mass of atoms. The relaxation time of
phonon scattering by the interface layer is expressed based on the

Timpurity

concept of SL nanowire model™ as follows;

-1 %tint 1 o (3)
Foiy = V<1 — by )
where [ is the average segment length and #;, is the transmittance
of the interface layer. The transmittance is simply expressed as
tine = 1/(1 + pw/wp)®®>2°3, where y is a constant value and wp, is
the Debye angular frequency. The thermal transport analysis in
the a-GeS/e-PbTe SLs with an L of 70 nm was performed by fitting
the experimental data with Eqgs. (2) and (3), where the wp, N, yg,
and M values of PbTe were used. The fitted results were v = 1888
+37ms L, A=83+1.6x10"42¢3, [=32+04nm, and y=133
+1.9. The obtained v and | were almost equal to the reported
average velocity (1770 ms~!) and the thickness of the PbTe layer
(35 nm), respectively, validating this simple fitting analysis. The A
value (8.3x107%2s3) related to impurity scattering probability
was three orders of magnitude higher than that of high-purity
single-crystalline bulk Si (1.8 x 10~%> §3)>0, which is found to be a
reliable value by considering a larger amount of impurities in the
present a-GeS/e-PbTe SLs than that in the single-crystalline Si.
While this simple analysis helps us to understand overall T-
dependent « in the a-GeS/e-PbTe SLs, it does not bring the physics
of the experimentally-obtained small ITR at the a-GeS/e-PbTe
interface because the a-GeS layer was included in the effective
interface layer for phonon scattering in this Debye-Callaway
model analysis in addition to the a-GeS/e-PbTe interface (See
Supplementary Note 6). Therefore, it is required to base on a
phonon transport model at the a-GeS/e-PbTe interface without
“complex” interface layer in order to comprehend the extremely
small ITR at the a-GeS/e-PbTe interface.

High phonon transmission through the amorphous/epitaxial
interface. One of the interesting experimental results is the
extremely small ITR at the amorphous/epitaxial interface, which
is in contrast with the qualitative expectation of large ITR based
on quantum physics: small overlapping of vibron-phonon DOS
between amorphous and epitaxial layers (Fig. 1c)32. Here, we aim
at understanding the physics of the small ITR. For quasi-ballistic
phonon transmission through the interface, “the conservation of
energy and momentum” is essential. We calculated the DOSs of
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Fig. 4 Lattice dynamics calculation results. a Phonon (or vibron) density-
of-states (DOS) of c-PbTe, c-GeS, and a-GeS obtained by lattice dynamics
calculation. b Vibron frequency dependence of phonon group velocity (vg)
in a-GeS, where the vibron is classified into propagon, diffuson, and locon.
¢, d Vibron frequency dependence of ¢ correlation coefficient (Va.gesVppTe/
(|V4-ges|[VpbTe)) and d amplitude ratio (|V,_ges|/|VpuTel) between v, ges and
VppTe. The colors in ¢ and d display the amplitude product (|Va_ges| [VpoTel)
of the two v,s. e Value of the amplitude product (|V,.ges| [Vebrel) as a
function of vibron frequency. v,.ges and vpyre are defined as the v, vectors
in a-GeS and c-PbTe, respectively.
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vibron in a-GeS and of a “conventional phonon” in single-
crystalline GeS (c-GeS) and PbTe (c-PbTe) by lattice dynamics
calculation. As shown in Fig. 4a, the vibron DOS of a-GeS in the
frequency region of >~4 THz became flatter than phonon DOS of
c-GeS, whereas the vibron DOS amplitude of a-GeS in the lower-
frequency region (<~2 THz) is almost the same as phonon DOS
of c-GeS. This relatively large vibron DOS of a-GeS in the lower-
frequency region greatly overlapped with DOS of “conventional”
phonon in c-PbTe, as shown in the conceptual schematics in
Fig. 1d. This large DOS overlapping implies small ITR as is the
case with the interface between solid and self-assembled
monolayer>®. The similarity of DOS amplitude between a-GeS
and c-GeS$ in the low-frequency region presumably comes from

