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ABSTRACT

Solution processing techniques are often used to enhance intra and interchain order in semiconducting conjugated polymer thin films used in the active layer of
organic optoelectronic devices. While there has been extensive research into the impact of solution processing on the local structural and electronic properties of
these films, the nanomechanical properties of the films are less well understood and are challenging to characterize. We investigate the nanomechanical properties of
conjugated polymer thin films arising from solution processing techniques. Our study relies on dynamic secondary solvent dripping to induce subtle changes to the
film morphology. We examine thin films of P3HT, PCDTBT, PTB7, and PBDB-T-SF conjugated polymers, commonly used in organic photovoltaics, with the bimodal
amplitude modulation-frequency modulation (AM-FM) imaging mode of the atomic force microscopy (AFM) viscoelastic method to probe their local physical and
mechanical properties. We find that Young’s Modulus data measured by AM-FM AFM can detect additional changes in film properties not discernible by other
commonly used bulk thin-film characterization techniques. For PBDB-T-SF, we detect an increase in molecular order that is not noticable by UV-visible absorption
spectroscopy, X-ray diffraction or nanoindentation. PCDTBT, the most amorphous of the polymers studied, shows no changes in absorption or X-ray diffraction data,
yet clear changes in Young’s Modulus were detected by AFM. On the other hand, increases in P3HT order that occurred due to dynamic secondary solvent dripping
are detected in both the bulk and AFM measurements. Our study demonstrates the applicability of nanomechanical measurements for characterizing local structural
variations in conjugated polymer films. This work is relevant to ongoing efforts to control and understand the complex structure-property-processing relationships of

conjugated polymer thin films.

1. Introduction

We examine the alterations in the surface morphology and local
mechanical properties of thin films of widely studied conjugated poly-
mers: poly(3-hexylthiophene) (P3HT), poly[N-9-heptadecanyl-2,7-
carbazole-alt-5,5-(4,7"-di-2-thienyl-2',1',3-benzothiadiazole)]
(PCDTBT), poly [[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithio-
phene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl) carbonyl] thieno[3,4-b]lthi-
ophenediyl]] (PTB7), and poly[(2,6-(4,8-bis(5-(2-ethylhexylthio)-4-
fluorothiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1',3'-
di-2-thienyl-5',7"-bis(2-ethylhexyl)benzo[1',2"-c:4’,5"-c’ 1dithiophene-
4,8-dione)] (PBDB-T-SF), arising from exposure to a secondary solvent
during spin coating. Solution processing techniques are often used to
enhance the intra- and inter-chain order of conjugated polymers in the
active layer of organic optoelectronic devices [1]. Conjugated (i.e.,
semiconducting) polymers have been extensively studied for optoelec-
tronic applications due to their diverse optical and electronic properties,
which stem from the system of n-electrons created by the overlapping

p-orbitals of alternating double and single bonds in their characteristic
backbones [2]. However, semiconducting polymer materials generally
exhibit lower device performance compared to inorganic semi-
conductors due to their relatively low crystallinity and complex film
morphology [3-5]. In conjugated polymer thin films, the mobility of
charge carriers is sensitive to the degree of intrachain and interchain
order. Charge transport in conjugated polymers typically occurs both in
the direction of the delocalized n-orbitals of the conjugated chain, (with
charges hopping to neighboring n-orbitals in the n-n stacking direction),
and along the chain-to-chain direction. The latter is relatively more
difficult to achieve due to the presence of insulating alkyl chains [6-11].
Factors that have been shown to affect high-performance devices and
charge mobility include highly ordered polymer chains, n-n stacking,
molecular orientation, film morphology, and crystallinity [12-32].
Despite significant progress in understanding the properties of conju-
gated polymers, a crucial aspect that remains challenging to investigate
is the nanoscale crystallization of these materials on going from solution
to the solid state [33-36]. The ability to control and optimize this
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process is essential for achieving high-performance devices and
unlocking the full potential of conjugated polymers in various fields.

Several techniques have been explored to improve the morphology,
crystallinity, and charge transport properties of conjugated polymer
films, [1,37-44]. Recent research has been focused on solution pro-
cessing methods that can enhance intra- and inter-chain interactions.
This approach has generated considerable interest due to its potential to
achieve significant improvements in film formation through the incor-
poration of a secondary solvent, such as a poor solvent or antisolvent, or
additives into polymer film processing methods [45,46]. Delayed
evaporation rates that may be promoted by secondary solvents are
believed to facilitate polymer assembly in some instances, leading to
enhanced charge transport properties [47,48]. Moreover, solution phase
studies of conjugated polymer self-assembly have shown that polymer
aggregation in good solvent/poor solvent binary mixtures is strongly
affected by the poor solvent polarity [49-51]. Several other studies have
reported that solvent vapor exposure methods of polymer films using
poor solvents, whether during pre-treatment [44], during spin coating
[52], or after spin coating through solvent vapor annealing [53], can
significantly enhance the charge transport properties of resultant de-
vices. Incorporating secondary solvent additives into polymer precursor
solutions [1,54-56] has also been shown to improve the morphology of a
variety of conjugated polymer films by allowing for improved aggre-
gation of the polymer during spin coating.

