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ABSTRACT: Donor−acceptor (D−A) copolymers having strong
intermolecular interaction-induced aggregation can exhibit far
higher mobilities compared to the homopolymers and, thus, are
preferred as active layers for optoelectronic devices. However, the
actual performances of such devices strongly depend on the
conjugation length, i.e., backbone planarity or exciton bandwidth
(EB) and edge-on oriented (EO) ordering of the copolymer
aggregates and, thus, their understanding and improvement are of
paramount importance, which were carried out here using
complementary techniques such as optical absorption spectrosco-
py, X-ray reflectivity, and atomic force microscopy and by tuning
the pre-deposition parameters such as solvent, polymer concen-
tration (c), and spinning speed (ω) of the spin-coated D−A
copolymer thin films. The high c-value films show unusual improvement of EB with increasing ω, unlike low c-value films, for the
first time. The overlapped and entangled aggregates, which are known to form in the high c-value solution of high viscosity, get
disentangled in the film during deposition due to a large centrifugal force arising from their relatively large effective mass along with
the increasing ω-value. On the contrary, the well separated less entangled aggregates, which formed in the low c-value solution of low
viscosity, get entangled in the film due to the ω-related fast evaporation of the solution. Ultimately, improved EB is observed when
both c and ω are either small or large for the films prepared using chlorobenzene (CB) and only large for the films prepared using
chloroform (CF), which can be realized considering effective evaporation rate and viscosity of the solutions during deposition, while
improved EO ordering is found when both c and ω are small (i.e., when diffusion and organization of aggregates are easy) for the
films prepared using both the solvents. Altogether, the films prepared using CF with high c and ω values show crystallites with high
EB but low EO ordering, while those with low c and ω values show better EO ordering but low EB. The films prepared using CB
with low c and ω values show improvement of both EB and EO ordering and thus expected to provide better device performances
compared to others.

1. INTRODUCTION
Organic molecules and π−conjugated semiconducting poly-
mers having intriguing electrical and optical properties are
expected to replace the traditional silicon-based semiconduc-
tors partly due to their low cost and large scale fabrication as
active layers in opto-electronic devices like organic field effect
transistors (OFETs) and organic photovoltaics.1−6 However,
the major problem in commercializing polymeric semi-
conductor-based OFETs is their low charge carrier mobilities
associated with the semicrystalline morphology, arising from
the weak intermolecular van der Waals interactions within
polymeric molecules.7 The improvement of the charge carrier
mobility of such semicrystalline polymers in general depends
on the amount, quality, and orientation of the crystalline
aggregates.8,9 For example, the edge-on orientated (EO)
aggregates (where the π−π stacking are parallel to the
substrate)10 are more effective than the face-on orientated
aggregates (where the π−π stacking are normal to the
substrate),11 as the EO aggregates allow the charge carriers

to flow not only along the conjugated backbone direction but
also along the interchain π−π stacking direction.8 Hence, the
improvement of such EO crystallinity, both in terms of quality
and quantity, is likely to enhance the charge carrier mobility in
the OFET devices.12,13

Recently, donor−acceptor (D−A) type copolymers, whose
backbone comprises electron-rich and electron-deficient units,
in an alternating arrangement, are preferred over homopol-
ymers (consisting of either electron donating or accepting
units) as active layers due to their strong intermolecular
interaction.14−18 Such interaction shorten the distance
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between polymer chains (i.e., π−π stacking separation) and
helps in the formation of aggregates, even in solution, both of
which play vital roles in efficient charge transport.19−21 Also,
the hybridization of the molecular orbitals between the donor
and acceptor units in D−A copolymers typically leads to small
band gaps. Altogether, such modification of the π−conjugated
cores of a polymeric semiconductor can easily improvise its
opto-electronic properties.22−26 D−A copolymers having
diketopyrrolopyrrole (DPP) as an electron-accepting unit
and thienothiophene as an electron-donating unit (structural
schematic of which is shown in Figure S1 of the Supporting
Information) are a subject of extensive research for this
purpose due to their easy solution processing.18,20 The long-
branched alkyl side chains, such as octyldodecyl (OD), are
usually added to the D−A backbone to make these copolymers
soluble in common organic solvents.
Among different solution processing techniques, spin-

