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ABSTRACT: The influence of planar organic linkers on thermal boundary
conductance across hybrid interfaces has focused on the organic/inorganic
interaction energy rather than on vibrational mechanisms in the molecule. As a
result, research into interfacial transport at planar organic monolayer junctions has
treated molecular systems as thermally ballistic. We show that thermal conductance
in phosphonic acid (PA) molecules is ballistic, and the thermal boundary
conductance across metal/PA/sapphire interfaces is driven by the same phononic
processes as those across metal/sapphire interfaces without PAs, with one exception.
We find a more than 40% reduction in conductance across henicosafluorododecyl-
phosphonic acid (F21PA) interfaces, independent of metal contact, despite
similarities in structure, composition, and terminal group to the variety of other
PAs studied. Our results suggest diffusive scattering of thermal vibrations in F21PA, demonstrating a clear path toward
modification of interfacial thermal transport based on knowledge of ballistic and diffusive scattering in single monolayer
molecular interfacial films.

■ INTRODUCTION
The ability to precisely control the transfer of heat in
nanostructures would provide novel thermal solutions for a
wide variety of applications but heretofore has been difficult to
achieve. As the magnitude of carrier mean free paths approach
or exceed intrinsic length scales of relevant material systems,
the majority of thermal carrier interactions are dictated by
material boundaries and interfaces. This has led to exciting new
realizations in thermal transport in nanosystems, including
coherent phonon transport in superlattices,1,2 electron
“tunneling” through materials in multilayers,3 crystalline
materials with thermal conductivities lower than their
corresponding amorphous phases,4−6 and competing long-
and short-wavelength phonon scattering mechanisms leading to
size effects in alloy films and superlattices.7,8 Despite these
significant advances, further progress toward discovering,
understanding, and utilizing these unique nanoscale thermal
transport processes would be greatly facilitated by the ability to
manipulate interactions at boundaries and interfaces with
atomic or molecular resolution.
The thermal transport across interfaces between two solids,

which is often characterized by the thermal boundary
conductance9 or Kapitza conductance10 (hK), can be difficult
to predict and control since hK is related to properties of the
interface as well as the fundamental properties of the materials
comprising the interface. Recent advances in manipulating the

thermal boundary conductance across solid interfaces have
relied on disrupting the local atomic order and/or structure
around solid/solid interfaces (for a recent review, see ref 11).
For example, changes in thermal conductance across solid
boundaries have been experimentally observed by considering
geometric roughness,12−14 chemical mixing,10,15,16 crystalline
orientation,17,18 strain,19 and defects.20−22 Where these
structural modifications to the interfaces often rely on some
disorder driven by the atomic arrangement, several recent
measurements have confirmed an additional, if not more
effective, avenue to tune the thermal boundary conductance
between two solids driven by the chemical bond at the
interface.23−27 With the availability of a wide array of molecules
and functional groups, new materials and composite interfaces
that utilize interfacial chemistries and bonding have provided a
pathway to alter thermal transport at the molecular level,
including functionalized fullerene derivatives that set new
extremes to the lowest thermal conductivity for a fully dense
solid,28−30 organic and/or inorganic crystalline multilayers with
glass-like thermal conductivities,31,32 and functionalized nano-
crystalline arrays with nanoparticle-size-tunable thermal trans-
port.33,34
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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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ing of vibrational energy at interfaces can severely limit ther-
mal transport in SLs.16–19 As a result, computational studies
have predicted that crystalline superlattices can posses lower
thermal conductivities compared to that of their constituent
components.20–22 This is particularly significant in Si-based
SLs, where significant amount of heat is carried by phonons
with long mean-free-paths.23–26 However, thermal transport
across SLs comprising of alternating amorphous/crystalline
layers (that result due to large lattice mismatch between con-
stituent materials)27 have received much less attention due to
the generalization that in amorphous systems, amorphicity is
expected to dominate thermal transport while interfaces do not
pose as significant resistors.28,29

In this study, we systematically investigate the combined
role of disorder, mass-mismatch and layer length on thermal
transport across thin confined films and amorphous/crystalline
SLs using molecular dynamics (MD) simulations. For crys-
talline films confined between two crystalline leads, we find
that ballistic transport across Ge/Si/Ge structures and diffu-
sive transport across Si/Ge/Si structures affect the TBR across
the respective thin films. In contrast, the TBR across amor-
phous confined films is shown to monotonically increase with
film thickness, regardless of the leads or the material compris-
ing the amorphous film. Interestingly, we also find that the
resistance across a single amorphous/crystalline interface is
much lower than that across the crystalline/crystalline coun-
terpart. Furthermore, for amorphous films with thicknesses <⇠
3 nm, we demonstrate that the spectral overlap in the vibra-
tional density of states between the leads and the thin films
can significantly affect the scattering of the phonon flux im-
pinging upon the interfacial layer from the crystalline leads.

We apply these findings to design amorphous/crystalline
SLs that demonstrate very low thermal conductivities. In
this regard, we investigate the effect of layer thickness and
mass-mismatch on thermal conductivity in Si/Ge-based amor-
phous/crystalline superlattices. For these superlattices, we
show that the introduction of interfacial densities �0.1 nm�1

can severely hinder thermal transport even below the amor-
phous limit to thermal conductivity of the amorphous con-
stituent. Moreover, we do not observe size effects in the
thermal conductivities of these amorphous/crystalline super-
lattices, which is in contrast to the size dependent thermal con-
ductivities of crystalline/crystalline superlattices.30 This im-
plies that at interface densities �0.1 nm�1, vibrational trans-
port in these structures are dictated by incoherent boundary
scattering effects. We also show that by making use of the
fact that the resistance across a crystalline/crystalline inter-
face can be greater than at an amorphous/amorphous inter-
face, the thermal conductivities of these superlattices can be
lowered by as much as 10% by creating superlattice periods
that consist of two adjacent crystalline layers followed by two
adjacent amorphous layers. Finally, when comparing our re-
sults of mass-mismatched crystalline/amorphous SLs to that
of amorphous/amorphous SLs, we find that at very high mass
ratios between the adjacent layers in the SLs, the thermal con-
ductivities are similar for the two different structures (regard-
less of crystallinity in the amorphous/crystalline SL).
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Figure 1. (Top panel) Schematic of the simulation cell for thin films
confined between crystalline leads. Thermal flux is applied across in
the simulation cell in the z-direction. (Bottom panel) Temperature
profile of Si/Ge/Si systems with disordered and crystalline Ge films.

II. METHODOLOGY

The TBR across confined thin films and the thermal con-
ductivity of amorphous/crystalline SLs are calculated via non-
equilibrium MD (NEMD) simulations using the LAMMPS
package.31 A schematic of the computational domain for con-
fined thin films between crystalline leads is shown in the top
panel of Fig. 1. These systems are either composed of i) crys-
talline Si leads with an amorphous or crystalline layer of Ge
in-between the leads; or ii) crystalline Ge leads with an amor-
phous or crystalline layer of Si in-between the leads. The Si-
Si, Ge-Ge and Si-Ge interatomic potentials are described by
the tersoff potential,32,33 which accounts for the strain associ-
ated with the lattice mismatch at a Si/Ge interface.33 All sim-
ulations for these systems are performed at an average tem-
perature of 500 K, where elastic scattering has been shown
to dominate the TBR.15 We apply fixed boundary conditions
on the z-direction by fixing 4 monolayers of atoms that bor-
der the hot and cold reservoirs as shown in the top panel of
Fig. 1. Periodic boundary conditions are applied in the x-
and y-directions. The leads are each 400 monolayers and the
cross section area Ac of the simulation domain is set to five
unit cells by five unit cells. Based on previous MD simula-
tions on similar Si/Ge systems, we do not expect size effects
to affect our MD-predicted TBRs.15,34 A time step 0.5 fs is
applied throughout the simulations and the structures are ini-
tially equilibrated with an isothermal-isobaric ensemble (NPT
integration with the number of particles, pressure and temper-
ature of the system held constant)35 at zero-pressure and 500
K for a total of 2.5 million time steps.

To determine the TBR across the confined armophous and
crystalline films, we implemented the NEMD method where
a thermal flux, q, is applied across a computational domain to
establish a steady-state temperature gradient, @T/@z. During
the implementation of a heat flux, we remove the thermostat
and perform NVE integration (with number of particles, vol-
ume and energy of the system held constant) which adding
and removing a fixed amount of energy per time step from
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Figure 2. (Top panel) Schematic of a 27⇥27⇥212 Å3 simulation
cell with N = 0.57 nm�1 for a SW-based amorphous/crystalline
superlattice. (Bottom panel) Temperature gradient induced due to
the applied flux across the computational domain.

warm and cool baths, respectively. In doing so, we apply a
thermal flux, q = 3.0 GW m�2 across the computational do-
mains; note, increasing q by 50% produced statistically invari-
ant TBRs for the Si/Ge-based structures. After the initial ap-
plication of the heat flux, we let the system reach steady-state
for 3 ns. The steady-state temperature profile is determined by
averaging the temperature of the computational domain (by
dividing it into equally spaced bins) for an additional 3 ns.
From the temperature profiles, the TBRs across the interfacial
films are determined by the relation, q = R

�1
K �T as shown in

the bottom panel of Fig. 1. To determine the temperature drop
at the film boundaries, we apply a linear regression analysis
to the temperature profiles of the leads and calculate the exact
temperature at the boundaries between the leads and the film
from the linear fit to the MD-data (Fig. 1).

