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Solvent dependent ordering of
poly(3-dodecylthiophene) in thin films†

I. Roy and S. Hazra*

The strong influence of solvents on the ordering of poly(3-dodecylthiophene) (P3DDT) due to edge-on

oriented stacking, in the spin-coated thin film on the Si substrate, both near the substrate and away from it,

depending upon the substrate surface nature, is observed from the X-ray reflectivity study. The absence of

any appreciable amount of coil-like P3DDT chains (i.e. charge localized states) and formation of p-stacked

aggregates (i.e. charge delocalized states) in the spin-coated thin films, with slightly better uniformity for the

film prepared from toluene (TL) compared to that prepared from chloroform (CF) and chlorobenzene (CB),

are well evident from the optical absorption study. No ordering near the weakly hydrophobic H–Si substrate

is found in the films prepared from TL, probably due to less diffusion of P3DDT in TL and the appreciable

pinning (film–substrate interaction) effect, while appreciable ordering near the film–air interface, overcoming

the pinning effect, is likely to be related to the moderate values of the viscosity and the evaporation rate of

the solvent. A better ordered Form-I-like relaxed structure near the film–substrate interface and a less

ordered interpenetrating Form-II-like structure toward the film–air interface are found in the films prepared

from CF, probably related to the low viscosity and high evaporation rate, respectively, of the solvent. Less

ordered and mixed but more toward Form-II-like structures are formed throughout the film prepared from

CB, probably due to the high viscosity of the solvent, even though its evaporation rate is low. The high

evaporation rate of CF and high viscosity of CB probably create hindrance in the formation of continuous

films on the weakly hydrophilic O–Si substrate at low speed, while the moderate values of both the para-

meters for TL, help to form continuous films on the O–Si substrate even at low speed. Such moderate

values also help to form less variable (and more toward Form-I-like) structures and better ordering in the

latter film. The relative fluctuation between aggregates along the film-thickness is, however, found slightly

more in the film prepared from TL compared to that prepared from CF.

1 Introduction

Semiconducting organic molecules and polymers are becoming
increasingly important in the electronics industry due to their
flexibility, easier fabrication and low cost. Ordering and orientation
of such molecules significantly influence the physical properties
of organic materials and their corresponding device properties.
Therefore ordering organic molecules, especially conjugated
polymer molecules, in the active layer has been a hot topic in organic
electronics due to their high performance.1–5 Poly(3-alkylthiophenes)
(P3ATs) are one such kind of polymer having flexible alkyl side
chains attached to stiff backbones consisting of thiophene units.
They are soluble in a variety of common organic solvents which
makes it possible for the fabrication of devices using simple solution
processing techniques.6 They are semi-crystalline in nature,

having crystalline P3AT domains as well as amorphous regions.
The chemical incompatibility between the alkyl side chains and
the polythiophene backbone is responsible for the crystalline
ordering of the polymer.7–9 P3AT molecules can adopt two types
of orientation on a substrate-(i) edge-on orientation, in which
lamellae are perpendicular to the substrate, and (ii) face-on, in
which they are parallel to it.6

The field-effect mobility of devices strongly depends on the
orientation and ordering of the P3AT molecules which in turn
depend on various factors such as regioregularity and molecular
weight,10 the length of the alkyl side chain,11 the solvent from
which the film is cast,12 the nature of the substrate13–15 and
deposition techniques like drop-casting, spin-coating, dip-coating
and directional epitaxial crystallization.16,17 It has been pointed
out that the mobility in films having edge-on orientated molecules
and face-on oriented molecules differ by more than a factor of
100.6 Mobility increases with increasing molecular weight of the
polymer as longer chains provide longer paths for the charge
carriers to travel without hopping to another chain.10 When
several polymer chains are locally aligned they have a strong wave
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function overlap which leads to p-stacking. This p-stacking causes
the charge carriers and excitons in P3AT to delocalize along the
conjugated polymer backbones over several neighboring chains.18,19

Improving the p-stacking is thus an important issue in preparing
efficient devices using P3ATs. Post-deposition treatments such as
annealing have also been reported to influence the orientation of the
crystalline domains.20 Another factor that affects the stability of
these films is the ambient atmosphere. P3AT films are extremely
stable under humidity and atmospheric oxygen but are affected
to a much greater extent by volatile organic solvents.21,22 So, the
understanding of the various processes that control the morphology
of these films is crucial for the sake of fabricating devices with high
charge carrier mobility and in this direction the continuous effort is
on going.