coating is widely utilized to form polymer thin films, because
it can provide smooth uniform films and facilitate large-scale
fabrication in less time.27,28 The structure of a spin-coated thin
film heavily depends on three parameters: nature of the
solvent, polymer concentration in the solution (c), and
spinning speed (ω), apart from the nature of the substrate
surface. These parameters determine the film thickness,
crystalline quality and ordering, and interfacial (film-substrate
and film-air) morphology and/or roughness, all of which play
significant roles in tuning charge carrier mobility in OFET. A
massive amount of research is going on to understand and tune
the structures of D−A copolymer thin films for obtaining
better charge carrier mobility.18,20,29,30 The variation of
viscosity of the polymer solution with c was found to show
two-regime behavior, with more isolated and extended
aggregates at low c and overlapped and entangled aggregates
at high c.31,32 Such nature of aggregates was also found to
maintain in the film. However, the effect of ω or solvent on the
nature of aggregates of the D−A copolymer thin films is not
clear. Understanding of which is very much essential for better
charge transport. Further, in an OFET, charge transport takes
place either near film-substrate or near film-air interface
depending on the contact (bottom-contact or top-contact) of
the gate electrode. Thus, it is necessary to have better EO
crystallites, both in terms of quantity and quality, in the film,
especially near the interfaces, for obtaining improved charge
carrier mobility,33 which can be well understood using X-ray
reflectivity (XR) technique.34−37 The XR technique essentially
provides the electron density profile (EDP), i.e., in-plane (x−
y) average electron density (ρ) as a function of depth (z) in
high resolution.38−40 From the EDP, it is possible to estimate
the film thickness, the presence of layering in the film, if any,
the surface and interfacial roughness, the structural arrange-
ment near the film-substrate interface and their evolution.41−44

In fact, the combination of the XR data and the proper
modeling scheme, is the state-of-the-art technique for
obtaining unique and valuable information about the EO
crystallites in the film, especially near the buried interface. On
the other hand, optical (UV−vis) absorption spectroscopy can
estimate the exciton bandwidth (EB), which can provide the
information about the average conjugation length (CL) and/or
backbone planarity (BP) of the aggregates.40,45−48

In this work, we have utilized the high brilliance synchrotron
XR technique to understand the effect of pre-deposition
conditions on the out-of-plane structures and EO ordering of
spin-coated D−A copolymer thin films, with an emphasis on

the EO crystallites near the film-substrate interface, as the
improvement of such EO crystallites near the film-substrate
interface is very much essential for getting better charge
transport for bottom gated OFETs. Basically, the high
brilliance synchrotron source can provide relatively wide
dynamic range of XR data with better resolution, which
helps to remove uncertainties at the time of data analysis.40

Further, complementary optical absorption technique has been
used to obtain the information about the quality of the
crystalline aggregates in the film40,48 and the atomic force
microscopy technique to probe the topography of the film.40,44

Indeed, the orientation and quality of crystalline aggregates are
heavily influenced by the choice of solvent (chloroform or
chlorobenzene), c, and ω values. The high c-value films show
improvement in EB with increasing ω, unlike low c-value films,
for the first time. This is a clear indication of a large centrifugal
force induced disentanglement of the polymer crystallites in
the film during deposition, which were otherwise known to
overlap and entangle in the solution and also in the film.31 On
the other hand, increasing ω-value seems to hamper the EO
ordering and crystalline quality of the films prepared from low
c-value solution, whereas, increasing ω-value seems to improve
the EO ordering and crystalline quality of the films prepared
from high c-value solution, irrespective of the choice of solvent.
Similarly, for fixed ω-value, increasing c-value of the solution
seems to deteriorate the EO ordering. An attempt has been
made to correlate the observed structures and their variation
with the growth parameters. Also, the possible implications of
such structures in the device properties are discussed.

2. EXPERIMENTAL SECTION
Poly[2,5-(2-OD)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)-
t h i e n o [ 3 , 2 - b ] t h i o p h e n e ) ] (DPP−DTT) c o po l yme r
[(C60H90N2O2S4)n, of average molecular weight 40,000−60,000]
was purchased (from Sigma-Aldrich) and used as received.
Chlorobenzene (CB, from Sigma-Aldrich) and chloroform (CF,
from Merck) were used as solvents to prepare the polymer solutions.
Polymer solutions were prepared by dissolving the various amounts of
DPP−DTT in CB and CF solvents. Three different concentrations [c
= 1.7, 3.5 and 5.0 g L−1] of the polymer in CB solutions and three
concentrations [c = 0.8, 1.7 and 3.5 g L−1] of the polymer in CF
solutions were prepared. All the solutions were sonicated for 15 min.
Sonication for 15 min was found sufficient for the dissolution of the
polymer in CF (which acts as a very good solvent) but not in CB. The
solutions containing CB were further heated at 60 °C for 5 min for
complete dissolution. Before deposition, the Si and quartz glass (QG)
substrates (of size about 12 × 12 mm2) were sonicated in acetone and
ethanol to remove the organic contaminates. DPP−DTT films were
then deposited on Si and QG substrates using a spin-coater (SCS
6800)40 at various spinning speeds (ω) for 60 s. The films prepared
for c = 1.7 and 5.0 g L−1 using CB on Si and QG substrates for
different ω-values are labelled as L-CB, L-CBg (L denotes low c-value)
and H-CB, H-CBg (H denotes high c-value), respectively. Similarly,
the films prepared for c = 0.8 and 3.5 g L−1 using CF on Si and QG
substrates are labelled as L-CF, L-CFg and H-CF, H-CFg, respectively.
After deposition, all films were subsequently heated at 70−80 °C for
30 min under vacuum condition to remove the residual solvent, if any.