The domain for the amorphous/crystalline SLs is setup by
first creating a homogeneous amorphous domain. The crys-
talline layers of the SL is prepared by deleting atoms in the
amorphous domain according to the position of the atoms
and then substituting the deleted atoms with atoms arranged
along a diamond cubic lattice with an average value of the
lattice constants of Si and Ge. Finally, energy minimization
is performed to setup the computational cells for the amor-
phous/crystalline SLs. We separated the species of atoms be-
tween the amorphous and crystalline layers depending on the
position of the atoms in the computational cell and the final
structures are relaxed under the Nose-Hoover thermostat and
barostat for a total of 2 million time steps.36 To check for finite
size effects, two domain lengths with d ⇠21 nm and 43 nm
were created for the SLs. The cross section area for the SLs
is set to five by five unit cells with periodic boundary condi-
tions in the x- and y-directions. To compare our results with
those of previous simulations on cystalline/crystalline and
amorphous/amorphous SLs,30,37 the interatomic interactions
are parameterized with the Stillinger Weber (SW) potential.38

However, we also run simulations with the Tersoff potential
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Figure 3. Thermal boundary resistances across the confined thin
films predicted via NEMD simulations performed at 500 K tem-
perature. The TBRs across Ge/c-Si/Ge are represented as hollow
square symbols, solid square symbols represent Ge/a-Si/Ge, hollow
green triangles represent Si/c-Ge/Si and solid green triangles repre-
sent Si/a-Ge/Si. For comparison, the TBRs predicted by Eq. (1) for
Ge/c-Si/Ge (solid line) and Si/c-Ge/Si (broken line) are also shown.
For the amorphous thin films, the TBRs for interfacial layers with
twice the mass of the layers are also shown.

to account for both bond and mass effects on the thermal con-
ductivity of these Si/Ge systems. The top panel of Fig 2 shows
an example of the computational domain created for the cys-
talline/amorphous superlattices and the bottom panel shows
the temperature gradient induced by the steady-state heat flux
applied across the computational domain (with a similar pro-
cedure as explained above for the systems with confined thin
films between two leads). From the temperature gradient, the
thermal conductivity is calculated by invoking the Fourier law
as shown in Fig. 2.

III. RESULTS AND DISCUSSIONS

A. Thermal Boundary Resistance across the interfacial
thin film

Figure 3 shows the MD predicted Kapitza resistances
across the amorphous and crystalline confined films (for the
Si/Ge/Si and Ge/Si/Ge systems) as a function of the film thick-
ness, Lf . The MD simulations are carried out for films with
thicknesses between 2 and 25 nm. We do not consider films
with thicknesses < 2 nm due to the fact that the allowed vibra-
tional states highly depend on the length of the films below 2
nm; in these cases, the TBRs increase rapidly with increasing
thickness of the confined films untill 2 nm for both Si and Ge

Disorder  decreases  TBC  
(increases  TBR)  when  

length  scale  is  greater  than  
phonon  wavelength
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transfer-printing/TDTR set-up can accurately probe the thermal
conductance across a molecular interface. Our measurements
for G also show good agreement with previous reports of
thermal transport across SAM interfaces10,24–26. Particularly striking
is the similarity between G measured for Au/SH–C11–Si⌘Qz
(Gavg = 65MWm�2 K�1) and the recent calculations by Keblinski
and colleagues for a Au/SAM/Si interface with strong bonding at
both SAM end-groups (G=60MWm�2 K�1; ref. 10).

To further explore the importance of a single bonding layer
on heat transfer, we investigate the thermal transport across
Au/SAM/Qz interfaces using other !-end-group and ↵-attachment
chemistries but having the same methylene chain length (Fig. 3b).
Approximate boundary lines are drawn representing van der
Waals (36MWm�2 K�1) and covalent (65MWm�2 K�1) bond-
ing in our system based on the average measurements for the
Au/CH3–C11–Si⌘Qz and Au/SH–C11–Si⌘Qz structures respec-
tively. Surprisingly, G for the amine-terminated surface is roughly
equivalent to the methyl-terminated surface. Although charged
quaternary amines bind strongly to Au, particularly when used as
stabilizing ligands for Au nanoparticles27, the primary amine-Au
binding energy in the dry, uncharged state is calculated to be
only ⇠0.25 eV (ref. 28), about 5⇥ less than the Au–S bond
energy (⇠1.4 eV; ref. 19). The low surface roughness of the
gold may also contribute to weaker binding, as amines are be-
lieved to bond more strongly to under-coordinated Au adatom
defects29. Bromine-terminated surfaces give a higher interfacial
thermal conductance (Gavg = 47MWm�2 K�1) than a van der
Waals interaction. We offer two possible explanations: (1) the
high electron-density from the three sets of lone-pair electrons
generates a stronger van der Waals interaction at this interface or
(2) the heavier bromine moiety has a better vibrational match to
the heat-conducting phonons in gold, permitting more effective
coupling. Dodecyl SAMs formed using a dimethylmonochlorosi-
lane attachment chemistry are found to have a thermal con-
ductance that is effectively lower than the van der Waals limit.
However, experimental characterization of these SAMs reveals a
lower surface coverage than the tri-functional silanes. Thus, the
reduction in G is believed to be a consequence of having a lower
density monolayer30.

Finally, we demonstrate the ability to directly tune the interfacial
thermal conductance. In this experiment, the Au/SAM/Qz struc-
tures are formed using mixed monolayers of SH–C11–Si⌘ and
CH3–C11–Si⌘. (See Supplementary Fig. S5 for X-ray photoelec-
tron spectroscopy analysis.) Measurements of G for these mixed
monolayers are shown in Fig. 4. Apparent in this figure is a
monotonic increase inGwith increased SH–C11–Si⌘ concentration
up to 75% SH–C11–Si⌘. This result implies that as the number
of covalent (Au–thiol) attachment sites increases, phonons couple
more strongly across the interface. A plateau in G is reached for
a concentration of 75% SH–C11–Si⌘. This plateau effect with
interfacial bond strength is consistent with MD simulations made
for silicon/polyethylene interfaces12 and water/SAM interfaces11.
Mechanistically, at some critical bond strength, the ‘spring constant’
between the twomaterials becomes stiff enough to effectively couple
all relevant heat-carrying phonon frequencies across the interface.
At this point, other factors, such as acoustic mismatch, differences
in the phonon density of states, or interfacial roughness limit heat
transport across the interface.

In summary, we have experimentally shown that the strength
of a single bonding layer directly controls phonon heat transport
across an interface. Although transitioning from van der Waals to
covalent bonding increases G by ⇠80% for Au/Qz interfaces, it is
possible that much greater contrast could be achieved in systems
that havemore similarity in their vibrational properties (refs 12,13).
More importantly, this experimental systemprovides a simple route
to probing vibrational transport phenomena across interfaces. We
expect future experiments using similar techniques combined with
theoretical calculations will lead to a clearer fundamental descrip-
tion of interfacial thermal conductance and reveal new opportuni-
ties for engineering heat transport in nanostructured systems.

Methods
Detailed descriptions of SAM deposition and characterization, transfer printing
procedures, TDTR measurements, picosecond acoustic measurements,
laser spallation measurements and data analysis are provided in the
Supplementary Information.
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•What  are  the  vibrational  scattering  mechanisms  driving  heat  
transfer  at  and  across  molecular   interfaces?

•How  does  vibrational  energy  scatter/transmit  across  
inorganic/molecule   interfaces?

•When  does  scattering  in the  molecule  at  the  interface  matter?
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ABSTRACT: The influence of planar organic linkers on thermal boundary
conductance across hybrid interfaces has focused on the organic/inorganic
interaction energy rather than on vibrational mechanisms in the molecule. As a
result, research into interfacial transport at planar organic monolayer junctions has
treated molecular systems as thermally ballistic. We show that thermal conductance
in phosphonic acid (PA) molecules is ballistic, and the thermal boundary
conductance across metal/PA/sapphire interfaces is driven by the same phononic
processes as those across metal/sapphire interfaces without PAs, with one exception.
We find a more than 40% reduction in conductance across henicosafluorododecyl-
phosphonic acid (F21PA) interfaces, independent of metal contact, despite
similarities in structure, composition, and terminal group to the variety of other
PAs studied. Our results suggest diffusive scattering of thermal vibrations in F21PA, demonstrating a clear path toward
modification of interfacial thermal transport based on knowledge of ballistic and diffusive scattering in single monolayer
molecular interfacial films.

■ INTRODUCTION
The ability to precisely control the transfer of heat in
nanostructures would provide novel thermal solutions for a
wide variety of applications but heretofore has been difficult to
achieve. As the magnitude of carrier mean free paths approach
or exceed intrinsic length scales of relevant material systems,
the majority of thermal carrier interactions are dictated by
material boundaries and interfaces. This has led to exciting new
realizations in thermal transport in nanosystems, including
coherent phonon transport in superlattices,1,2 electron
“tunneling” through materials in multilayers,3 crystalline
materials with thermal conductivities lower than their
corresponding amorphous phases,4−6 and competing long-
and short-wavelength phonon scattering mechanisms leading to
size effects in alloy films and superlattices.7,8 Despite these
significant advances, further progress toward discovering,
understanding, and utilizing these unique nanoscale thermal
transport processes would be greatly facilitated by the ability to
manipulate interactions at boundaries and interfaces with
atomic or molecular resolution.
The thermal transport across interfaces between two solids,

which is often characterized by the thermal boundary
conductance9 or Kapitza conductance10 (hK), can be difficult
to predict and control since hK is related to properties of the
interface as well as the fundamental properties of the materials
comprising the interface. Recent advances in manipulating the

