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Organic semiconductors are widely used in flexible electronics, optoelectronic devices, and thermoelec-
tric systems. Among them, copper hexadecafluorophthalocyanine (FigCuPc), an n-type organic semi-
conductor, exhibits excellent chemical and thermal stability, making it suitable for a range of device appli-
cations. As device architectures scale down to the nanoscale, understanding the intrinsic thermal trans-
port properties of such materials becomes critical for effective thermal management. In this work, we
report the first thermal conductivity measurement of individual single-crystalline F;gCuPc nanoribbons
using a suspended thermometry platform. We integrated individual nanoribbons into our measurement
platform and conducted temperature dependent measurements. The thermal conductivity trend indicates
the crystalline status of the sample. All samples exhibit thermal conductivity values of nearly 0.3 W m~*
K™ at room temperature, attributed to short phonon mean free paths and weak intermolecular inter-
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actions. Molecular dynamics simulations further support the experimental trends and reveal anisotropic
thermal transport characteristics. These results provide valuable insights into heat conduction mecha-
nisms in small-molecule organic semiconductors and offer guidance for thermal design in future nano-
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Introduction

Organic semiconductors have gained increasing interest owing
to their application in flexible and lightweight electronic
devices including organic photovoltaics (OPVs), organic field-
effect transistors (OFETs), and organic light-emitting diodes
(OLEDs)."” With continued device miniaturization and
increasing power densities, effective thermal management has
become essential to maintain device stability and prevent
thermal degradation.®” Despite their growing attention, the
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intrinsic thermal transport properties of organic semi-
conductors—particularly in the single-crystalline form—
remain unexplored.

Among small-molecule organic semiconductors, copper
hexadecafluorophthalocyanine (F;sCuPc) has emerged as an
n-type semiconductor with high chemical and thermal
stability.®® F;qCuPc can be synthesized in various mor-
phologies, including thin films and substrate-aligned nano-
ribbons, offering versatility for device integration.’®'" Recent
studies have demonstrated the use of substrate-guided growth
techniques to integrate F;cCuPc into various microelectronic
devices, enabling in situ fabrication with enhanced molecular
alignment and improved device performance uniformity.'*™®
While F;¢CuPc has been employed in various applications, its
integration into nanoscale devices demands a comprehensive
understanding of its thermal properties to enable effective
thermal management.

Thermal measurements of organic materials are typically
conducted on bulk films or polycrystalline aggregates, where
boundary scattering, disorder, and the influence of the sub-
strate obscure their intrinsic transport behavior."”'® To
address this, direct thermal measurements on isolated single
crystals are essential but experimentally demanding: ultrathin
organic crystals are fragile, difficult to handle on suspended
microdevices, and require a sensitive thermometry platform.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Schematic illustration of a single-crystalline F;sCuPc nanoribbon sample integrated into our suspended measurement platform. (b) SEM
image of the F1¢CuPc nanoribbon on our suspended device. (c) SEM image of the as-grown F;CuPc nanoribbon on the supporting substrate. The
inset is the magnified view. (d) TEM image of the F1sCuPc nanoribbon. The inset shows the corresponding SAED pattern. (e) AFM image of a section

of the nanoribbon. (f) Height profile along the marked direction.

In this work, we demonstrate the thermal conductivity
measurement of individual single-crystalline F;sCuPc nano-
ribbons using a suspended thermal bridge setup (Fig. 1). By care-
fully transferring the pristine ribbons to the device and retrieving
them for post-measurement characterization, we preserved their
crystalline integrity and observed their temperature dependent
thermal transport behavior. In addition to the experimental
measurements, molecular dynamics (MD) simulations were
carried out to elucidate phonon transport mechanisms and quan-
tify the role of anisotropy. This work represents one of the first
direct determinations of thermal conductivity in single-crystalline
organic nanostructures and offers new insights into thermal
transport in organic semiconductors.