XR measurements of the films were carried out using a synchrotron
source (MCX beamline, Elettra)40,49,50 at an energy 10 keV (i.e.,
wavelength, λ = 1.24 Å). 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. The scattered beam was detected using a scintillation detector
behind a set of receiving slits. In XR technique, data were taken under
specular condition, i.e., the reflected angle is equal to the incident
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angle, θ. Under such condition, there exists a nonvanishing wave
vector component, qz, which is given by (4π/λ) sin θ with resolution
0.001 Å −1. The XR measurements of all the films were carried out in
vacuum, after placing them inside the Kapton window-based cell.

Optical absorption spectra of the DPP−DTT thin films on QGs
were recorded using a UV−vis spectrophotometer (JASCO, V-
630)40,48 and the topography of the films were mapped by an atomic
force microscope (CSI Nano-Observer).6,40 Topographic images were
collected using Au-coated Si tip (radius of curvature ∼10 nm) in a
tapping mode (resonance frequency ∼60 kHz) to minimize tip-
induced damage of the soft film. Scans of different sizes and in
different portions of the sample were carried out to get statistically
meaningful information about the topography. Processing and analysis
of the AFM images were carried out using WSXM software.

3. RESULTS AND DISCUSSION
3.1. Optical Absorption and Crystalline Aggregates.

The optical absorption spectra (normalized with the peak
intensity near 745 nm) of the DPP−DTT thin films deposited
from solutions of two different c-values (low and high) in two
different solvents (CB and CF) at different ω-values are shown
in Figure 1. Such spectra of the films can be classified into two
parts- the lower wavelength part, which reflects the transitions
between intrachain states (π−π* transition around 425 nm)
arising from the disordered (coil-like) polymer chains51 and
the higher wavelength part, where the prominent peaks are the
transitions between states arising from the aggregated or
crystalline (rod-like) polymer chains.20,52 The aggregated part
constitutes of two prominent 0−0 and 0−1 transitions and
slightly less intense 0−2 transition, reflecting the presence of
strong vibronic fine structures between the ground state (S0,
also known as highest occupied molecular orbital or HOMO)
and the first excited state (S1, also known as lowest unoccupied
molecular orbital or LUMO). The presence of distinct vibronic
features, in the solution itself (shown in Figure S2 of the

Supporting Information), clearly suggests that the polymer
chains form crystalline aggregates, even in solution,53 reflect
large coplanarity of the backbones and their strong D−A
interactions.

The absorption ratio of the 0−0 and 0−1 vibronic peaks
(A0−0/A0−1) is an important parameter to define the
photophysical properties or the type of interaction between
the polymer chains.47,48 Here, 0−0 transition dominates over
0−1 transition (i.e., A0−0/A0−1 > 1), hence its photophysical
properties can be best described by the J-aggregate model,
where Coulomb coupling is negative.45,46,54,55 The polymer
chains with repeated donor and acceptor units essentially
create a negative excitonic coupling between the adjacent
monomer units originating from electron and hole transfer
along the polymer chain, that results in the formation of more
extended conformation or larger CL along the polymer chain,
which is very much effective for getting better charge carrier
mobilities in the devices. The degree of such intrachain
ordering along the polymer backbones or the CL is related to
the intrachain coupling strength (J0) or the free EB (W = 4|J0|)
between the repeated monomer units.47,55 For a J-aggregate
system (where J0 < 0), W can be expressed (assuming the
Huang−Rhys factor to be unity) as follows:47

W E
A A

A A

/ 1

0.24 0.073 /p
0 0 0 1

0 0 0 1+ (1)

where Ep is the main intramolecular vibrational energy of the
C�C symmetric stretching (assumed to be 0.17 eV).48 An
increase in the A0−0/A0−1-value corresponds to an increase in
the W-value and, therefore, an increase in the BP and/or CL. A
large A0−0/A0−1-value (∼1.4) for the polymer in solutions
indicates a high W-value (∼90 meV) and a remarkable
intrachain ordering of the aggregates in both the solvents. A