thermal boundary conductance across solid interfaces have
relied on disrupting the local atomic order and/or structure
around solid/solid interfaces (for a recent review, see ref 11).
For example, changes in thermal conductance across solid
boundaries have been experimentally observed by considering
geometric roughness,12−14 chemical mixing,10,15,16 crystalline
orientation,17,18 strain,19 and defects.20−22 Where these
structural modifications to the interfaces often rely on some
disorder driven by the atomic arrangement, several recent
measurements have confirmed an additional, if not more
effective, avenue to tune the thermal boundary conductance
between two solids driven by the chemical bond at the
interface.23−27 With the availability of a wide array of molecules
and functional groups, new materials and composite interfaces
that utilize interfacial chemistries and bonding have provided a
pathway to alter thermal transport at the molecular level,
including functionalized fullerene derivatives that set new
extremes to the lowest thermal conductivity for a fully dense
solid,28−30 organic and/or inorganic crystalline multilayers with
glass-like thermal conductivities,31,32 and functionalized nano-
crystalline arrays with nanoparticle-size-tunable thermal trans-
port.33,34
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These aforementioned examples highlight the potential for
the use of molecular interfaces to pave a new path forward for
tailoring thermal transport in nanosystems. Previous research
has focused on theoretical and computational modeling of heat
transport in self-assembled monolayers (SAMs) and across low-
dimensional molecular interfaces.25,35−37 However, experimen-
tal data on measuring and understanding the fundamental
vibrational scattering processes driving thermal conducatance at
planar, solid-based molecular functionalized single interfaces
have been restricted to SAMs of alkanes.38−45 Additionally,
there have been a number of studies assessing the effects of
molecular interfaces on solid−liquid thermal boundary
conductance and vibrational energy transport using a variety
of SAM layers.46−49 Recent works using phosphonic acid (PA)
molecules have demonstrated the ability of 12-mercapto-
dodecylphosphonic acid (MDPA) to strengthen the bond
between Au and TiO2, leading to an increase in hK.

24,26 This
result focusing on PA molecules suggests a new class of
molecular interfaces may be used to atomistically manipulate
interfacial transport. Unfortunately, the understanding of PA
interfacial thermal transport is currently limited to Au/MDPA/
TiO2 interfaces, and thus a void exists in the physics of heat
transfer in systems composed of PA’s.
As the current state of the literature is restricted to one

particular class of PA interface, questions still remain about how
PAs can be used to manipulate the thermal conductance across
boundaries. For example, it is often assumed that thermal
vibrations will not interact anharmonically within a SAM and
the majority of the vibrational scattering occurs at the SAM
boundaries. However, where this assumption has been
rigorously studied both computationally and experimentally
for alkanes,35−39,41,50 the validity of this assumption for PAs has
not been addressed. Given the diversity of the functional tail
groups available for PA SAMs, PAs may provide a useful
platform to study how vibrational energy travels through a
molecule and across the bond it forms with surfaces. Ong et al.
studied thermal transport in PA-based nanocrystalline arrays,
utilizing pump−probe metrologies similar to those used in this
work, and demonstrated that heat transport across solid/
molecular interfaces is driven by interactions of vibrations of
similar energies (i.e., elastic scattering events). O’Brien et al.
and Chow et al. performed experimental measurements across
Au/MDPA/TiO2 interfaces24,26 using time-domain thermore-
flectance (TDTR), the same technique used here, and
concluded that thermal transport is governed by the high
interfacial bond strength characteristic of MDPA interfaces.
Previous research in our group has shown both computation-
ally51 and experimentally23 that an increase in bond strength
leads to an increase in hK due to inelastic scattering events (e.g.,
phonon conversion to different energies across the interface).52

Unfortunately, the reported experimental results on Au/
MDPA/TiO2

24,26 do not lend insight into how vibrational
heat is transported across solid/molecular interfaces. As a
result, the limited data on PA-based interfaces do not provide
the necessary thermophysics to validate PA-based molecular
interfaces as thermally engineered materials. Given the
widespread use of PA molecular interfaces in organic
electronics,53−56 improved understanding of how heat is
transferred across PA modified interfaces is of great interest
to a wide array of scientific communities.
Phosphonic acids consist of a polar headgroup consisting of

the phosphoryl bond (PO) and two P−O−H bonds, in
addition to a linker or chain group followed by a functional tail

group (R) as shown in Figure 1. The length of the chain can
vary depending on the molecule: a long chain of 2 nm

corresponding to F21PA ((3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,-
10,11,11,12,12,12-henicosafluorododecyl)phosphonic acid),
1.3 nm for octylphosphonic acid (OPA), and a short chain
less than 1 nm for PFBPA (pentafluorobenzylphosphonic
acid).57,58 The composition of the chain and its length affect
the thickness and orientation of the molecule in the monolayer
in addition to acting as a barrier between the head and tail
groups. The nature of the terminal functional group, also
known as the tail group, determines the overall surface energy
and chemical attributes of the PA-modified substrate.53,54,59

The binding of phosphonic acids to various substrates has been
widely investigated and has been determined to be dependent
on the nature of the metallic oxide substrate where the acids
generally tend to covalently bond with the surface as a M−O−
P bond in either a mono-, bi-, or tridentate fashion leading to
hydrolytically stable bonds.53,55,56,60−64

In order to fully elucidate how vibrational energy is
transmitted through PA-modified interfaces, we conduct an
extensive study of the thermal conductance across metal/PA/
single crystalline sapphire interfaces. We choose sapphire as our
substrate for this study for several reasons: (i) PAs have been
shown to form strong and highly stable covalent bonds on
metal oxide surfaces;54,65 in particular, PA modification of
single crystalline and native oxide alumina substrates for
adhesion promotion and corrosion inhibition has long been
explored in great detail and found to be a safe and
hydrolytically stable alternative to traditionally used metal ion
inhibitors.62,66 This strong, chemisorbed PA/sapphire bond
allows us to evaluate how the metal/PA bond and scattering in
the PA affect conductance: (ii) single crystalline sapphire has a
relatively high thermal conductivity which results in a high
sensitivity to the thermal conductance across the metal/PA/
sapphire interface,67 and (iii) the thermal boundary con-
ductance across metal/sapphire interfaces (without PA surface
modifications) has been extensively studied in previous
literature providing sufficient data and physical understanding
for broad interpretation of our results.17,68−73

We prepare different types of interfaces with different metal/
PA combinations on c-plane sapphire and measure the thermal
boundary conductance with time-domain thermoreflectance
(TDTR).67,74,75 Our measurements show that the thermal
boundary conductance across a wide array of metal/PA/
sapphire interfaces are driven by the same processes that dictate
heat transfer across metal/sapphire interfaces without the PA
molecule; this finding is consistent with recent work by
Majumdar, where it was demonstrated that the vibrational
mismatch of the metal contacts controls the thermal
conductance across metal/self-assembled monolayer/metal
interfaces.76 Furthermore, we find a large reduction in
conductance across the metal/F21PA/sapphire interfaces.

Figure 1. Structure of a phosphonic acid molecule.
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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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The lock-in amplifier measures the fundamental compo-
nent 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 com-
plex number Z!!0" such that the output of the lock-in ampli-
fier for a reference wave ei!0t is given by

Aei!!0t+"" = Z!!0"ei!0t. !3"

The transfer function can be represented in two ways. The
first, given by Capinski and Maris10 is in terms of the im-
pulse response of the sample, h!t",

Z!!0" =
$QQprobe

T #
q=0

%

h!qT + #"e−i!0!qT+#", !4"

where Q is the power per pump pulse, Qprobe is the power per
probe pulse, and $ is a constant that includes the thermore-
flectance coefficient and gain of the electronics. A math-
ematically equivalent form was later given by Cahill11 in
terms of the sample frequency response, H!!",

Z!!0" =
$QQprobe

T2 #
k=−%

%

H!!0 + k!s"eik!s#, !5"

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 re-
sponse 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 trans-
fer solution is more easily obtained in the frequency domain.

In the limit that the time between pulses, T, becomes
infinite, both expressions reduce to the impulse response as a
function of delay time, #,

lim
T→%

$QQprobe

T #
q=0

%

e−i!0#h!qT + #" =
$QQprobe

T
h!#"e−i!0#

!6"

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",

lim
T→0

$QQprobe

T2 #
q=0

%

e−i!0#h!qT + #"T =
$QQprobe

T2 H!!0" . !7"

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 eas-
ily separated.

To examine this further, we take a simple exponential
system as a model and see how the measured signal changes
as the decay rate and laser pulse period are varied. Although
the thermal response of a sample is more complex, the basic
features of the accumulation effects will be the same. The
impulse response and frequency response of the simple sys-
tem are given by

h!t" = e−at, !8"

Time (a.u.)

(a)

(b)

(c)

(d)

Temperature
Probe pulses

Pump pulses

Temperature
Pump pulses

Pump pulses

Temperature
Probe pulses

Reference wave

Measured signal

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 har-
monic 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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III. TDTR MEASUREMENTS OF THERMAL
BOUNDARY CONDUCTANCE

Experimental measurements of the phonon transmission
coefficient driving thermal boundary conductance at non-
cryogenic temperatures do not exist [80], and insight into
the fundamental assumptions and processes of ζ1→2 at ele-
vated temperatures would greatly advance phonon interfacial
physics and heat transfer. In the work that follows, we extract
the thermal boundary conductance accumulation and phonon
transmissivity from experimental measurements of hK across
metal/native oxide/silicon and metal/sapphire interfaces. By
varying the metal while keeping the substrate otherwise
identical, we change the “phonon flux” term, which changes
the maximum frequency in the metal and the accessible
modes in the substrate that couple to the metal phonons. With
relation to Fig. 1, by changing the metal film, we incrementally
increase the phonon frequency on the accumulation curve [i.e.,
the metal film systematically changes the maximum value of
ωα in Eq. (6)]. This approach yields direct insight into the
mechanisms of phonon transmissivity into the substrate, as we
describe in the remainder of this work.

