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Structural evolution of solution-aged poly(3-hexylthiophene) [P3HT] thin films during thermal annealing
(TA) was studied using complementary in situ X-ray reflectivity (XR) and ex situ atomic force microscopy
(AFM) and optical absorption (UV-Vis) techniques to understand the possibility of obtaining enhanced
edge-on oriented (EO) ordering for better device properties. The presence of P3HT nanofibers (NFs),
which were formed through n—n stacking within solution during aging, is evident in the films. Such NFs
are well-organized near the film—substrate interface and less organized near the film—air interface due
to the respective slow and fast evaporation rates of the solvent during spin-coating. Accordingly,
prominent EO ordering (ie. the electron density contrast between the polymer backbone and side
chains is maximum, Ap =~ Apy,) near the substrate and negligible ordering (i.e. Ap — 0) near the top
surface took place following the standard decay function: Ap(z) = Apmexp(—z/{), where the critical
decay length, {, is the measure of the out-of-plane ordering. TA fails to improve the Ap,,-value, i.e. the
EO ordering near the substrate and also the total crystalline aggregates or NFs, rather deteriorates both,
when annealed near the melting temperature of P3HT. TA improves the {-value, i.e. the EO ordering of
the more out-of-plane region due to thermal energy induced alignment of the NFs; however, lack of
improvement of the EO ordering near the substrate is of concern. A relatively low viscous polymer
solution and low spin-coating speed play important roles in the formation of a smooth film-substrate
interface and better EO ordering near that interface. Though solvent vapor annealing (SVA) fails to
improve the structure, the combination of SVA and TA, i.e. SVTA, improves the in-plane EO ordering
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DOI: 10.1039/d0tc02031a near the substrate (i.e. the Ap,-value) along with the out-of-plane ordering (i.e. the {-value) of the film.
Such improvements, which are probably through the alignment and growth of NFs, promoted by SVTA

rsc.li/materials-c induced proper diffusion, are of immense importance for obtaining better device properties.

crystal orientation and interfacial morphology.”*® P3AT thin films
are semicrystalline in nature, where the crystalline domains,

1 Introduction

Conjugated polymer films have attracted massive attention as
active layers in opto-electronic devices, such as light-emitting
diodes (LEDs), photovoltaics (PVs), and thin-film transistors
(TFTs) due to their elusive structural and morphological
properties, which give rise to intriguing charge transport
characteristics."™ Among the large family of m-conjugated
polymers, poly(3-alkylthiophenes) [P3ATs] are particularly effec-
tive in TFT applications due to their lower cost, easier fabrica-
tion and substantial mobilities.® The charge carrier mobilities
of P3AT devices strongly depend on the polymer crystallinity,
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separated by amorphous portions, are organized into two main
orientations: edge-on, in which n-n stackings are parallel to the
substrate, and face-on, in which n-n stackings are perpendicular
to the substrate.”'" Many groups have pointed out that increasing
the edge-on oriented (EO) crystals with extended inter-molecular
n-n stacking and long intra-molecular conjugation length is likely
to improve the field effect mobility.’>™*

Poly(3-hexylthiophene) [P3HT] is one such P3AT, which has
been studied extensively due to its promising field effect mobility.
Several methods have been employed to enhance the charge
carrier mobilities of P3HT thin films, such as tuning the mole-
cular weight,"”” casting the film using high boiling point
solvents,'” treating the dielectric layer with self-assembled
monolayers,'® changing the deposition techniques,”” and post-
deposition treatments (namely thermal annealing and solvent
vapor annealing).'®'® Recently, solution aging (ie. combined
effect of sonication and aging) has been used as a new method

This journal is © The Royal Society of Chemistry 2020


http://orcid.org/0000-0003-1416-3081
http://orcid.org/0000-0002-7787-5804
http://orcid.org/0000-0003-1981-1498
http://orcid.org/0000-0001-5592-2078
http://crossmark.crossref.org/dialog/?doi=10.1039/d0tc02031a&domain=pdf&date_stamp=2020-06-07
http://rsc.li/materials-c