Figure 1. UV−vis absorption spectra (normalized by the 0−1 transition peak intensity) of the DPP−DTT thin films deposited at different spinning
speeds (ω) from solutions containing low and high concentrations of the polymer in CB and CF solvents. Insets: magnified view of the selected
portion of the spectra to show the evolution of the 0−0 transition peak.
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slight red-shift (about 10 nm) of the 0−0 vibronic transition
for the polymer in CB solvent indicates more ordered
molecular organization (strong π−π interactions) of the
polymer chains within the aggregates in CB as compared to
CF, most probably due to less polymer−solvent interaction in
case of CB as compared to CF.
To understand the effects of ω, c, and solvent on the

crystalline quality or CL of the aggregates in the solid films, the
parameters such as the position of the 0−0 transition (λ0−0),
A0−0/A0−1, and W for the polymer thin films are listed in Table
S1 of the Supporting Information. The variation of W and the
energy of the 0−0 transition (E0−0) with ω for the DPP−DTT
thin films deposited from solutions of two different c-values
(low and high) in two different solvents (CB and CF) are
plotted in Figure 2. It is evident from Figure 2 that the

variation of W for the low c-value films is completely different
from that of the high c-value films. It can be noted that the
numerical value of W differs depending upon the analysis
scheme, however, the trend in the variation of W, which is the
main aspect, remains unchanged (as shown in Figures S3 and
S4 of the Supporting Information). In case of L-CBg films, the
W-value is quite large for the low ω-value film, which decreases
rapidly with the increase of ω-value, while for H-CBg films, the
value is relatively small for the low ω-value film, which
increases (initially slow and then fast) with the increase of ω-
value. On the other hand, in case of L-CFg films, a quite small
W-value for the low ω-value film decreases further with the
increase of ω-value, while for H-CFg films, the relatively high
W-value for the low ω-value film increases further with the
increase of ω-value. E0−0 is another important parameter,
which is related to the HOMO−LUMO gap (plus the exciton
binding energy).48 The variation of E0−0 with ω for the low c-
value films is totally different from that of the high c-value
films. The E0−0-value gradually increases (or blue-shifted) with
ω for L-CBg and L-CFg films, whereas for H-CBg and H-CFg
films, the E0−0-value first increases then decreases with ω,
though the variation is almost negligible.
In low c-value solution, there is a possibility to getting better

intrachain ordering of the polymer chains within the
aggregates. As the concentration of the polymer is increased,
the intrachain ordering within the aggregates is perturbed due

to more chain overlap and chain interpenetration that
subsequently reduces the BP within the aggregates.56 The
large W-value for the L-CBg film with low ω-value suggests a
relatively better intrachain ordering of the aggregates in the
film. The slow evaporation rate of CB as well as lower spinning
speed seem to allow the polymer chains to have more time to
relax into more thermodynamically favorable conformation to
lead relatively better intrachain ordering of the aggregates (but
less than that in solution). The evaporation rate increases with
the increase of ω-value, which increases the effective
concentration of the polymer solution and the interpenetration
of the polymer chains, while restricts the relaxation of the
polymer chains to a more extended conformation.56,57 This
subsequently decreases the intrachain ordering of the back-
bones in the L-CBg films. It also reduces the π−π stacking
interactions (blue-shift of W) between the polymer chains
within the aggregates. In case of L-CFg film with lower ω-value,
a moderate intrachain ordering is observed. Basically, the high
evaporation rate of CF reduces the intrachain ordering
predominantly during depositions due to rapid increase in
the effective concentration of the polymer, even at lower ω-
value. The decrease in the intrachain ordering and their
subsequent π−π stacking interactions are also observed for L-
CFg films with further increase in the ω-value, similar to those
of the L-CBg films. On the other hand, the planarity of the
backbones within the aggregates in high c-value solution is
expected to perturb due to the large entanglement of the
polymer chains. On contrary, the π−π stacking and the CL of
the H-CFg film with low ω-value are found more (from low
E0−0-value and high W-value) compared to the L-CFg film with
low ω-value. Also, the intrachain ordering of the backbones is
systematically increased with the increase in the ω-value for H-
CBg and H-CFg films, which is quite surprising. Centrifuge
force seems to play important role in extending the planarity of
the aggregates when spin-coated from high concentration
polymer solutions.57 Overall, the film with low c- and ω-values
shows the best π−π stacking (as E0−0-value is lowest) and CL
(as W-value is highest) among the films deposited from CB,
while the film with high c- and ω values shows the best π−π
stacking (lowest E0−0-value) and CL (highest W-value) among
the films deposited from CF.
3.2. EDP and EO Crystalline Aggregates. 3.2.1. Effect

of Spinning Speed. XR profiles of the spin-coated DPP−DTT
thin films deposited at different spinning speeds from different
concentrations of the polymer in CB and CF solvents are
shown in Figure 3. The presence of Kiessig fringes,58 indicative
of a total film thickness (DK = 2π/ΔqK, where ΔqK is the
difference between two consecutive Kiessig fringes), is very
clearly evident in almost all XR profiles, except for the film
deposited from high c-value solution in CF and at low ω-value
(1000 rpm), which clearly suggests that the top surface of that
particular film is quite rough as compared to the other films.
The decrease in ΔqK value, hence the increase in film thickness
(DK), with the increase of the polymer concentration and with
the decrease in the spinning speed are observed for both
solvents, as expected. Apart from speed and concentration, the
Kiessig fringes were also found to depend on the nature of
solvent. For the films deposited with same c and ω values, the
thickness of the film prepared with CF solvent is higher as
compared to the film prepared with CB solvent. Sharp peaks
near qz ≈ 0.31 and 0.62 Å−1 are evident in almost all the XR
profiles, which corresponds to the 1st and 2nd order Bragg
peaks of the EO ordered layers of DPP−DTT. The positions

