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Outline	  – When	  does	  scattering	  IN the	  molecule	  matter?

• Thermal boundary conductance: Roughness, disorder, 
bonding and molecules

• Phosphonic acids interfaces: LARGE molecules

• Ballistic and elastic transport across most PA interfaces

• Diffusive transport: Large and disordered molecules
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Figure 4 | Tuning interfacial thermal conductance. Plot of interfacial
thermal conductance (G) as a function of the methyl:thiol end-group ratio
for 0%, 25%, 50%, 75% and 100% thiol end groups. Duplicated structures
for each ratio were measured. Error bars represent uncertainty in TDTR
data fitting (see Supplementary Information for details).

transfer-printing/TDTR set-up can accurately probe the thermal
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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Figure 1 | Interfacial thermal response to molecular functionalization.
a, Thermoreflectance profiles and the best-fit thermal model for Cu/SiO2

interfaces with, and without, a CH3- or a SH-terminated NML. The inset
shows a schematic illustration of the thermoreflectance measurement
geometry. b, Thermal conductance of metal/dielectric interfaces with or
without functionalization, plotted as a function of the interfacial toughness,
which is an indirect measure of bond strength. The error bars reflect the
statistical uncertainty with 95% confidence.

Thermal decay profiles for Cu/SiO2 interfaces with, and without,
nanomolecular functionalization chemistries (Fig. 1) indicate that
interfacial thermal conductance can be manipulated by altering
the terminal moieties of the NML. The best-fit thermal model
indicates a thermal conductance G

NoNML
int = 90± 15MWm�2 K�1

for pristine Cu/SiO2 interfaces. Interfaces with the CH3-
terminated NML exhibit a more than twofold higher conductance,
G

CH3
int = 260±20MWm�2 K�1. Interfaces with the SH-terminated

NML show a more than fourfold higher conductance. The average
G

SH-NML
int = 430MWm�2 K�1, with a 95% confidence interval of

360–660MWm�2 K�1. The larger and asymmetric uncertainties
for higher Gint are due to the low thermal conductivity of the
SiO2 substrate, which limits our ability to resolve large values of
Gint (see Methods).

Our studies show that Gint scales directly with �int (Fig. 1b),
which is a measure of the interfacial bond strength15. We obtain the

highest Gint when both the NML/Cu and the NML/SiO2 junctions
are strong, as in the case of the SH-terminated organosilane NML
with strong Cu–S bonding and Si–O–Si linkages to SiO2 (ref. 14).
A 25% weakening of the Cu/NML interface, by replacing the
SH-terminated NML with a CH3-terminated NML, decreases Gint
but maintains a significant enhancement over the unfunctionalized
interface. We note that other factors such as molecular length and
preparation procedure are identical for both NMLs. Gint is the
lowest when no NML is used, that is, when the adhesion is very
poor. These results indicate that the strength of the NML bonds
to both the inorganic solids is key to enhancing the interfacial
thermal conductance.

Our experiments on Au/TiO2 interfaces modified with a SH-
terminated phosphonate NML, and on Au/graphene oxide/SiO2
interfaces, yield similar Gint–�int correlations, indicating that the
observed trends are not limited to a specific materials system
or nanomolecular layer chemistry. In particular, we find that
Au/NML/TiO2 structures exhibitGint =130MWm�2 K�1, which is
more than threefold higher than Gint = 40MWm�2 K�1 measured
for unmodified Au/TiO2 interfaces. Weakening the Au/SiO2
interface to �int = 0.8 Jm�2 using a multilayer graphene oxide film
lowers Gint to 30MWm�2 K�1, a value consistent with a previous
report16. These results indicate thatmetal/ceramic interface thermal
conductance can be varied by as much as an order of magnitude
(for example, 30–430MWm�2 K�1) by manipulating interfacial
bonding with appropriate nanomolecular layers.

Our interpretation of the experimental results is strongly
supported by the cross-plane interfacial thermal conductance in
model Cu–NML–SiO2 structures, determined from temperature
profiles obtained at steady-state heat flux by molecular dynamics
simulations. This approach is identical to thermal relaxation
simulations that mimic pulsed heating17. In our model, a SH-
terminated NML was sandwiched between a Cu(100) crystal and
an amorphous SiO2 slab, with the mercaptan tail bonded to the
inner Cu surface and the silane head forming Si–O–Si bridges with
SiO2. Temperature profiles for the Cu/NML/SiO2 structure and
the structure without an NML (Fig. 2) show the same interface
temperature drop when the thermal flux in the former is threefold
higher. The use of a higher flux was necessary to maintain a clearly
measurable temperature drop across the NML-tailored interface for
determination ofGint (see Methods).

Our simulations capture the experimentally observed trend of
increasing Gint with increasing interfacial adhesion, despite the
creation of two new interfaces, namely, Cu/NML and NML/SiO2.
The increase in the simulated Gint ⇠ 170MWm�2 K�1 for the
pristine Cu/SiO2 interface to 440MWm�2 K�1 for the Cu/SH-
NML/SiO2 interface is in agreement with the experimental trend.
We attribute the differences in theoretical and experimental
Gint values, especially for the pristine interface, to experimental
uncertainties and assumptions in our simulations. For example,
we do not account for our simulations overestimating the
metal Debye temperature by ⇠15%, and alterations in the
bond interaction parameters due to water-induced weakening15.
Although theoretical estimates18 indicate that phonon transport
dominates over electron–phonon coupling in the metal or in the
NML itself, the latter is a source of uncertainty in molecular
dynamics simulations, which consider only phonon transport.

