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Thermal conductivity of materials

temperature between 180 and 387 K and largely insensitive
to film thickness in the range 22 to 106 nm as shown in
Fig. 3(b). We also note that the chosen substrate (additional
films were deposited on glass and silicon, as opposed to the
ITO and PEDOT:PSS coated glass slides described above)
or heat treatment (annealed or unannealed) did not lead to
statistically significant changes in thermal conductivity.

In Ref. [17], Olson and Pohl used low temperature
heat capacity measurements to determine the Einstein
temperature of C60=C70 fullerite microcrystals, !E ¼
35 K, which corresponds to a frequency of kB!E=@ ¼
4:58" 1012 rad s#1, where @ is Planck’s constant divided
by 2!. With this value and the Einstein model of thermal
conductivity,

"E ¼ 2
k2B@ N1=3

!
!E

x2ex

ðex# 1Þ2 ; (2)

whereN is the fullerene density and x¼ !E=T, they found
excellent agreement between the model and their data.
Following the reverse procedure and fitting the Einstein
model of thermal conductivity to our temperature-
dependent thermal conductivity data yields !E ¼ 22 K,
which corresponds to a frequency of 2:88" 1012 rad s#1.
This suggests that the presence of the molecular tail is not
only responsible for lowering the sound speeds of PCBM
microcrystals, but also lowering the characteristic fre-
quency of their highly localized vibrations.

To put the exceptionally low thermal conductivity of
PCBM into perspective, in Fig. 4, we plot the room-
temperature thermal conductivities of several amorphous
and crystalline materials as a function of their atomic
density. While previous reports have made similar com-
parisons with regard to mass density [6], plotting thermal
conductivity as a function of atomic density allows easier
identification of trends among crystalline and amorphous
materials, respectively. The outliers (P3HT, C60=C70, and
PCBM) are nominally microcrystalline, exhibit some of
the highest atomic densities, and simultaneously, some of
the lowest conductivities. In this respect, it is interesting to
note that some of the best thermal conductors, as well as
the best thermal insulators, are carbon allotropes or carbon
based materials [37].
In summary, we have reported on the thermal conduc-

tivities of [6,6]-phenyl C61-butyric acid methyl ester
(PCBM) thin films from 135 to 387 as measured by time
domain thermoreflectance. Thermal conductivities were
shown to be independent of temperature above 180 K
and <0:030 & 0:003 Wm#1 K#1 at room temperature.
The longitudinal sound speed as measured by picosecond
acoustics was 2300 & 100 m s#1, 30% lower than that in
C60=C70 fullerite compacts. Using Einstein’s model
of thermal conductivity, we found the Einstein character-
istic frequency of microcrystalline PCBM is 2:88"
1012 rad s#1. Through a comparison of our data to previous
reports on C60=C70 fullerite compacts, we have argued that
the molecular tails on the fullerene moieties in our PCBM
films are responsible for lowering both the apparent sound
speeds and characteristic vibrational frequencies below
those of fullerene films. In turn, the room-temperature
thermal conductivities of PCBM thin films are the lowest
reported of any fully dense solid.
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FIG. 4 (color online). Room-temperature thermal conductivity
of various materials plotted as a function of their atomic density.
The values for diamond, copper, aluminum, silicon, germanium,
and lead are from Ref. [31], SiO2 and aerogels from Ref. [16],
amorphous carbon from Ref. [35], WSe2 from Ref. [18],
C60=C70 from Ref. [17], P3HT from Ref. [38] and PCBM is
from the present work. Not only does PCBM exhibit the lowest
conductivity, but it is among the densest of the materials, second
only to diamond.
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different phonon modes and reduce thermal conductivity. A 
schematic diagram is shown in  Figure    5   capturing these var-
ious phonon scattering mechanisms, along with the electrical 
transport within a thermoelectric material.  

 Thus, in certain cases nanodots clearly play a very signifi cant 
role in reducing lattice thermal conductivity, probably by effec-
tively scattering phonons that otherwise would have relatively 
long mean free paths. In many of these cases it has been clearly 
demonstrated that the reduction in thermal conductivity far 
exceeds any concomitant reduction in the power factor caused 

of Sb. [  73  ]  In contrast, similar fractions of nanoparticles of Bi or 
Pb (two elements that have the same atomic mass as the Pb ions 
in the rock salt lattice) were found to have no such effect. [  73  ,  81  ]  
ErAs:InGaAs is another interesting example to study along 
these lines since the size distribution of ErAs nanoparticles in 
the matrix is not a strong function of the growth parameters 
and they are typically 2–4 nm in diameter [Figure  3 c]. [  82  ]  The 
volume fraction of the embedded nanoparticles can be easily 
changed from 0.01-6% without introducing defects or disloca-
tions. Thermal conductivity measurements show a reduction by 
as much as a factor of 3 compared to the bulk 
alloy [Figure  4 b].  

 The question remains as to why the inclu-
sion of nanodots can reduce the thermal 
conductivity below the alloy limit. Detailed 
calculations of phonon transport have been 
performed for ErAs:InGaAs materials, 
although the principles developed through 
these studies are fairly general and apply for 
other nanodot material systems as well. [  72  ,  82  ]  
Atomic scale defects in alloys scatter pho-
nons due to differences in mass or due to 
generation of strain fi elds, and the scattering 
cross-section follows Rayleigh scattering as 
 d  6 /  λ   4 , where  d  is the nanodot diameter and 
  λ   is the phonon wavelength. Hence, short 
wavelength phonons are effectively scattered 
in alloys, but the mid-to-long wavelength 
phonons can propagate without signifi cant 
scattering and thereby still contribute to heat 
conduction. By inclusion of nanoparticles, 
signifi cant reduction in lattice thermal con-
ductivity can be achieved by the additional 
scattering of mid- and long-wavelength pho-
nons by the nanoparticles. Calculations show 
that a wide size distribution of nanoparticles 
is preferable since it can effectively scatter 

      Figure  5 .     Schematic diagram illustrating various phonon scattering mechanisms within a ther-
moelectric material, along with electronic transport of hot and cold electrons. Atomic defects 
are effective at scattering short wavelength phonons, but larger embedded nanoparticles are 
required to scatter mid- and long-wavelength phonons effectively. Grain boundaries can also 
play an effective role in scattering these longer-wavelength phonons.  
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      Figure  4 .     Lattice thermal conductivity as a function of temperature for: (a) various PbTe-based alloys (x  =  0.1) and nanostructured samples. The value of 
x  =  0.1 was chosen because these samples have the same concentration of added component to PbTe as those in LAST-18 and SALT-20. (b) InGaAs with 
and without embedded ErAs nanodots. It is seen in both cases that the inclusion of nanodots into the microstructure results in a signifi cant reduction 
to the lattice thermal conductivity. In the PbTe system solid solution alloying is effective around room temperature (see black dotted arrow) but not at 
high temperature. Nanostructuring is shown to be effective both at room temperature and at high temperatures (see brown dotted arrows).  
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Elastic mismatch induced reduction of the thermal conductivity of silicon
with aluminum nano-inclusions
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We use aluminum nano-inclusions in silicon to demonstrate the dominance of elastic modulus mis-
match induced scattering in phonon transport. We use time domain thermoreflectance to measure
the thermal conductivity of thin films of silicon co-deposited with aluminum via molecular beam
epitaxy resulting in a Si film with 10% clustered Al inclusions with nanoscale dimensions and a
reduction in thermal conductivity of over an order of magnitude. We compare these results with
well-known models in order to demonstrate that the reduction in the thermal transport is driven by
elastic mismatch effects induced by aluminum in the system. Published by AIP Publishing.
https://doi.org/10.1063/1.5019269

