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We report high-resolution, traceable atomic force microscopy measurements of high-quality,
solvent-free single crystals of [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). These were
grown by drop-casting PCBM solutions onto the spectrosil substrates and by removing the residual
solvent in a vacuum. A home-built atomic force microscope featuring a plane mirror differential
optical interferometer, fiber-fed from a frequency-stabilized laser (emitting at 632.8 nm), was used
to measure the crystals’ height. The optical interferometer together with the stabilized laser
provides traceability (via the laser wavelength) of the vertical measurements made with the atomic
force microscope. We find that the crystals can conform to the surface topography, thanks to their
height being significantly smaller compared to their lateral dimensions (namely, heights between
about 50 nm and 140 nm, for the crystals analysed, vs. several tens of microns lateral dimensions).
The vast majority of the crystals are flat, but an isolated, non-flat crystal provides insights into the
growth mechanism and allows identification of “molecular terraces” whose height corresponds to
one of the lattice constants of the single PCBM crystal (1.4 nm) as measured with X-ray diffraction.

[http://dx.doi.org/10.1063/1.4941227]

High-quality, solvent-free crystals of organic semicon-
ductors are essential to the investigation of the physics
underpinning the technology of devices such as organic
light-emitting diodes (OLEDs), field-effect transistors
(OFETs), and photovoltaic diodes (OPVDs).l’2 In addition,
detailed information on the material aggregation behavior,
morphology, and electronic properties® provides crucial
bases for device optimization.

PCBM ([6,6]-phenyl-C61-butyric acid methyl ester), in
particular, is one of the most popular choices as the electron
acceptor in organic solar cells with type-II heterojunctions.
Such architectures are widely used as they favour exciton split-
ting, both in bilayers4 and bulk (distributed) heterojunctions
(BHJs). In the latter, the interpenetrated electron donor—accep-
tor network also provides large interface areas and optimizes
charge generation.>® Devices based on poly(3-hexylthiophene-
2,5-diyl) (P3HT) and PCBM blends display better performance
following thermal annealing that alters the fraction of amor-
phous and microcrystalline PCBM domains,”® with the forma-
tion of PCBM nano-crystalline domains that are crucial for
high power conversion efficiencies (PCE).”'® One of the
issues that have hampered progress so far is that the crystal
structure of PCBM turns out to be strongly dependent on the
solvent in which the crystals are grown and which remain in
the crystals themselves as an inclusion. Recently, we have pro-
posed a solution-based procedure to obtain large, solvent-free,
high-quality PCBM crystals.'" This procedure can be carried
out at room temperature, avoiding potential reductions in
crystal stability or purity caused by thermal annealing.'?
Micro-focused X-ray diffraction (XRD) (I124-Microfocus
MX beam-line at Diamond Light Source—UK) showed that

0003-6951/2016/108(5)/053303/4/$30.00

PCBM assembles into a monoclinic unit cell (a = 1.347 nm,
b=1.51nm, c=1.91nm) containing four PCBM molecules.
Remarkably, the Van der Waals sphere representation indi-
cated that there is not enough space to accommodate a solvent
molecule inside the unit cell, and the electron density map
from the X-ray diffraction experiments signified that there is
no residual solvent present within the voids. Such crystals also
display a rich vibrationally resolved low-temperature photolu-
minescence (PL), afforded by a complex interplay of
Herzberg-Teller, Jahn-Teller, and Franck-Condon effects. We
refer the reader to Ref. 11 for further details on the crystals’
preparation and XRD characterization, and to Ref. 13 for
details of the photoluminescence characterization.

Other morphological properties of the crystals are also
very important for understanding their fundamental proper-
ties and applicative potential, such as their dimensions and
the quality (e.g., roughness, defects, etc.) of the crystal surfa-
ces. Such investigations can be pursued, for example, by
accurate and traceable dimensional nanometrology, by
means of atomic force microscopy.'* !¢ To circumvent the
problems originating from non-linearity, drift, and hysteresis
inherent to piezoelectric transducers (PZTs) in commercial
instruments,'” which result in the voltage conversion being
one of the major causes of inaccuracy and lack of traceabil-
ity, we have used an AFM that has integrated optical inter-
ferometry for the measurement of the vertical motion of the
PZT tube to compensate for tip bending.'® Lateral motion is
achieved with a high precision dual axis translation stage.
Optical interferometry is the primary route to traceability for
dimensional metrology, realized in this case by the wave-
length of frequency-stabilized He-Ne lasers.'**°
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Importantly, the use of an optical interferometer
decouples the measurement of the Z displacement from the
voltage (V) applied to the PZT by the servo loop. This
therefore prevents errors introduced by associating the Vi,
to a z displacement when the servo loop compensates for
drift or non-linearity of the PZT. The optical interferome-
ter used, the National Physical Laboratory (NPL) Plane
Mirror Differential Optical Interferometer (PMDOI),21 is
a homodyne differential interferometer, fiber-fed with a
He-Ne frequency-stabilized laser with the wavelength of
632.8 nm.>

