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High thermal conductivity of chain-oriented
amorphous polythiophene
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Sally A. McMenamin?, Wei Lv', Daniel P. Resler>, Todd R. Gattuso®, David H. Altman?,
Kenneth H. Sandhage?, Li Shi?, Asegun Henry'? and Baratunde A. Cola3*

Polymers are usually considered thermal insulators, because the amorphous arrangement of the molecular chains reduces
the mean free path of heat-conducting phonons. The most common method to increase thermal conductivity is to
draw polymeric fibres, which increases chain alighment and crystallinity, but creates a material that currently has
limited thermal applications. Here we show that pure polythiophene nanofibres can have a thermal conductivity up to
~4.4 Wm™ K™ (more than 20 times higher than the bulk polymer value) while remaining amorphous. This enhancement
results from significant molecular chain orientation along the fibre axis that is obtained during electropolymerization using
nanoscale templates. Thermal conductivity data suggest that, unlike in drawn crystalline fibres, in our fibres the dominant
phonon-scattering process at room temperature is still related to structural disorder. Using vertically aligned arrays of
nanofibres, we demonstrate effective heat transfer at critical contacts in electronic devices operating under high-power

conditions at 200 °C over numerous cycles.

because of their low thermal conductivities, on the order

of 02 W m ™' K™! at room temperature. We find no reports
of this value being enhanced beyond a factor of 2
(~04 W m™ ' K™!) without the aid of crystalline domains in the
polymer!. The low thermal conductivity of these materials is
caused by the random orientation of the molecular chains in
amorphous regions'?, which reduces the mean free path of heat-
conducting phonons. Although light weight, low cost, corrosion
resistance and manufacturability are attractive characteristics of
polymers, such materials are currently used for thermal applications
only in the form of composites that contain thermally
conductive fillers?.

It is well understood that increasing the crystallinity and aligning
the crystallites of a polymer (Fig. 1a) leads to increased thermal con-
ductivity!. Recent reports demonstrate that metal-like thermal con-
ductivity (>100 W m~ 'K~ can be achieved in ultra-drawn highly
crystalline polyethylene®. It has also been found that some high-
modulus commercial fibres have a thermal conductivity of more
than 10 W m ™' K™, and the thermal conductivity versus tempera-
ture decays as 1/T at room temperature?, consistent with the anhar-
monic phonon-phonon scattering that is dominant in highly
crystalline materials. The experimental demonstrations of polymers
with high thermal conductivity complement the findings of a
number of simulations suggesting that the thermal conductivities
of individual chains of certain polymers can be extremely high!~.
Such high thermal conductivity has thus far only been achieved in
individual fibres, which are unsuitable for practical applications
due to processing limitations?.

Increasing the degree of crystallinity in polymers typically results
in a proportional increase in both the elastic modulus®® and

Bulk polymers are commonly considered thermal insulators

the thermal conductivity”’, although some recent work has
shown that these relationships are not universal for polymers®.
Previous studies to enhance the thermal conductivity of polymers
have focused on semicrystalline polymers such as drawn polyethy-
lene that degrade at temperatures as low as 125°C (ref. 11).
Chain orientation within the amorphous regions of polymers
(Fig. 1b) is also understood to increase thermal conductivity!?,
although it is unclear whether significant chain alignment can
be achieved without creating some crystalline domains. The
increase in thermal conductivity through chain orientation in
non-crystalline regions can only be studied properly through exam-
ination of a purely amorphous structure, which has not been
demonstrated previously.

Here we show that polythiophene nanofibres can achieve thermal
conductivity more than 20 times greater than the bulk polymer
through chain alignment in a purely amorphous material via tem-
plate-assisted electropolymerization. Figure 1 depicts the difference
in morphology between chain alignment in semicrystalline (pre-
vious studies'*”) versus purely amorphous (this work) polymers.
We show that the thermal performance of vertically aligned arrays
of the polythiophene nanofibre over device-size areas is stable at
200 °C, which makes this material well-suited for use in high-temp-
erature applications such as in power electronics in electric vehicles,
waste heat recovery, and heat exchangers.