A fundamental understanding of the transport and inter-
actions among the carriers of energy in composite solids is
critical to applications ranging from computing, to jet engine
performance, to waste heat recovery.1–3 Thus, intricate
knowledge of thermal scattering mechanisms can be used to
design and engineer the thermal transport properties of sol-
ids. Of particular interest is the introduction of interfaces,
impurities, and other crystalline defects to manipulate pho-
non transport in nanosystems. These features have offered
dynamic flexibility in prescribing the thermal conductivity of
solids via targeting specific phonon scattering processes. As
a classic example, the theoretical formalism governing the
scattering of phonons with mass impurities4 has been rigor-
ously experimentally vetted over the past half-century.5–8

From this, novel functional nanomaterials have been
designed with tailored thermal conductivities driven, in part,
by this phonon mass-impurity interaction.9–15 Figure 1 illus-
trates the degree of tunability that has been achieved using
mass-impurity scattering in the silicon-germanium system.
Addition of germanium to the silicon crystal results in signif-
icant reductions in the thermal conductivity ranging from a
factor of four at Ge concentrations below 1 at. % (Ref. 6) to
over an order of magnitude with high Ge concentrations and
even lower with structuring into superlattices16 and nano-
structured superlattices to obtain thermal conductivities
below the minimum limit of thermal conductivity.17

Clearly, the implications of phonon-mass impurity
scattering on the thermal conductivity of solids have been
well studied. However, systematic experimental studies
that effectively focus on phonon scattering with other types
of lattice imperfections are lacking in comparison. To sys-
tematically study the role of these imperfections in phonon
transport, we must judiciously choose material systems in
which the majority of phonon scattering would be

influenced by only one type of lattice imperfection (e.g.,
elastic modulus mismatch or mass difference). This is the
case for the silicon germanium alloys in Fig. 1, where the
elastic modulus and impurity volume mismatches between
silicon and germanium effectively cancel each other out,
leaving the differences in masses between silicon and

FIG. 1. Thermal conductivity of bulk single crystalline silicon (open
circles)18 and thin film amorphous silicon (open squares)19 as well as models
for 100 nm thick films (solid line) and the minimum limit to the thermal con-
ductivity of silicon (dashed line). Also included is the thermal conductivity
of Si-Ge alloys (diamonds),6 a superlattice (upright triangles),16 a 202 nm
film (inverted triangles),7 and a nano-structured superlattice (leftward trian-
gle).17 Additionally shown is the Si-Al thin film thermal conductivity mea-
sured in this work (filled circles and squares).a)Electronic mail: bdonovan@usna.edu

0003-6951/2018/112(21)/213103/5/$30.00 Published by AIP Publishing.112, 213103-1
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reaching levels in excess of 1018 cm!3 in the case of H and
1020 cm!3 for Si and Mg (see Figure 2(c)).

For the more highly doped p-type films, the H concen-
tration exceeds this threshold value whereas those more
lightly doped reside comfortably below (see Table I).
Thermal conductivity thus reduces with increased doping for
the p-type films due to impurity scattering. The n-type films,
in contrast, possess impurity levels (i.e., Si) below that
impacting thermal conductivity even when highly doped.
Consequently, n-type samples are unaffected by impurities
and exhibit a thermal conductivity independent to carrier
concentration (see Figure 1). Thermal conductivity remains
reduced relative to bulk, however, despite the comparatively
low impurity and dislocation densities. For this reason, the
size effects are subsequently examined.

Size induces a 10% reduction in conductivity when the
GaN layer becomes less than 40 lm. Similar to that predicted
by Freedman et al.,20 a 50% reduction occurs for films 1 lm
thick. For the 3–4 lm thick epilayers considered here, Figure
2(a) indicates that even with pristine GaN a thermal conductiv-
ity of only 170–180 W/mK can be expected. The n-type epi-
layers possess dislocation densities of "107 cm!2 and a
maximum impurity concentration of <2# 1018 cm!3. From
the perspective of thermal transport as outlined in Figure 2,
they are pristine. The observed average value of 180 W/mK is,
therefore, dictated by the very size of the film. The p-type
layers, in contrast, are not pristine. Compensation requires addi-
tional magnesium and hydrogen for similar carrier concentra-
tions relative to the amount of silicon needed for n-type
doping. For example, a carrier concentration of 7 # 1017 cm!3

resulted in impurity concentrations of >1# 1019 cm!3 for both
Mg and H in the p-type films compared to $2# 1018 cm!3 for
the n-type epilayers (see Table I). Therefore, with increasing
doping, the thermal conductivity of the p-type epilayers reduces
from its size limited value of 170 W/mK to its size and impurity
determined value of 110 W/mK (see Figure 2(c)). Even in the
highly doped p-type epilayer, however, size plays an important
role in the determination of thermal conductivity, causing a
reduction on par with that of the dopant atoms.

The role of size is not only apparent in the films consid-
ered here but in the previously published thermal conductiv-
ity values of GaN in aggregate. Figure 3 provides the
measured room temperature values of GaN thermal conduc-
tivity as a function of sample thickness for the past "40
years since the original report of Sichel and Pankove.39 An

increasing trend with thickness is clearly apparent as
highlighted by the dashed curve. This curve is merely a
guide to the eye, however, as the composite data represents
GaN possessing disparate degrees of dislocations and impu-
rities. To then quantitatively orient the impact of size, dislo-
cations, and impurities, contours are provided in Figure 3.
These contours plot the thermal conductivity as a function of
thickness for a given dislocation density over a Si-based
impurity concentration spanning 1016 to 1020 cm!3. While
most studies do not provide the requisite information for
direct comparison to the contours, trends are generally con-
sistent with the expectation in which thicker films rest in
contours of lower dislocation density.17

Using Figure 3 as a heuristic linking sample characteris-
tics to conductivity, implications on the thermal properties of
device layers emerge. First, the architecture of both lateral
high electron mobility transistors (HEMT) in which the GaN
is typically 2 lm thick and power diodes possessing thick-
nesses of 20 lm dictates that a bulk thermal conductivity will
not be realized even if made of “perfect” GaN. Rather, ther-
mal conductivities less than 200 W/mK are more likely. No
film less than 100 lm has been reported to have a thermal con-
ductivity greater than 215 W/mK. Second, compensation of
intrinsic doping using counter-doping implants is benign to
thermal transport as long as total impurity levels remain below
1019 cm!3. Third, the impact of doping and dislocations on

FIG. 2. Thermal conductivity as a function (a) sample thickness, (b) dislocation density, and (c) impurity concentration. In (c), solid lines correspond to ther-
mal conductivity versus Mg concentration while the dashed and dotted lines represent Si and H, respectively.

