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Mechano-electro-magneto-optical properties of giant PCBM crystals
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ABSTRACT

Millimetre-scale rhombohedral PCBM crystals were fabricated on multiple substrates, including
metalised glass and polymer. The multi-substrate fabrications granted the ability of characterising
the crystals composition, magnetically, electrically, and mechanically. Colossal crystals were fabri-
cated with or without P3HT, elucidating novel capabilities of the crystals for flexible and wearable
electronics applications. The lone PCBM crystals were characterised for their optical and mechanical
properties, whereas the P3HT coated crystals have notable magnetic and conductive performances.
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The substrate type played a crucial role in property-map of this organic framework, including crystal
growth and segregation. The PCBM crystals combined with P3HT hold a promising future for organic

photovoltaics and magnetic systems.

Wearable and flexible electronics require a paradigm shift in
material science and engineering. The material must exhibit
high efficacy for the bidirectional conversion of magnetic
and electrical energies, pointing towards oxide-based crystal-
line materials. However, the available materials exhibit poor
mechanical flexibility and fatigue life. Multiple research
directions focused on exploring metal-perovskite thin films
[1], traditional extrinsic and intrinsic multiferroics [2], and
metal-organic frameworks [3], to address this challenge.
Recently, blends of conjugated polymers with molecular
acceptors have attracted much attention in photovoltaic
applications with a potential magnetoelectric response.
Examples of these conjugated polymers include P3HT,
MEH-PPV, MDMO-PPV, while molecular acceptors include
PCBM, Cﬁﬂ, and PC';!()BM [4—6].

Poly 3-hexylthiophene-2,5-diyl (P3HT) blended with
Phenyl-Cg;-butyric acid methyl ester (PCBM) is
a rigorously researched material system for organic photo-
voltaic (OPV) technologies, achieving nearly 5% efficiency in
some cases [7,8]. The fascinating capability of this composite
macromolecule could be leveraged in organic magnetoresis-
tance (OMAR) and organic ferromagnetic technologies [9-
11]. The coexistence of the P3HT and PCBM in semicon-
ductive polymer frameworks gives rise to charge-transfer
excitonics, theorised to be the source of their magnetic and
magnetoresistive properties. The culmination of the electri-
cal, mechanical, and magnetic properties in excitonic poly-
mers situates them as a material candidate for wearable and
flexible electronics. For example, P3HT:PCBM thin films
exhibit 16% magnetoresistivity at a 0.3 T magnetic field, i.
e., organic magnetic field sensors [12]. The same polymer
framework reported a magnetic saturation of 0.65 emu/g at
0.1 T when light is applied, implying suitability for organic
optomagnetic applications [13].

Most OPV, OMAR, and organic magnets have been fab-
ricated on smooth rigid substrates, e.g., glass or silicon
wafers, for their planarity and handling [6]. Glass and silicon
are chemically resilient to nearly all organic solvents used to

fabricate these conjugated polymers, and thermally stable to
endure the stresses from thermal treatments. Moreover,
these inorganic substrates are more conducive for depositing
conductive and transparent layers (e.g., ITO) necessary for
OPV and vertical OMAR devices. However, some research
groups have successfully fabricated P3HT:PCBM OPV on
polyethylene with similar efficiencies to devices fabricated
on glass, demonstrating the potential for all-polymer devices
[14]. The latter improves the prospects of conjugated poly-
mers in flexible and wearable electronic applications, trump-
ing their inorganic counterparts.

This research investigates the effect of the substrate on the
mechanical, electrical, and magnetic performance of P3HT:
PCBM composite by growing ‘colossal’ crystals on glass,
glass-coated ITO, and PVDF membrane filters. Our group
recently demonstrated the process of growing PCBM with
sizes exceeding 1 mm, representing over a 600% increase
over the state-of-the-art [15]. The exceptional crystal growth
(referred to as ‘colossal’ hereafter) was attributed to the low
surface area-to-volume ratio, causing the external layer to
solidify and entrap the solvent and slowing down the curing
time of the interior. The substrate selection has been shown
to affect the film growth characteristics [16,17]. When P3HT:
PCBM is investigated for photovoltaic application, ITO-
coated glass is of primary interest as a substrate for its
transparency and good electrical conductance.
Alternatively, standalone PVDF is suitable for ferroelectric
and piezoelectric electronic applications and has excellent
mechanical and chemical resilience to withstand the fabrica-
tion process of P3HT:PCBM and loading conditions during
normal deployment conditions. In the context of this
research, PVDF facilitated the dynamic mechanical charac-
terisation of P3HT:PCBM, for the first time since other
substrates either dominate the response or are not conducive
for lifting off the films.