To obtain insights into the interfacial bond strength–thermal
conductance (�int–Gint) nexus, we varied the strength of interfacial
interaction parameters in our simulations (Fig. 3a). The bond
strengths are presented on a relative scale, with 1.0 reflecting the
best-known values in each case, determined from the polymer-
consistent force field19 (PCFF) for the Cu/SiO2 interface or by
fitting to GAUSSIAN calculations for the Cu/NML/SiO2 inter-
face. For pristine Cu/SiO2 interfaces, the simulated Gint linearly
increases with interfacial bond strength. In contrast, the Gint for
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Figure 4 | Tuning interfacial thermal conductance. Plot of interfacial
thermal conductance (G) as a function of the methyl:thiol end-group ratio
for 0%, 25%, 50%, 75% and 100% thiol end groups. Duplicated structures
for each ratio were measured. Error bars represent uncertainty in TDTR
data fitting (see Supplementary Information for details).

transfer-printing/TDTR set-up can accurately probe the thermal
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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Figure 1 | Interfacial thermal response to molecular functionalization.
a, Thermoreflectance profiles and the best-fit thermal model for Cu/SiO2

interfaces with, and without, a CH3- or a SH-terminated NML. The inset
shows a schematic illustration of the thermoreflectance measurement
geometry. b, Thermal conductance of metal/dielectric interfaces with or
without functionalization, plotted as a function of the interfacial toughness,
which is an indirect measure of bond strength. The error bars reflect the
statistical uncertainty with 95% confidence.

Thermal decay profiles for Cu/SiO2 interfaces with, and without,
nanomolecular functionalization chemistries (Fig. 1) indicate that
interfacial thermal conductance can be manipulated by altering
the terminal moieties of the NML. The best-fit thermal model
indicates a thermal conductance G

NoNML
int = 90± 15MWm�2 K�1

for pristine Cu/SiO2 interfaces. Interfaces with the CH3-
terminated NML exhibit a more than twofold higher conductance,
G

CH3
int = 260±20MWm�2 K�1. Interfaces with the SH-terminated

NML show a more than fourfold higher conductance. The average
G

SH-NML
int = 430MWm�2 K�1, with a 95% confidence interval of

360–660MWm�2 K�1. The larger and asymmetric uncertainties
for higher Gint are due to the low thermal conductivity of the
SiO2 substrate, which limits our ability to resolve large values of
Gint (see Methods).

Our studies show that Gint scales directly with �int (Fig. 1b),
which is a measure of the interfacial bond strength15. We obtain the

highest Gint when both the NML/Cu and the NML/SiO2 junctions
are strong, as in the case of the SH-terminated organosilane NML
with strong Cu–S bonding and Si–O–Si linkages to SiO2 (ref. 14).
A 25% weakening of the Cu/NML interface, by replacing the
SH-terminated NML with a CH3-terminated NML, decreases Gint
but maintains a significant enhancement over the unfunctionalized
interface. We note that other factors such as molecular length and
preparation procedure are identical for both NMLs. Gint is the
lowest when no NML is used, that is, when the adhesion is very
poor. These results indicate that the strength of the NML bonds
to both the inorganic solids is key to enhancing the interfacial
thermal conductance.

Our experiments on Au/TiO2 interfaces modified with a SH-
terminated phosphonate NML, and on Au/graphene oxide/SiO2
interfaces, yield similar Gint–�int correlations, indicating that the
observed trends are not limited to a specific materials system
or nanomolecular layer chemistry. In particular, we find that
Au/NML/TiO2 structures exhibitGint =130MWm�2 K�1, which is
more than threefold higher than Gint = 40MWm�2 K�1 measured
for unmodified Au/TiO2 interfaces. Weakening the Au/SiO2
interface to �int = 0.8 Jm�2 using a multilayer graphene oxide film
lowers Gint to 30MWm�2 K�1, a value consistent with a previous
report16. These results indicate thatmetal/ceramic interface thermal
conductance can be varied by as much as an order of magnitude
(for example, 30–430MWm�2 K�1) by manipulating interfacial
bonding with appropriate nanomolecular layers.

Our interpretation of the experimental results is strongly
supported by the cross-plane interfacial thermal conductance in
model Cu–NML–SiO2 structures, determined from temperature
profiles obtained at steady-state heat flux by molecular dynamics
simulations. This approach is identical to thermal relaxation
simulations that mimic pulsed heating17. In our model, a SH-
terminated NML was sandwiched between a Cu(100) crystal and
an amorphous SiO2 slab, with the mercaptan tail bonded to the
inner Cu surface and the silane head forming Si–O–Si bridges with
SiO2. Temperature profiles for the Cu/NML/SiO2 structure and
the structure without an NML (Fig. 2) show the same interface
temperature drop when the thermal flux in the former is threefold
higher. The use of a higher flux was necessary to maintain a clearly
measurable temperature drop across the NML-tailored interface for
determination ofGint (see Methods).