We design a series of experiments to investigate ζ1→2(ωα)
via measurements related to the thermal boundary conductance
accumulation function. Without having to make any assump-
tions about how the phonons scatter at the interface, hK is
directly related to both the phonon transmission coefficient
and the temperature derivative of the phonon flux in side
1. To a first approximation (i.e., no extreme temperature
gradients) [36,81,82], in a homogeneous material, ∂q1(ω)/∂T
is easily calculated from knowledge of the phonon dispersion
relations. With this, a consistent set of measurements can probe
ζ1→2(ωα), the interplay between phonon flux and transmission
contributions to thermal boundary conductance, and the
accumulation of phonon thermal boundary conductance.

Our experimental approach is based around measurements
of hK on a series of metal films on (001)-oriented silicon
substrates with a native oxide layer; in this case, q1 is well
defined by the phonon dispersion and well-known lattice heat
capacities in the metal, while ζ1→2(ωα) is contained in our
measurements by comparing to calculations of ∂q1(ω)/∂T . We
use consistent cleaning procedures on our substrates (alcohol
and oxygen plasma clean) to ensure similar surface conditions
upon metal evaporation. Various metal films were sputtered
or evaporated at both Sandia National Laboratories and the
University of Virginia, where several of each type were re-
peated at each institution to ensure consistency in our reported
data. Several previous works have measured hK across a
select few metal/native oxide/silicon interfaces [62,64,83–86].
We report on measurements with nearly identical silicon
surfaces to avoid effects due to contamination and surface
roughness [4,85,87–89].

We measured the thermal boundary conductance using
time-domain thermoreflectance (TDTR), which is well suited
to measure hK [4,90–92]. In our experiments, we use a
modulation frequency of 8.81 MHz and a pump and probe 1/e2

radii of 35 and 12 µm, respectively. To minimize uncertainty,
we measure the metal film thickness with a combination
of profilometry, white light interferometry, atomic force
microscopy, and, when possible, picosecond acoustics [93].
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FIG. 3. (Color online) (a) Thermal conductivity of the silicon
substrates coated with various metal films measured with TDTR.
The dotted lines represent the range of accepted values for thermal
conductivity of bulk silicon [67,68,94–97]. (b) Thermal boundary
conductance across the metal/native oxide/Si interfaces as a function
of metal Debye temperature. The data reported in this work are
shown as filled symbols while previously reported results are depicted
as open symbols (Bi and Pb: Ref. [86]; Au, Pt, Al, and Cr:
Ref. [62]; Al/(001) and Al/(111): Ref. [83]; Al: Ref. [84]). The
thermal boundary conductance data are tabulated in the Supplemental
Material [72].

We fit widely used thermal models derived for TDTR to our
experimental data using both hK and the substrate thermal
conductivity as free parameters [90,91]. As a calibration of our
measurements, we report the best-fit silicon thermal conduc-
tivity as a function of the metal film Debye temperature [98]
in Fig. 3(a). Regardless of metal film, we measure the thermal
conductivity of silicon within the uncertainty of the range of
literature values for bulk silicon [67,68,94–97]. This not only
gives further confidence to our reported values, but also shows
that TDTR is a suitable experimental technique to measure
the thermal conductivity of bulk Si. We caution that we used
large pump and probe spot sizes to avoid radial spreading
effects [58], and in spite of operating at a relatively high
modulation frequency for TDTR [54,56], we were able to
accurately measure the thermal conductivity of the silicon
substrates. Relatively large spot sizes must be employed if
attempting to accurately measure the thermal conductivity
of a bulk substrate, especially substrates with relatively high
thermal effusivities, as pointed out in a recent work by Wilson
and Cahill [99].

The thermal boundary conductances across the metal/native
oxide/Si interfaces as a function of metal Debye temperature
are shown in Fig. 3(b). For the most part, our data and
trends with metal Debye temperatures agree well with the
previously reported values (open symbols) [62,83–86]. We will
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ABSTRACT: The influence of planar organic linkers on thermal boundary
conductance across hybrid interfaces has focused on the organic/inorganic
interaction energy rather than on vibrational mechanisms in the molecule. As a
result, research into interfacial transport at planar organic monolayer junctions has
treated molecular systems as thermally ballistic. We show that thermal conductance
in phosphonic acid (PA) molecules is ballistic, and the thermal boundary
conductance across metal/PA/sapphire interfaces is driven by the same phononic
processes as those across metal/sapphire interfaces without PAs, with one exception.
We find a more than 40% reduction in conductance across henicosafluorododecyl-
phosphonic acid (F21PA) interfaces, independent of metal contact, despite
similarities in structure, composition, and terminal group to the variety of other
PAs studied. Our results suggest diffusive scattering of thermal vibrations in F21PA, demonstrating a clear path toward
modification of interfacial thermal transport based on knowledge of ballistic and diffusive scattering in single monolayer
molecular interfacial films.

■ INTRODUCTION
The ability to precisely control the transfer of heat in
nanostructures would provide novel thermal solutions for a
wide variety of applications but heretofore has been difficult to
achieve. As the magnitude of carrier mean free paths approach
or exceed intrinsic length scales of relevant material systems,
the majority of thermal carrier interactions are dictated by
material boundaries and interfaces. This has led to exciting new
realizations in thermal transport in nanosystems, including
coherent phonon transport in superlattices,1,2 electron
“tunneling” through materials in multilayers,3 crystalline
materials with thermal conductivities lower than their
corresponding amorphous phases,4−6 and competing long-
and short-wavelength phonon scattering mechanisms leading to
size effects in alloy films and superlattices.7,8 Despite these
significant advances, further progress toward discovering,
understanding, and utilizing these unique nanoscale thermal
transport processes would be greatly facilitated by the ability to
manipulate interactions at boundaries and interfaces with
atomic or molecular resolution.
The thermal transport across interfaces between two solids,

which is often characterized by the thermal boundary
conductance9 or Kapitza conductance10 (hK), can be difficult
to predict and control since hK is related to properties of the
interface as well as the fundamental properties of the materials
comprising the interface. Recent advances in manipulating the

thermal boundary conductance across solid interfaces have
relied on disrupting the local atomic order and/or structure
around solid/solid interfaces (for a recent review, see ref 11).
For example, changes in thermal conductance across solid
boundaries have been experimentally observed by considering
geometric roughness,12−14 chemical mixing,10,15,16 crystalline
orientation,17,18 strain,19 and defects.20−22 Where these
structural modifications to the interfaces often rely on some
disorder driven by the atomic arrangement, several recent
measurements have confirmed an additional, if not more
effective, avenue to tune the thermal boundary conductance
between two solids driven by the chemical bond at the
interface.23−27 With the availability of a wide array of molecules
and functional groups, new materials and composite interfaces
that utilize interfacial chemistries and bonding have provided a
pathway to alter thermal transport at the molecular level,
including functionalized fullerene derivatives that set new
extremes to the lowest thermal conductivity for a fully dense
solid,28−30 organic and/or inorganic crystalline multilayers with
glass-like thermal conductivities,31,32 and functionalized nano-
crystalline arrays with nanoparticle-size-tunable thermal trans-
port.33,34
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These aforementioned examples highlight the potential for
the use of molecular interfaces to pave a new path forward for
tailoring thermal transport in nanosystems. Previous research
has focused on theoretical and computational modeling of heat
transport in self-assembled monolayers (SAMs) and across low-
dimensional molecular interfaces.25,35−37 However, experimen-
tal data on measuring and understanding the fundamental
vibrational scattering processes driving thermal conducatance at
planar, solid-based molecular functionalized single interfaces
have been restricted to SAMs of alkanes.38−45 Additionally,
there have been a number of studies assessing the effects of
molecular interfaces on solid−liquid thermal boundary
conductance and vibrational energy transport using a variety
of SAM layers.46−49 Recent works using phosphonic acid (PA)
molecules have demonstrated the ability of 12-mercapto-
dodecylphosphonic acid (MDPA) to strengthen the bond
between Au and TiO2, leading to an increase in hK.

24,26 This
result focusing on PA molecules suggests a new class of
molecular interfaces may be used to atomistically manipulate
interfacial transport. Unfortunately, the understanding of PA
interfacial thermal transport is currently limited to Au/MDPA/
TiO2 interfaces, and thus a void exists in the physics of heat
transfer in systems composed of PA’s.
As the current state of the literature is restricted to one

particular class of PA interface, questions still remain about how
PAs can be used to manipulate the thermal conductance across
boundaries. For example, it is often assumed that thermal
vibrations will not interact anharmonically within a SAM and
the majority of the vibrational scattering occurs at the SAM
boundaries. However, where this assumption has been
rigorously studied both computationally and experimentally
for alkanes,35−39,41,50 the validity of this assumption for PAs has
not been addressed. Given the diversity of the functional tail
groups available for PA SAMs, PAs may provide a useful
platform to study how vibrational energy travels through a
molecule and across the bond it forms with surfaces. Ong et al.
studied thermal transport in PA-based nanocrystalline arrays,
utilizing pump−probe metrologies similar to those used in this
work, and demonstrated that heat transport across solid/
molecular interfaces is driven by interactions of vibrations of
similar energies (i.e., elastic scattering events). O’Brien et al.
and Chow et al. performed experimental measurements across
Au/MDPA/TiO2 interfaces24,26 using time-domain thermore-
flectance (TDTR), the same technique used here, and
concluded that thermal transport is governed by the high
interfacial bond strength characteristic of MDPA interfaces.
Previous research in our group has shown both computation-
ally51 and experimentally23 that an increase in bond strength
leads to an increase in hK due to inelastic scattering events (e.g.,
phonon conversion to different energies across the interface).52