Paper

to enhance the charge carrier mobility of a film.***' The appreciably
higher mobilities ( ~ 10-fold improvement) observed in the solution-
aged P3HT films compared to the pristine films*' have been
correlated with the crystallinity, fiber length, grain boundaries and
conjugation length of polymer chains, as studied by the atomic force
microscopy (AFM) and optical absorption techniques. However,
it can be noted that the film-morphology, as obtained from
AFM (which essentially provides the film-topography, ie. surface
morphology), can differ considerably from the actual morphology,
especially near the film-substrate interface ie. the buried interface.
The structure and morphology of this buried interface are known to
play very crucial roles in the charge transport of a TFT and its device
performances.”** Unfortunately, no attempt has been made, so far,
to understand the structure and morphology of the buried interface
in the solution-aged films. Moreover, the effect of post-deposition
treatments on the solution-aged films is unknown. It is thus
necessary to understand the structure of the buried interface and
also to check the possibility of obtaining further enhanced EO
ordering, if any, combining solution aging and post-deposition
treatments, which can be well performed using the X-ray reflectivity
(XR) technique.** The XR technique essentially provides an
electron density profile (EDP), i.e. in-plane (x — y) average electron
density (p) as a function of depth () in high resolution.”®**° From
the EDP it is possible to estimate the film thickness, the electron
density, the surface and interfacial roughness, the presence of
layering in the film, the structural arrangement near the film-
substrate interface and their evolution.***

In this article, the synchrotron XR technique has been utilized
to understand the out-of-plane structures and EO ordering of
solution-aged spin-coated P3HT thin films and their evolution
due to thermal annealing (TA), solvent vapor annealing (SVA)
and solvent vapor thermal annealing (SVTA). A high brilliance
synchrotron source has been utilized to obtain relatively wide
dynamic range XR data with better resolution, which helps to
remove uncertainties in the data analysis. Further, complementary
AFM and optical absorption techniques have been used to obtain
the information about the topography, the conjugation length and
the overall crystallinity of the films. Indeed, better EO ordering
near the film-substrate interface is observed in the as-grown films,
prominent structural modification along the out-of-plane direction
compared to the in-plane direction is found during TA and SVA
treatments, and quite significant enhancement of ordering along
both the in-plane and out-of-plane directions is found during
SVTA. An attempt has been made to understand the observed
structural ordering and its evolution in terms of growth para-
meters. Also, possible implications of such interesting structures
on the charge carrier mobility are discussed.

2 Experimental

P3HT (average My 54 000-75000 and regioregularity >98%) was
purchased from Sigma-Aldrich and used as received. P3HT solu-
tions were prepared by dissolving the polymer in toluene (obtained
from Merck). Two concentrations (¢ = 4 and 8 mg ml~") of P3HT in
toluene solutions were prepared. The solutions were sonicated for
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10 min and annealed at 50 °C for 5 min, and then aged for 72 h.
Prior to the film deposition, Si and quartz glass wafers (size about
12 x 12 mm®) were sonicated in acetone and ethanol solvents to
remove organic contaminants. Films were then formed using a
spin-coater (SCS 6800 Spin Coater)*® at a fixed spinning time (60 s)
but for different spinning speeds (w) after placing the solution
onto the substrate and waiting for a min. The films prepared with
c=4mgml 'and w = 2500 rpm, ¢ =4 mg ml~ " and ® = 2000 rpm,
and ¢ =8 mg ml" and w = 5000 rpm on Si substrates are labeled
S1, S2 and S3, respectively. Similarly, the films prepared with
c¢=4mg ml™" and w = 2500 rpm on quartz glass substrates are
labeled G1. Separate S1 films, used for XR and AFM studies, are
renamed Sly and S1,, respectively. All films were subsequently
annealed at 70 °C for 15 min under vacuum conditions, which will
be referred to as as-cast films.

XR measurements of the films were carried out using a
synchrotron source (MCX beamline, Elettra)’>° at an energy of
10 keV (i.e. wavelength, Jx = 1.24 A). The beamline was equipped
with a diffractometer, which has a four-circle goniometer and a flat
sample stage. The latter has two circular and three translational
(X, Y, and Z) motions. A Kapton window-based cell was placed on
the flat sample stage. Scattered intensities were recorded using a
scintillator detector behind a set of receiving slits. In the XR
technique, data were taken under specular conditions; that is,
the exit angle is equal to the incident angle 0. Under such
conditions there exists a nonvanishing wave vector component,
g, which is given by (4n//x)sin 6 with a resolution of 0.001 A~*. The
XR measurements of all the films were carried out in a vacuum,
after placing them inside the cell. For the in situ TA measurements
the temperature of the cell was further controlled (from room
temperature to 220 °C) using a temperature controller. For the
in situ SVA measurements limited toluene vapor was introduced
inside the pre-vacuum cell from a small conical flask containing
toluene solvent using an attached stop cock. Similarly, for the
in situ SVTA measurements limited toluene vapor was introduced
once inside the pre-vacuum cell and heating was carried out
simultaneously only at relatively low temperatures (at 130 °C) to
avoid any possible combustion.