Our simulations capture the experimentally observed trend of
increasing Gint with increasing interfacial adhesion, despite the
creation of two new interfaces, namely, Cu/NML and NML/SiO2.
The increase in the simulated Gint ⇠ 170MWm�2 K�1 for the
pristine Cu/SiO2 interface to 440MWm�2 K�1 for the Cu/SH-
NML/SiO2 interface is in agreement with the experimental trend.
We attribute the differences in theoretical and experimental
Gint values, especially for the pristine interface, to experimental
uncertainties and assumptions in our simulations. For example,
we do not account for our simulations overestimating the
metal Debye temperature by ⇠15%, and alterations in the
bond interaction parameters due to water-induced weakening15.
Although theoretical estimates18 indicate that phonon transport
dominates over electron–phonon coupling in the metal or in the
NML itself, the latter is a source of uncertainty in molecular
dynamics simulations, which consider only phonon transport.

To obtain insights into the interfacial bond strength–thermal
conductance (�int–Gint) nexus, we varied the strength of interfacial
interaction parameters in our simulations (Fig. 3a). The bond
strengths are presented on a relative scale, with 1.0 reflecting the
best-known values in each case, determined from the polymer-
consistent force field19 (PCFF) for the Cu/SiO2 interface or by
fitting to GAUSSIAN calculations for the Cu/NML/SiO2 inter-
face. For pristine Cu/SiO2 interfaces, the simulated Gint linearly
increases with interfacial bond strength. In contrast, the Gint for
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Efficiently suppressed thermal conductivity in ZnO
thin films via periodic introduction of organic layers

Tommi Tynell,a Ashutosh Giri,b John Gaskins,b Patrick E. Hopkins,b Paolo Mele,c

Koji Miyazakid and Maarit Karppinen*a

A combination of atomic and molecular layer deposition techniques is

used to fabricate thin films of hybrid inorganic–organic superlattice

structures with periodically repeating single layers of hydroquinone

within a ZnO or (Zn0.98Al0.02)O framework. A significant reduction of

up to one magnitude in the thermal conductivity of the films as

evaluated with the time-domain thermoreflectance technique is

observed upon introduction of the organic layers, resulting in a greatly

improved thermoelectric performance.

The need to improve the performance of thermoelectric mate-
rials beyond the limits of conventional materials has led to
increased attention to various nanostructuring approaches.
Among the most straightforward of these approaches is the
fabrication of superlattice (SL) structures with periodicity which
may hinder the transport of phonons and/or bring about charge
connement effects. Remarkable improvements in a material's
thermoelectric gure of merit have been theoretically predicted
and experimentally shown for a number of SL structures
composed of two types of inorganic nm-scale layers by reducing
the lattice thermal conductivity without signicantly affecting
the transport of electrons/holes.1–4 Here we demonstrate that
regularly repeating single layers of organic molecules
embedded in a thicker inorganic framework may also efficiently
reduce the thermal conductivity and thereby enhance the
thermoelectric performance.

Atomic layer deposition (ALD) is a chemical thin lm depo-
sition method for inorganics that is based on self-limiting
reactions between sequentially pulsed precursors. The tech-
nique is particularly well suited for the fabrication of

superlattices and other multilayered structures due to the self-
limiting nature of the surface reactions. Combined with the
strongly emerging molecular layer deposition (MLD) technique
for organics, it can be used to deposit hybrid thin lms con-
sisting of alternating inorganic and organic layers.5–9 Here we
employ the combined ALD/MLD technique to deposit SL
structures of (Zn,Al)O and single layers of hydroquinone (HQ).

The ALD process for ZnO is very well established, which
along with the relative simplicity of the compound and the
promising thermoelectric properties achieved with Al doping
makes the Al-doped ZnO system ideal for investigating the
effects of organic layers on thermoelectric performance.10–12

Moreover, the relatively high lattice thermal conductivity of ZnO
enables the realization of potentially large gains in thermo-
electric performance if it could be reduced.12,13 Recently, we
successfully fabricated inorganic–organic SL structures of Al-
doped ZnO and HQ by the combined ALD/MLD technique and
demonstrated that the addition of organic layers into the
structure of Al-doped ZnO does not result in a notable impair-
ment of the Seebeck coefficient and electrical conductivity of
the material; the Seebeck coefficient and resistivity values were
!60 mV K!1 and 70 mU cm, respectively, for a (Zn0.98Al0.02)O
sample with a 49 : 1 inorganic to organic ratio.14 In this
communication, we report a signicant decrease in thermal
conductivity in our ALD/MLD-fabricated (Zn0.98Al0.02)O : HQ SL
structures, which along with the aforementioned electrical
transport properties results in a pronounced improvement in
the thermoelectric gure of merit of ZnO.

Non-doped and Al-doped ZnO thin lms containing period-
ically repeating single HQ layers were prepared on sapphire
(0001) substrates using a Picosun R-100 ALD reactor. Five
different samples were prepared for this study: ZnO, ZnO : HQ
(with layer ratios of 99 : 1 and 49 : 1 and SL thicknesses of ca. 16
and 8 nm, respectively), (Zn0.98Al0.02)O and (Zn0.98Al0.02)O : HQ
(with a ratio of 49 : 1). All the depositions consisted of 605 ALD/
MLD cycles, resulting in lms approximately 100 nm thick. A
schematic presentation of the periodic layer-structure of our SL
thin-lm samples is shown in Fig. 1, along with Fourier-
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transform infrared (FTIR) and X-ray reectivity (XRR) data for
representative samples to evidence, respectively, the presence of
the targeted organic layers and the SL repetition. A more
detailed description of the sample preparation is found in
ref. 14.