Figure 2. Variation of the free EB (W) and the energy of the 0−0
vibronic transition (E0−0) with spinning speed (ω) for the DPP−DTT
thin films deposited from solutions containing low and high
concentrations of the polymer in CB and CF solvents.
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of such peaks provide the lamellar thickness (d), while the
width of such peaks provide the crystallite size of the EO
ordered aggregates along the out-of-plane direction of the film.
From XR profiles, it is clear that the intensity and widths of
such Bragg peaks are significantly varied with c and ω-values.
This means that the ordering of such EO crystallites strongly
depends on the pre-deposition conditions.
To get proper information about the effects of pre-

deposition conditions on the EO ordering of the aggregates
in the film, especially near the film-substrate interface, the XR
data were analyzed quantitatively using matrix method after
incorporating roughness at each interface.36,37 An instrumental
resolution in the form of a Gaussian function and a constant
background were also included at the time of data analysis.40

The models with gradual evolution, relevant for the XR data
analysis, are shown schematically in Figure 4 to understand the
analysis and to correlate the parameters with the film
structures. For the analysis, each film of thickness, D, was
divided into a number of lamellar, after incorporating an
interfacial oxide layer above the substrate.48,59 Each lamellar
represents a bilayer of thickness d consists of a high electron
density (ρbb) fused-aromatic backbone layer of donor and
acceptor moieties of thickness dbb and a low electron density
(ρsc) alkyl-side chain layer of thickness dsc (as shown
schematically in Figure 4). The uniform electron density
contrast between the backbone and alkyl-side chain layers (i.e.,

Δρ = ρbb − ρsc) along the z-direction of the film was unable to
fit the XR data properly at the time of data analysis. In order to
overcome this problem, further variation of Δρ along the z-
direction was considered.40,48 As the slow evaporation of the
solvent near the film−substrate interface (i.e., larger time) is
likely to help the organization of the crystalline aggregates and
their ordering near that interface, while the fast evaporation of
the solvent near the film−air interface (i.e., lesser time) is likely
to restrict the organization of the crystalline aggregates and
their ordering at the top; the variation of Δρ as a function of
film thickness was expressed as follows:

nd nd( ) exp( / )m= (2)

where n is an integer, Δρm is the maximum electron density
contrast, and ζ is the critical decay length. The large value of
Δρm is related to the better in-plane EO ordering of the
crystalline aggregates near the film−substrate interface, which
is particularly important to get better mobilities of the film and
a large value of ζ indicates a better extent of EO ordering along
out-of-plane direction, which is related to the improvement of
the in-plane EO ordering of the aggregates near the film-air
interface. From eq 2, the variations of ρbb (peak) and ρsc (dip)
with the film thickness can be written as follows:

n d d d n d( ) ( / ) exp( / )bb a sc a= + (3)

Figure 3. Evolution of XR profiles (symbols) and analyzed curves (solid lines) with spinning speed (ω) for the DPP−DTT thin films deposited
from the solutions containing low and high concentrations of the polymer in CB and CF solvents. Insets: corresponding analyzed EDPs. Curves
and profiles are shifted vertically for clarity.
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nd d d nd( ) ( / ) exp( / )sc a bb a= (4)

where, n′ = n + 1/2 and ρa is the average electron density of
the film. Here, the terms dsc/d and dbb/d (where dsc/dbb > 1)
are used because the deviation of ρbb is more as compared to
ρsc w.r.t. the average electron density ρa. At the time of data
analysis, a separate interfacial bilayer was also included to take
care of effect of substrate boundary conditions including
surface energy, if any, on the growth of the film. Basically, here
eqs 2−4 are used for the second bilayer onward, i.e., n = 0 and
Δρm represent the position and the maximum electron density
contrast, respectively of the second bilayer.
The best-fit XR profiles and the corresponding EDPs thus

obtained for the DPP−DTT thin films are presented in Figure
3. Also, the variation of Δρ as a function of z and nd are
plotted in Figure 5 to understand the effect of ω on the EO
ordering of the aggregates. The relevant parameters, such as D,
d, the interfacial roughness (σin), the top surface roughness
(σts), Δρm, and ζ for the DPP−DTT films as obtained from
the analyzed EDPs, are listed in Table S2 of the Supporting
Information. A low-density layer or dip near the film-substrate
interface is observed in the EDP, which clearly indicates that
the attachment of the film (i.e., mainly the EO aggregates) with
the substrate is through alkyl side chains. A small value of σin is
evident for the films, which indicates a smooth attachment of
those alkyl side chains with the substrate, while a high value of
σts mainly for H-CB and H-CF films is observed, which is
probably due to the variation in the number of layers in the
film and/or presence of randomly oriented aggregates toward
top surface. The value of d obtained here is consistent with
that reported before.25,26 A slight decrease in the d-value with
the decrease of ω is observed, which is probably due to the
slight interdigitization of the polymer side chains in the films of
higher thickness as compared to the film of lower thickness.