Experimental

To obtain single-crystalline F;,CuPc nanoribbons, F;sCuPc
powder (Aldrich, 80%) was purified by vacuum sublimation
prior to use. A total of 0.04 g of the purified F;,CuPc powder
was placed in a ceramic boat, which was subsequently posi-
tioned at the center of a single-zone tube furnace. A pre-
cleaned Si(100) substrate was placed near the downstream end
inside the quartz tube. Prior to heating, the tube was
thoroughly purged with argon gas to eliminate residual
ambient gases. The growth of F;sCuPc nanoribbons was
carried out at a substrate temperature of 360 °C, while the
powder was heated to 500 °C at a ramping rate of 1.05 °C s™*.

This journal is © The Royal Society of Chemistry 2025

The process was maintained for 40 minutes under an argon
atmosphere with a flow rate of 100 sccm, yielding ribbons
1-10 pm wide and up to 500 pm long."" Fig. 1(c) shows the
SEM image of the morphology of F;c,CuPc nanoribbons on Si
(100). To analyze the structure of the as-grown F;sCuPc
ribbons, TEM was performed on the samples, and the corres-
ponding SAED pattern was obtained, as shown in Fig. 1(d).
The diffraction pattern confirms the crystalline status of
F16CuPc, with the [100] direction identified as the molecular
stacking axis, corresponding to the a-axis.’®?° The AFM image
and height profile of the cross-section of the F;c,CuPc are
shown in Fig. 1(e and f). The cross section is well defined and
can be accurately determined, enabling calculation of thermal
conductivity from the measured thermal conductance.
Detailed information on sample dimensions is provided in the
SI section ‘Dimensions of F;;CuPc Nanoribbon’.

To perform the thermal measurement, individual nano-
ribbons need to be picked out and integrated into our sus-
pended thermal bridge setup. Fig. 1(a) provides an overview of
the experimental setup. A single-crystalline F;,CuPc nano-
ribbon is bridged between two suspended electrodes. An alter-
nating current (AC) is applied to one electrode to induce Joule
heating, while the resulting temperature rise is detected at the
sensing electrode. This configuration enables direct measure-
ment of the thermal conductance of the nanoribbon.*!

Due to the high electrical conductivity of the F;,CuPc nano-
ribbon, appropriate electrical insulation is required to prevent
current  leakage and ensure accurate thermal
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measurements.”” > We developed a measurement platform
that provided the necessary electrical insulation while main-
taining access to external circuit connections (Fig. 2(a)). The
fabrication process began with a SiO,/Si substrate. Electrodes
were first patterned using photolithography, followed by the
deposition of Ti/Pt. A 100 nm-thick SiO, insulating layer was
then deposited over the entire device, including the electrodes.
Subsequently, a second photolithography step was used to
define the “window” region where the silicon would later be
etched to create the suspended structure. In this step, the SiO,
layer within the window was selectively removed to expose the
underlying Si substrate, while the electrodes and the SiO, insu-
lating layer covering them remained protected. A third photo-
lithography step was then carried out to open the metal
contact pads by removing the SiO, layer above them, allowing
electrical connection to the external circuit. Finally, XeF, vapor
etching was used to isotropically remove the exposed silicon
beneath the “window” area, releasing the beams and forming
the suspended structure.

Individual F;,CuPc nanoribbons were transferred onto the
custom-fabricated suspended devices using a tungsten micro-
manipulator tip, which was carried out under an optical micro-
scope. The tip was gently scraped across the growth substrate
to detach nanoribbons, and the process was repeated until a
suitable ribbon - intact and with dimensions compatible with
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Si0, & Pt/Ti
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Deposit electrode and

DRIE of SiO, and
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the device — was selected. The chosen nanoribbon was then
aligned across the suspended beams of the device. To improve
thermal contact, a small drop of isopropyl alcohol (IPA) was
applied to the contact region.>®?” The tungsten tip was then
brought into proximity with the device until the nanoribbon
made contact with both beams, after which the tip was care-
fully withdrawn to complete the sample placement and inte-
gration process (Fig. 2(d and e)). Sample dimensions were
determined after the thermal measurement to avoid destruc-
tion of the crystalline structure.