The detailed topographic images of the as-cast solution-aged
P3HT thin film and after TA at different temperatures were
collected using an atomic force microscope (CSI Nano-Observer).
Such AFM images were collected in tapping mode for different
scan sizes and in different portions of the sample to get statistically
meaningful information about the topography. Processing and
analysis of AFM images were carried out using Gwyddion software.
Optical absorption spectra of the as-cast solution-aged P3HT thin
film and after TA at different temperatures were collected using a
UV-Vis spectrophotometer (JASCO, V-630).

3 Results and discussion

3.1 Topography of the solution-aged P3HT thin film

AFM images of a solution-aged P3HT thin film (S1,) in the
as-cast condition and after TA at different temperatures are
shown in Fig. 1. The fibrous nature of the film is clearly evident
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Fig. 1 AFM images in two different scan sizes of a solution-aged P3HT
thin film (S14) in the as-cast condition and after thermal-annealing (TA) at
different temperatures.

from the topographical images. Also, it is evident that
such fibers having a typical length and width are randomly
distributed in-plane. The observation of such fibers in the
topography of the as-cast film can be related to the growth of
nanofibers (NFs) due to n-rn stacking of the polymer chains
during solution-aging. The length of the NF is related to the
extension of such stacking, while the width is related to the
polymerization length.?” To obtain detailed information about
the NFs, the topographical images have been analyzed quanti-
tatively (as shown in Fig. S1 of ESIf). The average length (Lng),
width (Wyg), height (Hyg) and coverage (Cyg) of the P3HT NFs
obtained from the analysis are listed in Table 1. The length of
the NFs is found in the order of microns, which is quite large
compared to that observed before.?* This improvement in the

Table1 Average length (Lyg), width (W), height (Hyg) and coverage (Cne)
of NFs on the solution-aged P3HT thin film (S1a) surface in the as-cast
condition and after TA at different temperatures, as obtained from the
analysis of the AFM images

Treatment Ly [pm] Wy [nm] Hyy [nm] Cnr [%]
As-cast 2.1 56 2.0 10
TA-180 °C 2.0 58 2.0 14
TA-220 °C 2.0 59 2.0 16
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length of P3HT NFs is quite interesting and may be related to
the solvent used (namely toluene in place of chloroform), which
however needs further verification. Negligible changes in the
size of the NFs after TA can be correlated with their stability,
while a very small increase in the values of Wyr and Cyr after
TA can be correlated with the thermal energy induced reorga-
nization of the NFs, as discussed later.

3.2 Optical absorption of the solution-aged P3HT thin film

The UV-Vis absorption spectra of a solution-aged P3HT thin
film (G1) in the as-cast condition and after TA at different
temperatures are presented in Fig. 2. The photophysics of the
P3HT thin film can be well described using a weakly interacting
H-aggregate model,"**® which deals with the interchain
excitonic delocalization along m-n stacking, neglecting the
excitonic motion along each polymer chain.?® Accordingly, each
absorption spectrum can be categorized into two parts - lower
wavelength part, which consists of intrachain (n-n* transition)
states (around 4 &~ 470 nm) arising from disordered polymer
chains, and prominent higher wavelength part, which consists
of weakly interacting H-aggregated states arising from the
crystalline domains (here NFs) of the film."* Further, the peak
at A &~ 520 nm can be assigned to intrachain n-n* transition of
P3HT and the peaks at 4 ~ 560 nm and 603 nm can be assigned
to interchain n-r stacking interactions.*®*!

The weakly interacting H-aggregate model, which provides
peaks at A & 603 nm, 560 nm and 520 nm due to 0-0, 0-1 and
0-2 transitions,"***™** can be used to obtain quantitative
information about the average conjugation length and the
crystalline quality of the film. The intensity of the 0-0 transition
in the absorption spectra is known to reduce by the increased
exciton coupling. The coupling strength (/) or the free exciton
bandwidth (W = 4J,), which is the measure of the conjugation
length along the polymer backbone and intrachain order, can
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Fig. 2 UV-Vis spectra (normalized at the 0-2 transition) of a solution-aged
P3HT thin film (G1) in the as-grown condition and after thermal-annealing (TA)
at different temperatures. Positions of the transition peaks, corresponding to
the weakly interacting H-aggregate model, are indicated.
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be expressed in terms of the intensity ratio of the 0-0 and 0-1
transitional peaks as'*?®

Lo (1-024wW/E,)’
It (140.073W/E,)’