The thermal conductivities of the samples were measured at
room temperature using the time-domain thermoreectance
(TDTR) technique. TDTR is an optical pump-probe technique
used to measure the thermal properties of materials by relating
the change in reectance at the sample surface, and related
temperature change, to thermal properties of the underlying
layers.15,16 The values for the thermal conductivities of the
samples, determined by tting of the TDTR measurement data
are presented in Table 1. A more detailed description of the
measurement technique and corresponding analyses are given
in ref. 17–19. The calibration data for the thermal conductivity
of the ZnO lm was taken from ref. 20.

The introduction of organic layers into ZnO causes a signif-
icant reduction in the thermal conductivity of the lms. Studies
on the effects of SL period thickness on thermal conductivity
have shown that increasing incoherent boundary scattering by
decreasing the period thickness leads to decreased thermal
conductivity.21 This is consistent with the decrease in thermal
conductivity we see between the thicker period (99 : 1) sample
compared to the thinner period (49 : 1) sample. Aluminum
doping also has a reducing effect on the thermal conductivity of
ZnO thin lms, as reported in a recent study.22 Compared to the
ZnO : HQ lms, the reduction in thermal conductivity from Al

doping is of the same order of magnitude. However, combining
both Al doping and introduction of HQ layers resulted in the
lowest thermal conductivity value (3.6 W m!1 K!1) within this
study, although the value is only slightly lower than that ach-
ieved with HQ layers only.

The observed reductions in the thermal conductivities of the
hybrid SL thin-lm samples are attributed to the effects of
phonon inhibition resulting from the periodic incorporation of
HQ layers within the ZnO structure. The effect is pronounced
already at relatively low numbers of HQ layers, i.e. in SL thin
lms with the 99 : 1 inorganic-to-organic ratio resulting in HQ
layers repeating every "16 nm of lm thickness; by decreasing
the SL thickness down to "8 nm for the 49 : 1 lms the thermal
conductivity was further slightly decreased. These results are in
line with a recent report on appreciably low thermal conduc-
tivity values achieved for homogeneous hybrid thin lms.23

Although those lms by Liu et al.23 achieved even larger
reductions in thermal conductivity than the ones in the present
study, they also contained much higher proportions of organic
layers. The current results demonstrate that a comparable effect
can be obtained with much lower ratios of organic layers, thus
inuencing lm properties such as crystallinity and stiffness to
a lesser extent. Indeed, the crystallinity of the (Zn,Al)O : HQ
lms was found to be high and essentially unchanged
compared to pure ZnO.14 The reductive effect from Al doping on
the thermal conductivity as conrmed for our samples is well
known and is usually attributed to the increased number of
phonon scattering sites, which leads to a lower phonon
contribution to thermal conductivity.13

The reduced thermal conductivity can be particularly useful
for thermoelectric applications, where the control of thermal
conductivity independent from the Seebeck coefficient and
electrical conductivity can greatly improve the performance of a
material. We reported the Seebeck coefficients and electrical
conductivities of the (Zn,Al)O : HQ lms in a previous study,
and little change was observed in the power factor of the hybrid
SL samples compared to ZnO.14 These results were also
conrmed for the current lms in terms of resistivity values (the
sapphire substrate is not ideal for measuring the Seebeck
coefficient in our setup). Thus, it would seem that the ten-fold
decrease in thermal conductivity observed in the current study
would bring about a greatly increased thermoelectric gure of
merit for the material. However, care should be taken when
drawing conclusions on this point, because while the TDTR
technique measures the cross-plane thermal conductivity of the
thin lms, our existing power factor measurements were made
in-plane.14 Thus, the values may not be comparable, especially
in a highly anisotropic structure such as the current layered
(Zn,Al)O : HQ thin lms. Nonetheless, the observed thermal
conductivity values represent a signicant reduction and
should prove effective in improving the thermoelectric perfor-
mance of ZnO thin lms.

We foresee that the concept of utilizing organic layers to
form a hybrid superlattice structure should be applicable to a
range of inorganic materials. The present work provides proof-
of-concept for using organic layers to provide a large reduction
in thermal conductivity via incoherent boundary scattering.

Fig. 1 The layered SL structure of the (Zn,Al)O : HQ thin films; the XRR
and FTIR data are for the ZnO : HQ compositions of 99 : 1, 49 : 1 and
8 : 1 (made for FTIR only), respectively.

Table 1 Thermal conductivity values measured for the (Zn,Al)O : HQ
thin films at room temperature

Sample k (W m!1 K!1)

ZnO 43
ZnO : HQ (99 : 1) 7.16 # 1.44
ZnO : HQ (49 : 1) 4.15 # 0.43
(Zn0.98Al0.02)O 6.68 # 1.15
(Zn0.98Al0.02)O : HQ (49 : 1) 3.56 # 0.27
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Table 1 | Nanocrystals and ligands used for the preparation of NCA thin films.