Results and discussion

Fig. 3(a) illustrates the measurement circuitry used in our
setup. The measurement was conducted in a high-vacuum
cryostat chamber (<107° mbar). An AC was applied to the
heating beam, and the resulting temperature rise is correlated
with the temperature coefficient of resistance (TCR) of the Pt
electrode, as described by eqn (1). The temperature rise
induces a third harmonic voltage response, which is detected
using a lock-in amplifier (Stanford Research SR830) - this tech-
nique is known as the three-omega (3w) method. Heat is con-
ducted through the sample to the sensing side. On the sensing
side, we used a Wheatstone bridge circuit to improve the
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(a) Ilustration of the fabrication sequence of the insulated suspended thermometry device and a SEM image of the completed device. (b)

Schematic of the synthesis process and the substrate with grown F;CuPc nanoribbons, and an optical image showing a section of the substrate. (c)
Setup of the customized transfer stage, including the micromanipulator and optical microscope. (d) Illustration of a picked up individual F;sCuPc
nanoribbon with a micromanipulator tip and the optical image. (e) Plot of the nanoribbon being aligned and brought into contact with the sus-

pended device and the optical image.
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Fig. 3 (a) Illustration of an AC-modulated thermometry platform with a cryostat vacuum chamber. (b) Plot of thermal conductivity measured at
room temperature for sample #1, sample #2, and sample #3. (c) Thermal resistance circuit. (d) Linear fit of Ri-Ac versus L/A-A. to extract the range
of specific contact resistance with nanoribbons with similar thermal conductivity values at room temperature. Here, L is the suspended length
between the heater and the sensor, and A is the cross-sectional area of the nanoribbon. (e) Temperature-dependent thermal conductivity of crystal-
line and amorphous-like F1gCuPc samples. The dashed gray line represents 1/T temperature dependence. Insets show SEM images of sample #1 and
sample #4, with the SAED pattern of sample #4 indicating the loss of the crystalline structure.

measurement sensitivity, and the voltage signal was picked up
using the lock-in amplifier with an applied direct current (DC)

(eqn (2)).2%*°

L Vhao (dRy\
AT, =3 A (dT> (1)

/Yo (Ry + Rop + Ry +R,) (dRs) B 2)

AT, = V2
s I4cRs, dr

To examine the influence of contact thermal resistance we
conducted measurement for three samples with different
cross-sectional areas and suspended lengths. First, these
samples exhibit similar thermal conductivity at room tempera-
ture as shown in Fig. 3(b). According to the equivalent thermal
resistance circuit shown in Fig. 3(c), the total resistance (Rior)
would show a linear relationship with the thermal resistance
of the suspended samples as depicted in eqn (3),*°

Rtot - Rribbon + 2Rc (3)
where
[ Te
Ry =—,R.=—. 4
ribbon A’ c A, ( )

Here, [ is the sample length, & is the thermal conductivity, A
is the cross-sectional area, r. is the specific contact resistance,
and A. is the contact area. We assumed a constant specific

This journal is © The Royal Society of Chemistry 2025

contact resistance across all samples, given the consistent fab-
rication and electrode interface conditions.>' We performed a
linear fit of Ry,wA. versus I/A-A.. The extrapolated intercept
corresponds to 2r., from which we obtained a maximum
specific contact resistance 7. of 21.1 K yW~" pm®. This yields a
total contact resistance of 2.9 K pW ™', contributing at most
6.6% to the total measured resistance. This indicates that the
reported thermal conductivity represents a conservative lower
bound. It is worth emphasizing that the nanoribbon adheres
well to the beams following IPA-assisted transfer, and the rela-
tively low thermal conductivity ensures that the sample resis-
tance dominates the overall thermal resistance. These obser-

collectively suggest that contact resistance has
32,33

vations
minimal influence on the measurement results.