the characteristics of acoustic-like vibrons and acoustic phonons.
If vibron in the overlapped low-frequency region of a-GeS is the
one with a large v, amplitude, which is the main heat carrier, such
as propagon, the ITR is expected to become smaller. Therefore,
we calculated the v, in a-GeS. For v, calculation, we are able to
calculate band dispersions even for amorphous model approxi-
mately because we used finite size of supercells (See Supple-
mentary Note 7). In addition, for more intuitive understanding,
vibrons were classified into propagon, diffuson, and locon by
using v, values (See Supplementary Note 7), as shown in Fig. 4b,
demonstrating that there are many propagons in the overlapped
low-frequency region (<~1.5 THz). Another important parameter
for quasi-ballistic phonon transmission is the momentum con-
servation. However, the wave number of vibron in amorphous
material is no longer a good quantum number unlike the phonon
in the crystal. Hence, instead of the wave number, we focused on
the similarity of vectors vgs between incident and transmitted
phonons (vectors vgs in a-GeS (vges) and in c-PbTe (vppr.)) for a
comprehensive understanding. To consider the similarity, the
correlation coefficients (VgesVpure/(|VGes||VpoTe|)) and the ampli-
tude ratio (|[vges|/|vpore|) Of the two vectors are shown for all v,
pairs in Fig. 4c and d, respectively (Supplementary Note 10 and
11). Therein, the color displays the amplitude product (|vges| |
vppre|) Of the two v,s. The value of the [vges| [Vpypre| as a function
of vibron frequency is shown in Fig. 4e. The v; amplitude is also
key factor because the phonon with large v, amplitude can con-
tribute to heat conduction largely. As shown by Fig. 4c and d, the
vibron-phonon pairs that simultaneously have large correlation
coefficients (~1) and amplitude ratio of ~1 are observed in the
overlapped lower-frequency region. Furthermore, these pairs have
large velocities, as indicated by the red color in Fig. 4c-e. These
results indicate that the propagons in a-GeS and acoustic pho-
nons in c-PbTe with large v, amplitude in the lower-frequency
region have large vibron-phonon DOS overlapping and high v,
similarity simultaneously. Based on these facts, it is considered
that acoustic-like propagons and acoustic phonons that have large
contributions to heat conduction can interact with each other,
resulting in vibron/phonon transmission through the present
amorphous/crystal interface quasi-ballistically (i.e., small scatter-
ing angles and energy loss). This high phonon transmission at the
interface can explain the small ITR. It should be noted that in the
present case, phonon transport across the interfaces can be simply
discussed based on energy and momentum conservation such as
quantum physics in the electron case. Therefore, if we can
appropriately control the vibron-phonon DOS overlapping and v,
similarity in the amorphous/crystal system without complex
interface layers, heat issue in devices with large ITR can also be
overcome.

Conclusion

We experimentally demonstrated that the ITR at the a-GeS/e-
PbTe interface was extremely small (~0.8 +4.0 x 1079 m2KW—1)
in the a-GeS/e-PbTe SLs compared to that at the epitaxial/epitaxial
layer interface (e-PbS/e-GeTe) (~1.5+0.6x 1078 m2KW—1).
These ITR values were extracted by phonon transport analysis of
L-dependent « at various T values. The phonon (or vibron) DOS
and v, obtained by the lattice dynamics calculation revealed that
the small ITR at the a-GeS/e-PbTe interface is brought by large
vibron-phonon DOS overlapping and high v, similarity between
propagons (in the amorphous layer) and phonons (in the crystal
layer). This result suggests that an appropriate design of phonon
(or vibron) DOS and v, similarity is a key for managing the heat
originating from nanoscale devices, which can overcome the heat
issue in large scale integrated circuit.
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Methods
Sample preparation. There are some difficulties in measuring the ITR at the
amorphous/crystal interface because the large TR of amorphous layers hides the
ITR contribution in TR measurement in general. The measurement of the SL
including multiple amorphous/single crystal interfaces is one of the approaches to
acquire a larger ITR signal. In this study, we formed a-GeS/e-PbTe SLs using hot
wall epitaxy in the following process.