In our study, we focus on a particular solution processing approach:
the antisolvent dripping method [57,58], which has been widely used
for several years to enhance the performance of inorganic-organic
hybrid perovskite films [57-62]. Jo et al. demonstrated that a similar
method can impact the morphology and charge transport of conjugated
polymer films [63]. By combining a good solvent and a poor solvent in
various ratios to create cosolvent systems, they systematically studied
the effects of polarity, viscosity, and solubility of secondary solvents
added after spin coating on poly (3-hexylthiophene) (P3HT) thin films.
Jo et al. determined that increasing solvent solubility enhanced the
molecular ordering of the films. Further, the morphology and charge
transport properties were increasingly altered with decreasing solvent
polarity and viscosity.

In our study, we investigate the subtle changes in the local physical
and mechanical properties of several common conjugated polymer thin
films, including P3HT, PCDTBT, PTB7, and PBDB-T-SF, exposed to a
poor/secondary solvent during the spin coating process (rather than
before or after, like in previous methods). The advantage to adding the
secondary solvent during the process is that it shortens the treatment
time and number of process steps required [64]. Initially, we selected
the very well-studied conjugated polymer, P3HT, as well as three
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additional conjugated polymers (PCDTBT, PTB7, and PBDB-T-SF),
known for their higher reported efficiencies in organic photovoltaic
devices, including one that is often used in fullerene-free devices
(PBDB-T-SF), see Fig. 1 [65]. The lower frontier orbital energy levels of
these polymers lead to advantages over standard materials, including
longer wavelength absorption and improved ambient stability. In
contrast to the cosolvent systems used in previous work, we chose a high
boiling point good solvent to prepare the polymer precursor solution to
ensure this solvent remains long enough during spin coating to allow for
mixing with the poorer (secondary) solvent added during spin coating.

It is necessary to choose robust and complementary methods of
characterizing subtle changes in morphology promoted by solvent
treatment to enable investigation of the physical, optical and mechani-
cal properties of conjugated polymer films in parellel. While several
complementary methods are available to characterize order in conju-
gated polymer films, they are often insensitive to amorphous domains:
X-ray diffraction, for instance, only probes the bulk (semi)crystalline
properties of the film. Atomic force microscopy, on the other hand, can
map the elastic and viscoelastic properties of materials at the nanoscale,
making it an essential tool in polymer research [34,66-82]. Further-
more, from the many nanomechanical mapping modes available,
bimodal AFM techniques such as AM-FM viscoelastic mapping provide
fast, high-resolution topography and nanomechanical properties
simultaneously [83]. Despite its powerful capabilities, the
high-resolution viscoelastic mapping potential of bimodal AFM is still
widely underutilized in conjugated polymer research.

In this study, we investigate the nanomechanical properties of con-
jugated polymer films by utilizing atomic force microscopy (AFM) AM-
FM viscoelastic mapping. We compare the results obtained from AFM
with those obtained using more common characterization techniques
such as UV-visible absorption spectroscopy (UV-vis), grazing-incidence
X-ray diffraction (GIXRD), and nanoindentation. Our focus is on
demonstrating the advantages of nanoscale structural and mechanical
measurements using AFM for the characterization of subtle changes in
film morphology that may be missed using other techniques. Through
this work, we aim to contribute to the ongoing efforts in conjugated
polymer research to develop thin films with defined structure, molecular
(especially chain) orientation, packing and crystallinity by applying a
sensitive nanomechanical characterization approach.

2. Materials & methods
2.1. Materials

The molecular structure of the four conjugated polymers studied are
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Fig. 1. Molecular structures of polymers (P3HT, PCDTBT, PTB7, PBDB-T-SF) and schematic illustration of poor (secondary) solvent dripping spin-coating process for

conjugated polymer thin films.
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shown in Fig. 1. Poly(3-hexylthiophene) (P3HT) regioregular (electronic
grade, MW = 58000, PDI = 2.4) was purchased from Rieke Metals. Poly
[N-9"-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3"-ben-
zothiadiazole)] (PCDTBT) (MW = 31838, PDI = 6.1) and Poly [[4,8-bis
[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl] [3-fluoro-
2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl 11 (PTB7) (MW
= 23556, PDI = 2.93) were purchased from Lumtec. Poly[(2,6-(4,8-bis
(5-(2-ethylhexylthio)-4-fluorothiophen-2-yl)-benzo[1,2-b:4,5-b’]dithio-
phene))-alt-(5,5-(1',3-di-2-thienyl-5',7'-bis(2-ethylhexyl)benzo[1,2-
c:4,5-c’]dithiophene-4,8-dione)] (PBDB-T-SF) (MW = 58194, PDI =
3.17) was purchased from Ossila. Chlorobenzene and toluene were
purchased from Sigma Aldrich and used as received.