FIG. 3. Thickness dependent thermal conductivity of GaN at varying (col-
ored bands) dislocation densities and impurity levels compared to (symbols)
the published values of GaN’s thermal conductivity.12–18,39,59–70 Filled sym-
bols are from the present effort. Diamonds correspond to GaN nanowires.
Dotted line is guide to the eye. All values correspond to a measurement tem-
perature of "300 K.

095104-4 Beechem et al. J. Appl. Phys. 120, 095104 (2016)
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Thermal conductivity of alloy thin films

conductivity increases with thickness, we can safely say that
the reduction is not due to film dislocations. Intriguingly,
the thermal conductivities of the alloy thin films measured
in this Letter are among the lowest of any of the previous
measurements on SiGe-based thin-film systems. We note
that the only previous data that approach our lowest mea-
sured value are those in which the authors admit that the
measured samples have poor crystal quality (black filled
squares in Fig. 2) [2].

To quantify this effect, we turn to a model originally
proposed by Wang and Mingo [31], in which thermal
conductivity ! is given by

! ¼
Z @!c=kBT

0

k4BT
3

2"2v@3 #ðT; yÞy4 exp ðyÞ
½exp ðyÞ % 1&2 dy; (1)

where kB is Boltzmann’s constant, @ is Planck’s constant
divided by 2", T is temperature, and y ¼ @!=kBT
is a dimensionless parameter. The average velocity v is
calculated by v ¼ ½ð1% xÞv%2

Si þ xv%2
Ge&%1=2, where x is

the Ge concentration and vSi and vGe are the average
speeds of sound in Si and Ge, respectively, as calculated
by Wang and Mingo [31]. The scattering time for a given
frequency, #, is related to the individual processes via
Mattheissen’s rule # ¼ ð#%1

U þ #%1
a þ #%1

b Þ%1, where #U,

#a, and #b are the umklapp, alloy, and boundary scattering
times, respectively. These are given by

#U ¼ ½ð1% xÞ#%1
U;Si þ x#%1

U;Ge&%1; (2)

#a ¼ ½xð1% xÞA!4&%1; (3)

and
#b ¼ d=v; (4)

where
#%1
U;SiðGeÞ ¼ BSiðGeÞ!

2 exp ð%CSiðGeÞ=TÞ: (5)

The constants A, B, andC are taken from Ref. [31], and d is
the film thickness.
Our model is thus identical to that in Ref. [31] except

for the cutoff frequency, which we define as !c ¼ 2"v=a,
with a being the lattice constant of the Si1%xGex film
approximated by Vegard’s law: a ¼ ð1% xÞaSi þ xaGe,
where aSi and aGe are the lattice constants of silicon and
germanium, respectively. Equation (1) assumes a disper-
sionless, Debye system. This is acceptable for Si1%xGex
systems with nondilute alloying compositions, since the
dispersive phonons scatter strongly with the alloy atoms
due to their high frequencies. This assertion is substanti-
ated by the reasonable agreement found between this
model, our data, and previously reported measurements
on thin-film alloys in Refs. [2,7,23] as shown in Fig. 2.
To first assess the role of alloy composition, Fig. 3

shows the measured thermal conductivity versus Ge
concentration and the predictions of the thermal conduc-
tivity for bulk and thin-film Si1%xGex of three different
thicknesses at room temperature using Eq. (1). For
Si1%xGex with 0:2< x< 0:8, we found that the thermal
conductivity is almost flat and in agreement with our
experimental results. This lack of dependence on the Ge
concentration is much more pronounced in thin films than
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FIG. 2 (color online). Thermal conductivity measurements on
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Si1-xGex PCBM/P3HT

range from 0:185 6 0:011 to 0:213 6 0:013 W m!1 K!1. The
relatively small changes in conductivity with film thickness,
together with the non-monotonic trends, suggest that the
“thinness” of the films is not responsible for the low thermal
conductivities (boundary effects would scale with thickness).
This lack of size dependence is consistent with earlier obser-
vations of the thermal conductivities of CuPc (Ref. 17) and
PCBM (Ref. 49) thin films. Furthermore, this reaffirms our
treatment of the polymer films as semi-infinite in our thermal
model despite their relative thinness (the thermal penetration
depth at our modulation frequency is roughly 60 nm in the
P3HT films). The data are thus consistent with the picture
that thermal transport in polymeric films is dominated by a
random walk of vibrational energy.

In summary, we have reported on the thermal conductiv-
ities of PEDOT:PSS, PCBM, P3HT, and P3HT:PCBM blend
thin films as measured by time domain thermoreflectance.
From 319 to 396 K, the thermal conductivities of these films
are insensitive to changes in temperature. The thermal con-
ductivities of blend films follow a rule of mixtures, and ther-
mal annealing of these films leads to a variable increase in
thermal conductivity, which we attribute to changes in mor-
phology that result from the anneal. Finally, the thermal con-
ductivities of P3HT thin films exhibit no sign of size effects
down to film thicknesses of 77 nm. The data suggest that
localization may play a large part in the thermal transport
behaviors of these films.
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FIG. 3. Thermal conductivities of the P3HT:PCBM blend films as a function
of weight percent P3HT. Filled squares represent data taken on annealed
samples and hollow circles on unannealed samples. The dashed line is a lin-
ear interpolation between the conductivities of pure PCBM and P3HT thin
films fabricated in identical fashion. The data suggest that a rule of mixtures
applies, where thermal conductivity is a linear function of film composition.
The three measurements taken on annealed 45:55 blends have been
(horizontally) offset slightly for clarity.

FIG. 4. Thermal conductivities of P3HT (filled circles), CuPc (hollow squares,
Ref. 17) and PCBM (hollow diamonds, Ref. 49) films as a function of film
thickness. The data indicate that size effects are not responsible for the low
thermal conductivities. The inset is a plot of measurement sensitivity as a func-
tion of delay time, and shows that we are overwhelmingly sensitive to the ther-
mal conductivity of the films even in a “worst-case-scenario,” where the film is
50 nm thick, and interface conductances are low, i.e., 50 MW m!2 K!1.
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0 and 475 kV/cm (0 and 10 V) and plotted the thermal
conductivity as a function of time in Figure 2b. We observe a
nearly instantaneous decrease (less than 300 ms, limited by the
integration time of the lock-in amplifier) in the thermal
conductivity when the field is applied, which recovers when the
field is removed. This demonstrates that the thermal
conduction decrease is rapid and recoverable between the
poled (remanent) and applied-field states.
To demonstrate the mechanism for this result, we

characterized the domain structure before and after poling
with PFM and in operando during application of electric fields
with channeling contrast scanning electron microscopy (SEM).
The PFM measurements were performed with a conductive tip
and no top electrode. The channeling contrast measurements
utilized a 3 nm thick platinum electrode, which is thin enough
to enable sufficient transparency for electron imaging, but thick