BaF,(111) substrates with dimension of 10 x 10 x 0.5 mm were introduced into
a vacuum chamber equipped with Knudsen cells for PbS, Ca, and GeTe. Clean
BaF,(111) surfaces were obtained by degassing at 500 °C for 10 min. As the initial
layers for the growth of high-quality films, ~1 nm of PbS and several monolayers of
Ca were alternately deposited on BaF,(111), where total thicknesses were ~10 nm.
Subsequently, PbS and GeTe were alternately deposited on the initial layers at 300 °
C33, To measure the ITR from the thickness dependence of «, the SLs with the Ls of
~30-80 nm were formed at the thickness ratio of PbS and GeTe to 1:1. The e-PbS/
e-GeTe SLs were annealed at 350 °C for 10 min under vacuum atmosphere, which
resulted in the conversion of e-PbS/e-GeTe SL with the L to a-GeS/e-PbTe SL with
the same L through atomic exchange. The thickness ratio of the a-GeS and e-PbTe
layers was tuned to 1:1 in all the SLs.

Structural characterization. TEM analysis was performed using a JEM-2100F
electron microscope (JEOL, Japan) at an accelerating voltage of 200 kV. The ele-
mental distribution was analyzed using EDX in STEM mode. X-ray diffraction
observation was carried out with a Cu Ka line (wavelength: 0.15418 nm).

Thermal conductivity measurement. The out-of-plane « of the SLs was measured
by 2w method using a home-made 2w apparatus, which method is already vali-
dated (See Supplementary Note 8 and 9). In this 2w method?*-3, k is measured
using the frequency domain, unlike time domain thermoreflectance method. A
laser with a wavelength of 532 nm was used owing to the five times larger ther-
moreflectance coefficient of the Au transducer film than that in a commercial
apparatus (ADVANCE-RIKO Inc., TCN-2w) equipped with a He-Ne laser (635
nm)®. Au transducer films with a thickness of ~200 nm and a size of 2 x 4 mm
were deposited on the surfaces of the samples. The electrodes were attached to the
edges of the Au films using Ag pastes to improve the electrical contact. The Au
films were Joule-heated by applying a sinusoidal voltage with a frequency of
200-10000 Hz between both edges of the Au films.

Phonon density-of-states and phonon group velocity calculations. Our calcu-
lations for electronic ground states and structure optimizations, including a-GeS,
were carried out using the VASP code®®7. Amorphous models for a-GeS have
finite supercell sizes that are inevitable in atomistic models®$-%0. As a consequence,
non-zero volume of first Brillouin zone can be defined even for the amorphous
models although this is usually a shortcoming of atomistic models. This enables us
to calculate v, vectors throughout the first Brillouin zone. Looking at phonon (or
vibron) DOS (Fig. 4a), small DOS of imaginary modes persists even after full
structure optimization due to strong anharmonic nature of vibrons. The details are
described in Supplementary Note 10 and 11.

Data availability

The data that supports the findings of this study are available within the article.

Received: 30 November 2020; Accepted: 14 June 2021;
Published online: 05 July 2021

References

1. Lyeo, H.-K. & Cahill, D. G. Thermal conductance of interfaces between highly
dissimilar materials. Phys. Rev. B 73, 144301 (2006).

2. Yu, J.-K,, Mitrovic, S., Tham, D., Varghese, J. & Heath, J. R. Reduction of
thermal conductivity in phononic nanomesh structures. Nat. Nanotechnol. 5,
718-721 (2010).

3. Biswas, K. et al. High-performance bulk thermoelectrics with all-scale
hierarchical architectures. Nature 489, 414-418 (2012).

4. Luckyanova, M. N. et al. Coherent phonon heat conduction in superlattices.
Science 338, 936 (2012).

5. Zhao, L. D. et al. All-scale hierarchical thermoelectrics: MgTe in PbTe facilities
valence band convergence and suppresses bipolar thermal transport for high
performance. Energy Environ. Sci. 6, 3346-3355 (2013).