2.2. Thin-film fabrication

Glass substrates were precleaned by sonication in a detergent solu-
tion (Sparkleen, Fisherbrand), submersion in an ethanol/HCl (1:1) so-
lution, and sonication in isopropanol, each for 10 min. The substrates
were rinsed three times with deionized water between each step. Silicon
(Si) substrates were precleaned by sonication in a detergent solution and
submersion in a hot water/ammonium hydroxide/peroxide (5:1:1) so-
lution, each for 10 min. The substrates were rinsed three times with
deionized water between each step. Thin films were fabricated by dy-
namic spin coating of polymer dissolved in chlorobenzene (20 pL) fol-
lowed by toluene (10 pL) added during spin coating. A schematic of the
poor (secondary) solvent dripping method used for film preparation is
shown in Fig. 1. For P3HT (30 mg mL’l) and PBDB-T-SF (20 mg mL’l),
films were prepared at 3000 rpm for 20 s, with toluene added after 15 s.
Due to substantial removal of the film by toluene, for PTB7 (40 mg
mL~!) and PCDTBT (40 mg mL 1), films were prepared at 3000 rpm for
40 s with a second addition of polymer after 20 s, spin speed was
increased to 6000 rpm for 6 s with toluene added after 3 s. All films were
dried under vacuum overnight prior to characterization and stored
under vacuum before additional characterization.

2.3. Solvent selection

Good and poor solvents for the conjugated polymers and acceptors
were selected for this work based on Hansen Solubility Parameters
(HSP) [84]. Solubility parameters, sometimes called cohesion energy
parameters, are derived from the energy of vaporization. Hildebrand
and Scott were the first to use the term solubility parameter [85,86]. The
Hildebrand solubility parameter, &, is defined as the square root of the
cohesive energy density, shown in Eq. (1)

s=(E/V)" €h)

Where V is the molar volume of the pure solvent, and E is its total energy
of vaporization. Hansen extended this work by breaking up the total
cohesive energy (E) into its individual parts of energy from dispersion
forces (Ep), dipolar intermolecular force (Ep), and hydrogen bonding
(Em), shown in Eq. (2).

E=Ep+Ep+Ey 2

The square of the Hildebrand solubility parameter is thus the sum of
the squares of the Hansen parameters divided by the molar volume,
shown in Egs. (3) and (4).
E_Ey Er Ey

= 3
vV v V+V )

F =06+ +6, (€]

Where 6p, Sp, 5y and are the HSP from dispersion forces, dipolar inter-
molecular force, and hydrogen bonding, respectively. HSP were used for
this work since they have been shown to be useful when predicting the
solubility behavior of organic semiconductors [87-90]. Materials with
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similar HSP have high affinity for each other, so the solubility parameter
distance, or interaction radii, R,, between two materials is used to
determine good and poor solvents for each polymer and acceptor with
good solvents having a smaller R, thus a stronger interaction, with a
given solute, as shown in Eq. (5) [84].

R2=4(8p1 — ;)" + (8p1 — 82) + Bt — 6m2)’ 5)

Where 6p1, Sp1, 61 are the HSP for the first material and 6py, Sp2, 52 are
the HSP for the second material. HSP for the polymers in this work were
estimated using a modified Van Krevelen group contribution method
[91-93], see Table 1. The HSP for the solvents were taken from litera-
ture sources [93]. The group contribution theory was used to estimate
the HSP because experimental determination of HSP using solubility
values is material consumptive. Though experimental HSP are available
for P3HT, which agree well with the calculated values, calculated values
were used for all polymers for uniformity.

Table 2 below gives the R, values for each polymer with various
solvents. Conducting experimental trials to determine good and poor
solvents for a specific polymer leads to the identification of a sphere with
a given radius, denoted as Ry, encompassing all the good solvents. Sol-
vents are categorized as ‘poor solvents’ when the difference between the
solubility parameters of a particular solvent and the polymer exceeds the
radius of the corresponding Hansen sphere (R, > Rp). Although
comprehensive solubility tests were not undertaken in this study, the
literature reports Rq values for P3HT ranging from 1.2 to 3.6 MPa®® [87,
94,95]. It is important to note the challenges in determining precise
solubility parameters for polymers due to uncertainties in molecular
weight. For the scope of this work, ‘poor solvents’ for P3HT are defined
as those resulting in an R, value equal to or greater than 3.6 MPa%>. The
poor solvents in Table 2 were screened by measuring the changes in
UV-vis absorption spectra of P3HT films prepared with and without
solvent treatment. The worst solvents had no effect on the optical
properties of P3HT films, while toluene and methylene chloride, with
lower R, values, both affected the optical properties of P3HT.

Toluene was chosen as the secondary solvent for all the polymers
since it had the greatest effect on the optical properties of P3HT. Though
the calculated R, values were different for each polymer, they were
found to follow a similar trend where the lowest R, values correspond to
good solvents, and higher R, values correspond to poor solvents for each
polymer.