Unfortunately, the reported experimental results on Au/
MDPA/TiO2

24,26 do not lend insight into how vibrational
heat is transported across solid/molecular interfaces. As a
result, the limited data on PA-based interfaces do not provide
the necessary thermophysics to validate PA-based molecular
interfaces as thermally engineered materials. Given the
widespread use of PA molecular interfaces in organic
electronics,53−56 improved understanding of how heat is
transferred across PA modified interfaces is of great interest
to a wide array of scientific communities.
Phosphonic acids consist of a polar headgroup consisting of

the phosphoryl bond (PO) and two P−O−H bonds, in
addition to a linker or chain group followed by a functional tail

group (R) as shown in Figure 1. The length of the chain can
vary depending on the molecule: a long chain of 2 nm

corresponding to F21PA ((3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,-
10,11,11,12,12,12-henicosafluorododecyl)phosphonic acid),
1.3 nm for octylphosphonic acid (OPA), and a short chain
less than 1 nm for PFBPA (pentafluorobenzylphosphonic
acid).57,58 The composition of the chain and its length affect
the thickness and orientation of the molecule in the monolayer
in addition to acting as a barrier between the head and tail
groups. The nature of the terminal functional group, also
known as the tail group, determines the overall surface energy
and chemical attributes of the PA-modified substrate.53,54,59

The binding of phosphonic acids to various substrates has been
widely investigated and has been determined to be dependent
on the nature of the metallic oxide substrate where the acids
generally tend to covalently bond with the surface as a M−O−
P bond in either a mono-, bi-, or tridentate fashion leading to
hydrolytically stable bonds.53,55,56,60−64

In order to fully elucidate how vibrational energy is
transmitted through PA-modified interfaces, we conduct an
extensive study of the thermal conductance across metal/PA/
single crystalline sapphire interfaces. We choose sapphire as our
substrate for this study for several reasons: (i) PAs have been
shown to form strong and highly stable covalent bonds on
metal oxide surfaces;54,65 in particular, PA modification of
single crystalline and native oxide alumina substrates for
adhesion promotion and corrosion inhibition has long been
explored in great detail and found to be a safe and
hydrolytically stable alternative to traditionally used metal ion
inhibitors.62,66 This strong, chemisorbed PA/sapphire bond
allows us to evaluate how the metal/PA bond and scattering in
the PA affect conductance: (ii) single crystalline sapphire has a
relatively high thermal conductivity which results in a high
sensitivity to the thermal conductance across the metal/PA/
sapphire interface,67 and (iii) the thermal boundary con-
ductance across metal/sapphire interfaces (without PA surface
modifications) has been extensively studied in previous
literature providing sufficient data and physical understanding
for broad interpretation of our results.17,68−73

We prepare different types of interfaces with different metal/
PA combinations on c-plane sapphire and measure the thermal
boundary conductance with time-domain thermoreflectance
(TDTR).67,74,75 Our measurements show that the thermal
boundary conductance across a wide array of metal/PA/
sapphire interfaces are driven by the same processes that dictate
heat transfer across metal/sapphire interfaces without the PA
molecule; this finding is consistent with recent work by
Majumdar, where it was demonstrated that the vibrational
mismatch of the metal contacts controls the thermal
conductance across metal/self-assembled monolayer/metal
interfaces.76 Furthermore, we find a large reduction in
conductance across the metal/F21PA/sapphire interfaces.

Figure 1. Structure of a phosphonic acid molecule.
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the metal and the fluorine termination of the tail group in
F21PA, as similarly terminated PAs, FHOPA and PFBPA,
exhibit no change in thermal boundary conductance from the
control sample. Additionally, the length of F21PA (∼2 nm) is
likely not the source of the large reduction in conductance as
HUPA (∼1.7 nm) has a similar length and also does not show a
reduction in conductance compared to the control.
The relatively larger reduction in boundary conductance for

both the Ni- and Al-capped films, compared with the gold
transducer, is likely due to the differences in Debye temperature
(Ni 450 K, Al 428 K, Au 165 K) of the metals,84 which governs
the available vibrational modes able to transfer across the
interface into the sapphire substrate.85 Our previous work
showed that the temperature derivative of the phonon flux from
the metal is the major contribution to changes in thermal
boundary conductance when comparing different metal/
nonmetal interfaces, including metal/sapphire combinations.85

For control samples without PAs between the metal and
sapphire, the thermal boundary conductances are consistent
with this analysis where larger phonon spectra and velocities
result in a larger thermal boundary conductance. The fixed
resistance added to this interface from the F21PA molecule
causes a large reduction in conductance across the Al and Ni
interfaces due to the intrinsically high conductance of this
interface originating from the high phonon flux in the metals.
The Au/sapphire interface conductance is intrinsically lower
than the Al and Ni, so the resistance added from the F21PA
molecule does not have as significant of an impact on the heat
flow across these Au-metallized interfaces as compared to the
Al- and Ni-based interfaces. We attribute this reduction in
thermal boundary conductance with the inclusion of the F21PA
molecule to a reduction in phonon transmission across the PA
molecule, as we discuss in more detail with respect to all of the
PA interfaces below.
We measure the thermal boundary conductance across

various metal/PA/sapphire interfaces over a range of temper-
atures to investigate the trends in vibrational transport and

corresponding interfacial transmission. Figure 4 shows
measurements of aluminum/PA/sapphire samples of different

PA molecular weights over a temperature range from 100 to
400 K. The lighter molecules, relative to the weight of F21PA,
exhibit similar trends in both magnitude and curvature. Given
the negligible modification to thermal boundary conductance
across PFBPA and OPA compared to the unmodified interface,
we conclude that heat transport across these PA contacts is
driven by the phononic spectra in the metal and sapphire and
not influenced by the vibrational spectra of the PAs. This is
consistent with Majumdar’s findings, providing further evidence
that conductance through the non-F21PA phosphonic acid
molecules is ballistic.76 It is important to note that PFBPA
terminates in fluorine, similar to F21PA, and as such we believe
that the difference in trends between these molecules is not due
to interfacial bonding effects. Furthermore, these results imply
that the phonon transmission across the metal/PA and PA/
sapphire interfaces are relatively high, much higher than the
intrinsic transmission across the metal/sapphire interface, and
as such do not affect the overall transmission of the phonon flux
from the metal to sapphire.
Insight into the reduction in thermal boundary conductance

for the Al/F21PA/sapphire molecule is garnered by qual-
itatively examining the temperature trends in Figure 4. The
slope of the conductance across Al/F21PA/sapphire interface
as a function of temperature is shallower than the control or the
samples with less massive molecules. Having previously ruled
out both Al/PA and PA/sapphire contact effects as appreciable
resistances, we attribute this to diffusive vibrational scattering in
the F21PA molecule. This diffusive scattering adds a temper-
ature-dependent resistance to the overall Al/F21PA/sapphire
thermal transport, indicated by the change magnitude and slope

Figure 3. Thermal boundary conductance as a function of molecular
weight for the various metal/PA/sapphire interfaces measured in this
work. Within the uncertainty in our measurements, we do not observe
any appreciable change in the thermal boundary conductance across
the Al/PA or Ni/PA interfaces for the PPA, OPA, PFBPA, FHOPA,
and HUPA interface. However, F21PA, which is a large molecule, leads
to a reduction in the thermal boundary conductance across all metal/
sapphire interfaces.

Figure 4. Thermal boundary conductance as a function for
temperature for various Al/PA/sapphire interfaces. We do not observe
any appreciable difference between the Al/sapphire, Al/OPA/
sapphire, and Al/PFBPA/sapphire thermal boundary conductance
within the uncertainty of our TDTR measurement. The similar
temperature dependency in hK among these interfaces suggests that
these PAs transport energy ballistically and the thermal boundary
conductance across the PA interfaces is elastic and extremely high
relative to the Al/sapphire interface. Conversely, a large reduction in
hK is observed at the Al/F21PA/sapphire interface compared to the
other interfaces. We attribute this to diffusive vibrational scattering in
the F21PA SAM.
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of the temperature trends measured in the thermal boundary
conductance. This is in stark contrast to the PFBPA and OPA
interfaces where the similar temperature trends in hK, which are
comparable to the Al/sapphire control, suggest ballistic
transport of heat is the characteristic energy transmission
mechanism through these molecules.
To highlight the role of the metal/PA interface in our

analysis and test our hypothesis of diffusive scattering in the
F21PA molecule, we compare the measured thermal boundary
conductance across Al/F21PA/sapphire and Au/F21PA/
sapphire interfaces as a function of temperature in Figure 5.

Even for the low conductance Au/sapphire interface, an
appreciable reduction in the thermal boundary conductance
across the Au/F21PA/sapphire interface is observed. The
addition of the F21PA molecule modifies the slope in
conductance vs temperature across the Al/sapphire interface,
and the inclusion of F21PA causes a shift in the conductance
values without any appreciable change in the temperature
trends for the Au-coated samples. This is consistent with our
previous discussion regarding the available phonon modes and
thermal flux in the metal driving thermal conductance. For the
Au film, the vibrational states in the Au are fully (or nearly
fully) populated as the measurement temperatures approach or
exceed gold’s Debye temperature of 165 K. Therefore, given
that the phonon flux in Au limits the conductance, this further
supports our conclusion that phonon transmission across the
Au/F21PA contact is dominated by elastic scattering of
vibrations with similar energies. The role of the F21PA is to
add resistance to the interface but not to facilitate in any mode
conversion during transmission of vibrations from the Au,
through the F21PA, and into the sapphire. This also suggests
the reduction in magnitude of hK being due to diffusive
vibrational scattering in the F21PA molecule, as this interfacial
structure reduces the probability of phonons transmitting from
the metal to the sapphire. This is also consistent with the
temperature trends observed in the Al-coated samples in Figure
5. The fact that the increase in hK with temperature is less
pronounced and that hK is lower with the addition of the

F21PA molecule points to a reduction in elastic phonon
transmission across the Al/F21PA/sapphire interface as
compared to the Al/sapphire interface. This is consistent
with our previous analyses of thermal boundary conductance
across Al/silicon interfaces with and without a native oxide and
varying degrees of interfacial roughness and disorder.12−14,21