enough to apply a field across the PZT film. Figure 3a,b shows a
PFM image of a representative region of a bilayer film prior-to
and after poling. Edge identification was used to measure the
domain wall length before and after application of the field.
Depending on the region measured, we observe −4.1 to +8.3%
changes in domain wall line length/unit area after poling of the
sample with an overall average increase of 2.6%. Figure 3c−f
shows channeling contrast SEM images in states of negatively
poled (negative remanent ferroelectric state), positive applied
field, positively poled (positive remanent ferroelectric state),
and negative applied field, respectively. Clear voltage-induced
domain structure changes are observed in each state. Edge
identification was used in regions where we could unambigu-
ously identify domains with the results for one grain shown in
Figure 3g−j. We find that the domain wall density increases
under the application of field compared to a zero field, poled
film state, as shown in Figure 3k. For Grain 3, which is
highlighted in Figure 3g−j, we observe increases of 9.9 and
10.2% in domain wall line length relative to the negatively
poled state under fields of −414 and 414 kV/cm, respectively.
The amount of domain boundary length change varied in the
other grains measured, but we routinely observe greater than a
2% increase in domain wall length while the sample is under
field. It is important to note that the 12 μm diameter of the
laser spot used for the TDTR measurements results in a
measurement volume that encompasses several adjacent grains,
ensuring that the average increase in domain wall length/unit
area is captured in each thermal measurement.
Combined, the PFM and SEM domain imaging data show

that the domain wall densities increase after and during the
application of a dc field. Increases in domain wall density in
polycrystalline PZT thin films30 and PZT bilayers,24,29,31 similar
to those studied here, have been observed previously between
unpoled and poled states via PFM. Here, we show that domain
wall density increases while under an applied field. This
increase is a consequence of several factors, including interplay
of ferroelectric switching and ferroelastic domains30 and strain
relief from the imposed mechanical boundary conditions that
exist at grain boundaries and clamping to a rigid silicon
substrate.32 These increases in domain wall density correlate
with decreases in thermal conductivity after poling into the
remanent ferroelectric states and while under an electric field.
The decreased thermal conductivity with increasing domain
wall density results from increased phonon scattering across
these interfaces. In addition to the increase in domain boundary
area resulting in increased phonon scattering interfaces, an
accompanying necessary decrease in domain wall spacing is
likely to result in phonons of shorter mean free path lengths
being scattered by domain walls, which may amplify this
thermal conductivity tuning effect. Furthermore, as a
consequence of the phonon scattering at domain boundaries
mechanism, it can be anticipated that this tuning effect can
occur at the time scale of ferroelastic switching, which has been
shown to occur in the nanosecond time frame.31,33 This
indicates that the response time can be significantly faster than
we have been able to measure using our experimental setup.
Finally, given the rich physics present in ferroelectrics, it is

important to differentiate the effects observed in this work from
electrocaloric effects. The application of a large electric field to
a ferroelectric thin film results in a change in entropy and a
concomitant change in temperature under adiabatic con-
ditions.34 The electrocaloric effect is a transient response that
would not be observable over the several minute time scales of

Figure 2. (a) dc electric field dependence of thermal conductivity in
the PbZr0.3Ti0.7O3 layer of the PZT bilayer film measured at room
temperature (red circles). Also shown are the zero-field thermal
conductivities of the initially unpoled material (black diamond) and
those of the remanent, poled, material after application of positive
(green triangle) and negative bias (blue square). (b) Real-time change
in thermal conductivity measured via TDTR at a pump−probe delay
time of 150 ps, showing the dynamic response of the thermal
conductivity tuning effect.
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orientation and phase assemblage was collected with a PANalytical
Empyrean instrument with Cu Kα radiation in a Bragg−Brentano
geometry.
The membrane stiffness measurements were performed via

nanoindentation using an Agilent Technologies DCM II instrument
and a method described elsewhere.37,38 A 50 μm radius spherical tip
was used to apply a point load, which in this case specifically refers to
the loading condition, in the center of the membrane. Calculation of
the contact radius between a sphere and flat elastic body reveals that
the contact radius grows to greater than 10 microns in less than 100
nm of displacement into the body, so the indenter is assumed to apply
an evenly distributed load to the outside edge of the etch hole, which
is approximated as a point load in the middle of the released
membrane. Several membranes were tested to obtain a baseline film
deflection in the unpoled state and examine the repeatability on
structures in the array. After confirmation of nearly identical
mechanical behavior between membranes in adjacent array lines,
voltage sweeps were performed up to 5 V in 2.5 V increments,
followed by 1 V increments up to 10 V on an untested membrane to
examine the effect of voltage on the stiffness of the membrane. The
stiffness of the membrane under an applied point load, P, assuming no
prestrain, is defined from Komaragiri et al. as39

ikjjjjj y{zzzzzP
w

Eh
a(0)

4
3(1 )2

3

2
π

ν
=

− (1)

where w(0) is the center span deflection, a is the membrane radius, ν
is the average Poisson’s ratio, E is the average Young’s modulus, and h
is the thickness of the entire membrane. Using literature values,40−43

we calculate an average Poisson’s ratio of 0.31 and an average Young’s
modulus of 94 GPa by taking a thickness-weighted average of the
properties of each layer of the membrane. Using the above equation,
we then calculate a stiffness of 470 N/m for the membrane.
Synchrotron X-ray diffraction experiments were performed at the

Advanced Photon Source at Argonne National Laboratory, beamline
6ID-B. An X-ray beam on a sample footprint size of 5 μm width and
23 μm length and an energy of 16.2 keV were used to enable local
probing of the released diaphragm structures. The intensity of the 002
and 200 diffraction peaks was recorded as a function of applied dc
field using a Keithley 2410, and the PZT film was monitored using an
Agilent 4284 LCR meter. Data were obtained by aligning to the
maximum intensity of the PZT 002 and 200 positions and measuring
intensity, while the dc bias was varied by 0.25 V steps within a −10 to
10 V range. The diffraction intensity was recorded at each step. For all
locations, PZT c- and a-domain intensities were normalized to the
beam current and platinum 111 reflection reference to account for
changes in beam intensity over measurement time.

3. RESULTS AND DISCUSSION
Figure 1a,b shows plan-view and cross-sectional scanning
electron micrographs, respectively, of the PZT thin film. A
dense, columnar grain morphology is evident with lateral grain
sizes on the order of 100 nm and a film thickness of
approximately 600 nm. The as-prepared membrane structure is
shown in the plan-view electron microscopy image in Figure
1c. A row of the milled hole array lies outside of the platinum
top electrode. In this region, the size of the membrane
structure is evident by the slight deflection of the film surface
owing to strain relief. The width of the deflected area, and
therefore the diameter of the membranes, is approximately 84
μm. Figure 1d shows an X-ray diffraction pattern of the film.
Only peaks associated with the PZT film and materials in the
substrate stack are observed, indicating phase purity. The
greater intensity of the 100 peak compared to that of 101/110
and 111 peaks indicates that the PbTiO3 seed layer aided in
enhancing the (100)/(001) crystallographic orientation.
Figure 2a shows the measured thermal conductivity of the

suspended PZT membrane (closed data points) under applied
electric fields. Several separate sweeps, where the magnitude of
the applied dc field was varied, are presented in the order of
the sequence in which they were conducted. Starting with the
general trends between the measurement sequences, it is
observed that the thermal conductivity remains unchanged for
electric fields 0 ≤ E < 100 kV/cm with values of ∼1.42 W/m
K, increases abruptly at around 100 kV/cm, and maintains a
higher value of thermal conductivity of ∼1.61 W/m K for fields
≥100 kV/cm. At the onset of the thermal conductivity change
(100 kV/cm), this previously unpoled structure exhibited
noticeable instability over the time scale of the TDTR scans
(three scans, 2−3 min each), indicating that a dynamic process
was taking place within the device. The large error bars for the
100 kV/cm data point are indicative of this instability. The
change in thermal conductivity between the low-field (<100
kV/cm) and high-field (>100 kV/cm) conditions is an
approximate 13% increase. Following the first exposure to
high fields (released measurement #1), the bias was removed
and the thermal conductivity returned to a value of 1.45 ± 0.01
W/m K, which is similar to, but slightly higher than, the
previously unpoled value of 1.42 ± 0.03 W/m K, suggesting a
reversibility of the thermal conduction properties. The
reversibility is likely due to the restoring forces associated