Measurements of the surface topography were carried
out using the AFM in closed-loop, non-contact mode in a
temperature-controlled environment (20°C = 0.01°C). As
well as the PMDOI, the AFM (Fig. 1(a)) uses a fiber interfer-
ometer featuring a laser diode (A =785 nm) for detecting the
deflection of the cantilever.'® This is in place of the more
usual beam deflection system found in most AFMs. The rotal
AFM noise along the z-axis has been measured to
be <0.2nm.> The AFM images were numerically corrected
for tilt using the “mean plane subtraction” tool in
Gwyddion24 (a freely available software for AFM data visu-
alization and analysis), and the crystal step height was meas-
ured according to the international standard ISO 5436
(2000),” taking several line profiles (>10) perpendicular to
the crystal’s long axis and averaging the results. The stand-
ard ISO 5436 (2000) defines the currently accepted most
accurate way of extracting the step height. The method
involves fitting the data taken on the substrate on either side
of the single step and on the step itself, and therefore allows
any residual tilt of the sample to be removed from the mea-
surement of the step height.
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FIG. 1. (a) Schematic of the home-built AFM, including the interferometer
beams for the detection of the vertical displacement; (b) AFM image (512 x
512 pixels) and (c) line profile of two PCMB crystals corresponding to the
dashed line in Fig. 1(b); (d) AFM measurement (512 x 512 pixels) of the
substrate, showing the spectrosil substrate not completely covered by the
PCBM agglomerates.
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Fig. 1(b) shows an example of the AFM measurements
of two PCBM crystals next to one another, on a spectrosil
substrate. The measured height averaged along the main
axes of the crystal is 48.2+0.9nm and 109 = 0.6 nm,
respectively (uncertainties here and in the rest of the docu-
ment are given at one sigma). Fig. 1(b) shows a roughness
(“root mean square,” rms) of 0.9 nm and 1.0 nm on the lower
and higher crystal surfaces, respectively, compared to a
roughness of 2.7 nm on the spectrosil substrate. A close-up
of the substrate (Fig. 1(d)) also indicates the presence of a
non-uniform, discontinuous, 5 nm-thick PCBM layer (red-
dish grains in Fig. 1(d)) on top of the remaining areas of sub-
strate (black-colored regions in Fig. 1(d)). The roughness of
such a non-uniform PCBM layer is 2.9 nm, compared to the
1.4nm roughness of the spectrosil (slightly different in the
close-up compared to the 2.7 nm found on a larger sample of
the spectrosil).

Interestingly, several PCBM crystals, measured across
multiple samples, showed recurrent height values, multiples
of either ~50 nm or ~70nm (e.g., 49 = 2nm and 105 = 3 nm
or 72 =2nm and 139 = 3nm). Identification of the factors
limiting the growth of the crystals in the vertical direction to
specific values is beyond the scope of this work, but, intrigu-
ingly, we also note the presence of some overlapping crys-
tals. Fig. 2(a), for example, shows the AFM measurements
of two such crystals. Similar to the measurements in Fig. 1,
the thickness of the crystal is 106 = 1 nm and 103 = 1 nm for
both the crystals on the left and the crystal on the right of the
image, respectively. The roughness of the non-overlapping
areas is 0.6nm (Figs. 2(c)-2(d)), whereas the top crystal
shows a damaged area with “crevices” up to 40 nm deep.

Fig. 3(a) shows the AFM measurements of the only
crystal observed that was not flat. From the line profile along
the main crystal axis (reported in Fig. 3(b)), the crystal
height increases from the edges (63nm and 81nm) up to
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FIG. 2. (a) AFM image (512 x 512 pixels) and (b) line profile of two
PCBM crystals with the same height, laying on each other (corresponding to
the dashed line in Fig. 2(a)); (c) detailed AFM image (1024 x 1024 pixels)
and (d) line profile of the top surface of a PCBM crystal (corresponding to
the dashed line in Fig. 2(c)).
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210nm at the center. In addition to recording a surface
roughness of 0.6nm, a “terrace discontinuity” on the crystal
surface can be observed in Fig. 3(c) and the value of the step
is 1.4 = 0.2nm (Fig. 3(d)). The inset of Fig. 3(c) also shows
the progression of a few terraces that eventually yield the
monotonic increase of the surface morphology towards the
center of the long-axis of the crystal. Although the edges of
such terraces are relatively rough, it is interesting that they
have approximately the same extension in the direction of
the crystal long-axis.

We start our discussion from Fig. 1, and note that the
crystals are generally rather uniform in thickness, along their
length, with deviations of only 0.9nm and 0.6 nm, respec-
tively, for the ones in this figure, thereby confirming the vis-
ual impression of the relatively uniform nature of the crystal
surfaces. This complements the information on the high
quality of the PCBM crystals as obtained from the XRD
measurements, also demonstrating close packing of PCBM
within the crystals bulk."’

In addition to their uniformity, we observed that the
crystals measured can be remarkably thin (thickness as low
as 49 nm) compared to their lateral dimensions, which are of
the order of few micrometers in width and tens of micro-
meters in length. Interestingly, the topography measurements
(AFM measurement reported in Fig. S1 in the supplementary
materials section)26 show that, thanks to their low thickness,
the crystals’ form matches that of the underlying substrate.
We observed (AFM measurement reported in Fig. $1)? that
for a non-uniform substrate, the crystals adapt to the surface,
and that the morphology of the top surface of the crystal
reproduces the one of the substrates underneath the sample.