Given our conclusion regarding the elastic vibrational
coupling across the metal/F21PA and F21PA/sapphire
interfaces, we can treat the resistance of the F21PA molecule
as a resistor in series with the metal/sapphire resistance; note,
this approach is consistent with previous analyses of the native
oxide layer between aluminum and silicon13,14,21 and an Al2O3
layer between Al and Si or diamond substrates.86 Consequently,
the intrinsic thermal conductance per unit area of the F21PA
molecule is given by

= +
h h h

1 1 1

K,total K,sapphire F21PA (1)

where hK,total is the measured thermal boundary conductance of
across metal/PA/sapphire interface, hK,sapphire is the Kapitza
conductance across the metal/sapphire interface (without PA
molecules), and hF21PA is the intrinsic thermal conductance in
the molecule. Figure 6 demonstrates that the calculation of

thermal conductance in F21PA is constant regardless of the
choice of metal transducer, further supporting the validity of eq
1 and our assumption that resistance at the metal/F21PA
interface is negligible for our samples. The consistency in these
values indicates the majority of thermal scattering across these
interfaces is due to diffusive vibrational scattering in the F21PA
molecule. If the metal films were poorly bonded to the
molecule, introducing another relevant resistance to thermal
transport in the system, we would expect to see variations in the
calculation of F21PA thermal conductance instead of the
consistent values we observe regardless of the transducer. As an
additional support to diffusive scattering, the increase in
conductance with temperature implies that anharmonic
scattering of vibrations in the molecule are contributing to
thermal conductance. It is interesting to note that the effective

Figure 5. Effect of F21PA on the thermal boundary conductance
across Al/sapphire and Au/sapphire interfaces is noticeable via a
comparison of the thermal boundary conductance across each
interface. At both metal interfaces, F21PA causes an appreciable
reduction in the thermal boundary conductance due to diffusive
scattering in the F21PA molecule.

Figure 6. Thermal conductance per unit area of the F21PA molecule
as a function of temperature. The consistency in these values,
determined from the TDTR measurements on the various metal/
F21PA/sapphire samples, indicates that the majority of the thermal
scattering across these interfaces is due to diffusive vibrational
scattering in the F21PA molecule. The increase in conductance with
temperature also indicates that anharmonic scattering of vibrations in
the molecule is contributing to thermal conductance.
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FIG. 2. (A) and (B) STEM images on two of the AlAs-GaAs SL samples. (C) Thermal conductivity measurements on three
sets of AlAs-GaAs SLs of 2, 12, and 24 nm period thicknesses and a set of thin film GaAs samples plotted versus the thickness,
L, at room temperature. The solid lines represent the model calculation given by eq 2. The solid line labeled GaAs�0 is the
best linear fit to the data on GaAs thin films with L  216 nm and is used to determine the correction factor � in eq 3. The
figure also shows good agreement between our measurement results on samples with dSL = 24 nm and that of Luckyanova et

al.

6 (D) Selected data from (C) plotted versus period thickness. (E) Thermal conductivity of selected AlAs-GaAs SLs at 100,
200, and 300 K. (F) The values of thermal boundary conductance used to fit the model given by eq 2 to the data in (C) as
a function of the period thickness. The solid line represent an inverse power law fit to the data and is used to generate the
continuous contour plot in Figure 4B.
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FIG. 2. (A) and (B) STEM images on two of the AlAs-GaAs SL samples. (C) Thermal conductivity measurements on three
sets of AlAs-GaAs SLs of 2, 12, and 24 nm period thicknesses and a set of thin film GaAs samples plotted versus the thickness,
L, at room temperature. The solid lines represent the model calculation given by eq 2. The solid line labeled GaAs�0 is the
best linear fit to the data on GaAs thin films with L  216 nm and is used to determine the correction factor � in eq 3. The
figure also shows good agreement between our measurement results on samples with dSL = 24 nm and that of Luckyanova et

al.

6 (D) Selected data from (C) plotted versus period thickness. (E) Thermal conductivity of selected AlAs-GaAs SLs at 100,
200, and 300 K. (F) The values of thermal boundary conductance used to fit the model given by eq 2 to the data in (C) as
a function of the period thickness. The solid line represent an inverse power law fit to the data and is used to generate the
continuous contour plot in Figure 4B.
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a function of the period thickness. The solid line represent an inverse power law fit to the data and is used to generate the
continuous contour plot in Figure 4B.
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long mfp phonons where for a HSL of thickness L we la-142

bel phonons with mfp `  L/2 and ` > L/2 by short143

and long mfp phonons, respectively. Therefore, the ther-144

mal conductivity of the HSL can be written as the sum145

of contributions from these two sub phonon populations:146

HSL = short + long, and147

short (L, T ) =
1

3

X

j

L/2Z

0

Cj�j`jd`j

long (L, T ) =
1

3

X

j

LZ

L/2

Cj�j`jd`j .

(1)

where Cj , �j and `j are the heat capacity, phonon148

group velocity, and phonon mean free path in branch149

j. Figure 3 shows the percentile contribution of short150

(short/HSL) and long (long/HSL) mfp phonons to the151

thermal conductivity of our HSL. It is clear that for thin-152

ner films, heat is mostly carried by long mfp phonons153

(80% of HSL comes from long mfp phonons for L = 20154
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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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FIG. 2. Sensitivities of ratio (−Vin/Vout) to the thermophysical properties of the As-Dep [(TiO2)m=4(Ti–O–C6H4–O–)k=1]n sample as a
function of pump-probe time delay at (a) 8.8-MHz pump modulation frequency and (b) 3.72-MHz pump modulation frequency. (c) Sensitivity
contour plot showing the interrelationship between thermal conductivity and heat capacity of the As-Dep [(TiO2)m=4(Ti–O–C6H4–O–)k=1]n

sample at 3.72-MHz and 8.8-MHz pump modulation frequencies.

of Al transducer, the thickness of which is determined via
picosecond acoustics [25,26].

We analyze the TDTR data with a three-layer thermal model
(layer 1: Al, layer 2: ALD/MLD SL, layer 3: semi-infinite
substrate) and simultaneously measure the heat capacities
and thermal conductivities of the hybrid SLs. The thermal
boundary conductances at the Al/SL film and SL film/substrate
interfaces have to be separated from the measurements to
correctly predict the intrinsic thermophysical properties of
the SL films. To this end, we analyze the sensitivity of the
measurements to the various parameters in the thermal model.
The sensitivity of the ratio (−Vin/Vout) to a thermophysical
quantity is defined by [27]

Sx = ∂ln(−Vin/Vout)
∂ln(x)

, (1)

where x is the thermophysical parameter of interest.
Figures 2(a) and 2(b) show the calculations of Eq. (1) for
the sensitivity of the ratio to the various parameters in our
three-layer thermal model for the TiO2-based SL with m = 40
at two different pump modulation frequencies [(a) 8.8 MHz
and (b) 3.72 MHz]. The most sensitive parameters are the
heat capacity (CTiO2:HQ) and thermal conductivity (κTiO2:HQ)
of the hybrid SLs. The fact that the sensitivities are different
and dynamic in nature allows us to simultaneously measure
CTiO2:HQ and κTiO2:HQ as discussed in detail below. The front
side interface conductance, hK,Al/TiO2 , and the back side
interface conductance hK,TiO2/MgO are measured from separate
measurements on the control sample (Al/TiO2/MgO). As
shown in Figs. 2(a) and 2(b), the measurements are insensitive
to hK,Al/TiO2 , however, a 10% uncertainty in hK,TIO2/MgO leads
to a ∼1.2% and ∼2.4% uncertainty in κTiO2:HQ and CTiO2:HQ at
room temperature for 8.8 MHz frequency, respectively, which
quantifies this insensitivity.

We confirm the measurements for hK,Al/TiO2 and hK,TiO2/MgO
by analyzing the thermoreflectance data for the control sample
using two different approaches. The first approach analyzes
the Vin as well as −Vin/Vout separately, as we outline in
detail elsewhere [28]. The second method utilizes two frequen-
cies to effectively separate the interfacial conductances. At
3.72-MHz modulation frequency, we estimate an effective

thermal conductivity that considers the front side conductance
and the thermal conductivity of the hybrid structure as a
lumped conductance. We fit the data to the model with
this effective conductivity and the back side conductance
as free parameters. For the higher modulation frequency
(8.8 MHz), we fit the data with the free parameters as the
thermal conductivity of the SL and front side conductance
and assume the back side conductance as an input parameter
determined from the lower modulation frequency. It should
be noted that this approach to measuring the front side and
back side conductances gives agreeable values to the first
method outlined in Ref. [28]. Uncertainties in the measured
thermal conductivities and heat capacities of the hybrid SLs
are derived from the uncertainties in the input parameters
and the sensitivity of the three-layer thermal model to those
parameters. We measure a value of κ = 5.2 ± 0.3 W m−1 K−1

for the purely ALD grown TiO2 film, which is in good
agreement with the literature value of ∼5.7 W m−1 K−1 for an
anatase thin film [29].

For a given frequency, the best fit to our TDTR signal (for
hybrid SLs with high interfacial densities) can be produced
with multiple combinations of the heat capacities and thermal
conductivities, as shown in the sensitivity contour plots in
Fig. 2(c) for a k:m = 1:4, as-deposited TiO2-based SL. The
contour plots represent the mean square deviation of the model
to the TDTR data with the various combinations of C and κ
as input parameters in our three-layer model [30]. Note, our
best fits to the TDTR data are usually !0.02. As is clear
from the sensitivity contour plot, a wide range of values for
C can produce the best fit in the least squares sense for a
given frequency. Therefore, to accurately determine C and κ ,
we use 3.72- and 8.8-MHz pump modulation frequencies that
give different sensitivity contour maps for the thermophysical
properties [see Fig. 2(c)]. The common set of values for C and
κ at these two frequencies shown by the overlap of the best fit
values represent our measurements for the hybrid multilayers.

