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INTRODUCTION
Heat ﬂow in modern nanoscale devices is mostly limited by the
high densities of interfaces rather than the materials comprising
the device. These interfaces can provide resistance to energy
carriers, which results in nanoscale temperature discontinuities
between the materials comprising the interfaces. The relation
between the temperature discontinuity, ΔT, and the impinging
heat ﬂux, Q, at the interface quantiﬁes the eﬃcacy of energy
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Thermal conductivity of materials - nanoscopic
Diffusion of “hot” electrons

Metals:
Free electrons are the
dominant energy carriers
in metals, ballistic velocity
~106 m/s
Electron carrier density:
in metals ~1023 cm-3
in semiconductors ~1018 cm-3

Semiconductors:
Phonons (lattice vibrations)
are the dominant energy
carriers in semiconductors,
velocity ~103 m/s
Phonon propagation

atom
“hot” free electron
“cold” free electron
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Figure 4. Lattice thermal conductivity as a function of temperature for: (a) various PbTe-based alloys (x = 0.1) and nanostructured samples. The value of
x = 0.1 was chosen because these samples have the same concentration of added component to PbTe as those in LAST-18 and SALT-20. (b) InGaAs with
and without embedded ErAs nanodots. It is seen in both cases that the inclusion of nanodots into the microstructure results in a significant reduction
to the lattice thermal conductivity. In the PbTe system solid solution alloying is effective around room temperature (see black dotted arrow) but not at
high temperature. Nanostructuring is shown to be effective both at room temperature and at high temperatures (see brown dotted arrows).
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of Sb.[73] In contrast, similar fractions of nanoparticles of Bi or
different phonon modes and reduce thermal conductivity. A
Pb (two elements that have the same atomic mass as the Pb ions
schematic diagram is shown in Figure 5 capturing these varin the rock salt lattice) were found to have no such effect.[73,81]
ious phonon scattering mechanisms, along with the electrical
transport within a thermoelectric material.
ErAs:InGaAs is another interesting example to study along
these lines since the size distribution of ErAs nanoparticles in
Thus, in certain cases nanodots clearly play a very significant
the matrix is not a strong function of the growth parameters
role in reducing lattice thermal conductivity, probably by effec[
82
]
and they are typically 2–4 nm in diameter [Figure 3c]. The
tively scattering phonons that otherwise would have relatively
long mean free paths. In many of these cases it has been clearly
volume fraction of the embedded nanoparticles can be easily
demonstrated that the reduction in thermal conductivity far
changed from 0.01-6% without introducing defects or dislocaexceeds any concomitant reduction in the power factor caused
tions. Thermal conductivity measurements show a reduction by
as much as a factor of 3 compared to the bulk
alloy [Figure 4b].
Grain
The question remains as to why the incluboundary
sion of nanodots can reduce the thermal
conductivity below the alloy limit. Detailed
calculations of phonon transport have been
performed for ErAs:InGaAs materials,
although the principles developed through
these studies are fairly general and apply for
other nanodot material systems as well.[72,82]
Atomic scale defects in alloys scatter phonons due to differences in mass or due to
generation of strain fields, and the scattering
cross-section follows Rayleigh scattering as
d6/λ4, where d is the nanodot diameter and
Atomic
λ is the phonon wavelength. Hence, short
defect
wavelength phonons are effectively scattered
in alloys, but the mid-to-long wavelength
Nanoparticle
phonons can propagate without significant
scattering and thereby still contribute to heat
Short wavelength phonon
Hot Electron
conduction. By inclusion of nanoparticles,
Mid/long wavelength phonon
Cold Electron
significant reduction in lattice thermal conductivity can be achieved by the additional
Figure 5. Schematic diagram illustrating various phonon scattering mechanisms within a therscattering of mid- and long-wavelength pho- moelectric material, along with electronic transport of hot and cold electrons. Atomic defects
nons by the nanoparticles. Calculations show are effective at scattering short wavelength phonons, but larger embedded nanoparticles are
that a wide size distribution of nanoparticles required to scatter mid- and long-wavelength phonons effectively. Grain boundaries can also
is preferable since it can effectively scatter play an effective role in scattering these longer-wavelength phonons.
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where we do not observe any size effects in thermal conductivities for the domain lengths and layer thicknesses used for
our SW-based SLs, further validating the use of thickness
independent thermal conductivities as input parameters in
Eq. (1) for these SLs.
Using Eq. (1), our thermal conductivity data, and a least
squares fitting routine, we find that the Kapitza resistance at
an a:Si/a:Ge interface is 0.52 m2 K GW"1. The thermal conductivities predicted from the least squares fitting routing are
within 4% of the values determined by our NEMD simulations, demonstrating that the model fits the MD data very
well. The best-fit value of Kapitza resistance is consistent
with that calculated from separate NEMD simulations of isolated interfaces between amorphous Si and Ge (corresponding to temperature profiles similar to that illustrated in
Fig. 1(b)). More specifically, we expect a temperature drop
of 3.6 K from the Kapitza resistance predicted by Eq. (1) at
the amorphous Si/heavy-Si interface shown in Fig. 1(b).
From Fig. 1(c), we observe a temperature drop !4 K at the
isolated interface, which is in excellent agreement with the
prediction from the thermal circuit model, suggesting that
the Kapitza resistance predicted by Eq. (1) can be used to
describe the internal Kapitza resistances in these SW-based
amorphous SLs.
Two aspects of these data are worth noting. First, the resistance at an a:Si/a:Ge interface is !6 times lower than at
2 interface between crystalline Si
the corresponding isolated
and Ge (as determined via our additional simulations on an
isolated crystalline Si/Ge interface and further verified by a
previous work that studied the Kapitza resistance at isolated
crystalline Si/Ge interfaces43). More specifically, from our
additional simulations on an isolated crystalline Si/Ge interface, we find that the Kapitza resistance is 2.81 m2 K GW"1
at this interface; we note that for this crystalline Si/Ge simu60 and70we conduct the
lation, the species differ
2 only in mass
simulations using a similar domain size as studied for our
amorphous structures at 500 K. Our result on the massmismatched crystalline interface is within 5% of the MD prediction from Landry and Mcgaughey (RK ¼ 2:93 m2 K
GW"1) for a crystalline Si/Ge interface.43 The small discrep22between the predicted Kapitza resistances
23
ancy
might be due
to the fact that our simulations do not consider the strain
associated with the lattice -3
mismatch between Si and Ge,
whereas, the MD simulations in Ref. 43 consider the lattice
mismatch between the species and also take into account the