To understand the evolution of EO structure in the films
with spinning speed for different concentrations, the variations
of D, ζ, and Δρm with ω are plotted in Figure 6. The D-value
and its gradual decrease with increasing ω are found to depend
on c and solvent, as expected. A reasonable EO ordering is
evident for the films having thickness less than about 20 nm
and not much EO ordering beyond that thickness. This
suggests that the EO ordering of the aggregates predominantly
takes place near the substrate and extends up to few layers. The
variation of Δρm with ω for the L-CB and L-CF films are found
quite high compared to the H-CB and H-CF films. This
suggests that the effect of spinning speeds on the EO
crystallites near the film−substrate interface is more for the
films prepared with low c-value solution as compared to the
film prepared with high c-value solution. A larger Δρm-value is
observed for the films prepared with lower ω-value among the

Figure 4. Structural schematics and EDPs corresponding to the different models relevant for the XR data analysis of the film. (a) Perfect edge-on
ordering with no roughness at any interface. (b) Decreasing edge-on ordering along z-direction with no roughness at any interface. (c) Decreasing
edge-on ordering along z-direction with roughness at each interface (corresponding to the orientation of the crystallites). (d) Decreasing edge-on
ordering along z-direction with roughness at each interface and large surface roughness (corresponding to the large variation in the thickness in the
film). Different parameters relevant for the analysis are indicated.

Figure 5. Variation of electron density contrast (Δρ) as a function of
height (z) for the DPP−DTT thin films deposited from solutions of
two different concentrations of the polymer (low and high) in two
different solvents (CB and CF) at different spinning speeds (ω).
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L-CB and L-CF films. As the value of ω is increased, the Δρm-
value is decreased systematically. For L-CB films, the decrease
in Δρm-value is more at higher ω-value, whereas, a still large
value of Δρm is seen at higher ω value for L-CF films. For H-
CF films, a similar effect of ω on Δρm-value is observed, but in
case of H-CB films, the variation of Δρm with ω is not
systematic. The variation of ζ with ω is found really interesting.
For the low c-value films, ζ decreases gradually with the
increase of ω, while for the high c-value films, ζ either remains
same or increases gradually with the increase of ω. Overall,
Δρm and ζ parameters are found high for the films with low c
and ω values. That means that the low spinning speed provides
enough time for the low concentration solution, to organize
the crystallites in preferred EO ordering, not only near the
film−substrate interface but also throughout the film.
3.2.2. Effect of Solvent. The EO ordering of the aggregates

also depends on the nature of the solvent, as evident from the
XR data and the analyzed EDPs of the DPP−DTT thin films
(in Figure S5 of the Supporting Information). The EO

ordering of the aggregates near the film−substrate interface is
found slightly better (from Δρm-value) for the film deposited
with CF as compared to the film deposited with CB. Whereas,
a slightly better EO ordering of the aggregates near the film−
air interface is observed (from ζ-value) for the film deposited
with CB as compared to the film deposited with CF. Basically,
the viscosity of the solvent (η0) effectively controls the
organization and ordering of such aggregates near the film−
substrate interface, whereas the organization and ordering of
the aggregates toward the film−air interface mainly depends on
the solvent evaporation rate (E).60 The low η0-value of CF
(0.54 cP) as compared to CB (0.75 cP) is likely to help the
diffusion of the aggregates to promote a slightly better in-plane
EO ordering of the aggregates near the film-substrate interface.
On the other hand, the low E-value of CB (1.1) as compared
to CF (11.1) provides more time for the organization of the
aggregates toward the film-air interface that leads to an
increase in the extent of EO ordering of the aggregates along
out-of-plane direction of the film.

3.2.3. Effect of Concentration. The XR profiles and the
EDPs of the DPP−DTT thin films deposited from solutions of
different c-values are plotted separately (in Figure S6 of the
Supporting Information) to see the effect of concentration. It is
evident from the EDPs that the concentration, apart from ω
and solvent, plays a significant role on the organization of the
EO aggregates in the film, particularly near the film-substrate
interface. The variation of Δρ as a function of z for those films
are plotted in Figure 7 and the corresponding analyzed
parameters are listed separately in Table S2. With the increase
in c-value, though there is an insignificant change in the σin-
value, the σts-value increases significantly, probably due to the
variation in the number of layers in the film and/or an increase
in the randomness of the orientation of the aggregates near the
top surface of the film. For better understanding the effect of
concentration on the organization and ordering of EO
crystallites, the variation of D, ζ, and Δρm with c are plotted
in Figure 8. D increases with c, as expected. A large Δρm-value
is observed for the film deposited with low c-value (1.7 g L−1)
solution of CB, which remains almost unchanged for the film
deposited with c = 3.5 g L−1, while reduces significantly for the
film deposited with high c-value (5 g L−1). Similarly, a larger
Δρm-value is obtained for the film prepared with low c-value
(0.8 g L−1) solution of CF, which decreases significantly for the
film prepared with c = 1.7 g L−1 and further slightly for the film
prepared with high c-value (3.5 g L−1). This indicates a better