Core Diameter (nm) Ligand Type of material

CdSe 3.5, 4.1 n-tetradecylphosphonic acid Semiconductor
5.2 n-octylphosphonic acid
4.8 (N2H5)2In2Se4

PbS 3.5, 4.5, 5.2 Oleic acid Semiconductor
7.5 Oleic acid, nonanoic acid, Na3AsS3, N2H4

PbSe 7.5 Oleic acid Semiconductor
PbTe 7.5 Oleic acid Semiconductor
Fe3O4 4.5, 8 Oleic acid Metal oxide
Au 4.5 n-dodecanethiol Metal
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Figure 1 | Structure and heat capacity of NCA films. a, Schematic of a gold-coated NCA film where an intensity-modulated pump laser periodically heats
the sample and a probe laser senses the resultant temperature change by thermoreflectance to measure thermal conductivity (see Methods for FDTR
details). The magnified view to the right depicts the NCA thin film. b, SEM cross-sectional image of a 7.5-nm-diameter PbS NCA film. c, Planar TEM image
of an 8-nm-diameter Fe3O4 NCA film showing a regular close-packed arrangement. d, Specific heat capacity data as a function of temperature for a
diameter series of PbS nanoparticles coated with oleic acid ligands. e, The specific heat capacity of a NCA at 300 K can be estimated as a mass-weighted
function of the specific heat capacities of the core material (Ccore) and the ligand (CLigand) such that, CP = mcoreCcore +mLigandCLigand, where mcore is the
mass fraction of the core and mLigand is the mass fraction of the ligand. The plot shows the measured and estimated values using bulk values of PbS
(Ccore = 0.19 J g�1 K�1, ref. 24) and oleic acid (CLigand = 2.043 J g�1 K�1, ref. 30). Error bars represent uncertainty from DSC and TGA measurements.

The measured thermal conductivity as a function of core
diameter for CdSe, PbS, PbSe, Au and Fe3O4 NCAs is shown
in Fig. 3a. Regardless of the core material, the NCA thermal
conductivity increases with increasing diameter. The inset of
Fig. 3a shows that kNCA is insensitive to the core-material bulk
thermal conductivity for nanocrystals of the same diameter.
To understand these trends, effective medium approximations
(EMAs) of thermal conductivity are compared with data for
PbS NCAs in Fig. 3b (see Supplementary Information for EMA
details). EMAs predict thermal conductivity of composites in terms
of the constituent volume fractions and thermal conductivities.
Specification of the ligand thermal conductivity is challenging
because the ligand molecules are covalently bound to the inorganic
cores through metal–ligand bonds, thus creating structure in the
NCA that is absent in pure ligand molecules. To estimate the

thermal conductivity of bound oleate ligands, we used FDTR to
independently measure the thermal conductivity of Pb oleate (a
waxy solid at 300K). We find kPb oleate = 0.13± 0.02Wm�1-K�1,
which is 40% lower than liquid oleic acid13. With this value,
effective medium theory14, a specific EMA that assumes a random
distribution of the two phases, captures the increasing trend due
to increasing core volume fraction, yet severely overestimates kNCA.
The Maxwell Euken14 (ME) EMA assumes dispersed spheres in
a continuous matrix, yet still overestimates kNCA despite more
accurately representing the NCA structure.

It is known that thermal interface conductance h between the
phases in a composite can reduce its effective thermal conductivity.
We fit a version of the ME model, modified by Hasselman and
Johnson15 (HJ–ME) with the addition of a finite h, to predict
kNCA. For a best fit h of 140+170

�80 MWm�2 K�1, HJ–ME agrees well
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The measured thermal conductivity as a function of core
diameter for CdSe, PbS, PbSe, Au and Fe3O4 NCAs is shown
in Fig. 3a. Regardless of the core material, the NCA thermal
conductivity increases with increasing diameter. The inset of
Fig. 3a shows that kNCA is insensitive to the core-material bulk
thermal conductivity for nanocrystals of the same diameter.
To understand these trends, effective medium approximations
(EMAs) of thermal conductivity are compared with data for
PbS NCAs in Fig. 3b (see Supplementary Information for EMA
details). EMAs predict thermal conductivity of composites in terms
of the constituent volume fractions and thermal conductivities.
Specification of the ligand thermal conductivity is challenging
because the ligand molecules are covalently bound to the inorganic
cores through metal–ligand bonds, thus creating structure in the
NCA that is absent in pure ligand molecules. To estimate the

thermal conductivity of bound oleate ligands, we used FDTR to
independently measure the thermal conductivity of Pb oleate (a
waxy solid at 300K). We find kPb oleate = 0.13± 0.02Wm�1-K�1,
which is 40% lower than liquid oleic acid13. With this value,
effective medium theory14, a specific EMA that assumes a random
distribution of the two phases, captures the increasing trend due
to increasing core volume fraction, yet severely overestimates kNCA.
The Maxwell Euken14 (ME) EMA assumes dispersed spheres in
a continuous matrix, yet still overestimates kNCA despite more
accurately representing the NCA structure.

