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We report on the thermal conductivities of microcrystalline [6,6]-phenyl Cg;-butyric acid methyl ester
(PCBM) thin films from 135 to 387 K as measured by time domain thermoreflectance. Thermal conductivi-
ties are independent of temperature above 180 K and less than 0.030£0.003 W m ™' K~! at room temperature.
The longitudinal sound speed is determined via picosecond acoustics and is found to be 30 % lower than that
in Cgo/C7g fullerite compacts. Using Einstein’s model of thermal conductivity, we find the Einstein character-
istic frequency of microcrystalline PCBM is 2.88 x 10'2rads~!. By comparing our data to previous reports on
Ce0/Cqp fullerite compacts, we argue 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, thus yielding the exceptionally low observed thermal conductivities
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As a field of study, thermal transport is both ubiquitous and pervasive, as many technologies face a thermal management
challenge at some point in their lifetimes [1]. Beyond application, the topic of thermal conductivity of the solid state has long
been one of general scientific interest [2—4], and a large and ongoing effort has been set forth to expanding the limits of heat
conduction [5, 6]. On one end of the spectrum, the so called “lower limit” of thermal conductivity is typically observed in
amorphous phases of materials, where conductivities are much lower compared to that of their single crystalline counterparts
[7]. In these phases, heat conduction is described by a random walk of vibrational energy on the time and length scales of atomic
vibrations and interatomic spacing, respectively [2, 8]. In addition, one can approach this lower limit by creating multilayer,
nano-crystalline, or porous films in which the spacing between interfaces, grain boundaries, or pores is on the order of several
nanometers [9-16]. In these nanostructured materials, boundaries impede thermal transport by scattering phonons, thereby
shortening their mean-free-paths and yielding lower thermal conductivities.

Yet another advantage of nanostructuring is the possibility of creating an amorphous-like network of large, repeating unit
cells. In such materials, low thermal conductivities can be realized not only by limiting phonon mean-free-paths, but also
through the localization of vibrations. For example, the low thermal conductivities of compacted Cg(/C7¢ fullerite microcrystals
reported by Olson and Pohl [17] were attributed to the largely-independent and poorly-coupled oscillations within each of the
fullerenes. This explanation was further supported by low temperature heat capacity measurements that demonstrated Einstein-
like behavior despite the microcrystallinity of the compacts. More recently, Chiretescu et al. [18] reported a large reduction
in the thermal conductivity of a homogeneous solid through growth of layered WSe;, in which weak interlayer bonding led to
a decrease in thermal conductivity below that of a single crystal of WSe; along the c-axis by a factor of thirty, and below the
corresponding theoretical minimum limit by a factor of six. There, too, the authors noted that localization of vibrations could be
partly responsible for the observed behavior.

In this letter, we report on thermal conductivities of the fullerene derivative [6,6]-phenyl Cg;-butyric acid methyl ester (PCBM)
from 135 to 387 K. Thermal conductivities of PCBM thin films were measured via time-domain thermoreflectance (TDTR), a
non-contact, pump-probe optical thermometry technique. Above 180 K, thermal conductivities were independent of temperature
and less than 0.030+0.003W m~"K~!, a factor of three less than that of Cg(/C7o fullerite microcrystals [17]. In addition, no
significant dependence on the type of substrate on which the film was deposited, subsequent heat treatment, or film thickness over
the range 22 to 106 nm was observed. Microcrystallinity was confirmed by transmission electron microscopy and electron beam
diffraction. As with the aforementioned works, we attribute these exceptionally low thermal conductivities to highly-localized
vibrations with low characteristic frequencies, as well as low longitudinal sound speeds (23004 100ms~' as measured by
picosecond acoustics, == 30% lower than those measured in compacted Cgo/C7¢ fullerite microcrystals). Lastly, we note these
films exhibit the lowest reported room-temperature thermal conductivity of any fully dense solid [6, 18].

PCBM thin films were prepared according to the following procedure: indium tin oxide (ITO) coated glass substrates (pro-
vided by Delta Technologies) were first cleaned with acetone and isopropyl alcohol and subsequently dried with air. Highly-
conductive PEDOT:PSS provided by H.C. Starck was then spin-cast on these substrates from aqueous solution. The PEDOT:PSS
films had average thicknesses of near 60 nm, and were baked for 15 minutes at 110°C in air. PCBM (provided by Sigma-Aldrich)
was dissolved in chlorobenzene at 1 wt % for 24 hours before fabrication and subsequently spin-cast on the substrates at various
speeds, creating films ranging in thickness from 22 to 106 nm as measured by profiliometry. A set of these films were set aside,
while others were annealed in air at 130°C for 2 minutes. The surface morphology of each film was measured by atomic force
microscopy (AFM). A nominally 80 nm thick Al film was then deposited on the films (including on the PEDOT:PSS reference
sample) via electron beam evaporation to serve as a transducer for the thermal measurement. The electrical resistivities of
films prepared in identical fashion were measured via a procedure we outlined previously [19], where the cross-plane resistivity
was determined to be 3.1 x 10°Qcm. In agreement with the literature reporting on the structure of PCBM films processed via
chlorobenzene solution [20, 21], the observation of distinct rings in the diffraction pattern generated by electron beam diffraction
(shown in Fig. 1) confirmed the microcrystallinity of the films. As one might expect, the diffraction patterns also indicate that
annealing lead to further crystallization.