P3AT with longer alkyl side chains, such as poly(3-dodecyl-
thiophene) (P3DDT), is found to give rise to stronger photo-
luminescence23 and electroluminescence24 intensities than P3ATs
with shorter alkyl chains. Even then, P3DDT is less studied due
to its low crystallizability arising from longer side chain inter-
actions.9,25–30 However, longer alkyl chains of P3DDT are
responsible for their better solubility, which helps to make
better continuous and relatively smooth films, useful for device
applications. The understanding of ordering in such films and
its correlation with different process parameters is absolutely
necessary to select the appropriate process parameters for this
material for its particular use and even for its further enhance-
ment of ordering. It is known that the surface free energy or the
varying potential energy landscape of the substrate surface can
control the substrate–polymer interactions and thus the orientation,
ordering and packing of the molecules near the interface.13,14

Similarly, the solvent can also influence the substrate–polymer
interactions and thus the interfacial and subsequent structures
of the film. However, not much work has been carried out to
understand such influence, which is very important. The thick-
ness of a thin film and its ordering or layering can be well
estimated using a X-ray reflectivity (XR) technique.31–37 The XR
technique essentially provides an electron-density profile (EDP),
i.e., in-plane (x–y) average electron density (r) as a function of
depth (z) in high resolution. From the EDP it is possible to
estimate the total film thickness (D), roughness (s) and ordering
or bilayer separation (d) of alternate layers of polythiophene
backbones and alkyl chains, if any. It also provides unique
structural information about the film near the film–substrate
interface, which not only influences the subsequent structure of
the film but also the device properties or performances.13,15

In this paper we have utilized this XR technique to investi-
gate the effect of concentration of the polymer, solvent, sub-
strate surface nature and spinning speed on the out-of-plane
structure or the morphology of the spin-coated P3DDT thin
films on silicon, with special emphasis on the structure near
the film–substrate interface. Formation of p-stacked aggregates
in the spin-coated P3DDT thin films is confirmed from the optical
absorption spectra. The strong influence of solvents has been
observed in the ordering of the films. The possible parameters of
the solvent, which may influence such ordering in the films,
both near the substrate and away from it, are discussed.

2 Experimental

Regioregular P3DDT was purchased from Sigma-Aldrich (average
molecular weight: 60 000, regioregularity Z98.5%) and used as
received. Chloroform (CF, CHCl3) and toluene (TL, C7H8) were
obtained from Merck and chlorobenzene (CB, C6H5Cl) was
obtained from Sigma-Aldrich. Polymer solutions were prepared
by dissolving different amounts of P3DDT in CF, CB and TL
solvents. The concentration of the polymer in CF and CB
solutions varies from 1 to 4 mg ml�1, while that in TL solution
varies from 1 to 3 mg ml�1. H-terminated Si (H–Si) substrates
were prepared through the standard pre-treatment method.38–42

In short, Si substrates (of size about 15 � 15 mm2) were first
sonicated in acetone and ethanol solutions to remove organic
contaminants and subsequently etched with hydrogen fluoride
[HF, Merck, 10%] solution for 60 s at room temperature (25 1C)
to terminate the Si surface with H after removing the native
oxide layer. Films were then prepared from different polymer
solutions on the H–Si substrates using a spin-coater (SCS 6800
Spin Coater Series) at a speed of 3500 rpm for 60 s and were
labeled as c-SV, where c represents the concentration of the
polymer and SV represents the solvent (i.e. CF, TL or CB). To
check the effect of the substrate surface nature on the film
structure, films were also prepared from some of the solutions
on the clean native oxide coated Si (O–Si) substrates at the same
speed (3500 rpm). For the optical study films of nearly similar
thickness were prepared on the clean quartz glass substrates at
the same speed (3500 rpm). A set of films was prepared from a
P3DDT–TL solution on O–Si substrates by changing the spinning
speed (o) from 500 to 4000 rpm. However, continuous films
could not be prepared from P3DDT–CF and P3DDT–CB solutions
on O–Si substrates for low (r1000 rpm) spinning speed.