Figure 6. Variation of film thickness (D), decay length (ζ), and
maximum electron density contrast (Δρm) with spinning speed (ω)
for the DPP−DTT thin films deposited from solutions of two
different polymer concentrations (low and high) in two different
solvents (CB and CF).

Figure 7. Variation of electron density contrast (Δρ) as a function of height (z) for the DPP−DTT thin films deposited from solutions containing
different concentrations of the polymer (c) in two different solvents (CB and CF) at a fixed spinning speed (ω = 1000 rpm).
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in-plane EO ordering (larger Δρm-value) of the crystalline
aggregates near the film-substrate interface for the film
deposited with lower c-value solutions, whereas lesser in-
plane EO ordering of the aggregates near the film−substrate
interface (lower Δρm-value) for the film deposited with higher
c-value solutions. Basically, the large c-value increases the
effective viscosity (η-value) of the solution31 that restricts the
diffusion and the organization of the aggregates throughout the
film (as evident from small Δρm and ζ values). On the other
hand, small c-value, lowers the η-value and enhances the
diffusion of the aggregates to promote the EO ordering of the
film near the film-substrate interface (large Δρm-value) and its
extent along the out-of-plane direction (large ζ-value).
3.2.4. Combined Effect of Speed and Concentration. In

order to figure out the combined effect of speed and
concentration on the organization and ordering of the EO
crystallites, the films of nearly same thickness but obtained
from two different combinations of c and ω (one with low c
and ω values and other with relatively high c and ω values)
were considered. Films of two different thicknesses (D ≈ 16
and 22 nm), obtained from solution containing CB, are
discussed here. 16-nm thick film obtained from c = 1.7 g L−1

and ω = 500 rpm is labelled as 16L, while that obtained from c
= 5 g L−1 and ω = 3000 rpm is labelled as 16H. Similarly, 22-
nm thick film obtained from c = 3.5 g L−1 and ω = 1000 rpm is
labelled as 22L, while that obtained from c = 5 g L−1 and ω =
2000 rpm is labelled as 22H. The variation of Δρ as a function
of z of these films are shown in Figure 9, which are obtained
from the XR profiles and their analyzed EDPs (as shown in
Figure S7 of the Supporting Information). Corresponding
analyzed parameters are listed separately in Table S2. The
values of Δρm and ζ are found significantly large for the 16L
film as compared to the 16H film and those for the 22L film
are found slightly large compared to the 22H film. Further, the
σin-value for the 16L film is observed small compared to the
16H film and for the 22L film is found slightly small compared
to the 22H film. This result indicates that the combination of
low c and ω values makes the attachments of the aggregates
with the substrate smooth (small σin-value) and the EO

arrangement of the aggregates more organized or ordered near
the film-substrate interface (large Δρm-value) as well as toward
the film−air interface (large ζ-value). Whereas, the combina-
tion of high c and ω values seems to make the attachments of
the aggregates with substrate slightly rough (high σin-value)
and subsequent EO arrangement of the aggregates less
organized or ordered near the film-substrate interface (small
Δρm-value) and also toward the film-air interface (small ζ-
value). It is also observed that the decrease of Δρm and ζ with
z for the 16H film is more compared to that of the 16L film
due to large variation of c and ω during deposition, while the
decrease of those parameters for the 22H film is quite less as
compared to that of the 22L film, most probably due to small
variation of c and ω during deposition.
3.3. Topography and Orientation of EO Aggregates.

AFM images of the 16L and 16H films, of similar thickness but
different combination of c and ω values, for which the
organizations of the EO crystallites throughout the film are
substantially different (as evident from values of Δρm and ζ),
are shown in Figure 10. It is apparent from those topographical
images that both the films are composed of similar fiber-like
aggregates.29 The effective in-plane width of those fibers in the
16L film seems to be more compared to the 16H film. To
quantify this, the power spectral density (PSD) profiles for the
two films, obtained from the AFM images, are shown in Figure
10. It can be noted that the PSD is the angular averaged radial
distribution of the Fourier transformed height fluctuation data
(AFM image).59,61 The wave vector (k), where a major change
in the slope of PSD profile takes place, corresponds to a certain
in-plane correlation length in the system. The correlation
length (ξ) that is obtained here from the k-value indicated by
the dashed line in the PSD profile (Figure 10) can be
correlated with the in-plane width of the fibers. The effective
width of the fibers in the 16L film (ξ ≈ 220 nm) is indeed
found more compared to the 16H film (ξ ≈ 180 nm). This
result is consistent with the optical absorption and the XR
results, namely the lesser entangled and better EO ordered
aggregates in the 16L film are expected to show up as fibers
with larger in-plane width, while the greater entangled and

Figure 8. Variation of film thickness (D), decay length (ζ), and
maximum electron density contrast (Δρm) with polymer concen-
tration (c) in two different solvents (CB and CF) for the DPP−DTT
thin films deposited at a fixed spinning speed (ω = 1000 rpm).