Fig. 3). While the vibrational bandwidths of these two materials are similar regardless of amorphicity or crystallinity,
the vibrations that predominately contribute to thermal transport in our amorphous Si and Ge layers in the SLs are nonpropagating modes. That is, the heat carrying vibrations in
our amorphous Si/Ge SLs are not spatially extended as in the
case of crystalline Si/Ge systems. (This conclusion can be
drawn due to the absence of size effects in the context of the
former and the prevalence of size effects in the context of
the latter.) This is supported by our simulations on LJ-based
samples as well, where we do not observe any size effects as
mentioned above.
The second and related aspect worth noting is that
Kapitza resistances at the interfaces within our amorphous
SW SLs do not appear to be a function of interface density.
On the contrary, Kapitza resistance has been shown to
decrease with increasing interface density in crystalline
SLs.19,20 This behavior has been ascribed to a transition from
diffusive to ballistic phonon transport, i.e., a shortening of
phonon mean-free-paths.20 Taking these two observations together, it follows that interfacial thermal transport is mediated
by delocalized and non-propagating modes (or diffusons) in
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• TDTR: Measurement of thermal conductivity of thin films and
thermal resistance across interfaces
• Weakly bonded solids: new lower limits to thermal conductivity
• Functionalized interfaces at graphene contacts: tuning heat and
electrical transport via the interfacial bond
• Heat transport across single molecule interfaces: when does a
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• Molecular interfaces in organic/inorganic composites: diffusive
scattering via the vibron-phonon interaction
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where again !0 is the reference frequency and !s $ 2& / T.
The equivalence of Eqs. !4" and !5" stems from the fact that,
in a LTI system, the impulse response and frequency response are Fourier transform pairs. In practice, Eq. !4" may
be more convenient for numerical simulations, while Eq. !5"
is more convenient for cases where an analytical heat transfer solution is more easily obtained in the frequency domain.
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where Q is the power per pump pulse, Qprobe is the power per
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terms of the sample frequency response, H!!",
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FIG. 2. !Color online" !a" The pump beam input to the sample modulated by
the fundamental component of the EOM. !b" The surface temperature of the
sample in response to the pump input. !c" The probe pulses arrive at the
sample delayed by a time, #, and are reflected back to a detector with an
intensity proportional to the surface temperature. !d" The fundamental harmonic components of the reference wave and measured probe wave. The
amplitude and phase difference between these two waves is recorded by the
lock-in amplifier at every delay time.