1)

where E; is the vibrational energy of the C—C symmetric
stretch (assumed to be 0.18 €V).** An increase in the Io_o/Io_y
ratio corresponds to a decrease in the excitonic coupling,
therefore an increase in the conjugation length (or planarity)
and the degree of intrachain order.*>*® Here, the value of
Io-o/Ip-1 =~ 0.75, which corresponds to a value of W x~ 80 meV,
is found to remain almost unchanged for different spectra,
suggesting no appreciable change in the conjugation length in
the film with TA. On the other hand, no significant change in the
absorption spectrum of the film TA at 180 °C is observed
compared to that of the as-cast film, while the intensities of the
0-0 and 0-1 peaks for the film TA at 220 °C are found to decrease
slightly compared to those of the as-cast film. Franck-Condon fit
is generally used to obtain the percentage of aggregates in the
solution or film."**° Here, a slightly modified expression is used
to fit the spectra (as shown in Fig. S2 of ESIt), which indicates
that the amount of aggregates or NFs (~68%) in the solution-
aged P3HT thin film decreases (~3%) or the polymer chain
disorder increases after TA at high temperature.*'

3.3 EDP of the solution-aged P3HT thin film

3.3.1 Effect of TA. XR profiles of a solution-aged P3HT thin
film (S1x), predominantly during TA, ie. during heating,
cooling and SVA followed by heating and cooling at different
temperatures are shown in Fig. 3, 4 and 5, respectively. Oscilla-
tions or Kiessig fringes,*” which are the measure of the total
film thickness (Dx = 2m/Aqg, where Agy is the difference
between two consecutive Kiessig fringes), are evident in all
the XR profiles.>** The sharp peaks around g, ~ 0.38 and
0.76 A~', which correspond to the 1st and 2nd order pseudo
Bragg peaks of the EO ordering, are also evident in all the XR
profiles. The positions of such peaks (gg and 2¢g) provide the
layer thickness (dg = 2m/qg), while the width of the peak (Agg)
provides the crystallite size or the critical ordering length (&) of
the EO ordered structures along the z-direction. The latter
can be estimated using the standard Scherrer’s formula, ¢ ~
4nC/(Agg cos 0g), where C ~ 0.9 is a dimensionless Scherrer
constant and 0p is the Bragg angle.'" The evolution of the
Kiessig fringes, pseudo Bragg peak and its width with TA is very
apparent from the XR profiles (in Fig. 3, 4 and 5).

In order to understand the evolution properly, the para-
meters such as Dy, ¢ and dg, estimated from the XR profiles, are
plotted as a function of temperature (7) in Fig. 6 for heating,
cooling and subsequent SVA, heating and cooling cycles. The
value of dgy is found to increase with heating, which can be
related to the relaxation and thermal expansion of the polymer
side chains. This also leads to an increase in the value of Dg. The
increase in the value of ¢ with heating suggests the improvement
in the size of the EO crystallites along the z-direction due to
reorganization. The values of Dx and dy are found to decrease

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Evolution of XR profiles (different symbols) and analyzed curves
(solid lines) of a solution-aged P3HT thin film (S1x) during heating (H) at
different temperatures. The positions of the critical wave-vector of the film
(9cfim) are indicated by a dashed line in the zoomed view of the selected
portion. Inset: Corresponding analyzed EDPs. Curves and profiles are
shifted vertically for clarity.
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Fig. 4 Evolution of XR profiles (different symbols) and analyzed curves
(solid lines) of the solution-aged P3HT thin film (S1x) during cooling (C) at
different temperatures after heating. The positions of the critical wave-
vector of the film (g fim) are indicated by a dashed line in the zoomed view
of the selected portion. Inset: Corresponding analyzed EDPs. Curves and
profiles are shifted vertically for clarity.

with subsequent cooling, which can be correlated with the
contraction (i.e. reversible thermal expansion). The value of ¢
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Fig. 5 Evolution of XR profiles (different symbols) and analyzed curves
(solid lines) of the solution-aged P3HT thin film (S1yx) due to SVA after
heating and cooling, and subsequent heating and cooling at different
temperatures. Inset: Corresponding analyzed EDPs. Curves and profiles
are shifted vertically for clarity.

is found to remain almost the same on cooling, which can be
correlated with the irreversible ordering. This observation is
important as it can help in obtaining improved ordering in the
film at room temperature. On the other hand, the observed
increase in the values of Dk and d with subsequent SVA can be
correlated with the polymer expansion due to the solvent diffu-
sion inside the thin film, while the decrease in the value of £ with
SVA can be correlated with the deterioration in the ordering due
to the solvent induced polymer dissolution. The values of Dy,
¢ and dp are found to decrease, increase and remain unchanged,
respectively with subsequent heating at low temperatures, which
can be correlated with the competitive effect between solvent
evaporation and polymer expansion. Upon further heating
at high temperatures and subsequent cooling, the parameters
(dg, Dx, and &) are found to behave similar to that of the first
heating and cooling cycle, suggesting not much change or
improvement in the structure or ordering of the film due to
the additional SVA followed by heating and cooling cycle.