It is known that thermal interface conductance h between the
phases in a composite can reduce its effective thermal conductivity.
We fit a version of the ME model, modified by Hasselman and
Johnson15 (HJ–ME) with the addition of a finite h, to predict
kNCA. For a best fit h of 140+170

�80 MWm�2 K�1, HJ–ME agrees well
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Time	  domain	  thermoreflectance	  (TDTR)

• Can measure thermal conductivity of thin 
films and substrates (κ) separately from 
thermal boundary 
conductance….sometimes……

• With current TDTR techniques, to 
maximize sensitivity and resolution to 
TBC, need high thermal conductivity 
materials comprising the interface
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Phosphonic acids	  and	  phosphononic acid	  interfaces
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How does	  heat	  flow	  through	  PAs	  and	  PA/oxide	  interfaces?

Synthesis and Characterization at Ga. Tech: Anuradha Bulusu, 
Anthony Giordano, Prof. Seth Marder, Prof. Sam Graham
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The	  various	  PAs

Phosphonic Acid Chain 
Length (nm) 

Molecular 
Formula 

Polarity of 
tail group!

Mol. Wt. 
(g/mol)!

Phenylphosphonic Acid (PPA) ~ 0.9 C6H7O3P Non-polar77! 158.09!
2, 3, 4, 5, 6-Pentafluorobenzyl phosphonic Acid 

(PFBPA) ~ 0.9 C7H4F5O3P Non-polar76! 262.07!

Octylphosphonic Acid (OPA) ~ 1.3 C8H19O3P Non-polar78,79! 194.21!
11-Hydroxyundecylphosphonic Acid (HUPA) ~ 1.7 C11H25O4P Polar! 252.29!

(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-
Henicosafluorododecyl) phosphonic Acid (F21PA) ~ 2 C12H6F21O3P Non-polar72! 628.11!

 



metal/PA/sapphire	  TBC	  as	  a	  function	  of	  MW

• No correlation with length 
(HUPA~ 1.7 nm, F21PA ~ 2 nm) 

• Most noticeable change in TBC 
with large MW F21PA

Is the change in TBC the metal/PA 
interface or the F21PA itself?
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Al/PA/sapphire	  TBC	  as	  a	  function	  of	  temperature
• Similar temperature trends (not 

including F21PA) suggest no change 
in phonon scattering mechanisms 
(i.e., not metal/PA interface)

• Consistent with previous studies in 
nanocrystal arrays in which 
metal/molecule TBC is elastic
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Coupling of Organic and Inorganic Vibrational States and Their
Thermal Transport in Nanocrystal Arrays
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ABSTRACT: Through atomistic computational analysis of thermal
transport in nanocrystal arrays (NCAs), we find that vibrational states
couple elastically across the organic−inorganic interfaces with a resulting
flux that depends on the ligand grafting density and the overlap between the
core and ligand vibrational spectra. The modeling was performed using
molecular dynamics simulations and lattice dynamics calculations on a gold-
dodecanethiol NCA built using a robust self-assembly methodology. Our
approach is validated by comparing the predicted NCA thermal
conductivities against experimental measurements [Ong et al. Nat. Mater.
2013, 12, 410], with agreement found in both magnitude and trends. The
self-assembly methodology enables prediction of general NCA behavior and
detailed probing of experimentally inaccessible nanoscale phenomena.

■ INTRODUCTION
A nanocrystal array (NCA) is a close-packed structure of
nanocrystals (i.e., inorganic cores 2−20 nm in diameter
encapsulated in a layer of organic ligands) that self-assemble
from a colloidal solution. The resulting macroscopic three-
dimensional superstructure contains well-ordered domains that
can span several micrometers.1−3 This organic−inorganic
hybrid material has an electronic band structure that is tunable
by modifying the nanocrystal composition and size.3 Because of
this tunability and inexpensive solution-based fabrication,
NCAs have been proposed as cost-effective and versatile
alternatives for expensive single-crystal semiconductors in field-
effect transistors,4 memory devices,5 light-emitting diodes,6

photodetectors,7,8 solar cells,9−11 and thermoelectric gener-
ators.12−14

Self-assembled monolayers (SAMs) on inorganic bulk
substrates are a more well-studied organic−inorganic hybrid
system than NCAs.15,16 Although the ligand layer on a
nanocrystal resembles a SAM on a curved surface, it is
distinctly different from a SAM when the nanocrystal is part of
an array. An NCA is a three-dimensional material with
interdigitated ligands from neighboring cores that themselves
form a higher-order periodicity in the material. In contrast,
SAMs are two-dimensional molecular monolayers that self-
assemble on bulk inorganic substrates in a regular pattern. The
added structural complexities in NCAs pose the question of
whether the properties of an NCA can be inferred from those
of a comparable SAM.
The electrical and optical properties of NCAs have been

actively studied for nearly two decades.3−10,12,13,17−21 In any

device technological roadmap, however, thermal management
issues are also important,22,23 as device efficiency and lifetime
degrade at high operating temperature. We recently reported
the first-ever experimental measurements of NCA thermal
conductivity, studying the effects of the core diameter and the
core and ligand compositions.24 In that work, molecular
dynamics (MD) simulations were performed using a
rudimentary NCA model built by placing simplified nanocrystal
motifs into a linear chain. Each motif was composed of a
multiatom spherical core and six ligands (equally spaced and
oriented along the three Cartesian directions) that weakly
interacted with its nearest neighbors. Together with simple
inter- and intramolecular potentials (which we will refer to
hereafter as potentials), those MD simulations resulted in
thermal conductivity predictions that qualitatively captured the
measured trends but not their magnitudes. This single NCA
thermal transport study stands in contrast to a collection of
experimental measurements25−30 and computational predic-
tions31−34 performed on SAMs. Specialized synthesis techni-
ques and the challenges of thermal conductivity metrology
hinder experimental investigations of NCAs,24 while the need
for a large number of atoms (30 000−500 000)35 and the lack
of a good methodology to form a full-scale NCA model impede
simulation.
In our prior study,24 we found that surface chemistry