During our measurements, we found that the suspended
SiO, beams exhibit measurable heat conductance in the form
of radiative heat transfer. This contribution increases with
temperature and is most prominent at 300 K, the upper bound
temperature in our measurement range.*® Therefore, to accu-
rately reflect the actual sample conductance, the background
conductance is subtracted from the total measured conduc-
tance. The thermal conductivity values of the three samples
with varying dimensions at room temperature are presented in
Fig. 3(b), after subtracting background conductance based on
the analysis described in the SI section ‘Background
Conductance’. All samples exhibit consistent values in the

Nanoscale, 2025, 17, 20982-20988 | 20985
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range of 0.29-0.32 W m™" K™, with variations falling within
experimental uncertainty. The relatively low x values at room
temperature imply short phonon mean free paths, consistent
with the presence of weak intermolecular interactions that
suppress long-propagating phonons. The similarity in x across
samples ranging from 5.6 to 17.2 pm indicates diffusive trans-
port, where the phonon mean free path is on the order of tens
of nanometers and much smaller than the sample length,
suggesting that heat conduction is dominated by intrinsic
phonon scattering rather than boundary or size effects.**

To further investigate the crystalline properties of the
samples, we conducted temperature dependent thermal con-
ductivity measurements. Fig. 3(e) presents the temperature
dependent thermal conductivity values of two F,,CuPc nano-
ribbon samples. For sample #1, it displays a peak in thermal
conductivity near 100 K and a gradual decrease that approxi-
mately follows 1/T dependence at higher temperatures. This
behavior is understood as the anharmonic phonon scattering
in crystal materials where phonon interactions increase with
temperature and limit thermal transport.>**> The presence of
such a peak is a distinctive feature of crystalline materials with
reduced phonon-phonon scattering at low temperatures.

To confirm that the observed temperature dependent trend
originated from the crystalline status of the sample, we per-
formed the same measurements on a sample that was sub-
jected to ion beam irradiation for comparison. It is known that
prolonged ion beam exposure induces structural damage in
organic materials.>® Accordingly, we processed one of the
samples (irradiated) using focused ion beam (FIB) to disrupt
its crystalline order and the irradiated sample exhibits clearly
different thermal transport behavior. Its thermal conductivity
increases monotonically from 100 K to 300 K, with no discern-
ible peak, and reaches approximately 0.32 W m~" K" at room
temperature. The absence of a peak in the temperature depen-
dent trend and the suppressed thermal conductivity at low
temperatures suggest that the sample has transitioned to an
amorphous-like phase, due to structural damage induced by
ion beam exposure.”’?”*® This damage introduces point
defects and disrupts molecular ordering, significantly imped-
ing phonon propagation and resulting in enhanced defect
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scattering. Notably, the thermal conductivity of all samples
converges to a low value around 0.3 W m~" K™ which is attrib-
uted to several reasons. First, high-energy phonon-phonon
Umklapp scattering dominates at this temperature, shortening
phonon lifetimes so that x is governed by these strongly scat-
tered phonons. Second, the weak van der Waals interactions
that bind F;,CuPc molecular layers intrinsically suppress heat
flow, setting a low upper bound on thermal conductivity even
for defect-free crystals. Finally, once higher energy phonon
scattering has reduced phonon mean free paths to tens of
nanometers, additional disorder from ion-beam damage has
little further effect. Our measurement represents the first
effort to determine the thermal conductivity of single-crystal-
line F,,CuPc nanoribbons and reveals the impact of ion beam
exposure on the sample morphology, which leads to a dis-
tinctly altered thermal transport behavior.