The lock-in amplifier measures the fundamental component of the probe signal at the modulation frequency, !0, and
rejects all other harmonic components. This is shown in Fig.
2!d". The output will be the amplitude, A, and phase, ", of
the fundamental component of the probe signal with respect
to the reference wave at every delay time #. Mathematically,
the solution takes the form of a “transfer function,” a complex number Z!!0" such that the output of the lock-in amplifier for a reference wave ei!0t is given by
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since at very long times, h!qT + #" decays to zero for all
terms where q ! 0. In this limiting case, the phase shift is
simply the delay between the pump and probe pulses divided
by the modulation frequency, as expected, and the amplitude
of the signal can be directly interpreted as the response of
the sample to a single pulse. In this case, the relevant time
and length scales are those associated with the single-pulse
response.
In the other limit, as T approaches zero, the expression
approaches the frequency response !i.e., the steady periodic
response at !0",
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In this case, the relevant time and length scales are those
associated with the steady periodic response.
In the intermediate range, where the decay time of the
system is not much longer or shorter than the pulse period T,
the signal has elements of both the impulse response and the
steady frequency response and the two effects cannot be easily separated.
To examine this further, we take a simple exponential
system as a model and see how the measured signal changes
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FIG. 2. !Color online" !a" The pump beam input to the sample modulated by
the fundamental component of the EOM. !b" The surface temperature of the
sample in response to the pump input. !c" The probe pulses arrive at the
sample delayed by a time, #, and are reflected back to a detector with an
intensity proportional to the surface temperature. !d" The fundamental harmonic components of the reference wave and measured probe wave. The
amplitude and phase difference between these two waves is recorded by the
lock-in amplifier at every delay time.
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FIG. 2. !Color online" !a" The pump beam input to the sample modulated by
the fundamental component of the EOM. !b" The surface temperature of the
sample in response to the pump input. !c" The probe pulses arrive at the
sample delayed by a time, #, and are reflected back to a detector with an
intensity proportional to the surface temperature. !d" The fundamental harmonic components of the reference wave and measured probe wave. The
amplitude and phase difference between these two waves is recorded by the
lock-in amplifier at every delay time.
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FIG. 2. TDTR data on Au/fused silica (red square) and Au/Ti/fused silica
(blue circle) samples at room temperature and corresponding best fits using
the modified TTM with a nonlinear thermoreflectance model.17 The data are
normalized by the maximum magnitude of the signal from the lock-in
amplifier.
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FIG. 3. Geff as a function of maximum effective electron temper
maximum phonon temperature from DC laser heating for Au/Ti/fu
(blue circle), Au/Ti/Si (red square), and Au/Ti/sapphire (black tria
comparison, we have also plotted Geff values for Au/Si and Au/fu
The hollow symbols represent data for Au films with a thickness
with Ti adhesion layer on different substrates. After accounting fo
Tpmax (due to local heating of the Au lattice), TTM fits to the Au/fu
data results in similar temperature trends between the determine
Au/fused silica and Au/Si systems. However, we observed a mu
enhancement in Geff for systems with the inclusion of the Ti layer.
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Experimental Considerations
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where xD is the Debye frequency (the maximum frequency
of vibration of polarization j), !
h is the reduced Planck’s con2
2 3
stant, Dj ¼ x =2p vj is the density of states, fBE is the BoseEinstein distribution function, kB is Boltzmann’s constant,
Wikipedia
and T is temperature (293 K). Substituting Eq. (2) into
Eq. (1), the thermal conductivity is
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all play a role in determining thermal conductivity. The minimum thermal conductivity model given by Eq. (4) incorporates the parameters determined by these factors – bond
strength effects are established through group velocity and
number density is directly related to the Debye frequency.
Atomic composition is not directly established in the model,
as the modelMeasurement
does not distinguish between
the atom types in
of
strain
determining scattering times; note that mass-impurity scatwave
tering directlywave/acoustic
influences phonon scattering
times in crystals.
However, since scattering time in this model is already limpropagation
inmass
thin
films
ited to half
a period of oscillation,
impurity
scattering

What can we measure with TDTR?