Regioregular poly(3-hexylthiophene) (Rieke Metals) was
dissolved entirely in ortho-dichlorobenzene (ODCB) with
a concentration of 35mg/mL. Phenyl-Cg,-butyric acid
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methyl ester (Nano-C) was then added to the solution in
a 1:1 weight ratio concerning P3HT and stirred at 40°C for
15h. The solution was drop cast onto a PVDF membrane
(Durapore DVPP02500) previously ultrasound cleaned with
deionised water, glass, or ITO-coated glass cleaned with
isopropyl alcohol. Samples were then left in a controlled
environment to cure for enhanced crystallinity. All fabrica-
tion steps were performed in an inert N, environment, while
all characterisation steps were done in ambient conditions.

Magnetic characterisation was performed on a Quantum
Design MPMS in DC mode and a dark environment. The
microscale electrical characterisation was conducted using
AFM workshop TT1 with Pl/Cr coated tips, while the macro-
scale electrical characterisation was accomplished with
a Terahertz Time-Domain setup [18]. Finally, the mechan-
ical characterisation was performed on a TA Instruments
Q800 DMA in film tension mode.

Figure 1 encompasses the multiscale microscopy investi-
gation of P3HT:PCBM crystals grown on different sub-
strates, including bare glass, ITO-coated glass, and PVDF
membrane. Regardless of the substrate type, the images in
the figure demonstrate the ubiquity and ‘colossal’ crystal size,
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where the crystal sizes range from 50 pm to 1300 pm. While
several researchers reported the nucleation of P3HT:PCBM
crystals on silicon or ITO-coated glass, the crystal size is
usually on the order of the film thickness ca. 10-80 pm. On
the contrary, the colossal crystals shown in Figure 1 grow out
of the film, attributed to the long curing cycle to control the
volume-to-surface area ratio.

Figure 1(a) shows an SEM micrograph of P3HT:PCBM
crystals fabricated on glass, whereas Figure 1(b) focuses on
a single crystal with exemplary uniformity and symmetry.
On the one hand, when fabricated on solid and rigid sub-
strates, e.g., glass, ITO-coated glass, or silicon, the crystals
formed underneath a capping polymer layer of P3HT. A few
smaller crystals barely protruding from the top capping layer
are observed in Figure 1(a). The top capping layer was gently
peeled off to uncover the crystals underneath, revealing
many crystals with morphology similar to Figure 1(c). The
rough surface of the exposed crystal is likely due to a strong
bond with the P3HT capping layer, damaging the crystal
during extraction. The strong bond between layers is bene-
ficial for its conductivity and photovoltaic efficiency. On the
other hand, fabricating these crystals on the PVDF
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Figure 1. (a, b) SEM micrographs of P3HT:PCBM fabricated on glass substrates, (c) PCBM crystal after the P3HT layer was lifted. (d-e) a collection of P3HT:PCBM
micrographs fabricated on the PVDF membrane filter, elucidating their geometrical structure. (f-h) SEM micrographs of the organic crystals demonstrating
potential geometry formations. (i-1) SEM micrograph of a crystal fabricated on PVDF with superimposed EDS maps for chlorine, sulphur, and fluorine, revealing the

chemical composition.



membrane exposed the PCBM formations to the top surface,
as observed in the optical microscope photographs in
Figure 1(d,e). It is worth noting that the PVDF membrane
acted as an active separator, segregating the PCBM colossal
crystals on the top from the P3HT crystals on the bottom. In
some instances, several PCBM crystals were found lingering
at the bottom of the PVDF membrane. This approach could
grow large PCBM crystals separated from P3HT crystals for
basic micro- and nano-scale characterisation. The P3HT and
PCBM components partition revealed the crystal black col-
our owed to the fullerene derivative and smooth reflective
surfaces. Moreover, the sequential layer-by-layer formation
of the PCBM crystals is manifested as concentric, stepped
boundaries around the perimeter.