To get further information about the structure of the film,
especially about the EO ordering, the XR data were analyzed
quantitatively using the matrix method after incorporating
roughness at each interface.”®”” For the analysis, each film of
thickness D was divided into a number of bilayers after incor-
porating an interfacial layer above the substrate,>**® where
each bilayer of thickness d consists of a polythiophene back-
bone containing a high electron density (p;,) layer of thickness
dp and alkyl side chains containing a low electron density (p.)
layer of thickness d.. The interfacial layer was considered to
take care of the effect of the substrate surface energy on the
growth of the film. Even then it was not possible to fit the XR
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the critical ordering length (&) of the solution-aged P3HT thin film (S1x)
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data properly. To overcome this problem, further variation of
the electron density contrast (Ap = p, — p.) along the z-direction
was considered. Owing to the fact that the slow evaporation of
the solvent near the film-substrate interface (i.e. larger time) is
likely to help the organization of the polymers and their
ordering there, while the fast evaporation of the solvent near
the film-air interface (i.e. lesser time) is likely to restrict the
organization of the polymers and their ordering at top, the
variation of p, and p. as a function of depth (z) can be
expressed as

pb(2) = pa + (de/dy)Apa exp(—2/() 2)

pel2) = pa — Apaexp(—z/C) 3)

where p, is the average electron density, (1 + dc/dp)Aps = Apm is
the maximum electron density contrast and { is the critical
decay length. Here, d./dy, (>1) is used because the variation of
pp is greater than the variation of p. w.r.t. the average value p,.
A large value of Ap,, is related to better in-plane ordering
towards the film-substrate interface and a large {-value suggests
better out-of-plane ordering, which is related to the improve-
ment of the in-plane ordering more towards the film-air inter-
face. The information of the critical wave vector of the film, g fiim
(as shown in the zoomed view of the selected portion of the XR
profiles in Fig. 3 and 4), was used to obtain the starting value of
pa for the analysis of the respective XR data. It can be noted that
although the analysis of the XR profiles of P3HT thin films was
carried out before, none has collected and/or used the 2nd order
Bragg peak data for the fitting.”>*° However, the consideration of
the 2nd order Bragg peak, in particular, and the higher g,-range

This journal is © The Royal Society of Chemistry 2020



Paper

XR data, in general, is quite important for removing the
uncertainties in the data analysis and obtaining the near
unique EDP, which were considered here. Instrumental resolu-
tion in the form of a Gaussian function and a constant back-
ground were also included at the time of data analysis.>® The
best fit XR profiles along with the corresponding EDPs thus
obtained are presented in Fig. 3-5. The relevant parameters
such as p,, Apm, {, d, D, the interfacial roughness (¢,) and the
top surface roughness (o) for the solution-aged P3HT thin
film (S1x) during different treatments, as obtained from the
analyzed EDPs, are listed in Table 2. The corresponding values
of ¢ (as presented in Fig. 6) are also included in Table 2 for
comparison.

A dip near the film-substrate interface, observed in the EDP,
suggests that the attachment of the film (i.e. predominantly EO
NFs) with the substrate is through alkyl side chains. A small
value of o;, indicates smooth attachment of those alkyl side
chains, while a high value of o confirms the presence of
random NFs on the surface with in-plane variations in their
effective heights. The values of both the parameters, and hence
the respective natures of the film, remain almost unchanged
during TA. The values of d obtained from EDPs (Table 2) follow
well the values of dp obtained directly from the pseudo Bragg
peaks (Fig. 6), while the values of D obtained from EDPs
(Table 2) correct the slightly overestimated values of Dy
obtained directly from the Kiessig fringes (Fig. 6). Nonetheless,
the variation of D with T follows the same pattern as that of D.
The variation of p, with T follows the opposite nature to that of
D, as expected, to maintain the materials conserved.