2

∆R (arbitrary units)

The minimum thermal conductivity model is derived from
this general model with two key assumptions.
First, the
1
2 3
Debye frequency is defined by xD;j ¼ vj ð6p nÞ , where n is
number density. With this model, the number density inherently defines the length scale of energy exchange. The
second assumption is that kj ¼ pvj =x, or, in other words, the
scattering time is half the period of oscillation for a given
a-SiO:H
mode. The conventional model employs atomic
number
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monic oscillators; we will return to this assumption later.
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This formulation, which depends on both sound speed and
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FIG. 2. Longitudinal (vL) and transverse (vT) sound speeds derived using
picosecond acoustics (y-axis) vs. those derived using nano-indentation
(x-axis). Equation (S1) is used to derive vL from the nano-indentation results
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• TDTR: Measurement of thermal conductivity of thin films and
thermal resistance across interfaces
• Weakly bonded solids: new lower limits to thermal
conductivity
• Functionalized interfaces at graphene contacts: tuning heat and
electrical transport via the interfacial bond
• Heat transport across single molecule interfaces: when does a
molecule become a defect?
• Molecular interfaces in organic/inorganic composites: diffusive
scattering via the vibron-phonon interaction
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spectrally resolved thermal conductivities, forces and velocities
for the atoms under consideration are tabulated for a total of 10
ns with 10 fs time intervals under NVE integration. Similarly,
the DOS is calculated by taking the Fourier transform of the
velocity autocorrelation function.37
Figure 3a shows the bulk DOS for the two structures. The
molecular tails in the PCBM broaden the sharp peaks seen in

Turn to molecular dynamics simulations
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• TDTR: Measurement of thermal conductivity of thin films and
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• Weakly bonded solids: new lower limits to thermal conductivity
• Functionalized interfaces at graphene contacts: tuning heat
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molecule become a defect?
• Molecular interfaces in organic/inorganic composites: diffusive
scattering via the vibron-phonon interaction
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Atmospheric plasma functionalization of graphene surfaces
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Functional groups covalently bound to graphene
Reversible after anneal
Appl. Phys. Lett. 96, 231501
Collaboration: Scott Walton (NRL)

Atmospheric plasma functionalization of graphene surfaces
Heat flow

Metal film

Functionalization

Substrate

Graphene

• Al/graphene interaction increased
with oxygen bond (Al-O bond)
Nano Lett. 12, 590 (2012)
• But what implications does this
have for SLG devices?
Collaboration: Scott Walton (NRL)

Au/graphene electronic contacts
Metal film

Substrate

Functionalization
Graphene

C-F bond inert
does not want to
interact!
Nano Lett. 15, 4876 (2015)

Thermal boundary conductance results
Similar trends for oxygen as Al
Ti adhesion layer does nothing
Fluorine does nothing
Thermal Boundary Conductance (MW m−2 K−1)

Heat flow
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at interface
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When does a molecular bond
become a defect?

Outline
• TDTR: Measurement of thermal conductivity of thin films and
thermal resistance across interfaces
• Weakly bonded solids: new lower limits to thermal conductivity
• Functionalized interfaces at graphene contacts: tuning heat and
electrical transport via the interfacial bond
• Heat transport across single molecule interfaces: when does a
molecule become a defect?
• Molecular interfaces in organic/inorganic composites: diffusive
scattering via the vibron-phonon interaction

Contact chemistry to manipulate TBC
Heat flow
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Figure 4 | Tuning interfacial thermal conductance. Plot of interfacial
thermal conductance (G) as a function of the methyl:thiol end-group ratio
for 0%, 25%, 50%, 75% and 100% thiol end groups. Duplicated structures
for each ratio were measured. Error bars represent uncertainty in TDTR
data fitting (see Supplementary Information for details).