Fabrication and structure of polythiophene nanofibres

To fabricate polythiophene nanofibres with oriented chains, we
electropolymerized vertically aligned arrays of polythiophene nano-
fibres (Fig. 1c) inside the aligned nanopore channels of anodic
alumina templates. We measured the thermal conductivity of iso-
lated solid fibres to study transport physics and of tubes in arrays
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Aligned semicrystalline polymer

Chain-oriented amorphous polymer

Figure 1 | Microstructure of polythiophene nanofibres. a, Chain orientation morphology in drawn semicrystalline polymer. The folded chains are crystallites
or crystalline domains surrounded by amorphous regions. b, Chain orientation morphology in amorphous polymer: chain orientation without folded crystalline
domains. The direction of heat transfer is horizontal in a and b. ¢, Scanning electron microscopy image of vertical polythiophene nanofibre arrays on a metal
substrate. The arrays contained either solid fibres or mostly tubes depending primarily on pore diameter. Template pore channels of varying diameter (200,
100, 55 and 18 nm) control the fibre diameter, although template irregularities caused fluctuations about these nominal diameters (for example, the ranges of
polythiophene nanofibre diameters from 200 nm and 100 nm templates were 145-300 nm and 70-120 nm, respectively). The smaller-diameter fibres (18
and 55 nm templates) did not remain vertically aligned after removing the template due to their reduced stiffness, making them more difficult to apply as
heat transfer materials. d, TEM image of a polythiophene nanofibre from a 200 nm template. Inset: Selected-area electron diffraction analysis consistent with
amorphous material. e, High-resolution TEM image of a polythiophene nanotube wall, showing amorphous material.

for large-area application as interface materials. An established pro-
cedure!>!* was modified to attach the templates to metal substrates
with areas as large as 12 cm® (Supplementary Fig. 2). The lengths of
the nanofibres were controlled by the total charge passing through
the electrochemical cell during polymerization (Supplementary
Figs 3, 4) and varied from several micrometres up to tens of micro-
metres (Supplementary Table 1). Transmission electron microscopy
(TEM) of polythiophene nanofibres from 200 nm templates
revealed tubular structures with wall thicknesses ranging from 40
to 80 nm (Fig. 1d). (A few of the ~200-nm-diameter polythiophene
nanofibres were solid fibres, and these were used for thermal con-
ductivity measurements on single fibres in this diameter range.)
The polythiophene nanofibres of smaller diameter were solid
fibres (Supplementary Table 2). Such tube formation was consistent
with the signature of two-dimensional growth observed in chron-
oamperograms (Supplementary Fig. 3) and the tendency of
polymer chains to preferentially nucleate on pore walls, as mediated
by the solvophobic effect!®. The high surface energy of alumina may
also facilitate interaction between the polymer chains and the pore
walls, and promote chain expansion along the growth axis'® and
possibly prevent chains from folding into crystallites. Preferential
chain orientation generally results from significant crystallinity in
polymers (Fig. 1a)”*!”. However, the polythiophene nanofibres of
the present work, with diameters ranging from 18 to 300 nm,
were found to be amorphous when analysed using electron diffrac-
tion (inset of Fig. 1d and Supplementary Fig. 5) and high-resolution
TEM (Fig. le), at different locations along the fibre lengths.
The amorphous nature of the fibres was also confirmed by X-ray
diffraction (Supplementary Fig. 6). A sharp and strong band at
~1,455cm™ " in the Raman spectra (Supplementary Fig. 7)
indicates neutral conjugated segments'® in the nanofibres.
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To confirm and quantify molecular chain orientation in the poly-
thiophene nanofibres, we used polarized infrared absorption spec-
troscopy'®. Higher absorbance was observed with parallel
polarization, indicating structural anisotropy within the material
(Supplementary Fig. 9). The vibration band at 1,222 cm ™", corre-
sponding to C-C, inter-ring stretching along the polythiophene
backbone!®, was used to estimate the dichroic ratio and orientation
function. A dichroic ratio greater than 1 indicates preferential mol-
ecular chain alignment and can be used to estimate the percentage
of chains aligned parallel to the fibre axis'¢. Representative samples
of the ~200-nm-diameter tube arrays had a dichroic ratio of
20402 and 25+4% preferential orientation (for details see
Supplementary Equations S1-S3). The dichroic ratio and degree
of orientation increased to 3.2+0.3 and 42 + 3%, respectively, for
representative samples of the ~100-nm-diameter fibre arrays.
These data clearly indicate a distinct degree of chain orientation
along the amorphous polythiophene nanofibre axis, as illustrated
in Fig. 1b, which increased significantly as the fibre
diameter decreased.