The thermal conductivities and longitudinal sounds speeds of these fullerene-derivative films were measured with TDTR
[22, 23]. Time-domain thermoreflectance and appropriate analyses accounting for pulse accumulation when using a Ti:sapphire
oscillator have been detailed previously by several groups [14, 24-26]. In short, TDTR is a pump-probe technique in which 100
fs laser pulses emanate from a Spectra Physics Tsunami at an 80 MHz repetition rate. We delay the time in which the probe
pulse reaches the sample relative to the pump pulse by way of a mechanical delay stage (for a maximum delay of ~ 6.0ns). In
this study, we modulate the pump at 11.39 MHz and monitor the ratio of the in-phase to out-of-phase signal of the probe beam
from a lock-in amplifier (—Vi, /Vout, and example data is shown in the inset of Fig. 2). Our pump and probe spots are focused to
1/¢2 radii of 25 and 6 um at the sample surface, respectively; at these sizes and at the 11.39 MHz pump modulation frequency
we are negligibly sensitive to any in-plane transport in films, thus decreasing the uncertainty associated with determining the
cross-plane thermal conductivity [27, 28]. We take a total of six TDTR measurements on each film at temperatures from 135 to
387 K in a cryostat with optical access that is kept under vacuum (< 1.0 mTorr) [29]. We limit the total incident laser power to
< 30mW in order to minimize steady-state heating of the samples; still, due to the low thermal conductivity of our thermal sink
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FIG. 1. Electron diffraction patterns of (a) unannealed and (b) annealed PCBM films. Note the rings in diffraction pattern from the annealed
sample are more distinct than they are in the unannealed sample, indicating an increase in crystallinity.

20
L ;é 3 ]
E M
. Y i
< 05 L2
s 0  Delay Time (ns) 5
5
a [ PCBM:Glass ]
B
A
Al:PCBM
-20 0 50 100 130
Delay Time (ps)

FIG. 2. Picosecond acoustics data taken on a 68 nm Al transducer on a 39 nm PCBM film on coated on glass. The time between the initial
peak and the trough due to the reflection at the AI:PCBM interface (labeled “A”) is used to confirm the Al transducer thickness. The time
between the trough at A and the peak due to the reflection from the PCBM:glass interface (labeled “B”) is used to determine the longitudinal
sound speed in the PCBM film. Averaging measurements made on several samples of varying thickness yielded a longitudinal sound speed
of 23004 100m s~! The inset shows example data from TDTR measurements on a 74 nm PCBM film (filled symbols) and the corresponding
thermal model (solid line).

(glass) the temperature rise due to the incident beams is ~ 25K at room temperature [24]. We add the calculated steady-state
temperature rise at each set point to the cryostat temperature and use this temperature in our subsequent analysis.

We fit the TDTR data with a thermal model that accounts for pulse accumulation in a layered system. At our modulation
frequency, we are sensitive to thermal effusivity, v/kC, where k is the thermal conductivity and C is the volumetric specific
heat [24, 30]. Consequently, in order to determine thermal conductivities, the volumetric specific heats must be known. We
assume literature values for the specific heat of the Al [31] and approximate the specific of PCBM from data on Cg/C7¢ fullerite
microcrystals (Ref. 17), as they exhibit a very similar crystal structure to PCBM films processed via chlorobenzene solution
(both exhibit fce-like lattices with a center-to-center distance between fullerene moieties of &~ 10A) [20, 21]. This assumption
is made on the side of caution; by effectively ignoring the molecular tail, we are underestimating the specific heat, and thus
overestimating the conductivity (i.e., the thermal conductivities may be, in fact, slightly lower than we report). However,
since these molecular tails primarily contribute high-frequency modes, e.g., C-H stretching, they are likely “frozen out” at the
temperatures considered in the present study (as determined by Bose-Einstein statistics).