The exposed PCBM crystals on PVDF were coated with
platinum for scanning electron microscopy (shown in
Figure 1d-f), which covered the feature ridges, causing
a similar appearance to the P3HT-coated crystals in
Figure 1a,b. Unique to the PVDF membrane substrate is
the multi-directionality of the crystal growth, where
Figure le shows an SEM micrograph exemplifying out-of-
plane growth and crystal-to-crystal interactions. The bottom
panel in Figure 1 shows elemental composition maps
extracted from and surrounding a single PCBM crystal,
where the first subpanel is an SEM micrograph of the isolated
crystal, while the subsequent subpanels show the chlorine,
sulphur, and fluorine concentration maps. The EDS analysis
elucidates a large chlorine concentration in the PCBM crys-
tal, while fluorine and sulphur were only present in the
surrounding PVDF membrane. The elemental composition
confirms our previous report that the PCBM crystals include
residual dichlorobenzene solvent with a trace amount of
P3HT. Fluorine or sulphur was not detected beneath the
crystal due to the relatively shallow penetration depth of
EDS (~1 um) compared to the crystal thickness.

The magnetic response of P3HT:PCBM as a donor-
acceptor organic framework hinges on the charge transfer
between these two components; hence, the absence or
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magnetic behaviour. Figure 2 provides evidence for the
dependence of the magnetic response on the cohabitation
of the donor and acceptor macromolecules, where the
film cast on a glass substrate ensured the coexistence of
the P3HT and PCBM, resulting in a ferromagnetic
response. The P3HT:PCBM crystals on glass yielded
a magnetic saturation of 8.2 emu/cm [3], which agrees
with the previously reported 10 emu/cm [3] magnetic
saturation of the same organic framework when deposited
on the ITO-coated substrate. On the other hand, the film
fabricated on the PVDF membrane shows a diamagnetic
response since the membrane successfully segregated the
two phases (e.g., Figure 1). Typically, some magnetic
behaviour is observed for P3HT and PCBM as separate
phases; however, the large volume fraction of diamagnetic
PVDF overpowers the response. These observations
affirm that the coexistence of P3HT and PCBM is essen-
tial for magnetic functionality.

The requirements for a material candidate for wearable
electronics include electrical conductivity. Probing the elec-
trical properties of the P3HT:PCBM was divided into two
stages based on the substrate type. First, the crystals fabri-
cated on ITO-coated glass were probed for microscale
I-V measurements, utilising the substrate as a ground plate.
Second, the samples fabricated on PVDF and glass were
suitable for terahertz time-domain (THz-TD) spectroscopy
in transmission mode due to the transparency of the sub-
strates within the terahertz regime, measuring the complex
electric properties [19,20].

Microscale electrical characterisation of the P3HT: PCBM
crystals fabricated on ITO-coated glass were carried out
using conductive atomic force microscopy (C-AFM). The
conductivity maps and localised I-V curves were collected
from different locations: near, on edge, and at the centre of
a PCBM crystal coated with P3HT, plotted in Figure 3(a).
The results also elucidate the underlying location-dependent
electrical behaviour. Notably, additional current measure-
ments were collected far away from the crystals but resulted

separation of the constituents compromises their in negligible values, hence omitted for brevity. The near-
0 10 I 1 T L]
T
ks 0.05 -
=
£
)
S 000 ——
®
N
—
@
&
g 005 - — On Glass (]
On PVDF||
-0.10 |- -
1 1 M 1 1
-1000 500 0 500 1000
H-field (Oe)

Figure 2. Magnetic hysteresis of P3HT:PCBM deposited on a glass substrate with pronounced ferromagnetic response and PVDF membrane with a diamagnetic

response.
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Figure 3. (a) I-V curves of P3HT:PCBM crystal on ITO-coated glass (the left inset
shows the bandgap energies of P3HT, PCBM, and work functions of ITO and Pt;
the right inset shows a schematic diagram of the relative locations of the
measurement to a P3HT:PCBM crystal). (b-c) topography and conductive phase
maps near and (d-e) on the crystal.