XR measurements of the films were performed on a versatile
X-ray diffractometer (VXRD) setup.9,40,42,43 VXRD consists of a
diffractometer (D8 Discover, Bruker AXS) with a Cu source
(sealed tube) followed by a Göbel mirror to select and enhance
Cu Ka radiation (l = 1.54 Å). The diffractometer has a two-circle
goniometer [y(o) � 2y] with a quarter-circle Eulerian cradle as
the sample stage. The latter has two circular (w and f) and three
translational (X, Y, and Z) motions. The scattered beam was
detected using a NaI scintillation (point) detector. Data were
taken under the specular condition, i.e., the incident angle, a, is
equal to the reflected angle, b (a = b = y). Under such conditions
there exists a nonvanishing wave vector component, qz, which
is equal to (4p/l)sin y with a resolution of 0.002 Å�1.

Optical absorption spectra of the spin-coated P3DDT films
of similar thickness deposited from different solvent solutions
on quartz substrates were collected using a UV-vis spectro-
photometer (Perkin Elmer, Lambda 750).9

3 Results and discussion
3.1 X-ray reflectivity and electron-density profiles

XR data of the spin-coated P3DDT thin films on H–Si substrates for
different concentrations of the polymer dissolved in CF, TL and CB
solvents are shown in Fig. 1–3, respectively. Oscillations or Kiessig
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fringes, which are the measure of the total film thickness, are
very clearly evident in all the XR profiles. A broad hump
(around qz E 0.24 Å�1) or modulation in the Kiessig fringes
with prominent fall in the fringes’ intensity after qz E 0.26 Å�1

is also observed in all the XR profiles. Such modulation
provides the existence of some layering or ordering in the
system. The value of d-spacing obtained from the position of
the hump is about 2.6 nm, which is suggestive of an edge-on
orientation of the polymer chains. The number of Kiessig
fringes, hence the film-thickness, increases with concentration,
as expected. The Kiessig fringes and the modulation also
depend on the solvent, apart from the concentration, which
are clearly evident in Fig. 4 and 5, where the XR profiles of films
prepared from three different solvents are plotted for compar-
ison. The number of fringes is minimum for the films prepared
from CB solvent, while maximum for the films prepared from
CF solvent (see Fig. 4). That means more polymer is required
for TL solvent compared to CF solvent and even more for CB
solvent to get similar number of fringes (see Fig. 5). On the
other hand, the amplitude of modulation is minimum for the
films prepared from TL solvent, while nearly the same for
the films prepared from CF and CB solvents.

To get the quantitative information about the films, all XR
profiles have been analyzed using Parratt’s formalism44 after
incorporating roughness at each interface. It is necessary to
mention that a single layer above the substrate cannot fit the
data. Similarly, two layers above the substrate, one for the
interfacial layer and another for the remaining portion, can
create some modulation but cannot fit the data completely

Fig. 1 XR data (different symbols) and analyzed curves (solid lines) of
the spin-coated P3DDT thin films deposited from solutions of different
concentrations of the polymer in the chloroform (CF) solvent. Inset: the
corresponding analyzed EDPs. Curves and profiles are shifted vertically for
clarity.

Fig. 2 XR data (different symbols) and analyzed curves (solid lines) of the
spin-coated P3DDT thin films deposited from solutions of different con-
centrations of the polymer in the toluene (TL) solvent. Inset: the corre-
sponding analyzed EDPs. Curves and profiles are shifted vertically for clarity.

Fig. 3 XR data (different symbols) and analyzed curves (solid lines) of
the spin-coated P3DDT thin films deposited from solutions of different
concentrations of the polymer in the chlorobenzene (CB) solvent. Inset:
the corresponding analyzed EDPs. Curves and profiles are shifted vertically
for clarity.
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(as shown in Fig. S1–S3 of the ESI†). Especially it cannot
reproduce the sudden decrease in the intensity of Kiessig
fringes after qz E 0.26 Å�1. Thus for the analysis, each film
has been divided into a number of bilayers after the interfacial
layer. Each bilayer of thickness about 2.6 nm is constituted of

two parts: alkyl side chains (low electron density) and poly-
thiophene backbones (high electron density). The best fit
XR profiles along with the corresponding EDPs are shown in
Fig. 1–5. The ordering in the film above the interfacial region is
found to vary with the solvent and concentration. Also the EDPs
for the films prepared from TL solvent show a broad hump,
while for the films prepared from CF and CB solvents show a
dip near the film–substrate interface. This indicates that the
attachment and orientation of the polymer with the substrates
for the TL solvent is different from that for the CF and CB
solvents.