Figure 2. (a) Room-temperature thermal conductivity of PZT in the membrane device (closed symbols) and in the clamped region (open
symbols) as a function of applied dc field. (b) Room-temperature thermal conductivity of PZT in the membrane device as a function of time as a dc
voltage is modulated across the structure.
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processes.24,25 However, there exist several experimental
results that cannot be predicted by theoretical models that
are solely based on phonon mediated transport such as the
well known diffuse mismatch model and the acoustic mis-
match model.24,26,27 These works allude to the fact that the
discrepancies in the theoretical models and the experimental
results arise due to the exclusion of physics that account for
metal electron to non-metal phonon interactions within the
models. This led to more robust theoretical models from
Huberman and Overhauser28 and Sergeev29,30 that proposed
a different channel of energy transport across metal/dielec-
tric interfaces.

Lyeo and Cahill31 have shown that electron-interface
scattering for Pb and Bi films on a diamond substrate does
not enhance the thermal boundary conductance. Their results
showed that the TBC is mainly driven by phonon scattering
processes, as Pb and Bi, which have similar Debye tempera-
tures yet different electron densities around their respective
Fermi surfaces, have comparable TBCs across the metal/
substrate interface. Their findings have been supported by
various phonon-phonon scattering theories.32–34 In addition,
recently, Singh et al.35 have shown that at non-cryogenic
temperatures, metal-electrons exhibit an adiabatic boundary
condition when scattering at metal/insulator interfaces.
Indeed, the thermal boundary conductance across metal/
substrate interfaces is primarily driven by phonons in the re-
gime of moderate non-equilibrium conditions between elec-
trons and phonons. This is in line with the hypothesis by
Majumdar and Reddy36 in which the electrons must first cou-
ple with the surrounding phonons in the metal film before
phonons can carry heat across the interface.

Understanding the interfacial scattering mechanisms
under conditions of strong non-equilibrium between elec-
trons and phonons, however, has received far less attention.

For example, we have previously shown that in thin gold
films on rough Si substrates, the influence of interfacial
roughness on e-p relaxation is only quantifiable at high effec-
tive electron temperatures.17 Along these lines, we have
shown both experimentally37,38 and theoretically39 that dur-
ing conditions of both e-e and e-p nonequilibrium, the elec-
tron cooling dynamics after short pulsed excitation can in
fact be influenced by the metal/substrate interface. Clearly,
based on our previous works, under conditions of strong
e-p nonequilibrium, electron energy exchange at or across a
metal/non-metal interface can affect e-p equilibration and
TBC. However, the phase space of this energy transport
pathway, which exists only under strong nonequilibrium
conditions, is relatively unchartered compared to its phonon-
phonon counterpart.40 Additionally, systematic studies to
determine how interfacial properties of different, well char-
acterized metal/substrate combinations can affect energy
flow from a nonequilibrium electron gas are necessary to for-
tify our understanding of e-p dynamics in warm-dense elec-
tron systems.

In light of the discussions in the previous paragraphs,
we measure the effective e-p coupling factor, Geff, in Au
films on various non-metal substrates with and without a
very thin (!3 nm) Ti adhesion layer across a wide range of
electron temperatures(Te! 400–2000 K). The thin Ti adhe-
sion layer is deposited to not only enhance the bonding
between the metal film and the dielectric substrate but also
to provide a strong channel for electron-phonon energy
exchange near the interface relative to the weak electron-
phonon coupling characteristic of Au. The inclusion of the
Ti adhesion layer is shown to significantly increase the meas-
ured Geff of the Au/Ti films compared to a system without
the adhesion layer. By repeating our measurements for three
different non-metallic substrates with different thermal con-
ductivities and phonon properties, we relate the electron-
interface scattering to thermal boundary conductance and
phonon properties of the substrate. We also show an increase
in the Geff values due to an increase in temperature, which is
in contrast to the conventional e-p energy exchange theory
based on free electrons6 where the e-p coupling factor is in-
dependent of temperatures greater than the Debye tempera-
ture of the metal. We attribute this temperature dependence
and increase in Geff to the increase in the number of elec-
tronic states around the Fermi level that couple their energy
to the lattice vibrations. Finally, we measure the TBC across
metal/substrate interfaces with and without the Ti adhesion
layer and show that at time scales when the electrons have
fully thermalized with the phonons, the electron-interface
conductance does not influence heat transport.

II. EXPERIMENTAL DETAILS

A. Sample preparation and characterization

Nominally 20 nm of gold films with and without a tita-
nium adhesion layer were evaporated onto crystalline silicon,
crystalline sapphire, and fused silica using electron-beam
evaporation. Thickness of the heterostructures was measured
via the X-ray reflectivity (XRR) technique, which was per-
formed using a Scintag PAD X diffractometer equipped with

FIG. 1. Thermoreflectance signal for a 20 nm Au/Si sample plotted as a
function of delay time between the pump and probe pulses. The data show
three distinct time regimes; the initial 10 ps during and after laser pulse
absorption that is characterized by electronic thermalization in the Au film,
followed by the picosecond acoustics regime that is marked by the periodic
oscillatory signal caused by longitudinal displacement of, or a strain wave
propagation in the film and the final time scale where the signal decays due
to heat transport across the film substrate interface and thermal effusion into
the substrate. In this plot, 2 ps is arbitrarily chosen as the maximum signal.
We note that for this particular data set, the cross correlation of the pump
and probe pulses is !700 fs.

105105-2 Giri et al. J. Appl. Phys. 117, 105105 (2015)
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crystalline phases. Thus, actively, rapidly and reversibly modulating 
degree of order in a soft material could in principle lead to these 
large changes in thermal conduction using these same concepts.