Thermal conductivity of individual fibres

The thermal conductivity of individual nanofibres was measured
using a suspended microbridge”® (Fig. 2ab). The measured
thermal conductivity of the several nanofibre samples increases
with decreasing diameter (Fig. 2a), a trend that agrees with the
chain orientation measurements. The thermal conductivity of
solid nanofibres with diameters of 204 + 10 and 71 + 3 nm increased
monotonically from 100 to 350 K (Fig. 2b), which was consistent for
all fibres measured. Although the thermal conductivities of certain
amorphous materials reach approximately constant values by
300 K (ref. 21), those of carbon black??, SiO, (ref. 21), some
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Figure 2 | Thermal conductivity measurements of single fibres and vertically aligned arrays. a, Single-fibre thermal conductivity at room temperature as a
function of fibre diameter. Inset: Scanning electron microscopy image of a polythiophene nanofibre on a suspended microbridge for thermal conductivity
measurement. b, Representative single-fibre thermal conductivity measurements on the microbridge as a function of temperature (the horizontal error bars
are approximately the width of the data marker in all cases). The error bars in a and b are explained in the section ‘Microbridge technique’ in the
Supplementary Information. Data of amorphous polythiophene (a-PT) fibres with different diameters (specified in the plot) are from this work. Crystalline
polyethylene (c-PE) and crystalline polybenzobisoxazole (c-PBO) data are measurements reported in ref. 4. Black dashed line represents the predicted

minimum thermal conductivity, k.

min’

21 for polythiophene. €, Photoacoustic cell used to measure array thermal conductivity. d, Effective polythiophene

nanotube (~200 nm diameter) array thermal conductivity as a function of height for vertically aligned arrays (60% fill fraction assuming solid fibres). The
values for bulk polythiophene in b and d were obtained from photoacoustic measurements on electrodeposited films. Explanation of the error bars is given in

the section ‘Photoacoustic technique’ in the Supplementary Information.

hydrogenated silicon films?, as well as some polymers (polyethyl-
methacrylate and polyvinylchloride)! are still increasing at this
temperature. The fibres in the present work exhibit a distinct
trend of temperature-dependent thermal conductivity when com-
pared with two commercial high-modulus fibres—polyethylene
and polybenzobisoxazole (PBO) (Fig. 2b)—as measured with
time-domain thermoreflectance?. Both commercial fibres are
drawn with a high degree of crystallinity and exhibit a 1/T decay
in thermal conductivity at room temperature and above*. In con-
trast, the thermal conductivity of the polythiophene nanofibre
increases modestly at 300 K (k= T%* for d=71 nm and x~ T°?
for d = 245 nm). The dominant phonon-scattering mechanism
in the crystalline fibres at room temperature is anharmonic
phonon-phonon (umklapp) scattering, but the nanofibres in the
present work appear still to be dominated by interchain scattering
due to disorder, despite some degree of chain orientation. It is
likely that the polythiophene nanofibre has a strong increase in
short-range ordering, and long-range order remains absent.
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In highly disordered amorphous solids, the concept of a phonon
(that is, propagating lattice vibration with a defined wavevector)
loses meaning and is replaced by vibrational states called diffusons
that are neither fully localized nor propagating®*?, which is the
basis of the minimum thermal conductivity theory?!. Recent work
has shown that even disordered solids can have phonon-like
modes that propagate hundreds of nanometres®?%, which is in con-
flict with this concept. Despite some shortcomings, the minimum
conductivity theory can still provide reasonable agreement with
some polymers? and is plotted in Fig. 2b. The predicted
minimum thermal conductivity is a factor of ~2 higher than the
thermal conductivity of bulk polythiophene and plateaus at
~300 K. This prediction is based upon the bulk speed of sound,
but if the speed of sound in the polythiophene nanofibre was signifi-
cantly increased by the chain orientation, as one might expect?’, the
thermal conductivity would still be increasing at 300 K, as we have
observed in the polythiophene nanofibre. The room-temperature
thermal conductivity of the 245 + 5, 204 + 10, 145 + 2, 84+ 14,
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Figure 3 | Application of vertically aligned polythiophene nanofibres as a TIM. a, TIM illustration with component thermal resistances. The total thermal
resistance of a TIM is a function of the layer thermal conductivity «, layer thickness L and contact resistance R, R., on each side of the material, and is
given by Ry = R+ Riayer + Rp where R, ., = L/k. b, Total thermal resistance measurements of polythiophene-nanotube TIMs with the photoacoustic
technique. Post-bake data were obtained after the sample was heated in air for 100 h at 200 °C. Re-work + post-bake data were obtained after the same
sample was wetted, removed from the quartz, then rewetted and dried on the quartz. Error bars represent one standard deviation of four to six
measurements on each TIM. ¢, Comparison of total resistance values associated with a number of commercial TIM technologies. Values for carbon
nanotube tubes (CNT) were obtained from refs 33 and 34, for thermal grease from refs 11 and 30, and for all others from ref. 30.