III. THERMAL CONDUCTIVITY

Figure 3 shows the measured thermal conductivities for the
as-deposited and annealed TiO2-based samples with m = 40
as a function of temperature. Two aspects of the results shown
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FIG. 4. Thermal conductivities of ZnO-based m = 9 SLs along
with the thermal conductivities of m = 99 and 49 hybrid SLs
(Ref. [28]), and a 180-nm ZnO film (Ref. [35]). The calculated
minimum in thermal conductivity for ZnO is also shown for
comparison.

of SL period thickness of the ZnO-based SLs as compared
to the TiO2-based SLs is due to the fact that the phonon flux
in a ZnO layer is much greater than that in the TiO2 layer
[28]. Furthermore, the m = 4 TiO2-based SLs and the m = 9
and 4 ZnO-based SLs demonstrate thermal conductivities that

Inorganic 
thin films  

Hybrid Inorganic/organic 
thin films  

FIG. 5. Thermal conductivities of ZnO- and TiO2-based SLs as a
function of SL period thickness. The measured thermal conductivity
for a k:m = 1:1 hybrid film reported in Ref. [1] is also plotted (hollow
triangle). The calculated minimum in thermal conductivities for ZnO
and TiO2 are also shown for comparison. Note, for the case of as-
deposited and annealed TiO2, the SL period of ∼ 100 nm are for
the corresponding purely ALD grown samples with k = 0 (hollow
symbols).

are lower than the theoretical minimum, further providing
evidence that the thermal transport in these SLs is severely
limited by the SL period thicknesses. Figure 5 also includes
the thermal conductivity measured via TDTR for a ZnO-based
ALD/MLD grown thin film with k:m = 1:1 [1]. We estimate
the period spacing for the ZnO layers in their structure to
be ∼0.15 nm, which is a reasonable estimation considering
that the average growth rate reported in Ref. [1] is 0.15
nm/cycle. Their measured thermal conductivity is in line
with the decreasing trend in the thermal conductivity with
decreasing period spacing for our hybrid samples. With more
than an order of magnitude difference in the measured thermal
conductivities, ALD/MLD grown hybrid films in general
demonstrate a wide range of tunability in the design of their
thermal conductivities.

IV. HEAT CAPACITY

Figure 6 shows the measured volumetric heat capacities for
the TiO2- and ZnO-based SLs as a function of temperature.
Along with the thermal conductivities, the heat capacities
of the TiO2-based SLs increase significantly due to the high
annealing treatment as shown in Fig. 6(a). For comparison, the
bulk heat capacities of TiO2 are also shown [38]. As expected,
the heat capacities of the as-deposited SL are close to the
values for the bulk heat capacities due to the fact that the
fraction of the organic component in the SL film is relatively
small (the SL is fabricated with 40 ALD cycles for every 1
MLD cycle). Similarly, the measured heat capacities for the
ZnO-based sample (with m = 9) agree very well with the bulk
ZnO heat capacities [Fig. 6(b)] [37].

To understand the effect of higher fractions of organic
constituents on the heat capacity of the hybrid SLs, we
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FIG. 6. Measured volumetric heat capacities as a function
of temperature for (a) [(TiO2)m=40(Ti–O–C6H4–O–)k=1]n and (b)
[(ZnO)m=9(Zn–O–C6H4–O–)k=1]n SLs. The corresponding bulk heat
capacities for the inorganic constituents are also shown for compari-
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the data are designated as follows: TiO2 (circles), ZnO (triangles),
corresponding bulk (open symbol), ALD/MLD SLs (closed symbols).
For comparison, the heat capacity measured by Liu et. al. [1] for a
k:m = 1:1 ZnO-based hybrid film is also plotted in the figures.

compare the results for the SLs with varying number of organic
monolayers as a function of their densities in Fig. 7(a). The
conversion from a HQ monolayer to a 2D graphitic layer results
in the decrease of the thicknesses of the annealed samples, as
mentioned earlier (Fig. 1). As a result, the densities of the
annealed samples increase considerably (as determined from
XRR measurements of the thin films). Since the volumetric
heat capacity of a substance is directly proportional to mass
density, therefore, the volumetric heat capacity plotted in
Fig. 7(a) increases monotonically for the as-deposited samples
as the density increases. The inclusion of more HQ in the
SLs decreases the volumetric heat capacity in general due
to the reduction in density with higher MLD cycles. How-
ever, the volumetric heat capacities of the annealed samples
(with the 2D graphitic layers) are greater than the as-deposited
samples as well as that of the corresponding inorganic bulk
constituent for the TiO2 SLs, as mentioned in the previous
paragraph.

Figure 7(b) shows the measured specific heat capacities of
the materials calculated by dividing the measured volumetric

heat capacities by their respective measured mass densities
(hence, we define the specific heat capacity based on mass,
where the specific heat capacity, c, is given by c = C/ρ,
where ρ is the mass density). As is expected, the specific
heat capacities of the hybrid SLs deviates from the value
of the bulk inorganic constituent as the number of organic
monolayer increases. At room temperature, the specific heat
of the as-deposited TiO2- and ZnO-based SLs with m = 4
is closer to the value of the organic counterpart, i.e., poly-
phenylene oxide (1.204 J g−1 K−1). Whereas, the specific
heat capacities of the SLs with m = 40 and 9 for the TiO2-
and ZnO-based SLs, respectively, approach the value of their
corresponding inorganic constituents. Unlike the change in the
volumetric heat capacities after the high annealing treatment,
the specific heat of the annealed SLs show good agreement
within uncertainties with their as-deposited counterparts (even
though the densities increase with annealing). In Fig. 7(b), we
have also included the measured specific heat of a k:m = 1:1
ZnO-based hybrid sample reported in Ref. [1] (with a density
of 5 g cm−3). Their result matches the decreasing trend in the
measured specific heat with increasing mass density as with
our hybrid multilayers.

V. SUMMARY

In summary, we have measured the thermal conductivities
and heat capacities of TiO2- and ZnO-based hybrid SLs with
periodic organic layers between the inorganic constituents. The
inclusion of organic layers is shown to drastically reduce the
thermal conductivities of these SLs. Furthermore, the thermal
conductivities of these hybrid SLs increases monotonically
with increasing period thickness, suggesting that boundary
scattering at the inorganic/organic/inorganic interface dom-
inates the heat transfer in these structures. Similarly, the
inclusion of organic layers are also shown to decrease the heat
capacities. The effect of high-temperature annealing treatment
on the TiO2-based SLs is shown to increase both the thermal
conductivities and heat capacities. The increase in thermal
conductivities due to annealing is attributed to the enhanced
crystallinity (not due to any intrinsic vibrational properties of
the organic layer), whereas, the increase in heat capacities is
attributed to the increase in the densities of the samples.
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FIG. 4. Thermal conductivities of ZnO-based m = 9 SLs along
with the thermal conductivities of m = 99 and 49 hybrid SLs
(Ref. [28]), and a 180-nm ZnO film (Ref. [35]). The calculated
minimum in thermal conductivity for ZnO is also shown for
comparison.

of SL period thickness of the ZnO-based SLs as compared
to the TiO2-based SLs is due to the fact that the phonon flux
in a ZnO layer is much greater than that in the TiO2 layer
[28]. Furthermore, the m = 4 TiO2-based SLs and the m = 9
and 4 ZnO-based SLs demonstrate thermal conductivities that
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FIG. 5. Thermal conductivities of ZnO- and TiO2-based SLs as a
function of SL period thickness. The measured thermal conductivity
for a k:m = 1:1 hybrid film reported in Ref. [1] is also plotted (hollow
triangle). The calculated minimum in thermal conductivities for ZnO
and TiO2 are also shown for comparison. Note, for the case of as-
deposited and annealed TiO2, the SL period of ∼ 100 nm are for
the corresponding purely ALD grown samples with k = 0 (hollow
symbols).

are lower than the theoretical minimum, further providing
evidence that the thermal transport in these SLs is severely
limited by the SL period thicknesses. Figure 5 also includes
the thermal conductivity measured via TDTR for a ZnO-based
ALD/MLD grown thin film with k:m = 1:1 [1]. We estimate
the period spacing for the ZnO layers in their structure to
be ∼0.15 nm, which is a reasonable estimation considering
that the average growth rate reported in Ref. [1] is 0.15
nm/cycle. Their measured thermal conductivity is in line
with the decreasing trend in the thermal conductivity with
decreasing period spacing for our hybrid samples. With more
than an order of magnitude difference in the measured thermal
conductivities, ALD/MLD grown hybrid films in general
demonstrate a wide range of tunability in the design of their
thermal conductivities.

IV. HEAT CAPACITY

Figure 6 shows the measured volumetric heat capacities for
the TiO2- and ZnO-based SLs as a function of temperature.
Along with the thermal conductivities, the heat capacities
of the TiO2-based SLs increase significantly due to the high
annealing treatment as shown in Fig. 6(a). For comparison, the
bulk heat capacities of TiO2 are also shown [38]. As expected,
the heat capacities of the as-deposited SL are close to the
values for the bulk heat capacities due to the fact that the
fraction of the organic component in the SL film is relatively
small (the SL is fabricated with 40 ALD cycles for every 1
MLD cycle). Similarly, the measured heat capacities for the
ZnO-based sample (with m = 9) agree very well with the bulk
ZnO heat capacities [Fig. 6(b)] [37].

To understand the effect of higher fractions of organic
constituents on the heat capacity of the hybrid SLs, we
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[(ZnO)m=9(Zn–O–C6H4–O–)k=1]n SLs. The corresponding bulk heat
capacities for the inorganic constituents are also shown for compari-
son [37,38].