crystal I-V curve exhibited a semi-symmetrical, resister-like
behaviour with a resistance of 7.9 G (). The resistance
reported herein is significantly lower than prior C-AFM
measurements on non-crystalline P3HT:PCBM, especially
when considering the difference in thicknesses (12.5 GQ2
and 50 nm thick) [21]. On the other hand, the remaining
I-V curves on the crystal reported a diode-like characteristic
with similar negative resistances of 6.5 GQ and 6.4 GQ (at
—5V). Uniquely, the I-V measured near the edge of the
crystal showed a dramatic forward breakdown voltage (Vz)
at 3.38 V. In contrast, the I-V curve measured near the centre
of the crystal did not exhibit a breakdown voltage within the
5V testing envelope (potential electric breakdown above 5
V). The perceived shift in breakdown voltage may be due to
the increased sample thickness near the centre of the crystal
since electrical breakdown is exponentially proportional to
the applied electric field.

Conductive maps were measured near and on the crystal
and are displayed in Figure 3b-e, respectively. The conduc-
tive phase maps near and on the crystal show a ridge pattern,
closely mimicking the patterns observed in Figure 1d,e. The
connection of the conductivity and optical patterns suggests

that the edges of the crystal ridges play a significant role in
the conductivity, possibly due to a better interconnectedness
between the material phases. This claim is substantiated by
the ridges that are faintly imprinted in the topography in the
near-crystal scan of Figure 3b. These topological ridges in
Figure 3b are likely due to a thinner P3HT layer capping the
crystal, allowing the ridges of the crystal to protrude the
surface slightly. Notably, the ridge pattern on the crystal
(Figure 3e) was more vivid but less frequent than the ridge
pattern near the crystal (Figure 3c). The ridge pattern dichot-
omy is also observed in the optical photographs in Figure 1d,
e when comparing the periodicity of the ridges on the centre
of the crystals and around the edges.

The THz-TD measurements of the samples fabricated on
glass and PVDF are plotted in Figure 4 with reference to
a bare glass substrate. The P3HT:PCBM-PVDF sample was
also measured with a glass substrate to ensure the consis-
tency of the reference signal. The P3HT:PCBM samples
delayed and attenuated the peak amplitude of the THz
wave due to their relative complex refractive index
(n = n + ix), such that

Cls

¢ cln(l -4 _AO/AO)
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where, A,, A, and £; are the amplitudes of the reference signal
and sample signal, and the time delay, respectively. The
sample thickness is defined as d while f and c are the fre-
quency and speed of light in vacuum. The relative permittiv-
ity can be obtained by ¢ = #?, assuming the relative
permeability is close to unity based on the low magnetic
response in Figure 2. The refractive index values and com-
plex permittivity, averaging over three THz-TD measure-
ments, are listed in Table 1. The real refractive index of the
P3HT:PCBM fabricated on glass closely matches reported
values in the literature [19,22], suggesting that the effect of
the PCBM crystals on the photonic behaviour is marginal
compared to amorphous films in this frequency range. The
reduction in the refractive index for the P3HT:PCBM-PVDF
sample is attributed to the inclusion of the PVDF substrate,
where the refractive index for PVDF was previously reported
to range from 1.4-2.1 in the THz region [23].

Traditional substrates, i.e., ITO-glass and bare glass, sti-
pulate challenges for flexible, wearable, and biomedical elec-
tronics. Moreover, macroscale mechanical characterisation
of P3HT:PCBM is experimentally challenging on these tradi-
tional substrates due to their overwhelming rigidity com-
pared to the local modulus of P3HT:PCBM reported to be
550-600 MPa [23]. Thus, the mechanical properties of
P3HT:PCBM-PVDF samples were characterised using
a dynamic mechanical analyser (TA Q800) in uniaxial ten-
sion. Three P3HT:PCBM-PVDF samples were compared to
pristine PVDF membranes, resulting in the averaged stress-
strain behaviours in Figure 5. P3HT:PCBM decreased the
strain-to-yield of the PVDF membrane by 65 +0.3%, which
is attributed to the chemical degradation from dichloroben-
zene during processing. Nevertheless, the significant 24%
maximum strain of P3BHT:PCBM-PVDF is still suitable for
compliant electronics.