In order to understand the effect of the substrate nature on
the structure of the film, XR data of P3DDT thin films on H–Si
and O–Si substrates for the polymer dissolved in CF, TL and CB
solvents are shown in Fig. 6. There is almost no substrate effect
in the XR profiles for the films prepared using CF and CB
solvents, while in the XR profiles for the films prepared using
TL solvent, the hump near qz E 0.24 Å�1 is found prominent
for the film on the O–Si substrate compared to that on the H–Si
substrate. To get the quantitative information about the films,
all XR data are analyzed as before and the best fit XR profiles

Fig. 4 XR data (different symbols) and analyzed curves (solid lines) of the
spin-coated P3DDT thin films deposited from solutions of two concentra-
tions (3.0 and 1.5 mg ml�1) of the polymer in different solvents (curves are
shifted vertically for clarity). Insets: the corresponding analyzed EDPs.

Fig. 5 XR data (different symbols) and analyzed curves (solid lines) of the
spin-coated P3DDT thin films of nearly the same thickness deposited from
solutions containing different concentrations of the polymer in different
solvents. Inset: the corresponding analyzed EDPs.

Fig. 6 XR data (different symbols) and analyzed curves (solid line) of the spin-
coated P3DDT thin films on H–Si and O–Si substrates deposited from solutions
containing the polymer in different solvents. Inset: the corresponding analyzed
EDPs. Curves and profiles are shifted vertically for clarity.
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along with the corresponding EDPs are shown in Fig. 6. It is
clear from the EDPs that the structures of the films on H–Si and
O–Si substrates are almost the same for the films prepared
from either CF or CB solvent, while different for the films
prepared from TL solvents. For the latter a broad hump near
the film–substrate interface is observed on the H–Si substrate
(as observed before and shown in Fig. 2), while a dip near the
film–substrate interface is observed on the O–Si substrate. This
indicates that the attachment and orientation of the polymer
on the O–Si substrate prepared using TL solvent is similar to
that prepared using CF or CB solvents on either H–Si or O–Si
substrate.

The XR data of the P3DDT thin films on O–Si substrates
prepared from a P3DDT–TL solution at different spinning
speeds are shown in Fig. 7. The XR data of the limited number
of films that could be prepared from P3DDT–CF and P3DDT–
CB solutions on the O–Si substrates due to the speed variation
are not included here. The number of Kiessig fringes, hence the
film-thickness, in the XR curves, decreases with the increase
of the spinning speed, as expected. A broad hump near qz E
0.24 Å�1 is also observed for all the films, which is particularly
prominent for the high thickness (slow speed) films. To get the
quantitative information about the films, all XR data
are again analyzed as before and the best fit XR profiles along

with the corresponding EDPs are shown in Fig. 7. A dip near
the film–substrate interface is found for all the films. The
ordering is also obvious in the film, which varies with the
film-thickness.

3.2 Optical absorption and p-stacking

The UV-vis absorption spectra of three spin-coated P3DDT thin
films of similar thickness on quartz glass substrates prepared
using CF, TL and CB solvents are shown in Fig. 8. Considering
the information of Fig. 5, 1.5-CF, 3.0-TL and 4.0-CB solutions
were used to get similar film-thickness from different solvents.
Four shoulders/peaks are visible in all the spectra. The peaks
near 490 and 610 nm are well resolved, while the peaks near 530
and 560 nm are not, especially for the 1.5-CF and 4.0-CB films.
The appearance of peaks may originate from p-stacking of
P3AT.9 The peak at 610 nm is due to the interchain p–p
transition, while the peaks at 560, 530 and 490 nm are due to
the 0–0, 0–1 and 0–2 transitions of the intrachain exciton.45 The
observed spectral signatures can be interpreted considering the
weakly interacting HJ-aggregate model, where the intensity
ratio (A1/A2) of the peaks at 610 and 560 nm can be used to
extract the free exciton bandwidth of the aggregates (based on
Frank-Condon analysis), which is related to the coupling
strength and the conjugation length.46,47 Thus considering
both the interpretations, the presence of aggregates or lamellae
structures due to p-stacking is clearly evident in all the spin-
coated films. Also, a similar value of A1/A2 (about 0.6) for all the
films suggests that the coupling strength or the conjugation
length for different films is comparable. The absence of a peak
near 450 nm (which appears due to coil-like P3DDT chains
comprising twisting and bending of the thiophene rings)
indicates the absence of any appreciable amount of coil-like
P3DDT chains in the films. The peak at 490 nm can also appear
from the intrachain p–p transition of the planar rod-like