The thermal conductivity of the Al is approximated from previous measurements of electrical resistivity of evaporated Al thin
films via the Wiedemann-Franz law [26], although we are relatively insensitive to the Al layer during the timespan of our TDTR
measurements. The exact thicknesses of the Al films are confirmed via picosecond acoustics [32, 33]. Finally, despite the relative
thinness of the polymer films, their thermal conductivities are low enough that we are not sensitive to the underlying layers of or
interfaces between PEDOT:PSS, ITO, or the substrate at our modulation frequency. This is confirmed by appropriate sensitivity
analyses [34] and by the fact we observe no dependence of the measured thermal conductivities on the film thicknesses (as will
be discussed below). This leaves the thermal conductivity of the PCBM film as the only free parameter in the model.



The measured thermal conductivities of the PCBM thin films are plotted as a function of temperature in Fig. 3a and as a func-
tion of film thickness in 3b. In addition, we plot the thermal conductivities of amorphous carbon from Ref. 35, C¢o/C7¢ fullerite
microcrystals from Ref. 17, phosphorus-doped Cgy from Ref. 36, and layered WSe, from Ref. 18. Lastly, for comparison, we
also calculate the theoretical minimum thermal conductivity, Kpin, of Cg9/C7¢ fullerite microcrystals and PCBM as proposed by
Ref. 8,
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where i is the polarization index, kg is the Boltzmann constant, v; is the polarization-specific sound speed (longitudinal, L, or
transverse, T), n is the atomic density, and ®; = v;(7/kp) (67°n) 1/3 is the cutoff frequency expressed in units K. This model as-
sumes that the lifetimes of the Debye-like, heat-carrying oscillations are one half the period of vibration (i.e., the mean-free-paths
are half the corresponding wavelengths) [8]. For our Cg/C7¢ calculations, sound speeds were measured by ultrasonic measure-
ments (vz = 3300ms~!, vy = 1900ms~") and atomic density was determined via x-ray diffraction (n = 8.78 X 102cm™3), as
reported in Ref. 17. For PCBM, the longitudinal sound speed was measured from picosecond acoustics (v, = 2300ms~!, see
example data in Fig. 2) and the transverse was scaled based on longitudinal to transverse ratio in Cgo/C79 (v = 1325ms™1).
Atomic density of the PCBM was calculated based on the observed structure of films processed via chlorobenzene solution
(n =1.26 x 10>*cm~3) [20, 21]. Finally, singly degenerate longitudinal and doubly degenerate transverse polarizations were
assumed.

The thermal conductivities of PCBM films as reported in Figs. 3a and 3b are nearly a factor of three lower than those of
Ce0/Cro fullerite microcrystals and up to a factor of two lower than that of layered WSe;. In addition, the thermal conductivities
of PCBM are independent of temperature between 180 and 387 K and largely insensitive to film thickness in the range 22 to
106 nm as shown in Fig. 3b. 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 Cgy/C79
fullerite microcrystals, ®g = 35K, which corresponds to a frequency of kg®g /i = 4.58 x 10"2rads~!, where % is Planck’s
constant divided by 27. With this value and the Einstein model of thermal conductivity,
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where N is the fullerene density and x = @g /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 @ = 22K, which corresponds to a frequency of 2.88 x 10'?rad s~ !. 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 frequency 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 comparisons 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, Cgy/C7¢, 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 conductivities of [6,6]-phenyl Cg;-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+0.003Wm~'K~! at room temperature. The longitudinal sound speed as measured
by picosecond acoustics was 2300 4+ 100m s~ 1, 30 % lower than that in Cy/C7o fullerite compacts. Using Einstein’s model of
thermal conductivity, we found the Einstein characteristic frequency of microcrystalline PCBM is 2.88 x 10'2rads~!. Through
a comparison of our data to previous reports on Cgo/C7o 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. 3. (a) The measured thermal conductivities of 39 and 74 nm PCBM films, along with previously published thermal conductivities of
amorphous carbon films, (light dashed lines, Ref. 35), Cg(/C7¢ fullerite microcrystals (dash-dot line, Ref. 17), phosphorus-doped Cg (dotted
line, Ref. 36), and layered WSe, (hollow symbols, Ref. 18). The solid line represents the theoretical minimum thermal conductivity of a
disordered Cgp/C7q crystal as predicted by Eq. 1, and the heavy dashed line the equivalent for PCBM. Error bars represent the repeatability
of the measurement on each sample in addition to the sensitivity to a £2nm change in Al transducer thickness. (b) Measured thermal
conductivities of PCBM films as a function of film thickness.
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FIG. 4. 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, SiO, and aerogels from Ref. 16, amorphous carbon from Ref. 35, WSe,
from Ref. 18, Cgp/C7¢ 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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