Squid ring teeth proteins
We have identified a class of tandem-repeat (TR) protein that enables 
rapid and reversible changes in the dynamics of the protein chains 
via hydration. Our protein design is based on TR synthetic poly-
peptides inspired by natural cephalopod proteins. Squid proteins 
have inspired the development of diverse technologies including 
camouflage coatings14, self-healing materials15, soft actuators16 and 
renewable bioplastics17. In particular, SRT proteins are high-strength 
biopolymers that are stabilized by a hydrogen-bonding network, and 
can be extracted from the suction cups of squids, or can be syntheti-
cally produced via recombinant expression in bacteria18. We created 
a DNA assembly strategy that enables production of biomimetic 
SRT genes with variable length from a repetitive building block in 
a single cloning step, by using modified rolling-circle amplifica-
tion, a known molecular biology technique19. We thus developed a 
library of TR sequences with a precisely controlled size distribution  
(TR-n4, TR-n7, TR-n11 and TR-n25, where n denotes the building 
block repeat number). Our SRT-inspired building block is based on 
the PAAASVSTVHHP crystal-forming polypeptide sequence and 
the YGYGGLYGGLYGGLGY amorphous polypeptide sequence, pro-
ducing a self-assembled hydrogen-bonded network with crystalline 
physical crosslinks and amorphous disordered segments (Fig. 1b).

Thermal conductivity of SRT proteins
As these proteinaceous materials can simply be solvent-cast 
to planar geometries, transient thermoreflectance techniques 
are ideal for measurement of the protein’s thermal proper-
ties. Hence, we used time-domain thermoreflectance (TDTR) 
to measure the thermal conductivity of these protein films. 
The sample geometry from our TDTR measurements of these 
TR samples is shown in Fig. 1a (see Supplementary Fig. 1 for 
photographic images of the experimental set-up), with a two-
dimensional cartoon view of the protein’s structure, as deter-
mined by X-ray diffraction and Fourier-transform infrared 
spectroscopy (FTIR) studies described in previous work19 (Fig. 
1b; see Supplementary Figs. 8 and 9 for FTIR data). The mea-
sured thermal conductivity of the TR films is plotted in Fig. 1c.  
As expected, under ambient conditions (< 35% relative humid-
ity; see Supplementary Information for details), the thermal 
conductivity of these proteinaceous films does not depend on 
repeat units or molecular weight and demonstrates similar ther-
mal conductivities to disordered polymers and water-insoluble 
proteins20–23. The physics of the vibrational thermal conductiv-
ity of disordered soft materials, such as polymers or TR films, 
under ambient conditions has been studied for quite some time 
and is well understood to be driven by a random walk of vibra-
tional energy interacting at length scales on the order of the 
interatomic spacings, akin to Einstein’s original picture of vibra-
tional heat transport and the so-called minimum limit to thermal 
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 conductivity24,25. In terms of the TR films in this ambient state, 
this finding suggests that the thermal  conductivity is limited by 
the amorphous regions, and any potential benefit of higher ther-
mal conductivity in the nanocrystalline β -sheet ordered regions 
is lost from scattering in the amorphous domains. When these TR 
films are hydrated, the thermal conductivity not only increases 
compared to the ambient state, but a nearly linear dependency on 
1/n also emerges, as shown in Fig. 1c and Supplementary Fig. 5. 
In the TR sample with the highest number of repeat units n (or 
low 1/n), we observe a nearly factor of 4 increase in thermal con-
ductivity. The increase in thermal conductivity suggests that the 
amorphous chain conformation and overall network morphol-
ogy, which are dependent on tandem repetition12,26, impact the 
overall thermal conductivity.

The role of the amorphous domains in thermal conductivity is 
elucidated via measurements of the shear modulus G, using oscil-
latory rheology and dynamic mechanical analysis. As shown in 
Fig. 2a, the modulus of polypeptides under ambient conditions 
is constant at an average G =  241 ±  13 MPa, which agrees with 
previous reports18,19,27 on the mechanical properties of SRT. This 
ambient modulus is independent of tandem repetition n, suggest-
ing that the amorphous chains are heavily constrained by hydro-
gen bonding and weak interactions, and the chains are in a glassy 
state. On the other hand, hydrated TR proteins exhibit a modulus 
G ranging from 1.5 to 4 MPa with a linear dependence on recipro-
cal repeat units 1/n.

In proteinaceous materials, the modulus is directly related to the 
network morphology. This network is composed of β -sheets, which 
act as physical crosslinks, and amorphous segments, which are the 
network strands. The effective strand density (or tie-chain density) 
εeff was calculated from structural characterization, mechanical 
analysis and entropic elasticity theory28–30. Based on entropic elastic-
ity theory31, the tie-chain density is given by εeff =  1 −   (βc/n), where 
βc is the β -sheet crystallite size (~4 β -strands for TR proteins), and n 
is the number of repeats in the polypeptide chain (n ≈   Mw/3.46 kDa 
for the TR proteins, where Mw is the molecular weight of the pro-
teins). The tie-chain density varies between zero (highly defective, 
βc =  n) and unity (perfect network, n →  ∞ ). The dependence on n 
indicates an increase in tie-chain density with tandem repetition 
and a decrease in defective chain conformations such as loops and 
dangling ends. Given the thermal conductivity of materials is gener-
ally related to their stiffness, where stiffer materials generally exhibit 
higher thermal conductivities than softer materials, the increase 
in thermal conductivity with tie-chain density is consistent with 
κ ~ ϵeff  in hydrated polypeptides, as shown in Fig. 2b.

Quasi-elastic neutron scattering
However, a seemingly puzzling aspect of this aforementioned con-
clusion regarding the dependence of ∆ κ on 1/n and modulus is that 
the magnitude of the modulus of the TR samples decreases when 
hydrated as compared to its state under ambient conditions, which 
is not consistent with the observed increase in κ when hydrated. Our 
aforementioned posit was that the increase in κ with hydration was 
due to an increased contribution of the chain transport dynamics 
to the overall thermal conductivity. To investigate these vibrational 
dynamics, we turned to elastic and quasi-elastic neutron scattering 
(QENS). QENS can measure molecular dynamic processes such as 
rotations, relaxations and diffusive motions with 1–30 Å and pico- 
to nanosecond resolution by directly probing the self-diffusion of 
hydrogen atoms32. The hydrated chain dynamics were measured 
using deuterated water (D2O), as deuterium has a negligible neutron 
scattering cross-section and therefore it does not contribute to the 
signal. The mean square displacement (MSD) of hydrogen atoms 
in the protein (shown in Fig. 3a) was calculated from the scattering 
intensity in fixed window elastic scans, as a function of tempera-
ture, using the Debye–Waller factor (which is a standard Gaussian 
approximation method)33.

TR polypeptides under ambient conditions show very localized 
motions at T >  70 K, which is common for proteins and typically 
originates from methyl group rotations34, and exhibit a glass transi-
tion around 450 K. Therefore, neutron spectroscopy does not show 
any segmental or backbone motion at room temperature (300 K). 
Thus, the disordered chains are constrained in a dense hydrogen-
bonding network with minimal vibrational freedom. Conversely, in 
the hydrated state, the MSD of the hydrogen atoms increases and 
we observe much larger vibrational amplitudes, as well as a decrease 
in the glass transition temperature (250 K)35. In this case, the water 
molecules break the hydrogen bonding between the disordered 
chains, allowing for more delocalization of the hydrogen motion. 
Protein chain dynamics were further investigated by quasi-elastic 
measurements. Figure 3b shows the full-width at half-maximum, 
Γ(Q), of the quasi-elastic peaks of ambient and D2O-hydrated TR-n4 
and TR-n11 proteins, plotted as function of Q2. Under ambient con-
ditions (< 1% relative humidity during our QENS measurements), 
TR proteins show a Q-independent behaviour (15 µ eV) charac-
teristic of localized motions (that is, methyl group rotations34).  
On the other hand, D2O-hydrated TR proteins show a Q-independent 
plateau at low Q values (0.15 meV), while a linear scaling with Q2 
is observed at higher Q. This two-regime Q dependence is char-
acteristic of diffusion in a confined space and can be described by 
the Volino and Dianoux (VD) model for bounded diffusion in a 
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crystalline phases. Thus, actively, rapidly and reversibly modulating 
degree of order in a soft material could in principle lead to these 
large changes in thermal conduction using these same concepts.