Fig. 7 XR data (different symbols) and analyzed curves (solid lines) of the
spin-coated P3DDT thin films deposited on O–Si substrates at different
spinning speeds from a solution of polymer dissolved in TL solvent. Inset:
the corresponding analyzed EDPs. Curves and profiles are shifted vertically
for clarity.

Fig. 8 UV-vis spectra of the spin-coated P3DDT thin films of similar
thickness on glass substrates prepared using CF, TL and CB solvents. Peak
positions are indicated by arrows.
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conformation of the P3DDT chains. Thus the slightly intense
peak at 490 nm for the 1.5-CF and 4.0-CB films compared to
the 3.0-TL film indicates the presence of comparatively more
free rod-like chains in the former two. The less intense 490 nm
peak and better resolved 530 and 560 nm (A3 and A2) peaks for
the 3.0-TL film compared to the others indicate that the
structure of the former one is slightly different. This in general
suggests that the structures of the films prepared using TL
solvent are slightly different from those prepared using CF and
CB solvents. In particular, the structures of the aggregates in the
films on glass substrates seem to be more uniform or similar for
the film prepared using TL solvent compared to those prepared
using CF and CB solvents, as less uniform or dissimilar struc-
tures of aggregates will place A2 and A3 bands in slightly varying
positions to show a smearing effect, while similar structures of
aggregates will place those bands in more unique positions and
will be better resolved.

3.3 Structures of spin-coated P3DDT thin films

Let us now try to understand the ordering of the polymer,
which forms the basis of the structures of the film, in greater
detail. The ordering of the polymer in a film can be understood
considering the variation of the bilayer thickness in it and
the density contrast between two parts of a bilayer. A small

variation and large contrast indicate better ordering, while a
large variation and small contrast indicate the reverse. Thus
information on both the parameters is important. In addition
the information about the attachment of the film with the
substrate is also important. In this view, the thickness (d) and
the electron density contrast (Dr) for different bilayers starting
from the substrate for all the films are plotted in Fig. 9. The
value of Dr for N = 0 indicates the electron density difference
between the substrate and the film at the film–substrate interface.
The value of this Dr for the films deposited from CF and CB solvents
is greater than 0.4 e Å�3, while that for the films deposited from
TL solvent on H–Si substrates is less than 0.4 e Å�3 but on O–Si
substrates is again greater than 0.4 e Å�3. It can be noted that
the difference between the substrate electron density and the
average film electron density is about 0.4 e Å�3. The electron
density deviation (Drin) near the interface from the average film
electron density (ra) for the four sets of films is tabulated in
Table 1. The positive and negative signs indicate humps and
dips, respectively. The value of the interfacial thickness (din), i.e.
the value of d for N = 0, which represents the width of the first
hump or dip is indicated in Table 1. The dip followed by a peak
indicates that the attachment of the film with the substrate is
through alkyl side chains of the predominantly edge-on oriented
polymer. The absence of a dip indicates no preferential attachment

Fig. 9 Variation of the bilayer thickness (d) and the bilayer electron density contrast (Dr) with a number of layers (N) for different spin-coated P3DDT
thin films.

Table 1 Parameters, such as the average electron density (ra) of the film, its deviation (Drin) near the film–substrate interface to form a dip/hump (�/+)
of certain thickness (din), the average bilayer thickness (d) with its standard deviation (sd), the maximum electron density contrast (Drm) and the
exponential decay length (x) for the P3DDT thin films prepared from solutions containing either chloroform (CF), chlorobenzene (CB) or toluene (TL)
solvents on H–Si or O–Si substrates by varying the polymer concentration (c) or the spinning speed (o)

Solvent Substrate Variation ra (e Å�3) Drin (e Å�3) din (nm) da � sd (nm) Drm (e Å�3) x (nm)