2.4. UV-visible absorption spectroscopy (UV-vis)

UV-vis absorption spectra were performed using an S.I. Photonics
CCD array spectrophotometer with deuterium and tungsten lamps. The
minimum wavelength was set at 300 nm, and the maximum was set at
900 nm, with the lamp crossover wavelength set 350 nm, except for
PCDTBT, which was set to a 450 nm crossover in order to preserve a
peak of interest.

2.5. Grazing-incidence X-ray diffraction (GIXRD)

GIXRD data were obtained, as described previously [37], using a
Bruker Vantec-500 area detector and a Bruker FR571 rotating-anode
X-ray generator operating at 40 kV and 45 mA, and equipped with a
3-circle Azlan goniometer. The system used a 0.5 mm pinhole

Table 1
Hansen solubility parameters (HSPs) calculated for each polymer using a
modified group contribution method [91-93].

Polymer 8a Sy Sn

P3HT 18.5 4.1 4.2
PCDTBT 20.0 3.7 9.3
PTB7 22.4 2.7 5.3
PBDB-T-SF 27.2 3.0 4.5
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Table 2
Summary of the calculated Hansen solubility parameter distance (R,) between
the indicated polymers with selected solvents.

Solvent P3HT PCDTBT PTB7 PBDB-T-SF
Acetone 9.1 11.5 15.9 24.7
Benzyl Benzoate 3.3 4.3 5.4 14.6
Benzyl chloride 3.5 7.9 8.9 17.4
Butyl Benzoate 2.0 5.4 8.7 18.0
Chlorobenzene 2.4 7.6 7.7 16.6
2-Chlorotoluene 2.3 7.4 7.8 16.7
1,2-Dichlorobenzene 2.8 6.7 7.6 16.4
Diethyl Ether 8.1 12.0 15.8 25.4
Dimethylformamide 12.1 11.5 16.0 23.3
Dimethylsulfoxide 13.7 13.1 16.6 22.8
Hexane 9.3 14.3 16.1 25.2
Methanol 21.3 18.9 24.9 32.1
Methylene Chloride 5.3 7.3 11.9 21.0
2-Propanol 13.5 11.3 17.6 25.9
Toluene 3.6 8.6 9.5 18.6

collimation and a Rigaku Osmic parallel-mode mirror monochromator
(Cu Ka; A = 1.5418 A). Data were collected at room temperature with a
sample to detector distance of 10 cm. Data collection was carried out
using Bruker GADDS v.4.1.51 (2015) software. Data were collected with
the sample surface nearly parallel to the source beam, or
grazing-incidence, with out-of-plane diffraction geometry. For GIXRD
measurements, the films were prepared as previously described [30] on
a Si wafer substrate rather than SiO5 glass, in order to eliminate the large
background counts due to the amorphous scattering of the glass.

2.6. Nanoindentation

Nanoindentation (NanoTest Vantage) was also used for nano-
mechanical characterization of the pristine and treated polymer films. A
10 x 10 grid of indents (and a 15 pm offset) with a maximum load of 20
pN was made using a Berkovich diamond indenter. The Oliver-Pharr
model was used to analyze the load-displacement curves for the esti-
mation of the hardness and elastic modulus [96]. The Young’s modulus
was calculated using the elastic modulus and Poisson’s ratio for the
diamond indenter, (1140 GPa and 0.07 respectively), and a Poisson’s
ratio of 0.35 for the polymer films, which is the estimated value typically
used for polymeric materials [97-99].

2.7. Atomic force microscopy (AFM)

AFM measurements were done using an Asylum Research Cypher ES
Atomic Force Microscope. The measurements were performed under
ambient conditions in the sealed AFM enclosure. Silicon cantilevers with
a Cr/Au reflex coating (AC160TSA-R3, Oxford Instruments, USA) with
nominal spring constant of 26 N/m and nominal tip radius of 7 nm were
used. Before each measurement, the probes were calibrated using
GetReal™ automated probe calibration provided by Asylum Research.
This calibration procedure calculates the spring constant and inverse
optical lever sensitivity of the probe in one step using the probe char-
acteristics with the well-known thermal noise [100] and Sader’s method
[101].

AFM images were acquired by operating the AFM in AM-FM mode.
This technique, developed by Asylum Research, is used to measure the
viscoelasticity of materials. BlueDrive™ photothermal excitation [102]
is used to excite the cantilever simultaneously at two frequencies. The
first resonance is operated in amplitude modulation (AM) mode and is
used for tapping mode topography and phase images. The higher reso-
nance mode is operated in frequency modulation (FM) mode and is used
to calculate the elastic modulus [103]. While a reference sample of
known modulus can be scanned to determine quantitative elastic
modulus values, here default parameters were used to achieve a quali-
tative modulus comparison between the pristine and toluene treated
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films of each polymer, and a reference high-density polyethylene
(HDPE) sample was scanned before, during, and after pristine/treated
film measurements to ensure low variation in the imaging. A new tip was
used for each pristine/treated pair of films. A digital resolution of 256
lines x 256 points and a scanning rate of 2.00 Hz were used.