transfer-printing/TDTR set-up can accurately probe the thermal

LETTERS
Metal
film

Finally, we demonstrate the ability to directly tune the interfacia
thermal conductance. In this experiment, the Au/SAM/Qz struc
tures are formed using mixed monolayers of SH–C11 –Si⌘ an
CH3 –C11 –Si⌘. (See Supplementary Fig. S5 for X-ray photoelec
tron spectroscopy analysis.) Measurements of G for these mixe
monolayers are shown in Fig. 4. Apparent in this figure is
monotonic increase in G with increased SH–C11Substrate
–Si⌘ concentratio
Functionalization
up to 75% SH–C11 –Si⌘. This result implies that as the numbe
of covalent (Au–thiol) attachment sites increases, phonons coupl
more strongly acrossGraphene
the interface. A plateau in G is reached fo
a concentration of 75% SH–C11 –Si⌘. This plateau effect wit
interfacial bond strength is consistent with MD simulations mad
for silicon/polyethylene interfaces12 and water/SAM interfaces11
Mechanistically, at some critical bond strength, the ‘spring constan
between the two materials becomes stiff enough to effectively coupl
all relevant heat-carrying phonon frequencies across the interface
At this point, other factors, such as acoustic mismatch, difference
in the phonon density of states, or interfacial roughness limit hea
transport across the interface.
In summary, we have experimentally shown that the strengt
of a single bonding layer directly controls phonon heat transpor
across an interface. Although transitioning from van der Waals t
covalent bonding increases G by ⇠80% for Au/Qz interfaces, it i
possible that much greater contrast could be achieved in system
that have more similarity in their vibrational properties (refs 12,13)
More importantly, this experimental system provides a simple rout
to probing vibrational transport phenomena across interfaces. W
expect future experiments using similar techniques combined wit

Nano Lett. 12
590 (2012)

Phosphonic acid interfaces: Size and mass control
Metals: Al, Au, Ni
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Phosphonic acid interfaces: Size and mass control
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Is the change in TBC the metal/PA
interface or the F21PA itself?

Heat transport in single F21PA molecules
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Outline
• TDTR: Measurement of thermal conductivity of thin films and
thermal resistance across interfaces
• Weakly bonded solids: new lower limits to thermal conductivity
• Functionalized interfaces at graphene contacts: tuning heat and
electrical transport via the interfacial bond
• Heat transport across single molecule interfaces: when does a
molecule become a defect?
• Molecular interfaces in organic/inorganic composites:
diffusive scattering via the vibron-phonon interaction
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Heat transport mechanisms
in superlatticesf

(SrT

(CaTiO3)2

CaTiO3/SrTiO3
ETWEEN COHERENT AND INCOHERENT …
(SrTiO3)2

(SrT

(a)

(b)

(d

Figure 3 | Structural and microstructural characterization of superlattice
samples from both series. High-resolution, short angular-range q‑2q XRD
scan of a, an (STO)6/(CTO)6 superlattice centred on the NGO 220 substrate
peak and b, (STO)74/(BTO)1 superlattice peaks centred on the STO 002
substrate peak. Both the superlattice peaks and the thickness fringes suggest
the high degree of interface abruptness in the samples. c, A high-resolution
reciprocal space map of the (STO)2/(CTO)2 superlattice centred on the NGO
332 substrate peak. The map clearly shows that the superlattice film is
coherently strained to the substrate. d, Surface topography of a 200 nm (STO)2/
(CTO)2 thick superlattice film on an STO 001 substrate. The image clearly
shows the presence of smooth step edges with unit cell height. STEM images of
e, (STO)2/(CTO)2 and f, STEM-EELS image (dimensions 35 nm X 3.6 nm) of a
(STO)30/(BTO)1 superlattice revealing the presence of atomically sharp
interfaces with minimal intermixing in the samples studied along with a

GaAs/AlAs

Incoherent/particle picture of phonon transport in SLs
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What if layers are “linked”? – coherent transport

Coherent transport in superlattices
VOLUME 84, NUMBER 5
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Minimum Thermal Conductivity of Superlattices
M. V. Simkin and G. D. Mahan
Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996-1200
and Solid State Division, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831
(Received 23 July 1999)
The phonon thermal conductivity of a multilayer is calculated for transport perpendicular to the layers.
There is a crossover between particle transport for thick layers to wave transport for thin layers. The
calculations show that the conductivity has a minimum value for a layer thickness somewhat smaller
then the mean free path of the phonons.
PACS numbers: 66.70. + f, 68.65. + g