CF H–Si c 0.30 � 0.02 �0.08 � 0.03 3.0 � 0.4 2.60 � 0.20 0.14 11.4
CB H–Si c 0.30 � 0.02 �0.08 � 0.05 2.4 � 0.1 2.50 � 0.30 0.14 4.0
TL H–Si c 0.30 � 0.02 +0.04 � 0.02 2.0 � 0.5 2.55 � 0.35 0.02 �10.0
TL O–Si o 0.30 � 0.02 �0.08 � 0.02 2.1 � 0.1 2.60 � 0.10 0.11 7.8
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and/or orientation of the polymer. The value of the width of the
dip is found to vary, which is the maximum for the films
prepared using CF solvent and minimum for the films on the
O–Si substrates prepared using TL solvent.

For the films where a dip is present at the film–substrate
interface, the value of Dr after the interfacial region is found to
be maximum, which decreases gradually toward the top surface.
The situation is however reverse for the film where the hump is
present at the interface. Such a variation in Dr can be expressed
using the standard exponential decay function:

Dr(N) = Drm exp(�Nda/x)

where Drm is the maximum value of Dr, da is the average d
value and x is the critical decay length. The values of these
parameters are tabulated in Table 1. The negative value of x
essentially indicates exponentially increasing nature of Dr,
where Drm is the minimum value. The value of d is found to
vary with film-thickness. The standard deviation (sd) of which
is included in Table 1 along with the value of da. In general, the
electron density profile of the film from the first peak (after a
dip or hump near the interface) can be expressed as:

rðzÞ ¼ ra þ
1

2
Drme

�z=x cos
2pz

da � sd

� �

The small Drm-value, the large negative x-value and the large
sd-value for the films prepared using TL on the H–Si substrate
are indicative of the poor ordering in the film due to the
absence of the preferential attachment and/or orientation of
the polymer near the substrate. The value of Drm for the films
prepared using CF and CB solvents are relatively high. Among
them the value of x and sd for the films prepared using CF
solvent are comparatively large and small, respectively, suggesting
that the ordering in this film is better. On the other hand, although
the value of Drm and x for the films prepared using TL solvent on
the O–Si substrates are small compared to those for the films
prepared using CF solvent, the small value of sd for the former
provides quite good ordering.

The structure of the film can be better understood combin-
ing the information on ordering from EDP with aggregates
from optical absorption, which are schematically shown in
Fig. 10. The attachment and the orientation of the polymer
with the substrate strongly depend on the solvent and/or with
the nature of the substrate. Such differences is generally related
to diffusion, adsorption and pinning effects.48 The substrate
surface nature can be modified through termination of the
surface with different groups, which essentially modifies the
surface free energy, polar–nonpolar (hydrophilic–hydrophobic)
or electrostatic nature of the surface.34,38–42 It is clear that such
surface free energy or the potential energy landscape of the
substrate surface, which is generally known to control the
substrate–polymer interactions,13,14 is necessarily modified
differently depending upon the solvent environment. The differ-
ent properties of the solvents, which can give rise to the different
polymer–solvent interactions, are tabulated in Table 2. Our
results suggest that the diffusion of polymers in the TL solvent
is less (may be due to low mass density and dipolarity values49,50)

compared to those in the CF and CB solvents, at least near the
substrate, while the tendency of adsorption on the H–Si sub-
strate seems to be slightly more compared to that on the O–Si
substrate (due to the difference in the hydrophobic/hydrophilic
nature). The effect of adsorption is only noticeable when the
diffusion is small, accordingly there is pinning and less ordering
on the H–Si substrate, while less pinning and better ordering on
the O–Si substrate for the polymer containing TL solvent. On the
other hand, when the diffusion is relatively large then the
pinning is less and the ordering is better on the substrate,
independent of its nature (H–Si or O–Si), as observed for the
films prepared using CF and CB solvents. The d-value in the
polymer aggregates prepared using CF and CB solvents has large
variation (i.e. less uniform) compared to that prepared using TL
solvent on the O–Si substrate. However, the variation is systematic
for the P3DDT–CF/H–Si films, namely the large d-value (corres-
ponding to the more relaxed or Form-I-like structure) toward the
film–substrate interface, probably due to low viscosity (Z0), while
the small d-value (corresponding to the more interpenetrating or
Form-II-like structure) toward the top surface, probably due to
high evaporation rate (E) of CF solvent. On the other hand,
although the evaporation rate is low, the high viscosity of CB
creates hindrance in the ordering and formation of the relaxed
structure in the P3DDT–CB/Si films. The moderate values of both
the parameters for the TL solvent help to enhance the ordering
near the film–air interface overcoming the pinning effect in the