3. Results and discussion
3.1. UV-visible absorption spectroscopy

The effects of toluene treatment on the optical properties of pristine
and treated conjugated polymer films were investigated using UV-vi-
sible absorption spectroscopy (Fig. 2A-D). Both pristine and treated
films exhibit characteristic absorption peaks attributed to n-n* electronic
transitions and, in some cases, vibronics thereof. For PCDTBT, the
spectra of the pristine and treated films showed no significant differ-
ences in the peak positions or intensities. On the other hand, for P3HT
and PTB7, the longer wavelength peaks increased in intensity relative to
the shorter wavelength peaks for the treated films compared to the
pristine films (Fig. 2A-C). This increase in intensity is attributed to a
slight increase in the ordering of polymer chains within the films, which
was reported previously in the literature [2,10,53,104-109].

In contrast, for PBDB-T-SF, the longer wavelength peak of the treated
film was slightly reduced in intensity relative to the shorter wavelength
peaks (Fig. 2D). Although the changes observed in the absorption
spectra were subtle, they suggested that changes to the film morphology
occurred as a result of toluene treatment. These changes might be
related to the ability of toluene to selectively extract lower molecular
weight chains from the polymer matrix, resulting in a more ordered
polymer chain arrangement within the film.

3.2. X-ray diffraction

The bulk crystallinity of pristine and toluene-treated conjugated
polymer films was investigated using grazing-incidence XRD (GIXRD),
and the out-of-plane data are presented in Fig. 3. The pristine P3HT film
exhibited a (100) diffraction peak at a 20 value of 5.4°, indicating a
lamellar structure from intermolecular alkyl chain stacking [110], as
well as the higher order (200) and (300) diffraction peaks, indicating
highest crystallinity along the alkyl chain stacking direction (Fig. 3A). A
weak (010) diffraction peak, attributed to in-plane intermolecular -1
stacking, was observed around 23.8°. The treated film showed a shift in
the (100) peak to a higher diffraction angle, 5.5°, indicating a decrease
in the d-spacing in the alkyl chain stacking direction with toluene
treatment. However, the d-spacing for the in-plane n-x stacking remains
the same, within experimental error. These results suggest structural
changes occur predominantly, if not entirely, along the alkyl chain di-
rection with toluene treatment.

In contrast, the absence of well-defined diffraction peaks for pristine
or treated PCDTBT films (Fig. 3B) indicates the disordered, amorphous
structure of the PCDTBT polymer film. Differences between the pristine
and treated film cannot be determined as the signal is too low to be
distinguished from noise. In the literature, similar broad, diffuse scat-
tering at a 20 value of ~24° has been observed for amorphous PCDTBT
films [111,112].

The GIXRD patterns for pristine and treated PTB7 films showed two
diffraction peaks, attributed to the (100) and (010) diffraction peaks
(Fig. 3C). The intensities of both peaks decreased in the treated film,
partially due to the reduction in film thickness after toluene treatment.
However, the intensity of the (100) peak in the treated film was ~53 %
of that for the pristine film, while the intensity of the (010) peak was
only ~26 % of the intensity of that for the pristine film. This suggests,
upon toluene treatment, there is either an increase in order in the alkyl
chain direction or a decrease in order in the n—n stacking direction. The
pristine PBDB-T-SF film exhibited a peak at a 20 value of ~24.4°
attributed to the (010) peak (Fig. 3D). The absence of any well-defined
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Fig. 2. (A-d) Normalized UV-visible absorption spectra of pristine (red) and toluene-treated (blue) A) P3HT, B) PCDTBT, C) PTB7, and D) PBDB-T-SF on glass
substrates, respectively. The spectra for PTB7 and PBDB-T-SF were baselined at a wavelength of 800 nm, and, due to oscillations in the spectra, at the average
intensity from 750 to 800 nm for P3HT and PCDTBT prior to normalization at the first -n* absorption peak. Insets: Pictures of prepared films — pristine (top), treated
(bottom). The black scale bar is 5 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. GIXRD patterns of pristine (red) and toluene-treated (blue) A) P3HT, B) PCDTBT, C) PTB7, and D) PBDB-T-SF on Si substrates. All GIXRD patterns were
baselined using baseline subtraction from OriginLab [116]. A user-defined baseline model was used, and anchor points connected by interpolation were chosen to
preserve the peaks in the patterns. The profiles where smoothed using a 5-point adjacent averaging procedure. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

peaks for the treated film suggests significantly lower intermolecular out-of-plane GIXRD results are consistent with the literature, where
ordering after toluene treatment. P3HT has a preferential edge-on orientation [113], PCDTBT is amor-
Conjugated polymers can take on several orientations in films. Our phous [111], PTB7 shows both orientations with a moderate preference
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for face-on orientation [114],and PBDB-T-SF shows a preferred face-on
orientation [115]. Since these data were weak, and the in-plane data
were expected to be even weaker, the collection of in-plane data was not
attempted. The GIXRD results suggest that toluene treatment can induce
molecular-level structural changes in the conjugated polymer films,
which may affect their performance in device applications.