6. Zen, N, Puurtinen, T. A,, Isotalo, T. J., Chaudhuri, S. & Maasilta, I. J.
Engineering thermal conductance using a two-dimensional phononic crystal.
Nat. Commun. 5, 3435 (2014).

7. Ravichandran, J. et al. Crossover from incoherent to coherent phonon
scattering in epitaxial oxide superlattices. Nat. Mater. 13, 168-172 (2014).

9.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Nakamura, Y. et al. Anomalous reduction of thermal conductivity in coherent
nanocrystal architecture for silicon thermoelectric material. Nano Energy 12,
845-851 (2015).

Yamasaka, S., Nakamura, Y., Ueda, T., Takeuchi, S. & Sakai, A. Phonon
transport control by nanoarchitecture including epitaxial Ge nanodots for Si-
based thermoelectric materials. Sci. Rep. 5, 14490 (2015).

Freedman, J. P., Yu, X,, Davis, R. F,, Gellman, A. J. & Malen, J. A. Thermal
interface conductance across metal alloy-dielectric interfaces. Phys. Rev. B 93,
035309 (2016).

Maire, J. et al. Heat conduction tuning by wave nature of phonons. Sci. Adv. 3,
1700027 (2017).

Nakamura, Y. Nanostructure design for drastic reduction of thermal
conductivity while preserving high electrical conductivity. Sci. Technol. Adv.
Mater. 19, 31-43 (2018).

Ishibe, T. et al. Methodology of thermoelectric power factor enhancement by
controlling nanowire interface. ACS Appl. Mater. Interfaces 10, 37709-33716
(2018).

Kong, W. et al. Oxide-mediated formation of chemically stable tungsten-liquid
metal mixtures for enhanced thermal interfaces. Adv. Mater. 31, 1904309
(2019).

Taniguchi, T. et al. Phonon transport in nano-system of Si and SiGe films with
Ge nanodots and approach to ultralow thermal conductivity. Nanoscale 13,
4971-4977 (2021).

Chang, C. W.,, Okawa, D., Majumdar, A. & Zettl, A. Solid-state thermal
rectifier. Science 314, 1121-1124 (2006).

Maldovan, M. Phonon wave interference and thermal bandgap materials. Nat.
Mater. 14, 667-674 (2015).

Tian, F. et al. Unusual high thermal conductivity in boron arsenide bulk
crystals. Science 361, 582-585 (2018).

Yang, F. & Dames, C. Mean free path spectra as a tool to understand thermal
conductivity in bulk and nanostructures. Phys. Rev. B 87, 035437 (2013).
Yamashita, Y. et al. Thermal conductivity of hetero-epitaxial ZnO thin films
on c- and r-plane sapphire substrates: Thickness and grain size effect. J. Appl.
Phys. 125, 035101 (2019).

Neophytou, N. & Kosina, H. Optimizing thermoelectric power factor by
means of a potential barrier. J. Appl. Phys. 114, 044315 (2013).

Beretta, D. et al. Thermoelectrics: from history, a window to the future. Mater.
Sci. Eng. R. Rep. 138, 100501 (2019).

Landry, E. S. & McGaughey, A. J. H. Effect of interfacial species mixing on
phonon transport in semiconductor superlattices. Phys. Rev. B 79, 075316
(2009).

English, T. S. et al. Enhancing and tuning phonon transport at vibrationally
mismatched solid-solid interfaces. Phys. Rev. B 85, 035438 (2012).

Chen, P. et al. Role of surface-segregation-driven intermixing on the thermal
transport through planar Si/Ge superlattices. Phys. Rev. Lett. 111, 115901
(2013).

Halan, K. R, Cecchi, S. & Colombo, L. Effect of asymmetric concentration
profile on thermal conductivity in Ge/SiGe superlattices. Appl. Phys. Lett. 108,
203102 (2016).