84+12 and 71+ 3 nm fibres were found to be 0.6+0.1, 0.8+0.1,
1.0+0.1, 1.64+0.3,2.940.4 and 44+03 Wm™ ' K ', respectively
(Fig. 2a), the last of which is 23 times higher than for bulk polythio-
phene (0.194+0.02 W m 'K}, as measured on a film using the
photoacoustic technique). The differences in thermal conductivity
of the three fibres with diameters between 71 and 84 nm are an indi-
cation of fibre-to-fibre variability in chain alignment, and an average
thermal conductivity of 3.0 W m~' K™ should be used when com-
paring the fibre diameters to consider size effects. It is worth noting
that these values are the apparent thermal conductivity of individual
nanofibres and are lower than the intrinsic diffusive thermal con-
ductivity because of the presence of contact thermal resistance in
the two-probe thermal measurement. The contact resistance could
be appreciable for the fibres of diameter 71 and 145 nm
(Supplementary Fig. 11), but it is small for the other fibres.

Molecular dynamics simulations

We calculated the thermal conductivity of a single polythiophene
chain using molecular dynamics (MD) simulations to estimate the
upper limit of thermal conductivity. We used equilibrium MD
simulations to calculate the thermal conductivity of individual poly-
thiophene chains employing periodic boundary conditions at the
chain ends. The simulations were run for 3 ns, and five independent
simulations were run for better averaging, resulting in an average
thermal conductivity of 43.3 W m~' K~ for chains ~40 unit cells
in length (~32 nm). This result suggests that our material is not cur-
rently limited by the individual chain conductance and also that
phonon transport along chains in the direction of heat transfer is
probably responsible for the observed increase in thermal conduc-
tivity. Estimation of the dominant phonon mean free paths in the
polythiophene nanofibre would provide additional insight, but
this information was difficult to extract from our experimental
data and requires further study because a significant spectrum of
mean free paths could contribute to thermal conductivity at room
temperature, even for amorphous materials®.

Nanofibre arrays as thermal interface materials

Large-area arrays of nanotubes with controlled heights are required
to create a usable heat transfer material. Hence, the effective thermal
conductivities of films of vertically aligned polythiophene nanofi-
bres (~200-nm-diameter tubes) were measured using a photoa-
coustic technique?® (Fig. 2¢). Films with nanotube heights of
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2-20 pm exhibited thermal conductivities (Fig. 2d) ranging from
0.8 to .0 Wm™ ' K" with little dependence on nanotube height.
The estimated thermal conductivity of individual fibres within
these films was 1.4+03Wm 'K ' (Supplementary Fig. 19)
assuming solid fibres with a fill fraction of 60% (estimated from
the manufacturer’s template pore density and diameter specifica-
tions). Further correction for the void space within the tubes
(based on a diameter of 200 nm and a wall thickness of 40 nm
from TEM images) yielded an estimated individual tube thermal
conductivity of 22+0.6 Wm ™" K™' with an overall fill fraction
of ~38%. Because accurate measurement of tubes was not possible
with the suspended microbridge, the single-fibre conductivities
extracted from photoacoustic measurements are intended to
provide an estimate for comparing tubes and solid fibres of
similar diameters. The single-tube conductivity from photoacoustic
measurements implies that tubes have higher thermal conductivity
than solid fibres. Unfortunately, this trend could not be confirmed
with chain alignment measurements using polarized infrared
absorption spectroscopy as we were unable to grow arrays with
mostly solid fibres in the 200-nm-diameter templates.