Squid ring teeth proteins
We have identified a class of tandem-repeat (TR) protein that enables 
rapid and reversible changes in the dynamics of the protein chains 
via hydration. Our protein design is based on TR synthetic poly-
peptides inspired by natural cephalopod proteins. Squid proteins 
have inspired the development of diverse technologies including 
camouflage coatings14, self-healing materials15, soft actuators16 and 
renewable bioplastics17. In particular, SRT proteins are high-strength 
biopolymers that are stabilized by a hydrogen-bonding network, and 
can be extracted from the suction cups of squids, or can be syntheti-
cally produced via recombinant expression in bacteria18. We created 
a DNA assembly strategy that enables production of biomimetic 
SRT genes with variable length from a repetitive building block in 
a single cloning step, by using modified rolling-circle amplifica-
tion, a known molecular biology technique19. We thus developed a 
library of TR sequences with a precisely controlled size distribution  
(TR-n4, TR-n7, TR-n11 and TR-n25, where n denotes the building 
block repeat number). Our SRT-inspired building block is based on 
the PAAASVSTVHHP crystal-forming polypeptide sequence and 
the YGYGGLYGGLYGGLGY amorphous polypeptide sequence, pro-
ducing a self-assembled hydrogen-bonded network with crystalline 
physical crosslinks and amorphous disordered segments (Fig. 1b).

Thermal conductivity of SRT proteins
As these proteinaceous materials can simply be solvent-cast 
to planar geometries, transient thermoreflectance techniques 
are ideal for measurement of the protein’s thermal proper-
ties. Hence, we used time-domain thermoreflectance (TDTR) 
to measure the thermal conductivity of these protein films. 
The sample geometry from our TDTR measurements of these 
TR samples is shown in Fig. 1a (see Supplementary Fig. 1 for 
photographic images of the experimental set-up), with a two-
dimensional cartoon view of the protein’s structure, as deter-
mined by X-ray diffraction and Fourier-transform infrared 
spectroscopy (FTIR) studies described in previous work19 (Fig. 
1b; see Supplementary Figs. 8 and 9 for FTIR data). The mea-
sured thermal conductivity of the TR films is plotted in Fig. 1c.  
As expected, under ambient conditions (< 35% relative humid-
ity; see Supplementary Information for details), the thermal 
conductivity of these proteinaceous films does not depend on 
repeat units or molecular weight and demonstrates similar ther-
mal conductivities to disordered polymers and water-insoluble 
proteins20–23. The physics of the vibrational thermal conductiv-
ity of disordered soft materials, such as polymers or TR films, 
under ambient conditions has been studied for quite some time 
and is well understood to be driven by a random walk of vibra-
tional energy interacting at length scales on the order of the 
interatomic spacings, akin to Einstein’s original picture of vibra-
tional heat transport and the so-called minimum limit to thermal 
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Fig. 1 | Structure and thermal conductivity of TR protein-based materials. a, Schematic of the TDTR measurements: the pump and probe beams pass 
through the transparent glass substrate and interact with an 80!nm Al transducer, and thermal diffusion from the Al film into the overlying TR film allows 
for thermal conductivity measurements of the proteinaceous material. Blue and yellow lines are indicative of the β -sheets and amorphous tie-chains 
that compose the film. b, Two-dimensional cartoon view of TR proteins, composed of crystalline (blue) and amorphous (yellow) strands. c, Measured 
thermal conductivity as a function of reciprocal repeat units for the four TR protein films. Under ambient conditions (open red squares) there is no material 
dependence. On hydration (filled blue circles), a linear increase with increasing n is seen. Error bars are calculated from the uncertainty analysis outlined in 
Supplementary Figs. 3 and 4 and represent 1!s.d.
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crystalline phases. Thus, actively, rapidly and reversibly modulating 
degree of order in a soft material could in principle lead to these 
large changes in thermal conduction using these same concepts.

Squid ring teeth proteins
We have identified a class of tandem-repeat (TR) protein that enables 
rapid and reversible changes in the dynamics of the protein chains 
via hydration. Our protein design is based on TR synthetic poly-
peptides inspired by natural cephalopod proteins. Squid proteins 
have inspired the development of diverse technologies including 
camouflage coatings14, self-healing materials15, soft actuators16 and 
renewable bioplastics17. In particular, SRT proteins are high-strength 
biopolymers that are stabilized by a hydrogen-bonding network, and 
can be extracted from the suction cups of squids, or can be syntheti-
cally produced via recombinant expression in bacteria18. We created 
a DNA assembly strategy that enables production of biomimetic 
SRT genes with variable length from a repetitive building block in 
a single cloning step, by using modified rolling-circle amplifica-
tion, a known molecular biology technique19. We thus developed a 
library of TR sequences with a precisely controlled size distribution  
(TR-n4, TR-n7, TR-n11 and TR-n25, where n denotes the building 
block repeat number). Our SRT-inspired building block is based on 
the PAAASVSTVHHP crystal-forming polypeptide sequence and 
the YGYGGLYGGLYGGLGY amorphous polypeptide sequence, pro-
ducing a self-assembled hydrogen-bonded network with crystalline 
physical crosslinks and amorphous disordered segments (Fig. 1b).