024201-5

Nano  Lett
13  5594

Phys.  Rev.  B  93,  024201  (2016)
Phys.  Rev.  B.  93,  115310  (2016)



50 100 400
0.1 

1

Temperature (K)

 

 

0.5 10 40
0.1 

1

10

x (nm)

h
K
 (

G
W

 m
−

2
 K

−
1
)

 

 
AlN/GaN

ZnO
x
/HQ

W/Al
2
O

3

ZnO
x=7 nm

/HQ

ZnO
x=13 nm

/HQ

(a) (b)

Figure 6. (a) The mean thermal boundary conductances of interfaces in ZnO
x

/HQ multilayers

derived from thermal conductivity measurements shown in Fig. 4. Also plotted are the mean

conductances of interfaces in W/Al2O3 multilayers49 and AlN/GaN multilayers50 for comparison

(b) The mean thermal boundary conductances derived for x=7.0 nm and 13.1 nm as a function

of temperature for the ZnO based multilayers. The calculations of maximum conductance in ZnO

with phonon transmission coe�cient equal to unity are also shown. Also included for comparison

is the calculation of the DMM.

thermal boundary conductance for any interface.309

From the measured thermal conductivities in our hybrid SLs, we derive the mean thermal310

boundary conductance across the individual ZnO/HQ/ZnO interfaces with a series resistor311

model, which assumes that phonons can only scatter at the ZnO/HQ/ZnO interfaces (con-312

sistent with our previous analysis where we assume that the phonon flux is only scattered313

at the ZnO/HQ boundaries). We calculate the mean conductance across the HQ layers as314

1/RK = d/(ZnO
x

/HQ n), where n is the number of organic layers in-between the inorganic315

layers and d is the total thickness of the hybrid SLs. Figure 6a shows the mean thermal con-316

ductance for ZnO/HQ/ZnO interfaces as a function of the inorganic layer thickness (hollow317

squares). Two aspects of the results for the conductance calculations shown in Fig. 6a are318

worth noting. First, the values of the mean conductances for these multilayers among the319

various samples are agreeable within the uncertainties, regardless of the ZnO/HQ/ZnO inter-320

face density. This suggests that the series resistor model used to derive these conductances321
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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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to unity are also shown. Also included for comparison is the calculation of the DMM for a ZnO/ZnO

interface (i.e., 50% transmission of the ZnO phonon flux).

sistent with our previous analysis where we assume that the phonon flux is only scattered307

at the ZnO/HQ boundaries). We calculate the mean conductance across the HQ layers as308

hK = 1/RK = (ZnO
x

/HQ n)/d, where n is the number of inorganic/organic/inorganic in-309

terfaces and d is the total thickness of the hybrid films. To reiterate, this formulation of310

1/RK implies that the resistance due to the individual ZnO/HQ interfaces and the intrinsic311

resistance of the organic molecules comprising the interface are lumped as a single resistor.312

Figure 6a shows the mean thermal conductance for ZnO/HQ/ZnO interfaces as a func-313

tion of the inorganic layer thickness (hollow squares). Two aspects of the results for the314

conductance calculations shown in Fig. 6a are worth noting. First, the values of the mean315

conductances for these SLs among the various samples are agreeable within the uncertain-316

ties, regardless of the ZnO/HQ/ZnO interface density. This suggests that the series resis-317

tor model used to derive these conductances is applicable for our hybrid SLs with single318
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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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FIG. 7. Top panel depicts unit cells with increasing number of
hydroquinone molecules. (a) Thermal conductivity measurements at
room temperature as a function of the number of MLD cycles per-
formed. Calculation of Eq. (2) for the inorganic layer thickness is also
shown for comparison. The measured thermal conductivity for the
SLs deviate from the prediction of Eq. (3) as the HQ layer thicknesses
increase. (b) Effective resistances of inorganic/organic/inorganic
interfaces with varying number of hydroquinone layers derived from
the thermal conductivities shown in (a).

on self-assembled monolayers of aliphatic alkane chains
[27,58–60]. Most of these studies have concluded that the
conductance across molecular chains is insensitive to the
length of the hydrocarbon chains, particularly in Ref. [60], it is
shown that the conductance is constant for chain lengths >20
carbon atoms. However, for shorter chain lengths, theoretical
calculations by Segal et al. [60] and experimental data by
Meier et al. [59] suggest that conductance is maximum for
a chain length of up to 4 carbon atoms and decreases with
increasing number of carbon atoms thereafter to a certain
chain length. From our results, the drastic reduction in phonon
transmission coefficients with thicker HQ layers compared
to that of the SLs with a monolayer of HQ molecule could
be due to the diffusive nature of vibrational transport in the
longer chain molecules. However, as pointed out previously,
we cannot comprehensively separate the resistances due to

inorganic/organic interface scattering and the internal scatter-
ing in the molecular layers. Therefore, we do not attempt to
separate the intrinsic thermal conductivity of the individual
organic layers from the overall thermal conductivity of the
hybrid films.

IV. CONCLUSIONS

We conclude that the heat transfer mechanisms in hybrid
SLs with single molecular layers are strongly influenced by
phonon-boundary scattering, where nearly the entire spec-
trum of phonon mean free paths in the inorganic layer is
limited by scattering at the inorganic/organic interface. The
resulting thermal conductivities of these hybrid nanostructures
are mainly limited by the ZnO phonon flux and period
spacing of the inorganic layers. Our analysis suggests that
the phonon flux in the inorganic layer, which scatters at the
inorganic/organic interface, limits the thermal conductivity
of these nanostructures. The mean conductances derived
from the thermal conductivity measurements also suggest
that scattering at the molecular layer interfaces accounts for
the majority of the reduction in the thermal conductivity of
hybrid SLs with single organic layers. By considering this
as a thermal boundary conductance limited processes, we
hypothesize that phonons with wavelengths greater than the
organic layer thickness are transmitted across the organic
layers after scattering at the inorganic/organic interface; these
phonon wavelengths make up >75% of the phonon flux in
the ZnO, which offers a concomitant picture of the heat
transfer processes in inorganic/organic hybrid composites.
By increasing the thickness of the MLD-grown layer, we
observe a significant reduction in the phonon transmission
across the thicker molecular layers as compared to the thermal
conductance across the single organic layers. The linear trend
in thermal resistance with number of molecular layers suggests
a diffusive scattering process in the MLD-grown organic layer,
which offers a robust opportunity for more focused theoretical
or computational studies to pinpoint the size effects in vibronic
scattering in aromatic molecules.
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ABSTRACT: The influence of planar organic linkers on thermal boundary
conductance across hybrid interfaces has focused on the organic/inorganic
interaction energy rather than on vibrational mechanisms in the molecule. As a
result, research into interfacial transport at planar organic monolayer junctions has
treated molecular systems as thermally ballistic. We show that thermal conductance
in phosphonic acid (PA) molecules is ballistic, and the thermal boundary
conductance across metal/PA/sapphire interfaces is driven by the same phononic
processes as those across metal/sapphire interfaces without PAs, with one exception.
We find a more than 40% reduction in conductance across henicosafluorododecyl-
phosphonic acid (F21PA) interfaces, independent of metal contact, despite
similarities in structure, composition, and terminal group to the variety of other
PAs studied. Our results suggest diffusive scattering of thermal vibrations in F21PA, demonstrating a clear path toward
modification of interfacial thermal transport based on knowledge of ballistic and diffusive scattering in single monolayer
molecular interfacial films.

■ INTRODUCTION
The ability to precisely control the transfer of heat in
nanostructures would provide novel thermal solutions for a
wide variety of applications but heretofore has been difficult to
achieve. As the magnitude of carrier mean free paths approach
or exceed intrinsic length scales of relevant material systems,
the majority of thermal carrier interactions are dictated by
material boundaries and interfaces. This has led to exciting new
realizations in thermal transport in nanosystems, including
coherent phonon transport in superlattices,1,2 electron
“tunneling” through materials in multilayers,3 crystalline
materials with thermal conductivities lower than their
corresponding amorphous phases,4−6 and competing long-
and short-wavelength phonon scattering mechanisms leading to
size effects in alloy films and superlattices.7,8 Despite these
significant advances, further progress toward discovering,
understanding, and utilizing these unique nanoscale thermal
transport processes would be greatly facilitated by the ability to
manipulate interactions at boundaries and interfaces with
atomic or molecular resolution.
The thermal transport across interfaces between two solids,

which is often characterized by the thermal boundary
conductance9 or Kapitza conductance10 (hK), can be difficult
to predict and control since hK is related to properties of the
interface as well as the fundamental properties of the materials
comprising the interface. Recent advances in manipulating the

thermal boundary conductance across solid interfaces have
relied on disrupting the local atomic order and/or structure
around solid/solid interfaces (for a recent review, see ref 11).
For example, changes in thermal conductance across solid
boundaries have been experimentally observed by considering
geometric roughness,12−14 chemical mixing,10,15,16 crystalline
orientation,17,18 strain,19 and defects.20−22 Where these
structural modifications to the interfaces often rely on some
disorder driven by the atomic arrangement, several recent
measurements have confirmed an additional, if not more
effective, avenue to tune the thermal boundary conductance
between two solids driven by the chemical bond at the
interface.23−27 With the availability of a wide array of molecules
and functional groups, new materials and composite interfaces
that utilize interfacial chemistries and bonding have provided a
pathway to alter thermal transport at the molecular level,
including functionalized fullerene derivatives that set new
extremes to the lowest thermal conductivity for a fully dense
solid,28−30 organic and/or inorganic crystalline multilayers with
glass-like thermal conductivities,31,32 and functionalized nano-
crystalline arrays with nanoparticle-size-tunable thermal trans-
port.33,34
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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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