Let us now discuss the parameters Ap,, and {, which are of
real importance in understanding the ordering of the system.
The value of Apy, remains unchanged on heating up to 180 °C
but decreases on further heating at 220 °C. This indicates that

Journal of Materials Chemistry C

the in-plane ordering towards the film-substrate interface
remains unchanged with TA except at high temperatures, where
it decreases. This means that TA does not promote either
the lateral growth or the number of EO NFs near the film-
substrate interface; rather, it deteriorates the ordering at high
temperatures probably due to the melting of P3HT polymer.
The {-value, on the other hand, was found to increase with the
heating temperature. This suggests an increase in the edge-on
orientation along the z-direction due to the thermal energy
induced reorientation and/or translation of NFs. The thermal
energy induced growth of NFs can be ruled out as no appreci-
able increase in the aggregates was estimated from the optical
absorption spectra. During cooling, the value of Ap,, increases
to recover some of the deteriorated ordering but not up to the
mark, while the value of { decreases little bit but improves
appreciably compared to the as-cast film. Thus through a cycle
of TA, an appreciable increase in the EO ordering takes place
due to the reorganization of the NFs. Such an improvement
does not take place near the film-substrate interface, rather
deteriorates, if annealed at high T (consistent with the UV-Vis
results). The overall increase is mainly due to the improvement
in the subsequent EO ordering along the z-direction (the effect
of which on the top is consistent with the AFM results). Further
SVA reduces the values of Apy, and { significantly, which means
that SVA deteriorates the ordering both along the in-plane and
out-of-plane directions. Though subsequent TA improves the
EO ordering, it could not recover the ordering entirely.

3.3.2 Effect of SVA. XR profiles of the S3 thin film, pre-
dominantly during SVA, that is during swelling with time,
deswelling and subsequent heating and cooling at different
temperatures are shown in Fig. 7 and 8. The evolution of Dy, dg
and ¢ due to SVA is shown in Fig. 9. SVA is found to increase the
values of dy and Dk due to the diffusion of solvent molecules

Table 2 Parameters, such as the average electron density (p,), the maximum electron density contrast (Ap.,), the interfacial roughness (ai,), the
top surface roughness (ays), the bilayer thickness (d), the total film thickness (D), the critical decay length ({) and the critical ordering length (&), of the
solution-aged P3HT thin films during different treatments, as obtained from the XR data analysis

Sample Treatment pale A7 Apm [e A7) Gin [nm] 04 [nm)] d [nm] D [nm] { [nm] & [nm]
S1x As-cast 0.35 0.10 0.3 2.6 1.63 38.2 3.8 16.0
H130 °C 0.33 0.10 0.3 2.9 1.75 41.1 6.2 23.3
H180 °C 0.32 0.10 0.3 2.6 1.78 43.3 10.2 30.9
H220 °C 0.31 0.05 0.3 2.6 1.80 44.4 14.6 37.6
H-C130 °C 0.32 0.07 0.3 2.9 1.75 41.4 14.5 35.5
H-C80 °C 0.33 0.08 0.3 2.7 1.70 39.3 11.5 34.2
H-C40 °C 0.34 0.08 0.3 2.7 1.65 38.9 11.2 34.0
HC-SVA 0.32 0.05 0.3 2.9 1.69 42.2 7.4 29.0
HCS-H80 °C 0.33 0.04 0.3 3.0 1.71 41.2 13.3 36.1
HCS-H130 °C 0.33 0.06 0.3 3.3 1.75 41.4 17.0 37.0
HCSH-C50 °C 0.34 0.06 0.3 2.9 1.67 39.3 11.5 33.7
S3 As-cast 0.33 0.04 0.7 3.4 1.61 60.7 4.0 16.1
S10min 0.32 0.03 0.8 3.4 1.66 88.3 1.4 12.5
S20min 0.32 0.03 0.8 3.4 1.68 91.2 1.5 11.6
S30min 0.32 0.03 0.8 3.4 1.70 91.2 1.5 11.6
DS5min 0.33 0.04 0.9 3.3 1.60 75.0 1.6 14.5
DS-H80 °C 0.34 0.04 0.5 3.4 1.68 64.3 1.9 16.0
DS-H130 °C 0.33 0.04 0.5 3.5 1.76 66.0 3.6 18.5
DSH-C80 °C 0.33 0.04 0.5 3.4 1.71 65.2 4.8 18.0
S2 As-cast 0.34 0.14 0.3 2.5 1.63 42.7 3.0 16.0
During SVTA 0.32 0.15 0.3 2.9 1.75 45.4 4.6 25.0
After SVTA 0.34 0.19 0.3 2.7 1.66 43.8 4.5 24.0

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Evolution of XR profiles (different symbols) and analyzed curves
(solid lines) of a solution-aged P3HT thin film (S3) during SVA (or swelling)
for different durations. Inset: Corresponding analyzed EDPs. Curves and
profiles are shifted vertically for clarity.
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Fig. 8 Evolution of XR profiles (different symbols) and analyzed curves
(solid lines) of the solution-aged P3HT thin film (S3) after deswelling and
consequent heating and cooling. Inset: Corresponding analyzed EDPs.
Curves and profiles are shifted vertically for clarity.

inside the polymer in the thin film. However, the increase of Dx
is found to be more compared to that of dg, suggesting that the
diffusion of the solvent inside the disordered polymer is more
compared to the NFs. This can be correlated with the relatively
better stability of P3HT NFs even in the presence of a
good solvent, which is likely as NFs are formed within a good
solvent with time. The Dy is found to increase very fast initially
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Fig. 9 Evolution of Dy, ¢ and dg for the solution-aged P3HT thin film (S3)
due to SVA (or swelling) and deswelling.