To demonstrate the potential usefulness of this material in an
electronic device cooling application, thermal interface materials
(TIMs) (Fig. 3a) were created directly on metal substrates using ver-
tically aligned arrays of polythiophene nanofibres (Fig. lc and
Supplementary Fig. 2). The thermal resistances of three polythio-
phene nanofibre TIMs (with ~200-nm-diameter, 2- to 3-pwm-tall
tubes), measured using the photoacoustic technique, were 12.8+1.3,
144433 and 17.14+25 mm> KW}, respectively. The TIM was
remarkably robust; that is, after thermal treatment for 100 h at
200 °C, detachment, and then reattachment, no appreciable increase
in thermal resistance was detected (3% increase after baking, 18%
decrease after reattachment) (Fig. 3b). The conjugated and aromatic
structure of polythiophene offers good thermal stability and a high
melting temperature due to strong alternating double bonds along
its rigid backbone®, and the decrease in resistance after reattach-
ment probably resulted from small changes in the morphology of
the tips that improved surface contact. The TIM resistances com-
pared favourably with a number of commercial TIMs (Fig. 3c)
and were significantly lower than the resistances of commercial
TIMs (40-80 mm?K W™!) considered attractive for automotive
applications at elevated temperatures®. To our knowledge, this is
the only reported value for a pure polymer TIM, as the naturally
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Figure 4 | Device demonstration of polythiophene-nanofibre TIM at high temperature. a, Polythiophene nanofibre array grown on a Cu heatsink and dried
in contact with a SiC RF device simulator. b, Device operated while cycling in air between 5 °C and 200 °C for 16 h (80 cycles with 5 min dwell times at each
temperature). ¢, Total thermal resistance Ry, of the polythiophene nanofibre TIM measured as a function of power density before baking at 130 °C for

308 h (pre-bake), after baking (post-bake) and after thermal cycling (post-cycle) (as in b). Explanation of the error bars is given in the section ‘Device
testing' in the Supplementary Information. d, Cross-sectional scanning electron microscopy image of the device after testing. The magnified image reveals a
void in the Cu heatsink that prevented the polythiophene nanofibre TIM from making good thermal contact.

low thermal conductivity of bulk polymers previously rendered this
concept impractical.

As a further demonstration of the applicability of this material in
devices, a polythiophene nanofibre TIM was integrated into a hig-
power silicon carbide radiofrequency (RF) device simulator
(Fig. 4a), held at 130 °C for 308 h, and then thermally cycled in
air between 5 and 200 °C a total of 80 times over 16 h (Fig. 4b).
The total polythiophene nanofibre TIM resistance as a function of
power density did not change noticeably after this aggressive
thermal treatment and cycling (Fig. 4c), which was particularly
noteworthy given the large mismatch in the thermal expansion coef-
ficients of SiC and Cu (the difference is 1.2 x 10 > K ') and the
thin bond line (2-3 pm). To compare, the resistance of a
common Ag-filled epoxy increased by 354% in only 36 cycles in
the same test. It is important to note that the total resistance of
the polythiophene nanofibre TIM decreased modestly as the temp-
erature was increased up to 460 K. Given that the contact resistance
is unlikely to change significantly with temperature, this implies that
the thermal conductivity of polythiophene nanofibre continues to
increase slowly at temperatures well above 300 K. The total resistance
in the device was significantly higher (85-105 mm* K W™ 4 10%)
than in laboratory-scale tests, due to processing voids at the inter-
face where the template was bonded to the Cu block (Fig. 4d).
The high-temperature design target is 125°C for military
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electronics and 140 °C for automotive applications'?, so the
observed thermal stability of the polythiophene nanofibre TIM up
to 200 °C makes it well suited to elevated-temperature applications
where many other TIMs are unable to operate reliably®®. At present,
however, the polythiophene nanofibre TIMs are too thin and diffi-
cult to process for applications with significant surface roughness.
They also provide less adhesive strength than typical solders and
epoxies, so reinforcement could be required for their use in
some applications.