3.3. Nanoindentation

Nanoindentation measurements were performed to examine the
nanomechanical properties of the pristine and treated polymer films on
glass substrates and to compare the results with the AFM nano-
mechanical data. Previously, it has been shown that higher crystallinity
of conjugated polymer films has led to a larger modulus value [117]. The
Young’s modulus and hardness measured by nanoindentation for each
film are shown in Table S1. The values are much higher than would be
expected for these films, indicating a substantial effect from the glass
substrate [76,99,118]. This substrate effect has been demonstrated in
the literature for conjugated polymer films. PCDTBT and PTB7 show a
significant increase in Young’s modulus with toluene treatment. This is
likely due to a more significant effect from the substrate as the treated
films for these polymers were much thinner than the pristine films. The
thickness of each film was measured using AFM and can be found in
Table 3. To obtain accurate mechanical data from nanoindentation,
thicker polymer films or advanced nanoindentation techniques are
required [76]. In contrast with the nanoindentation results, the AFM
nanomechanical measurements reported below do not exhibit substrate
effects and produce nanomechanical data that is consistent with bulk
values previously reported for such conjugated polymers.

3.4. Atomic force microscopy

AM-FM AFM imaging was used to investigate the surface
morphology and nanomechanical properties of the pristine and treated
polymer films. Figs. 4-7 show representative 1 pm x 1 pm topography,
phase, and Young’s modulus images for each of the pristine (A-C) and
treated (D-F) films. The scale of the images was varied between the
pristine and treated films to ensure the features of each image could be
properly visualized. Figures with uniform scale bars can be found in the
Supplementary Information (Figs. S1-5S4). The AFM images showed that
the mechanical properties of the polymers varied on the nanoscale and
were particularly apparent for P3HT and PBDB-T-SF. The individual
grains and grain boundaries could be seen, and film uniformity was
broken at the grain boundaries where a maximum modulus value was
obtained. We found that solvent treatment notably altered the film
morphology of PBDB-T-SF. Enlarged phase images of the treated film
showed smaller features and highly ordered rodlike structures of the
polymer, indicating an increase in order in the film morphology (Fig. 8A
and B).

3.4.1. Roughness
Surface roughness is an important factor that affects the properties of

Table 3

Film thickness and root mean squared (RMS) roughness of pristine and treated
P3HT, PCDTBT, PTB7, and PBDB-T-SF films from AFM topography images. A
minimum of four areas of a scratch made through the film were measured for
thickness, and a minimum of 16 1 pm x 1 pm images were used for RMS
roughness.

Polymer Film Thickness, nm RMS Roughness, nm
Pristine Treated Pristine Treated
P3HT 156 + 14 121 £ 10 10+ 2 8+1
PCDTBT 129 +8 60 + 6 0.9+ 0.1 0.8 +0.2
PTB7 126 +£12 55+3 0.7 £ 0.1 0.9 +0.2
PBDB-T-SF 222 +23 251 + 42 1.1+0.2 1+0.2
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Treated

Pristine

Phase Topography

Young’s modulus

Fig. 4. Topography (A, D), phase (B, E), and Young’s modulus (C, F) AFM
images of pristine (A-C) and toluene treated (D-F) P3HT thin films.

materials at the nanoscale. In this study, root-mean-squared (RMS)
roughness was determined for 1 pm x 1 pm topography images, taken in
at least 16 different areas, for both pristine and treated films. The mean
values are presented in Table 3. It is important to note that no evidence
of dewetting was observed in the numerous areas assessed. Given that
the RMS roughness is significantly smaller than the measured film
thickness, also presented in Table 3, there is no apparent indication of
dewetting. Film thickness was measured using AFM imaging. A scratch
was used to remove the film from the glass substrate, creating a distinct
step-like feature that was then scanned. The average height of this step
was determined by conducting four separate scans across different re-
gions of the scratch.

The results indicate that P3HT films have a much higher roughness
compared to films of the other polymers. This is attributed to the greater
crystallinity of P3HT than the other polymers tested. To ensure unifor-
mity of the measurements, RMS roughness was also determined for
topography images of a reference HDPE sample, which was imaged
along with each of the four pristine/treated polymer film sets. A mini-
mum of three 1 pm x 1 pm areas were measured before, during, and
after each of the sets, for a total of at least nine images per set. No sig-
nificant difference was found using a two-sample t-test between the RMS
roughness values of the reference sample measurements imaged with
each set. However, the difference between the RMS roughness of the
pristine and treated films was found to be statistically significant using a
two-sample t-test for P3HT, PTB7, and PBDB-T-SF. Among these, only
PTB7 showed an increase in RMS roughness with toluene treatment. The
RMS roughness decreased with toluene treatment for both P3HT and
PBDB-T-SF, suggesting a more uniform film. PCDTBT, the most amor-
phous film, did not show a statistically significant difference in RMS
roughness between the pristine and treated films.

In summary, the results indicate that the RMS roughness values are
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Pristine Treated

Phase Topography

Young’s modulus

200nm 2 200nm

Fig. 5. Topography (A, D), phase (B, E), and Young’s modulus (C, F) AFM
images of pristine (A-C) and toluene treated (D-F) PCDTBT thin films.

influenced by the crystallinity and uniformity of the films, and toluene
treatment can affect the RMS roughness values of certain polymers.
These findings provide valuable insights into the surface properties of
these polymers and can help guide the optimization of their processing
and performance in various applications.