(within 10 min) and then saturates gradually. The fast increase
is related to the dissolution of the disordered polymer and
saturation at a relatively lower value is related to the restricted
dissolution of NFs and/or diffusion of limited solvent vapor.
SVA of the thin film swells the polymers, which deteriorates the
ordering of the film, as evident from the decrease of the ¢-value
with time. Deswelling leads to a decrease of dg and Dy values
due to the evaporation of solvent molecules, whereas it recovers
the ¢-value slightly.

The analyzed XR data (using eqn (2) and (3)) and the
corresponding EDPs of the solution-aged P3HT thin film (S3)
are shown in Fig. 7 and 8. The analyzed parameters are listed in
Table 2. The values of g, and Ap,, are found to be quite high
and low, respectively, compared to those of sample S1x. It can
be noted that the sample S3 is made of a high concentration
polymer solution and at high spinning speed. The high concen-
tration makes the solution more viscus, while the high speed
only allows less time to organize the P3HT NFs. The combi-
nation of these two is likely to make the attachment of the film
with the substrate less smooth (thus more rough) and the
subsequent arrangement of the NFs, less organized (i.e. less
ordered). With SVA, the values of Ap,, and ({ decrease, while
that of o;, increases, which indicates further deterioration in
the ordering and the attachment of the film. The subsequent
deswelling revives the structural ordering but not up to the
mark. Further TA cycle actually revives the ordering of the film.
In fact, it improves the ordering of the film little bit and film-
substrate interface remarkably compared to the as-cast film.

3.3.3 Effect of SVTA. XR profiles and analyzed curves of the
S2 thin film and corresponding EDPs during SVTA are shown in
Fig. 10. The parameters obtained from the XR data analysis are
listed in Table 2. It can be noted that most of the parameters
behave similar to those of the S1x film, except that the value of
Apn, is found to be more compared to that of the Six film,
which suggests that even a small decrease in the spinning
speed improves the organization of the NFs and hence the
ordering towards the film-substrate interface. Such ordering is
found to improve further during SVTA (i.e. combined swelling
and heating) treatment and even further during subsequent
deswelling and cooling. Comparatively, less improvement in

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Evolution of XR profiles (different symbols) and analyzed curves
(solid lines) of the solution-aged P3HT thin film (S2) during SVTA (heating in
the presence of solvent vapor) and after SVTA (due to cooling and
deswelling). Inset: Corresponding analyzed EDPs. Curves and profiles are
shifted vertically for clarity.

the ordering of the film along the z-direction is observed (from
the values of { and ¢) during the SVTA cycle.

3.4 Growth and organization of P3HT nanofibers

Let us now try to understand and model the growth and
organization processes of P3HT NFs. Using the information
obtained from the complementary techniques, the growth and
organization of P3HT NFs can be modeled, as shown schema-
tically in Fig. 11. The sonication and heating of the solution
dissolve the polymer (Fig. 11a, orange color), while the subse-
quent cooling initiates the nucleation process, which on aging
promotes the m-n stacking to form a nanofibrous solution
(Fig. 11a, purple color) probably due to the increase in the
supersaturation condition of the solution.’® The sonication
followed by heating seems to impose some restriction in the
nucleation process, and hence in the number of nucleation
sites, which in turn helps to form comparatively long NFs*" on
aging. Also, based on the Hansen solubility parameter (AJ),
toluene is more likely to behave as a poor (or theta) solvent at
room temperature, which can prefer the polymer-polymer
interactions and the polymer coil contraction to initiate the
nucleation and growth of NFs.**

The spin-coating deposits the NFs onto the solid substrate,
which are predominantly EO with some preferred size and
shapes (Fig. 11a). The initial organization of such NFs depends
on the concentration (c) or the effective viscosity (1) of the
solution and the spinning speed (w) or the effective evaporation
rate (E) of the solvent (shown in Fig. 11b). Also, it depends on
the difference (AE) or gradient (AE/AD) in the evaporation
rate of the solvent between the solution-substrate and the