Conclusions

We report the syntheses of amorphous polythiophene nano-
fibres with room-temperature thermal conductivities as high as
44403 Wm 'K, which, to the best of our knowledge, is the
highest value reported so far for an amorphous polymer and is
among the highest lattice thermal conductivities reported for amor-
phous materials?*'-3. The polythiophene nanofibres, fabricated
with a template-assisted electrochemical method, were found to
have a degree of chain orientation along the fibre axis, and both
the degree of chain orientation and thermal conductivity were
observed to increase as the fibre diameter decreased. The enhanced
polythiophene nanofibre thermal conductivity originates from the
relatively high thermal conductivity of single oriented polythio-
phene chains, which is attenuated by phonon scattering from an

NATURE NANOTECHNOLOGY | VOL 9 | MAY 2014 | www.nature.com/naturenanotechnology

© 2014 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nnano.2014.44
http://www.nature.com/naturenanotechnology

NATURE NANOTECHNOLOGY Dot 10.1038/NNANO.2014.44

ARTICLES

overall disordered structure. Our study provides an alternative
means of obtaining polymers of high thermal conductivity via
an increase in chain alignment without crystallization, using a
fabrication process that is readily amenable for mass
production. We demonstrated the significance of such thermal
conductivity enhancement by fabricating (1) a polythiophene
nanofibre interface material with a total thermal resistance as low
as 12.8 + 1.3 mm’K W™ " and (2) a packaged electronic device exhi-
biting excellent stability of thermal resistance upon operation up to
115 W cm ™2 at 200 °C over numerous cycles. This work demon-
strates that a chain-oriented amorphous polymer can exhibit
appreciably enhanced thermal conductivity compared with bulk
polymers and reveals the potential of such amorphous polymer
nanofibres as heat transfer materials for practical applications.

Methods

Nanofibre fabrication. Polythiophene nanofibres were synthesized
electrochemically using a three-electrode one-compartment cell (Supplementary
Fig. 1) with an electrolyte of thiophene in redistilled boron fluoride-ethyl ether. All
solutions were deoxygenated with high-purity argon, and a slight overpressure of
argon was maintained during fibre growth. A modified working configuration,
described in the Supplementary Section ‘Polythiophene nanofibre fabrication and
isolation’, was used to grow polythiophene nanofibres on metal surfaces. Details of
the growth conditions for specific samples are provided in the Supplementary
Table S1. To liberate the vertically aligned polythiophene nanofibre array, we treated
the template with potassium hydroxide. The array was then neutralized with dilute
hydrochloric acid and washed extensively with deionized water before

further characterization.

Structural characterization. X-ray diffraction data were obtained with a
PANanalytical diffractometer using Cu Ka radiation. Polythiophene nanofibre
dispersions for microscopy were made by collecting the fibres using a centrifuge.
TEM images and electron diffraction were collected on a Jeol 4000EX microscope.
Polarized infrared absorption spectroscopy was used to study the degree of chain
orientation in the nanofibres (Supplementary Figs 8, 10). Absorption data at two
different polarizations were collected using a polarized infrared absorption
spectroscopy microscope (FTS7000-UMAG600) with a Perkin-Elmer wire grid
polarizer. Additional details of these measurements are provided in the
Supplementary Section ‘Polarized infrared spectroscopy measurements’.