mediates thermal transport in NCAs by controlling the
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Al/PA/sapphire	  TBC	  as	  a	  function	  of	  temperature
• Scattering in the F21PA?
• Not out of the question,F21PA is large!
• Consistent with scattering in native oxide 

layers/Buttiker probes
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Systematically controlling Kapitza conductance via chemical etching

John C. Duda1,2,a) and Patrick E. Hopkins1,b)
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We measure the thermal interface conductance between thin aluminum films and silicon substrates
via time-domain thermoreflectance from 100 to 300 K. The substrates are chemically etched prior
to aluminum deposition, thereby offering a means of controlling interface roughness. We find that
conductance can be systematically varied by manipulating roughness. In addition, transmission
electron microscopy confirms the presence of a conformal oxide for all roughnesses, which is then
taken into account via a thermal resistor network. This etching process provides a robust technique for
tuning the efficiency of thermal transport while alleviating the need for laborious materials growth
and/or processing. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3695058]

Advances in micro- and nano-technology have led to the
development of a wide array of devices, all of which share
one common feature: characteristic length scales on the order
of a few to hundreds of nanometers. At the same time, this
ongoing trend of miniaturization has had a significant auxil-
iary impact on the thermal transport properties of modern
devices as well, insofar as they are now dictated more so by
the interfaces between constituent materials than by the
materials themselves.1 As a result, a significant effort has
been put forth to both investigate and explain the behavior of
thermal transport across solid-solid interfaces, the efficiency
of which can be described by the thermal interface conduct-
ance, or Kapitza conductance, hK.2 Prior works have demon-
strated how the mismatch of phonon spectra,3–7 interfacial
chemistry and bonding,8–15 crystallographic orientation,16–21

and interfacial roughness5,22–28 can each influence Kapitza
conductance.

Generally speaking, the expression “interfacial rough-
ness” can include one or a combination of several unique
structural features, including compositional mixing, dis-
locations, interstitials, deviations from crystallinity, or
nanometer-scale geometric facets. When compared to that at
a nominally “smooth” interface, certain combinations of
these features have been found to enhance Kapitza conduct-
ance,5,28 while others have been shown to reduce it.5,22,24–26

Furthermore, it has been shown that thermal transport effi-
ciency can be effectively tuned if precise control over inter-
facial roughness is possible. For example, Pernot et al.29 and
Hopkins et al.25 demonstrated that controlling interface
roughness through quantum-dot patterning can reduce the
effective thermal conductivity of silicon-based superlattices
and the Kapitza conductance at aluminum-silicon interfaces,
respectively. However, other methods of interface roughen-
ing, including chemical treatments26 and back-sputtering,22

have not yet been shown to provide precise enough control
over roughness to systematically and repeatably alter inter-
face conductance.

In this letter, we demonstrate that chemically etching
substrates prior to thin-film deposition can, in fact, provide
the precise control over interfacial roughness required to sys-
tematically tune Kapitza conductance without the need for
laborious materials growth and/or processing, e.g., quantum-
dot patterning. Cross-section transmission electron micros-
copy (TEM) confirms that the roughness induced by chemi-
cal etching does not lead to compositional mixing between
aluminum and silicon due to the presence of a thin and con-
formal native oxide (<2 nm), nor a deviation from crystallin-
ity in either the film or the substrate. The Kapitza
conductances at four aluminum-silicon interfaces of varying
roughness are measured by time-domain thermoreflectance
(TDTR) and are correlated to the root-mean-square (RMS)
surface roughness of the interface. It is found that Kapitza
conductance exhibits an exponential dependence on interface
roughness consistent with prior experimental data and as
described by previous models.24,25 In addition, it is found
that as roughness increases, the temperature dependence of
Kapitza conductance is substantially suppressed.

We prepared four different aluminum-silicon interfaces
by evaporating 80 nm of aluminum (vacuum pressure < 10
! 10"7 Torr) on silicon substrates. The silicon wafers are
each 500 lm thick, phosphorus doped (n-type), and single
crystalline (100). Prior to deposition, all substrates were first
cleaned with methanol and acetone and then rinsed in de-
ionized water. Sample I received no further processing,
whereas samples II through IV were treated in buffered oxide
etch (BOE) to remove the native oxide and then submersed in
tetramethyl ammonium hydroxide (TMAH) at 80 #C in order
to roughen the substrates in a fashion similar to Ref. 26. After
surface pretreatment, all samples were left exposed to ambient
for 24 h to allow a native oxide to reform on the surface. The
RMS surface roughnesses, d, of the samples were determined
prior to aluminum thin film deposition via atomic force mi-
croscopy (AFM). Substrate surface roughness increased with
the time submersed in the TMAH solution. The measured
RMS surface roughnesses and room-temperature Kapitza con-
ductances of the four samples, along with the repeatability of
the measurements, are listed in Table I.