As a consequence of the slight thickness of these crys-
tals and of their conformability, the measured roughness of
the crystal’s top surface is given by two components. The
first is due to the intrinsic crystal roughness, whereas the
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FIG. 3. (a) AFM image (1024 x 1024 pixels) and (b) line profile of a PCBM
crystal showing an increasing height from the edges of the crystal towards
the center (corresponding to the dashed line in Fig. 3(a)); (c) detailed AFM
image (512 x 512 pixels for main figure and 256 x 256 pixels for inset) and
(d) line profile of a 1.4 nm step-like defect on the PCBM crystal.
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second is due to the crystal conforming to the substrate. The
actual crystal roughness can thus be lower than the 0.6 nm or
0.9 nm measured. As a confirmation, we also grew crystals
on the Si/SiO,/HMDS (hexametil-disilazane) substrates with
roughness <1.2nm and obtained a crystal surface roughness
between 0.3 nm and 0.6 nm (not shown). Such low roughness
of the crystals, as measured with the metrological AFM, is
also entirely consistent with the highly uniform polarization
colors observed in the cross-polarized optical microscopy
(reported as Fig. S2 in the electronic supporting informa-
tion),26 which are correlated with the actual retardation, bire-
fringence, and thickness of the crystals. Only samples of
highly uniform thickness and structural quality will produce
such homogenous polarization colors. Furthermore, even
with a small misalignment of the crystal with respect to the
polarizer and/or analyzer, no complete extinction is
observed, further underlying the excellent quality of the pro-
duced crystals, as clearly, perfect alignment is needed.

As noted above, from the zoomed-in image (Fig. 1(d))
we also observe the presence of a non-uniform, ~5 nm-thick
layer of PCBM. We suggest that during the drying process
the PCBM aggregates on the spectrosil substrate, probably
clustering around defects in the underlying spectrosil, and
these then act as seeds for the formation of the crystals. The
formation mechanism of the crystals is still under investiga-
tion; however, our data suggest at least two possible mecha-
nisms. First, we propose that the crystals can grow along the
directions pointing out of the surface plane, and essentially
as part of complex 3D structures which we have also previ-
ously reported,'' and that break (mostly at the base) when
the solvent dries out or because of handling. Second, the
crystals can also grow horizontally on the substrate on the
PCBM layer, i.e., in a direction within the surface plane.

As an indication of the former growth mode, we note, in
Fig. 2, two crystals lying on top of one another, and, more
generally, the presence of crystals with recurrent height val-
ues (e.g., 499*2nm and 105*3nm or 72*2nm and
139 = 3 nm). We suggest that for these crystals the thickness
is a multiple of a given value (~50 nm or ~70 nm) as a con-
sequence of the crystals growing as part of complex stacks,"’
which subsequently collapsed during the drying process.
Interestingly, there is a raised area in the bottom part of both
crystals in Fig. 2, which lends further support to our interpre-
tation. The crystals appear to have grown simultaneously as
a geminate pair from the area of the raised feature, and then
the one lying on the top was later broken, collapsing on the
other crystal, thereby leaving a “stump” (raised area). Fig.
2(a) also shows the presence of several defects on the area
where the crystals overlap, but not outside of it. We consider
that such defects have been generated by the evaporation of
the solvent trapped between the two crystals, which must
have found its way through the upper crystal, and thereby
leaving it damaged owing to the fast solvent evaporation
upon exposure to vacuum.

A different crystal formation mechanism is necessary to
explain the unique shape reported in Fig. 3(a). Here, we pro-
pose that the crystal was formed by the evaporation of a drop
of solution that retracted towards the center as the solvent
evaporated, thus leading to a progressively higher PCBM
concentration in the droplet which in turn deposited an
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increasingly larger amount of material when progressing
towards the center of the crystal. A corroborating indication
of this is the presence of (already noted) several terraces per-
pendicular to the main crystal axis illustrated in the inset of
Fig. 3(c). Interestingly, the step height is 1.4nm * 0.2 nm,
which corresponds to the “a” lattice constant (1.347 nm), as
measured recently via single-crystal XRD."' We therefore
propose that the measured step is generated as the drop
retracts, laying a new crystal plane on top of the existing
ones.

In conclusion, we presented high resolution, traceable
AFM measurement of high quality PCBM crystals. The crys-
tals were grown via slow-evaporation of a solvent but, as
reported previously, they showed no solvent inclusion after
vacuum exposure. The effect of the drying process has been
considered for understanding the damage in limited areas of
crystals and the formation of ~1.4nm step terrace-like
defects corresponding to the crystal lattice constant.
Traceable AFM measurements confirmed that the roughness
of the crystals’ surfaces can be as low as 0.6 nm (or 0.3 nm
depending on substrates), which, together with their high
quality bulk structure, make them good candidates for further
investigations of the basic physical properties of this impor-
tant and intriguing material.
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