Thermal conductivity measurements of individual fibres. The suspended
microbridge measurement device consisted of two adjacent SiN,, membranes, each
patterned with a serpentine platinum resistance thermometer (PRT) and two
electrodes and supported by six long, thin beams. A single polythiophene nanofibre
was placed across the gap between the two membranes (Supplementary Fig. 12).
Measurements were carried out in an evacuated cryostat with pressure on the order
of 1 x 10~° torr. A d.c. current supplied to one PRT raised its temperature by AT,
and heat conduction through the sample caused a temperature rise in the adjacent
sensing membrane of AT,. The temperature rise in the heating and sensing
membranes was measured from the temperature coefficient of resistance of the
PRTs, and the thermal conductance of the nanofibre was determined from the total
Joule heating and temperature difference between the heating and sensing
membranes. Because of the low thermal conductance of some of the nanofibre
samples, it was necessary to account for the background heat transfer between

the two PRTs via residual gas molecules and radiation. To eliminate the
background conductance, the temperature rise on the sensing membrane was
measured relative to the temperature rise on the sensing membrane of a blank device
with no nanostructure. The measured thermal resistance of the sample was
expected to contain a contribution from the contact resistance between the
nanofibre and the SiN, membranes. The reported thermal conductivities and
uncertainties do not include the effect of contact resistance because its

magnitude is difficult to estimate. Additional details of microbridge
measurements are provided in the Supplementary Section ‘Microbridge technique’.

Thermal conductivity and interface resistance measurements of nanofibre arrays.
The photoacoustic technique makes use of a modulated laser beam to periodically
heat a sample in a closed volume where the thermal response of the sample is
converted into pressure waves that are detected by a microphone and recorded using
a lock-in amplifier (Supplementary Fig. 13). This technique was used to measure
the total thermal resistance of polythiophene nanofibre TIMs and the thermal
conductivity of polythiophene nanofibre arrays. Polythiophene nanofibre TIMs were
measured by depositing a ~100 nm Ti layer on top of Ag foil to absorb the laser
energy (Supplementary Fig. 14). Polythiophene nanofibre arrays were measured
by absorbing the laser energy directly into the arrays. The thermal conductivity was
determined from bare arrays for higher measurement sensitivity (Supplementary
Figs 16, 17). The phase shift as a function of frequency was compared to a one-
dimensional heat transfer model to extract thermal properties (Supplementary
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Figs 15, 18). Additional details about the photoacoustic measurements are
provided in the Supplementary Section ‘Photoacoustic technique’.

Thermal interface material attachment. The tips of the polythiophene nanofibre
arrays were placed in contact with an opposing substrate in the wet state and allowed
to dry under a fixed load (~200 kPa for 8-10 h under atmospheric conditions).
Wetting the arrays with water, alcohol or FC-72 produced similar results. Based on
adhesion testing (Supplementary Fig. 20), it appears that the tips adhere strongly
to certain surfaces, such as quartz, through van der Waals interactions. The

arrays were detached by simply rewetting the interface, and reattached by drying
them in contact with the substrate again.

Simulated RF device testing. Thermal measurements were performed using

a custom SiC Pt resistor-thermometer chip affixed to a Cu block heat-sunk to a
temperature-controlled stage. Temperature data from a type-T thermocouple
inserted into the Cu block were used to establish the relationship between
temperature and resistance, which was essentially linear. Thermal resistance testing
was then performed by varying the power dissipation of the resistor while
performing a four-wire resistance measurement and measuring the block
temperature. Thermal resistance was computed as the temperature difference
between the resistor and thermocouple, divided by the power input to the resistor.
Thermal interface resistance was obtained through numerical modelling of the
configuration in ANSYS TAS v11.0. Thermal cycling was performed by applying
and removing ~100 W of heat to the Pt resistor in 300 s intervals for 80 cycles,
or until the sensed resistor temperature reached a cut-out limit of 250 °C.
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CORRIGENDUM

High thermal conductivity of chain-oriented amorphous polythiophene

Virendra Singh, Thomas L. Bougher, Annie Weathers, Ye Cai, Kedong Bi, Michael T. Pettes, Sally A. McMenamin, Wei Ly,
Daniel P. Resler, Todd R. Gattuso, David H. Altman, Kenneth H. Sandhage, Li Shi, Asegun Henry and Baratunde A. Cola
Nature Nanotechnology 9, 384-390 (2014); published online 30 March 2014; corrected after print 17 June 2014.

In the version of this Article originally published, in the section “Thermal conductivity of individual fibres, the second sentence should
have read “The measured thermal conductivity of the several nanofibre samples increases with decreasing diameter...” This error has
now been corrected in the online versions of the Article.
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