a)Electronic mail: duda@virginia.edu.
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substrate are approximated by fitting polynomials to the pho-
non dispersion curves of aluminum41 and silicon42 along the
[100] crystallographic direction; assumed spherical Brillouin
zones are then constructed via an isotropic revolution of
these polynomial fits in wavevector space. As seen in Fig. 2,
the prediction of the DMM falls between the data of Ref. 38
and that at the smoothest interface presently considered. This
suggests that without an oxide layer, inelastic phonon-
phonon scattering could play a role in thermal transport
across aluminum-silicon interfaces.6,7 On the other hand, we
attribute the difference between the predicted and measured
values at the smoothest interface considered (black squares)
to the native oxide layer. The conductance of this oxide layer
is described by its thermal conductivity divided by its
thickness,

hoxide ¼ joxide=toxide: (1)

When evaluating Eq. (1), we use the temperature-dependent
bulk thermal conductivity of a:SiO2, as it has been shown
that the thermal conductivity of thin-film a:SiO2 does not
substantially differ from that of bulk.16,43 A series-resistor
approach then yields

hK ¼ ðh#1
K;DMM þ h#1

oxideÞ
#1: (2)

This prediction is represented by the solid black line in
Fig. 2 and agrees well with our experimental data.

In order to take interfacial roughness into account, we
introduce a spectral attenuation coefficient previously pro-
posed by the authors,24,25 and insert this coefficient into the
integral expression of the DMM. This coefficient, c, is unity
when the phonon wavelength, k, is greater than the RMS
roughness, d. On the other hand, c¼ exp[#(4pb/k)d] when
k< d. That is, phonons with wavelengths greater than d are
unaffected by the roughness of the interface, whereas those
with wavelengths less than d are affected in a fashion similar
to that of photons in an absorptive media, e.g., the Beer-
Lambert law. Qualitatively speaking, this approach suggests
that as the "absorptivity" of the interface increases, so too
does the temperature drop across it. With the spectral attenu-
ation coefficient implemented, the DMM is once again plot-
ted in Fig. 2 for roughnesses of 6.5 nm and 11.4 nm. We find
that a value of b¼ 0.04 works well across all data sets. As is
evident in the plot, this approach not only captures the reduc-
tion in Kapitza conductance due to interface roughening, but
captures the reduction in temperature-dependence as well.
Finally, we plot room-temperature Kapitza conductance as a
function of RMS roughness in Fig. 3, comparing the present
data, the aforementioned roughness model calculated at
300 K, and two prior sets of experimental data. Generally
speaking, the present data demonstrates the same systematic
control over both roughness and Kapitza conductance previ-
ously demonstrated only by quantum-dot roughening.25

To summarize, we have measured Kapitza conductance
at aluminum-silicon interfaces with time-domain thermore-
flectance. The root-mean-square roughness of each interface
was controlled by submersing the silicon substrates in tetra-
methyl ammonium hydroxide prior to aluminum deposition.
It was shown that this technique can provide an inexpensive

FIG. 2. (Color online) Predicted and measured values of Kapitza conduct-
ance at Al:Si interfaces plotted as a function of temperature. The open
circles are the measured values at oxide-free Al:Si interfaces from Ref. 38,
and the filled symbols are the data measured in the present study. It is evi-
dent that both the presence of a native oxide layer and interface roughness
can have a significant effect on Kapitza conductance. Not only does rough-
ness decrease Kapitza conductance, but it suppresses the temperature de-
pendence as well. The agreement between the dash-dot lines and the data
suggest that the DMM can be adjusted to take into account both the presence
of an oxide layer and interface roughness.

FIG. 3. (Color online) Room-temperature predicted (dashed line) and meas-
ured (blue squares) Kapitza conductance at Al:Si interfaces plotted as a
function of interface roughness. In addition, the quantum-dot roughened
Al:Si interfaces of Ref. 25 (red diamonds) and the chemically roughened
Al:Si interfaces of Ref. 26 (green circles) are plotted for comparison. The
present data demonstrates the same systematic control over both roughness
and Kapitza conductance previously demonstrated only by quantum-dot
roughening.
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So	  how	  do	  vibrations	  scatter	  in	  a	  PA	  molecule?
• No prior evidence of diffusive heat flow 

in a molecule (ballistic observed by 
Wang et al. Science 317, 787 (2007))

• Consistency among metal films suggest 
resistance due to diffusive scattering IN
F21PA

• ~2 nm molecule, so effective thermal 
conductivity of F21PA~0.2 W/m/K at RT

Same as polymers 
and disordered solid 

proteins 

Thermal conductivity of solid proteins: 
J. Phys. Chem. Lett. 5, 1077 (2014) 
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Conclusions	  

• Metal/PA/sapphire thermal 
boundary conductance is 
driven by elastic scattering

• Single disordered 
molecule layer has similar 
thermal conductivity to 
disordered polymers

Thermal Conductance across Phosphonic Acid Molecules and
Interfaces: Ballistic versus Diffusive Vibrational Transport in
Molecular Monolayers
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and Patrick E. Hopkins*,†
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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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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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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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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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