Fig. 10 Variations of Dr and d, to represent the ordering of P3DDT, in four
systems. The corresponding schematic illustration of the structures of the
spin-coated P3DDT films on H–Si and O–Si substrates prepared using
chloroform (CF), chlorobenzene (CB) and toluene (TL) solvents, showing
the effect of the substrate nature and the solvent on the attachment,
orientation and ordering of P3DDT near film–substrates and film–air
interfaces.

Table 2 The mass density (rm), the viscosity (Z0), the evaporation rate (E)
and the dipolarity (SdP) for different solvents, as obtained from literatures
or online sites49–52

Solvent rm (g ml�1) Z0 (cP) E SdP

Chloroform 1.48 0.54 11.6 0.614
Toluene 0.87 0.55 2.4 0.284
Chlorobenzene 1.11 0.75 1.1 0.537
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P3DDT–TL/H–Si films. The high evaporation rate of CF and
high viscosity of CB probably create hindrance in the formation
of continuous films on O–Si substrates at low speed, while
moderate values of both the parameters for the TL solvent help
to form continuous films on O–Si substrates even at low speed.
The variation in the d-value in the low speed films is expected to
be small, which is exactly observed for the latter types of films.
Although the variation in the d-value in the P3DDT–TL/O–Si
films is small, the relative fluctuation along the z-axis between
adjacent lamellae is more compared to that in the P3DDT–CF/Si
films. This can be inferred from the lower Drm-value, since
adjacent stacks with lamellae slightly displaced from each
other along the z-axis give rise to a diffused electron density
of each layer, although their d-values do not differ much.

4 Conclusions

Structures of spin-coated P3DDT thin films, prepared using
different polymer concentrations and solvents (viz. chloroform,
toluene or chlorobenzene) were investigated using XR and
UV-vis spectroscopy techniques. The strong dependence of
the solvent and the substrate surface nature on the ordering
or layering of the edge-on orientated P3DDT in the films, near
the substrate and away from it, are observed from EDP. The
ordering of P3DDT, if present near the film–substrate interface,
is maximum there and decays exponentially along the film-
thickness. The maximum value, the exponential decay length
and the d-value and its deviation, however, vary with the
solvent. For instance, the better ordered Form-I-like relaxed
structure of higher d-value near the film–substrate interface
and the less ordered interpenetrating Form-II-like structure of
lower d-value toward the film–air interface are found in the
films prepared from CF, which are related to the low viscosity
and high evaporation rate, respectively, of the solvent. Simi-
larly, less ordered mixed d-value structures are found through-
out the films prepared from CB, which are related to the high
viscosity of the solvent, even though its evaporation rate is low.
In the film prepared from TL on the weakly hydrophobic H–Si
substrate, no ordering is seen near the substrate due to less
diffusion of P3DDT in TL and appreciable pinning on the
substrate, while appreciable ordering near the film–air inter-
face is seen, overcoming the pinning effect, due to the moder-
ate values of both the viscosity and the evaporation rate of the
solvent. In the film prepared from TL on the weakly hydrophilic
O–Si substrate, ordering is found near the substrate due to less
pinning on the substrate even though the diffusion of P3DDT in
TL is less. The hindrance in the formation of the continuous film
on the O–Si substrate at low speed from CF and CB is related to
the high evaporation rate of CF and high viscosity of CB, while
the continuous film from TL is related to the moderate values of
both the parameters for TL. Such moderate values also help to
form less variable d-values thus better ordering of P3DDT in the
film prepared from TL on O–Si. However, the relative fluctuation
between aggregates along the film-thickness is slightly more in
the film prepared from TL compared to that prepared from CF.

Thus the ordering of edge-on orientated P3DDT due to p-stacked
aggregates (responsible for charge delocalization) and the
absence of any appreciable amount of coil-like P3DDT chains
(responsible for charge localization) in spin-coated thin films,
especially near the film–substrate interface, which has a strong
influence on device properties, can be well regulated by varying
the solvent, substrate surface nature and spinning speed.
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