Thermal conductivity of SRT proteins
As these proteinaceous materials can simply be solvent-cast 
to planar geometries, transient thermoreflectance techniques 
are ideal for measurement of the protein’s thermal proper-
ties. Hence, we used time-domain thermoreflectance (TDTR) 
to measure the thermal conductivity of these protein films. 
The sample geometry from our TDTR measurements of these 
TR samples is shown in Fig. 1a (see Supplementary Fig. 1 for 
photographic images of the experimental set-up), with a two-
dimensional cartoon view of the protein’s structure, as deter-
mined by X-ray diffraction and Fourier-transform infrared 
spectroscopy (FTIR) studies described in previous work19 (Fig. 
1b; see Supplementary Figs. 8 and 9 for FTIR data). The mea-
sured thermal conductivity of the TR films is plotted in Fig. 1c.  
As expected, under ambient conditions (< 35% relative humid-
ity; see Supplementary Information for details), the thermal 
conductivity of these proteinaceous films does not depend on 
repeat units or molecular weight and demonstrates similar ther-
mal conductivities to disordered polymers and water-insoluble 
proteins20–23. The physics of the vibrational thermal conductiv-
ity of disordered soft materials, such as polymers or TR films, 
under ambient conditions has been studied for quite some time 
and is well understood to be driven by a random walk of vibra-
tional energy interacting at length scales on the order of the 
interatomic spacings, akin to Einstein’s original picture of vibra-
tional heat transport and the so-called minimum limit to thermal 
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Fig. 1 | Structure and thermal conductivity of TR protein-based materials. a, Schematic of the TDTR measurements: the pump and probe beams pass 
through the transparent glass substrate and interact with an 80!nm Al transducer, and thermal diffusion from the Al film into the overlying TR film allows 
for thermal conductivity measurements of the proteinaceous material. Blue and yellow lines are indicative of the β -sheets and amorphous tie-chains 
that compose the film. b, Two-dimensional cartoon view of TR proteins, composed of crystalline (blue) and amorphous (yellow) strands. c, Measured 
thermal conductivity as a function of reciprocal repeat units for the four TR protein films. Under ambient conditions (open red squares) there is no material 
dependence. On hydration (filled blue circles), a linear increase with increasing n is seen. Error bars are calculated from the uncertainty analysis outlined in 
Supplementary Figs. 3 and 4 and represent 1!s.d.
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crystalline phases. Thus, actively, rapidly and reversibly modulating 
degree of order in a soft material could in principle lead to these 
large changes in thermal conduction using these same concepts.

Squid ring teeth proteins
We have identified a class of tandem-repeat (TR) protein that enables 
rapid and reversible changes in the dynamics of the protein chains 
via hydration. Our protein design is based on TR synthetic poly-
peptides inspired by natural cephalopod proteins. Squid proteins 
have inspired the development of diverse technologies including 
camouflage coatings14, self-healing materials15, soft actuators16 and 
renewable bioplastics17. In particular, SRT proteins are high-strength 
biopolymers that are stabilized by a hydrogen-bonding network, and 
can be extracted from the suction cups of squids, or can be syntheti-
cally produced via recombinant expression in bacteria18. We created 
a DNA assembly strategy that enables production of biomimetic 
SRT genes with variable length from a repetitive building block in 
a single cloning step, by using modified rolling-circle amplifica-
tion, a known molecular biology technique19. We thus developed a 
library of TR sequences with a precisely controlled size distribution  
(TR-n4, TR-n7, TR-n11 and TR-n25, where n denotes the building 
block repeat number). Our SRT-inspired building block is based on 
the PAAASVSTVHHP crystal-forming polypeptide sequence and 
the YGYGGLYGGLYGGLGY amorphous polypeptide sequence, pro-
ducing a self-assembled hydrogen-bonded network with crystalline 
physical crosslinks and amorphous disordered segments (Fig. 1b).

Thermal conductivity of SRT proteins
As these proteinaceous materials can simply be solvent-cast 
to planar geometries, transient thermoreflectance techniques 
are ideal for measurement of the protein’s thermal proper-
ties. Hence, we used time-domain thermoreflectance (TDTR) 
to measure the thermal conductivity of these protein films. 
The sample geometry from our TDTR measurements of these 
TR samples is shown in Fig. 1a (see Supplementary Fig. 1 for 
photographic images of the experimental set-up), with a two-
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The ability to actively manipulate the vibrational energy 
exchange and thermal conductivity of materials would enable 
novel directions of research in a wide range of nanoscale sci-

ence and technology fields. For example, a new class of thermally 
driven devices (such as thermal rectifiers, logic gates and transis-
tors) could be realized with the ability to actively modulate the 
thermal conductivity1. Though the efficiency of these devices would 
not rival their electrical analogues, these devices could, in princi-
ple, be powered ‘for free’ if the source of the ‘power’ is from wasted 
heat. Similarly, the ability to actively modulate the temperature of 
a device has been shown to create massive gains in thermoelectric 
efficiency, which would enable a new and resurgent direction to the 
decades-old thermoelectric problem2,3. Modulation of temperature 
gradients in materials could also lead to advances in all-solid-state 
electrocaloric or magnetic refrigeration1,4,5.

Numerous examples of variable, yet reversible, thermal con-
ductivities in materials have been realized, albeit with only small 
modulations in their phonon or vibrational thermal conductivities. 
Prominent examples of such vibrational thermal switches include 
liquid crystal networks that can be oriented with an external mag-
netic field (thus increasing their thermal conductivity from ∼ 0.20 
to ∼ 0.35 W m−1 K−1; ref. 6), reversible delithiation of LiCoO2 cathode 
materials under electrochemical tuning (leading to reductions in the 
thermal conductivity from 5.4 to 3.7 W m−1 K−1; ref. 7), and an 11% 
increase in thermal conductivity in lead zirconate titanate thin films 
through manipulation of their nanoscale ferroelastic domains when 
subjected to external electric fields8. In these aforementioned stud-
ies of thermal conductivity switches, the underlying mechanisms 

driving the switching phenomena have been based on manipulating 
the thermal carrier populations or scattering rates. This approach of 
actively manipulating the lattice or vibrational thermal conductivity 
κ will be inherently limited to relatively small ∆ κ, because, under 
typical conditions (that is, not extreme pressures or temperatures), 
the scattering of only a relatively small window of the vibrational 
spectrum will be impacted. Here, we seek to not only enhance the 
ability to modulate thermal conductivity to enable on/off ratios 
much larger than the current state of the art, but also extend this 
dynamic control of thermal transport to biological, soft materials. 
We achieve this by moving beyond traditionally used approaches of 
actively impacting the vibrational scattering rates, and instead we 
utilize the unique nanocrystalline structures of networked proteins 
inspired from squid ring teeth (SRT), a unique structural protein, 
and actively manipulate the displacement amplitude of the vibra-
tions in these crosslinked networks.

Indeed, precedent for actively tuning the thermal conductivity in 
soft materials is established in the orders of magnitude changes in 
thermal conductivity that have been predicted in polymeric systems 
based on strain, chain alignment and crystallinity. For example, 
record tunability, with a factor of 12 change in thermal conductiv-
ity, has been calculated for polyethylene by combining the effects of 
strain and phase changes9. Experimentally, the recent discovery of 
high thermal conductivity in ordered or aligned polymers departs 
significantly from our conventional wisdom about relatively low 
thermal conductivities in polymeric systems10–13. This suggests the 
possibility for a large span in the variability of thermal conductivity 
when the system is altered from disordered to ordered, aligned or 
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The dynamic control of thermal transport properties in solids must contend with the fact that phonons are inherently broad-
band. Thus, efforts to create reversible thermal conductivity switches have resulted in only modest on/off ratios, since only 
a relatively narrow portion of the phononic spectrum is impacted. Here, we report on the ability to modulate the thermal 
conductivity of topologically networked materials by nearly a factor of four following hydration, through manipulation of 
the displacement amplitude of atomic vibrations. By varying the network topology, or crosslinked structure, of squid ring 
teeth-based bio-polymers through tandem-repetition of DNA sequences, we show that this thermal switching ratio can 
be directly programmed. This on/off ratio in thermal conductivity switching is over a factor of three larger than the cur-
rent state-of-the-art thermal switch, offering the possibility of engineering thermally conductive biological materials with 
dynamic responsivity to heat.
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