Interfacial periodicity can
lead to “mini-band” formation

The thermal conductivity is a fundamental transport parameter [1]. There has been much recent interest in the
thermal conductivity of semiconductor superlattices due to
their possible applications in a variety of devices. Efficient
solid state refrigeration requires a low thermal conductivity
[2]. Preliminary experimental and theoretical work suggests that the thermal conductivity of superlattices is quite
low, both for transport along the planes [3,4], or perpendicular to the planes [5–8]. The heat is carried by excitations such as phonons and electrons. Most theories use
a Boltzmann equation which treats the excitations as particles and ignores wave interference [7,9]. These theories
all predict that the thermal conductivity perpendicular to
the layers decreases as the layer spacing is reduced in the
superlattice. The correct description using the Boltzmann
equation would be to use the phonon states of the superlattice as an input to the scattering, but this has not yet been
done by anyone.
We present calculations of the thermal conductivity perpendicular to the layers which include the wave interference of the superlattice. These calculations, in one, two,
and three dimensions, always predict that the thermal conductivity increases as the layer spacing is reduced in the
superlattice. This behavior is shown to be caused by band
folding in the superlattice. It is a general feature which
should be true in all cases. The particle and wave calculations are in direct disagreement on the behavior of the
thermal conductivity with decreasing layer spacing. This
disagreement is resolved by calculations which include the
mean free path (mfp) of the phonons. For layers thinner
than the mfp, the wave theory applies. For layers thicker
than the mfp the particle theory applies. The combined
theory predicts a minimum in the thermal conductivity, as
a function of layer spacing. The thickness of the layers for
minimum thermal conductivity depends upon the average
mfp, and is therefore temperature dependent.
The particle theories use the interface boundary resistance [10] as the important feature of a superlattice. A superlattice with alternating layers has a thermal resistance
for one repeat unit of RSL ! L1 !K1 1 L2 !K2 1 2RB ,
where "Lj , Kj # are the thickness and thermal conductivity of the individual layers, and RB is the thermal boundary resistance. For simplicity assume that L1 ! L2 $ L,

which is often the case experimentally. The effective thermal conductivity of the superlattice is then
2L
2L
KSL !
!
.
(1)
RSL
L"1!K1 1 1!K2 # 1 2RB
This classical prediction is that the thermal conductivity
decreases as the layer thickness L decreases [9].
The wave theory calculates the actual phonon modes
vl "k# of the superlattice, where l is the band index. They
are used to calculate the thermal conductivity from the
usual formula in d dimensions [1],
X Z dd k
≠n"v, T #
K"T # !
,
h̄vl "k# jyz "k#j!l "k#
"2p#d
≠T
l
(2)
where n"v, T # is the Bose-Einstein distribution function.
A rigorous treatment uses Boltzmann theory applied to
the transport in minibands to find the mean free path
!l "k#. At high temperatures, one can approximate n %
kB T !h̄vl "k#, which gives the simpler formula
X Z dd k
K"T # ! kB
jyz "k#j!l "k# .
(3)
"2p#d
l
The above formula is quite general. There are two
portant special cases of constant relaxation time "Kt #
constant mfp "K! #
X Z dd k
Kt "T # ! kB t
yz "k#2 ,
"2p#d
l
X Z dd k
K! "T # ! kB !
jyz "k#j .
"2p#d
l

imand
(4)
(5)

Mini-band formation leads to a
minimum in the superlattice
thermal conductivity
0031-9007!00!84(5)!927(4)$15.00

Both of these formulas can be related to the distribution
P"yz # of phonon velocities perpendicular to the layers
X Z dd k
P"yz # !
d"yz 2 jyz "k#j# ,
(6)
"2p#d
l
Z
(7)
Kt ! kB t dyz P"yz #yz2 ,
K ! ! kB !

Z

dyz P"yz #yz .

(8)

Wave interference leads to band folding [11,12]. Band
folding leads to a reduction of the phonon velocities. Both
© 2000 The American Physical Society
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ETWEEN COHERENT AND INCOHERENT …
Spectral phonon transport in SLs
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Figure 1: (a) 2D Schematic representation of the ZnOx /HQ superlattice (bottom panel) along with
an illustration of the heat flow pathway that induces a temperature gradient in the superlattice
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Diffusive phonon scattering at organic/inorganic interface
Molecular interface causes all phonon
modes to scatter at boundary (aka: no direct
transmission of oxide modes across HQ)
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Figure 1: (a) 2D Schematic representation of the ZnOx /HQ superlattice (bottom panel) along with
an illustration of the heat flow pathway that induces a temperature gradient in the superlattice
(top panel). (b) Grazing incidence X-ray diffraction (GIXRD) patterns for the control samples and
hybrid thin films with varying ZnO:HQ and TiO2 :HQ ratios. The peaks in the XRD patterns for the
ZnO based samples fit to the typical hexagonal wurtzite structure of ZnO (indexed accordingly).
There are no shifts in the position of the peaks for the hybrid SLs, suggesting that the introduction
of the organic monolayers do not affect the crystallinity of the ZnO phase. Similarly, the peaks for
the (TiO2 )x /HQ SL do not shift in position compared to the TiO2 sample.
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