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Schematic illustration of the growth and organization of P3HT
NFs. (a) Conversion of a well-dissolved (orange color) polymer solution to
a nanofibrous (purple color) solution on aging, with typical size and shapes
of the EO NFs. (b) Effects of pre- and during-deposition conditions,
namely polymer concentration (c) and spin-coating speed (w), on the
film-structures, i.e. on the in-plane (Ap,,) and out-of-plane ({) EO ordering
of the NFs, on solid substrates. (c) Effects of post-deposition treatments,
namely SVA, TA and SVTA, on the same film-structural parameters.

solution-air interfaces. The large # and E values restrict the
diffusion, the organization and the ordering of the NFs, which
then create a rough film-substrate interface, as evident in the
S3 thin film of large ¢ and w values. On the other hand, the
small # and/or E values enhance the organization time and/or
the diffusion of the NFs to promote EO ordering (large Ap-value),
which also creates a smooth film-substrate interface (small
ain-value), as evident in the S1 and S2 thin films of small ¢ and
o values. The smaller E value further enhances the diffusion and
the organization of the NFs to create better EO ordering (larger
Ap-value), as evident in the S2 thin film of smaller w value. The
slow evaporation near the film-substrate interface allows more
time to organize the NFs and promotes better EO ordering
(larger Ap-value), and the fast evaporation at the film-air inter-
face provides little time to organize the NFs and creates negli-
gible ordering (Ap — 0) and very large roughness (osvalue),
while the varying (increasing) evaporation, in between, forms
gradually changing (decaying) ordering (Fig. 11b) of the form
Ap(2) = Apm exp(—z/{), as observed in all the thin films.

The post-deposition treatment usually supplies energy to the
film, which can impact on the NFs and the film-structure
(shown in Fig. 11c). The SVA results in a rapid swelling of the
thin film mainly through the dissolution of the disordered part
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of the film, which then increases the film-thickness and
deteriorates the EO ordering of the NFs, as evident for the S3
thin film. On the other hand, the TA, which supplies the
thermal energy to the film, fails to improve the Ap,-value,
i.e. the EO ordering near the substrate and also the total
crystalline aggregates or NFs, rather deteriorates both, when
annealed near the melting temperature of P3HT, as evident for
the S1y, S1ax and G1 thin films. Such TA, however, improves the
{-value, i.e. the EO ordering of the more out-of-plane region due
to thermal energy induced alignment (through reorientation
and/or vertical displacement) of the NFs. The lack of improve-
ment of the maximum EO (i.e. in-plane) ordering at a particular
height is of real concern towards its betterment in the device
performances as observed before.”" Finally, the combination of
SVA and TA, i.e. the SVTA, improves the in-plane EO ordering
near the substrate (i.e. the Ap,,-value) along with the out-of-
plane ordering (i.e. the {-value) of the film. Similar improve-
ments in the in-plane and out-of-plane ordering upon SVTA
were also observed recently for the poly(3-dodecylthiophene)
thin films.*® Such improvements, in the present P3HT film, are
probably through both reorientation and growth of NFs. In the
case of SVTA, the thermal energy in the presence of limited
solvent vapor not only promotes the reorganization and reor-
ientation of the P3HT NFs but also promotes the unfavorable
coil-to-rod conformational transformation of the P3HT polymer
chains and their unfavorable n-n stacking (both of which
require a negative entropy change)'' around the existing NFs,
similar to that observed in the solution, during aging.>”

4 Conclusions

Complementary XR, AFM and UV-Vis spectroscopic techniques
were utilized to observe the growth and evolution of the P3HT NFs
within thin films upon TA, SVA and SVTA. Fibrous structures on
the surface of the film were conveniently observed through AFM,
whereas the overall crystallinity or the amount of NFs and their
conjugation length were obtained through optical absorption
study. Analysis of XR data or EDPs allows us to figure out the
EO ordering of NFs both along the in-plane and out-of-plane
directions and also the structures of the interfaces. Such informa-
tion, which is quite unique to the XR technique and distinctive
from other techniques, is important for understanding the device
properties. It is quiet clear that the TA favors the alignment
(through orientation and/or displacement) of the NFs but not
their size (due to the poor diffusion of P3HT chains). Thus TA
cannot improve the EO ordering near the film-substrate interface,
where it was already better, rather towards the top parts, where
the EO ordering was initially poor. The ordering becomes worse
during SVA due to the swelling of the film and further deswelling
cannot recover the ordering. The EO ordering of P3HT NFs
is found to improve during SVTA (ie. combined swelling
and heating) treatment and even further during subsequent
deswelling and cooling through alignment (reorientation and/or
displacement) and growth (i.e. n—r stacking), which are of utmost
importance for achieving better device performances.
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