To better understand the measured thermal conductivity
values, we performed molecular dynamics (MD) simulation for
F16CuPc and observed the thermal transport properties. The
empirical potentials similar to that obtained by Tersoff et al. do
not work for such a complex system with four different
elements.”® Here, we employed a single neural network ML
framework to train the neuroevolution potential (NEP) developed
by Fan et al.*® The machine learning potential is trained based
on the DFT calculated energy and force data implemented using
GPUMD to achieve more reliable MD simulation.** The DFT data
are calculated using the Vienna Ab initio Simulation Package
(VASP)** through the ab initio Molecular Dynamics (AIMD) simu-
lation. During the MD simulation for thermal transport behavior,
the DFT-D3 van der Waals interaction is included to describe the
long range forces within 12 A more accurately.”® With the NEP,
the thermal conductivity of EMD can be calculated using the
Green-Kubo formula:

3

K(t) == Zj dr(o)(t)), 5)

3k T2 2= ),

where kg, V, and T are the Boltzmann constant, the volume
and the temperature. J(0)/(¢') represents the heat current J
autocorrelation function for the associated time ¢'.
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during the EMD process. (c) The thermal conductivity at different temperatures calculated from the EMD process.
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The trained potential accurately predicts the energy of a test
set, which agrees well with the DFT calculated energy as
shown in Fig. 4(a). Based on this reliable potential, we ran the
equilibrium molecular dynamics (EMD) simulation to calcu-
late the thermal conductivity of the bulk structure by solving
the Green-Kubo formula.** The average thermal conductivity
regardless of the transport directions reaches 0.40 W m™* K™*
at 300 K from the EMD process in Fig. 4(b). The simulated
thermal conductivity shows good agreement with the experi-
mental result, although it slightly overestimates the measured
value. This is reasonable given that the simulation assumes a
perfect crystal, while the samples obtained in experiments may
contain defects that introduce additional phonon scattering.>*
We then ran the EMD calculations for the temperature range
from 100 K to 300 K and obtained the thermal conductivity
values as shown in Fig. 4(c). The average thermal conductivity
decreases with increasing temperature within this range, con-
sistent with our experimental observations of the temperature
dependent trend in the crystalline sample. The thermal con-
ductivity along different crystallographic axes is also modelled
to provide further insight into the anisotropy of thermal trans-
port of F;cCuPc. Anisotropy is evident from the modelling
results, with thermal conductivity along the g-axis exhibiting
more pronounced temperature dependence. Since the mole-
cular stacking occurs along the a-axis, our measurements are
expected to predominantly reveal transport along this direc-
tion. The deviation observed at lower temperatures can be
attributed to the reduced thermal resistance of the sample in
this regime, which makes the contribution from contact resis-
tance relatively more noticeable. Overall, the MD simulations
support our measured values and offer additional insight into
the anisotropic thermal transport properties of this material.

Conclusions

In this work, we report the first direct thermal conductivity
measurements of individual single-crystalline F,sCuPc nano-
ribbons. We carefully transferred individual F;,CuPc nano-
ribbons onto a sensitive suspended thermometry platform
while preserving their crystalline structure. The temperature
dependent thermal transport behavior reveals their crystalline
status. In contrast, nanoribbons subjected to ion exposure
exhibited amorphous-like characteristics. The crystalline
sample showed increasing thermal conductivity with decreas-
ing temperature, with a peak near 100 K, consistent with the
reduced effect of phonon-phonon scattering at low tempera-
tures. The ion beam exposed samples display monotonic
temperature dependence, indicating amorphous-like behavior
and increased defect scattering.

The thermal conductivity across all measured samples at
room temperature converges to approximately 0.3 W m K,
which is attributed to the short phonon mean free paths and
the inherently weak van der Waals interactions in the material.
Molecular dynamics simulations support the observed temp-
erature dependent trends. This relatively low thermal conduc-

This journal is © The Royal Society of Chemistry 2025
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tivity has two important implications for device applications.
On the one hand, it highlights the need for careful thermal
management when integrating F,;c,CuPc into active com-
ponents such as organic field-effect transistors, organic photo-
voltaics, or large-area photodetectors, where localized heating
may degrade performance and reliability. On the other hand,
the same low k value makes F,;,CuPc an ideal material for
thermal insulation layers in nanoscale and flexible electronics,
where thermal isolation between densely packed components
is crucial. Therefore, understanding and quantifying its
thermal behavior is essential for both performance optimiz-
ation and thermal design in emerging organic electronic
platforms.
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