3.4.2. Feature size

Feature size analysis was conducted using AFM phase images, which
provide excellent contrast between features without being influenced by
the height of the features. The term ‘feature size’ is used here to describe
the specific structural characteristics of interest to this study that are
present in the non-crystalline organic films under investigation. These
characteristics may involve grains or domains within the film, variations
in film morphology, or other non-crystalline structural elements.
Quantifying the feature size facilitates the analysis of these non-
crystalline features. To isolate the features in them images, the phase
images were flattened so that the offset or center of the phase range of
the image would be 0°. A color scale was created to highlight any grains
with a phase above the mid-point. Using ImageJ [119], a minimum of
five images for each film were set to 8-bit grayscale, and a threshold was
selected so that every pixel below a pixel value of 170 were set to black
(0-pixel value), and those over were set to white (255-pixel value).
Although this pixel value ensured that most higher phase features were
separated, some features remained connected and artificially large,
while others were made artificially small due to the complexity of the
images. Nevertheless, the same thresholding value was selected for
every image, allowing for a suitable comparison between pristine and
treated films.

The feature size analysis revealed interesting differences between the
pristine and treated films (Fig. 9A-D). The size distribution of higher
phase features for each film was approximately lognormal, and a normal
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Young’s modulus

Fig. 6. Topography (A, D), phase (B, E), and Young’s modulus (C, F) AFM
images of pristine (A-C) and toluene treated (D-F) PTB7 thin films.

distribution fit to the log of the feature size was shown for each film. To
compare the maximum of the distribution for each pristine and treated
pair, the bin sizes of each histogram were selected. Using a two-sample t-
test, a statistically significant difference in mean feature size was
observed only for the PBDB-T-SF films, with a subtle decrease in higher
phase feature size for the toluene-treated film compared to the pristine
film. While the other films did not show statistically significant differ-
ences in feature size between the pristine and treated samples, visual
inspection of the images suggests that there may be subtle changes in the
distribution and morphology of the features, particularly for P3HT and
PTB7. Further investigation with additional characterization techniques
could shed more light on these observations.

3.4.3. Nanomechanical properties

The analysis of the Young’s modulus images for the pristine and
treated P3HT, PCDTBT, PTB7, and PBDB-T-SF films are shown in
Fig. 10A-D. When interpreting AM-FM nanomechanical data, certain
considerations and limitations must be acknowledged. Notably, it is
important to consider the viscoelastic nature of the sample [120].
Establishing connections between surface adhesive and viscoelastic
properties to measured bimodal AFM data is an area of ongoing research
[121].

The primary source of error in these measurements is often attrib-
uted to the model employed to characterize the contact area between the
AFM tip and the sample, particularly with viscoelastic materials. Mini-
mizing this error is possible by employing relatively small indentations.
The AM-FM technique, known for its application of small forces during
imaging, induces minimal sample deformation. Representative inden-
tation images, illustrating the small indentations utilized for each film,
are available in Figs. S5-8. While this study avoids claims of quantitative
precision, it is notable that numerical simulations in the literature have
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Pristine Treated

Topography

200nm 200nm

Young’s modulus

Phase

Fig. 7. Topography (A, D), phase (B, E), and Young’s modulus (C, F) AFM
images of pristine (A-C) and toluene treated (D-F) PBDB-T-SF thin films.

Fig. 8. Enlarged AFM phase images of pristine (A) and toluene treated (b)
PBDB-T-SF thin films. The scale bar is 200 nm.

validated the accuracy of Young’s modulus values measured using
bimodal AM-FM across a diverse range of materials, spanning from 1
MPa to 100 GPa [122].

Moreover, the influence of environmental factors, particularly dur-
ing measurements conducted in air, as executed in this study, must be
acknowledged. Adhesion measurements are significantly impacted by
relative humidity, as capillary forces can dominate the measured
adhesion. Nevertheless, studies have shown that Young’s modulus
measurements exhibit relatively low sensitivity to changes in relative
humidity [75].

Furthermore, it is important to recognize that the elastic modulus
acquired through AM-FM imaging primarily reflects the surface prop-
erties of the material rather than providing insights into the bulk of the
film. Establishing a correlation between viscoelastic properties in the
bulk and those on the surface, which can be influenced by factors like
fitting models, oscillation frequency, and the presence of defects in bulk
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samples, remains a challenging and actively researched area [123-125].