Allen, P. B, Feldman, J. L., Fabian, J. & Wooten, F. Diffusons, locons,
propagons: character of atomic vibrations in amorphous Si. Philos. Mag. B 79,
1715-1731 (1999).

Wingert, M. C., Zheng, J., Kwon, S. & Chen, R. Thermal transport in
amorphous materials: a review. Semicond. Sci. Technol. 31, 113003 (2016).
Hu, C,, Kiene, M. & Ho, P. S. Thermal conductivity and interfacial thermal
resistance of polymeric low k films. Appl. Phys. Lett. 79, 4121-4123 (2001).
Gordiz, K. & Henry, A. Phonon transport at interfaces between different
phases of silicon and germanium. J. Appl. Phys. 121, 025102 (2017).

Yang, L., Latour, B. & Minnich, A. J. Phonon transmission at crystalline-
amorphous interfaces studied using mode-resolved atomistic Green’s
functions. Phys. Rev. B 97, 205306 (2018).

Zorn, R. The boson peak demystified? Physics 4, 44 (2011).

Ishida, A. et al. Amorphous/epitaxial superlattice for thermoelectric
application. Jpn. J. Appl. Phys. 55, 081201 (2016).

Xu, Y., Goto, M., Kato, R., Tanaka, Y. & Kagawa, Y. Thermal conductivity of
ZnO thin film produced by reactive sputtering. J. Appl. Phys. 111, 084320
(2012).

Uematsu, Y., Terada, T., Sato, K., Ishibe, T. & Nakamura, Y. Low thermal
conductivity in single crystalline epitaxial germanane films. Appl. Phys.
Express 13, 055503 (2020).

Mitarai, K. et al. An advanced 2w method enabling thermal conductivity
measurement for various sample thicknesses: From thin films to bulk
materials. J. Appl. Phys. 128, 015102 (2020).

Fallica, R. et al. Effect of nitrogen doping on the thermal conductivity of GeTe
thin films. Phys. Status Solidi PRL 7, 1107-1111 (2013).

Wang, H., Schechtel, E., Pei, Y. & Snyder, G. J. High thermoelectric efficiency
of n-type PbS. Adv. Energy Mater. 3, 488-195 (2013).

6 COMMUNICATIONS PHYSICS | (2021)4:153 | https://doi.org/10.1038/s42005-021-00653-w | www.nature.com/commsphys


www.nature.com/commsphys

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-021-00653-w

ARTICLE

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lee, S. -M. & Cahill, D. G. Heat transport in thin dielectric films. J. Appl. Phys.
81, 2590-2595 (1997).

Tian, Z. et al. Phonon conduction in PbSe, PbTe, and PbTe;_,Se, from first-
principles calculations. Phys. Rev. B 85, 184303 (2012).

Scott, E. A., Gaskins, J. T., King, S. W. & Hopkins, P. E. Thermal conductivity
and thermal boundary resistance of atomic layer deposited high-k dielectric
aluminum oxide, hafnium oxide, and titanium oxide thin films on silicon. APL
Mater. 6, 058302 (2018).

Caylor, J. C., Coonley, K., Stuart, J., Colpitts, T. & Venkatasubramanian, R.
Enhanced thermoelectric performance in PbTe-based superlattice structures
from reduction of lattice thermal conductivity. Appl. Phys. Lett. 87, 023105
(2005).

Hinsche, N. F. et al. Thermoelectric transport in Bi,Te;/Sb,Te; superlattices.
Phys. Rev. B 86, 085323 (2012).

Goodson, K. E., Kading, O. W, Rosler, M. & Zachai, R. Experimental
investigation of thermal conduction normal to diamond-silicon boundaries. J.
Appl. Phys. 77, 1385-1392 (1995).

Saura, A. et al. Thermal boundary resistance between GaN and substrate in
AlGaN/GaN electronic devices. IEEE Trans. Elec. Dev. 54, 3152-3158 (2007).
Tong, T. et al. Dense vertically aligned multiwalled carbon nanotube arrays as
thermal interface materials. IEEE T. Compon. Pack. T 30, 92-100 (2007).
Singh, V. et al. High thermal conductivity of chain-oriented amorphous
polythiophene. Nat. Nanotechnol. 9, 384-394 (2014).