The overall behaviour of the PVDF and P3HT:PCBM-
PVDF samples bore little resemblance to any hyperelastic
model for bulk polymers but did closely mimic the response
of polymeric foam. This is attributed to the pore structure of

n=1+— andx = (1
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Figure 4. Terahertz time-domain signals of glass reference, P3HT:PCBM fabricated on glass, and P3HT:PCBM-PVDF samples.

Table 1. Optical and dielectric properties of P3HT:PCBM on glass and PVDF.
Sample n K [A

P3HT:PCBM 3.30 2.6e-3 10.82 + 1.73i
P3HT:PCBM-PVDF 142 4.7e-4 2.00 + 0.15i

the PVDF membrane used here as the substrate (see SEM
micrograph in the inset of Figure 5). Liu and Subhash pro-
posed a phenomenological model [24] (referred to as the LS
model herein) to describe the stress-strain relationship of
polymeric foam under uniaxial tension, given as

e”® —1

I=Ap i )

where, ¢ and ¢ are the engineering stress and strain,
respectively, A (units of stress), B, «, and f are curve-
fitting parameters [24]. Walter et al. explained that A is
related to the stress of pore collapse and the ratio of the «
and B parameters are related to material stiffening (if
a/B>1) or softening (if a/f<1) [25]. The elastic mod-
ulus (E) can be obtained by differentiating
Equation 2, E = Aa/1 + B.
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Figure 5. Engineering stress-strain of P3HT:PCBM-PVDF and PVDF substrate with their respective fitted Liu-Subhash model responses (the inset is an SEM

micrograph of the porous structure of the PVDF substrate).
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Table 2. Liu-subhash model parameters for PVDF substrate and P3HT:PCBM-PVDF.

Sample A (MPa) a B E (MPa)

P3HT:PCBM-PVDF 4391 +0.014 0306 + 0.011 0.298 + 0.011 1.344 +0.044

PVDF substrate 4768 +0.028 0.223+0.004 0.217+0.004 1.058+0.012
The mechanical properties extracted from the experimental ORCID

stress-strain and the fitting parameters of the LS model are
tabulated in Table 2. Overall, the LS model pronounces the
effects of P3HT:PCBM on the mechanical response, including
a 30% increase in stiffness and an 8% decrease in the pore
collapse stress of the PVDF substrate. The 30% increase in
stiffness is attributed to the higher rigidity of the PCBM crystals.
Prior microscale characterisation reported that the PCBM crys-
tals had a plane-stress stiffness of ~ 550 MPa, attributing its
relatively high stiffness to the P3HT:PCBM-PVDF bulk
Thermogravimetric analysis revealed that P3HT:PCBM consti-
tuted ~9% of the weight of the tested P3HT:PCBM-PVDF sam-
ples. Moreover, image processing analysis showed that the
PCBM crystals had an ~8% coverage of the sample surface.
Using the in-plane force-balance relationship of laminate com-
posites (Eca. = Eja; + Eya;, where a is the cross-sectional area,
and subscripts ¢, 1 and 2 represent the composite and the two
constituents, respectively); the calculated stiffness of P3HT:
PCBM is ~580 MPa, which is in excellent agreement with the
prior microscale characterisation. Finally, the 8% decrease in
pore collapse stress is attributed to P3HT:PCBM filling in the
pores of PVDE.

In closing, this study reported synthesising colossal PCBM
crystals on glass, ITO-coated glass, and PVDF substrates while
overcoming detrimental polymer substrate challenges to the
crystal growth process. When fabricating on glass, the PCBM
crystals were found to seed directly on the substrate, while a layer
of P3HT covered the crystals. The crystals had good adhesion to
the glass and P3HT, causing failure when the P3HT separated.
Conversely, when fabricated on PVDF, the uncoated P3HT was
segregated from the PCBM crystals. The uncoated crystals
revealed numerous features that P3HT previously occluded,
but the separation was detrimental to the magnetic and con-
ductive properties. When the phases were in contact (i.e., fabri-
cated on glass), the colossal crystals outperformed the magnetic
and conductive measurements of their amorphous counterparts
reported a priori. The mechanical properties were also charac-
terised and agreed with prior micromechanical measurements.
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