Here, nanomechanical properties were analyzed by preparing his-
tograms of the calculated Young’s modulus at each pixel of the images
(256 x 256 pixels) for a minimum of 16 images in four different areas for
each film. For the P3HT films (Fig. 10A), toluene treatment increased
both the average Young’s modulus and the full width at half maximun
compared to the pristine film, suggesting a shift to more ordered or
polycrystalline films. In the case of PCDTBT films (Fig. 10B), there are
two different domains with different modulus parameters. The peaks at
higher Young’s modulus correspond to more crystalline domains, while
those at lower Young’s modulus correspond to more amorphous do-
mains. In the pristine film, there are two distinct peaks in the amorphous
domain, while peaks in the crystalline domain are broader. In the treated
film, there is a larger variation in the crystalline domain, as these peaks
are very broad, and the amorphous domain has one strong, sharp peak.
The modulus value of the amorphous domain is similar for both the
pristine and treated film; however, the crystalline domain in the treated
film moves to higher modulus values.

For the PTB7 films, shown in Fig. 10C, each resulted in asymmetrical
distributions. For the pristine film, the Young’s modulus skewed towards
higher, more crystalline values. While for the treated film, the Young’s
modulus skewed towards lower, more amorphous values. There are two
different domains for the PBDB-T-SF films, shown in Fig. 10D. Compared
to the treated films, the pristine films appear more amorphous, while the
increase in Young’s modulus for the treated film points to an increase in
film crystallinity. Interestingly, the nanomechanical measurements for
PBDB-T-SF point to an increase in order in the film morphology, which is
in contrast to the reduction in order indicated by the absorption and out-
of-plane GIXRD measurements. We believe this increase in order is in the
in-plane arrangement of the PBDB-T-SF, indicating an increase in the
order in the conjugated backbone or alkyl stacking direction with a
decrease in order in the n-n stacking direction.

Increases in Young’s modulus and hardness can be attributed to the
formation of a denser and more crystalline structure in the films. This
can be due to the fact that phase separation during the film formation
can lead to an increase in intermolecular interactions between the
polymer chains, resulting in the formation of more ordered crystalline
domains. These domains can contribute to the mechanical stiffness and
hardness of the film. However, it’s important to note that the effect of
toluene as a secondary solvent on the mechanical properties of
conductive polymer films can be influenced by several factors, including
the concentration of the solution, the rate of solvent evaporation, and
the type of substrate used. Additionally, the use of other secondary
solvents or poor solvents can lead to different morphologies and me-
chanical properties. Therefore, it’s important to carefully consider the
processing conditions and the desired properties when choosing sec-
ondary solvents for thin film fabrication. On comparing the results from
the UV-visible absorption and GIXRD bulk/ensemble measurements to
the AFM Young’s Modulus results, it is apparent that a complex rela-
tionship exists that is polymer dependent (Table S2). In some cases,
there is agreement between the techniques, as in the case of P3HT.
However, for PBDB-T-SF, a reduction in n-n stacking is indicated by the
absorption and GIXRD data, while the Young’s Modulus in the AFM data
exhibits a clear increase, suggesting increased order or crystallinity,
possibly in the in-plane direction. Finally, for PCBTBT, while no changes
were observed in UV-visible absorption and GIXRD data, nor in film
roughness and feature size, the AFM Young’s Modulus data showed clear
changes in the nanomechanical properties of the film. This indicates that
nanomechanical properties can change during processing without other
detectable changes in the optical properties or chain order.

4. Conclusion
In this paper, we investigated how the nanomechanical properties of

conjugated polymer thin films relate to their physical and optical
properties for both pristine and solvent-treated thin films. The
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Fig. 9. Feature size analysis for pristine (red) and treated (blue) P3HT, PCDTBT, PTB7, and PBDB-T-SF films. Normal distributions fit to the log of the feature size. To
account for differences in the number of values, bin sizes of each histogram were selected to directly compare the maximum of the distribution for each pristine and
treated pair. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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application of a secondary solvent treatment during the spin coating
process was shown to alter the properties of P3HT, PTB7, and PBDB-T-SF
thin films, resulting in subtle changes in film quality and crystallinity.
The effect on the most amorphous polymer, PCDTBT, was minimal based
on bulk thin-film measurements (absorption and GIXRD); yet AFM

nanomechanical measurements detected clear changes in Young’s
Modulus arising from the treatment. However, since the treated films of
PCDTBT and PTB7 were less than half the thickness of the pristine films,
toluene appeared to be a relatively good solvent for these polymers,
resulting in film removal during spin coating and convoluting
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characterization of film morphology due to potential substrate effects.
For P3HT, subtle improvements in the crystallinity were detected due to
the secondary solvent treatment, along with an improvement in the film
quality (reduction in nanoscale roughness). Additionally, for P3HT, the
data from AFM nanomechanical measurements agreed with changes in
the absorption and GIXRD data caused by the secondary solvent treat-
ment. In contrast, for PBDB-T-SF the AFM nanomechanical results
indicated an increase in order in the conjugated backbone or alkyl chain
direction along with an improvement in overall film quality, while bulk
measurements indicated a reduction in order in the n-n stacking direc-
tion. Overall, these findings contribute to a better understanding of the
impact of dynamic secondary solvent treatment on the nanomechanical
properties of conjugated polymer thin films, and highlight the relevance
of AFM-based nanomechanical characterization as an additional, com-
plementary tool for characterizing order in conjugated polymer films.
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