Panzer, M. A. et al. Thermal properties of ultrathin hafnium oxide gate
dielectric films. IEEE Electron. Device Lett. 30, 1269-1271 (2009).

Otaibi, J. A. & Srivastave, G. P. Size and dimensionality dependent phonon
conductivity in nanocomposites. J. Phys. Condens. Matter 28, 145304 (2016).
Wang, Z., Alaniz, J. E., Jang, W., Garay, J. E. & Dames, C. Thermal
conductivity of nanocrystalline silicon: importance of grain size and
frequency-dependent mean free paths. Nano Lett. 11, 2206-2213 (2011).
Dames, C. & Chen, G. Theoretical phonon thermal conductivity of Si/Ge
superlattice nanowires. J. Appl. Phys. 95, 682-693 (2004).

Hua, C. & Minnich, A. J. Importance of frequency-dependent grain boundary
scattering in nanocrystalline silicon and silicon-germanium thermoelectrics.
Semicond. Sci. Technol. 29, 124004 (2014).

Oyake, T. et al. Ultimate confinement of phonon propagation in silicon
nanocrystalline structure. Phys. Rev. Lett. 120, 045901 (2018).

Duda, J. C,, Saltonstall, C. B., Norris, P. M. & Hopkins, P. E. Assessment and
prediction of thermal transport at solid-self-assembled monolayer junctions. J.
Chem. Phys. 134, 094704 (2011).

Okuhata, R., Watanabe, K., Ikeuchi, S., Ishida, A. & Nakamura, Y. Thermal
conductivity measurement of thermoelectric thin films by a versatility-
enhanced 2o method. J. Electron. Mater. 46, 3089-3096 (2017).

Kresse, G. & Furthmiiller, J. Efficiency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set. Comput. Mater. Sci.
6, 15-50 (1996).

Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Phys. Rev. B 54, 11169
(1996).

Bléchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953
(1994).

Togo, A. & Tanaka, L. First principles phonon calculations in materials
science. Scr. Mater. 108, 1-5 (2015).

60. Yoshiya, M., Tanaka, I. & Adachi, H. Theoretical study on the chemistry of
intergranular glassy film in Si;N,-SiO, ceramics. J. Am. Ceram. Soc. 85,
109-112 (2002).

Acknowledgements

This work was supported by a Grant-in-Aid for Scientific Research A (Grant No.
19H00853), for Exploratory Research (No. 19K22110), and for Scientific Research on
Innovative Areas (No. 19H05786 and 20H05191).

Author contributions

T.I, R.O,, and T.K. performed thermal conductivity measurements of the samples. Y.N.
is the principal investigator of this work. T.I, RO., and Y.N. analyzed the thermal
properties of the samples. R.O. and A.L fabricated the samples. T.I, R.O., and A.L
performed the structural analyses of the samples. M.Y., who leads a computational group
of materials modeling, performed calculation of phonon (or vibron) DOS, Vg and
materials structures. S.N. performed the TEM experiment. All authors discussed the
results and contributed to the revision of the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42005-021-00653-w.

Correspondence and requests for materials should be addressed to Y.N.

Peer review information Communications Physics thanks the anonymous reviewers for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

COMMUNICATIONS PHYSICS| (2021)4:153 | https://doi.org/10.1038/s42005-021-00653-w | www.nature.com/commsphys 7


https://doi.org/10.1038/s42005-021-00653-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsphys
www.nature.com/commsphys

	Heat transport through propagon-phonon interaction in epitaxial amorphous-crystalline multilayers
	Results and discussion
	Formation of amorphous/epitaxial SLs
	Thermal transport in e-PbS/e-GeTe SLs and a-GeS/e-PbTe SLs
	High phonon transmission through the amorphous/epitaxial interface

	Conclusion
	Methods
	Sample preparation
	Structural characterization
	Thermal conductivity measurement
	Phonon density-of-states and phonon group velocity calculations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