Figure 9. Variation of electron density contrast (Δρ) as a function of
height (z) and in bilayer steps (nd) for the DPP−DTT thin films of
two different sets of film thickness, each set with different
combinations of polymer concentration (in the CB solvent) and
spinning speed (c, ω).
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relatively poor EO ordered aggregates in the 16H film are
likely to show up as fibers with relatively shorter effective in-
plane width.
3.4. Overall Structure and Its Implication in Charge

Transport. Let us now try to understand the growth,
structure, and organization of the aggregates in the DPP−
DTT thin films, in terms of the choice of solvent, c, and ω,
from the information accumulated from optical absorption,
XR, and AFM measurements and also try to comment on the
possible effects of different structures on the charge transport.
Basically, the repeated electron-accepting (DPP) and electron-
donating (DTT) monomer units in the DPP−DTT polymer
create large intrachain ordering and planarity along the
polymer chains through intramolecular charge transfer from
donor to acceptor units. Such a large BP along the polymer
chain and strong D−A interactions between the adjacent

polymer chains help to promote the π−π stacking to form
aggregates in the solution state. The formation of aggregates
with better intrachain order or large CL, even in the solution
state, is the possible reason to get better charge carrier mobility
of these D−A type copolymers as compared to the
conventional homopolymers. However, irrespective of the
solvent, the percentage of aggregates somewhat remains almost
same, though the quality (ordering) changes slightly.53 So,
tuning aggregate percentage through solvent−polymer inter-
action is not a good idea, though poor or marginal solvent can
induce larger aggregates.21 Apart from solvent−polymer
interaction, E and η values of the solvent play a massive role
in determining the thin film structure. Also, the ω and c values
strongly influence the E and η values of the solution during
spin coating and hence the film structures. Thus, combination

Figure 10. Typical AFM images (in four different scan sizes) and corresponding PSD profiles of two DPP−DTT thin films (16L and 16H) of
nearly same thickness (D ≈ 16 nm) but of different combinations of polymer concentration and spinning speed (c and ω, as indicated). The in-
plane correlation lengths (ξ) estimated from the specific positions of the wave vector (k, marked by dashed lines) are indicated.

Figure 11. Schematic illustration of the growth and organization of DPP−DTT aggregates. Low c solution, containing well separated less entangled
aggregates, formed films with improved BP or CL and EO ordering (through better relaxation and organization) at low ω, while deteriorated BP or
CL and EO ordering (through excessive stretch and less organization) at high ω. High c solution, containing highly entangled merged aggregates,
formed films with deteriorated BP or CL but reasonable EO ordering (due to entanglement and good organization) at low ω, while remarkably
improved BP or CL but deteriorated EO ordering (through proper disentanglement and less organization) at high ω.
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of solvent, c and ω ultimately decide the structure of the film as
shown schematically in Figure 11.
It can be noted that though grazing incidence wide angle X-

ray scattering can provide the overall information about the
orientation of the crystalline aggregates, XR is the best
technique for obtaining the details of the edge-on ordering
(especially its variation along z-direction), which is one of the
main themes of this work. The XRD map, obtained from
specular and plus off-specular XR scans, around lamellar Bragg
peak (shown in Figure S8 of the Supporting Information)
provides some information about the orientation of the
crystallites. Also, the XR profile itself can provide information
about the orientation of the crystallites to some extent through
proper modelling of the EDP as the presence of only perfect
EO crystallites creates sharp interface within a bilayer, while
the additional presence of EO deviated crystallites decreases
that sharpness (i.e., increases the interface roughness) and the
further presence of randomly oriented crystallites and/or
amorphous polymer, decreases the electron density contrast
and increases the dip electron density (as shown in Figure 4).
The only problem with XR technique is that it cannot
differentiate the randomly oriented crystals from the
amorphous part. The structural model that has been proposed
here (in Figure 11) is based on the information obtained from
the XR data analysis and the quality of aggregates obtained
from the optical absorption results.
The E-value increases when ω-value is increased, while η-

value increases when c-value is increased. For a fixed c- and ω-
values, thin films with CF have higher D-values as compared to
those with CB due to higher E-value of CF compared to CB.
The expected deterioration of BP (decrease of W-value) with
increasing ω in low c-value films is due to the increased E
induced entanglement during deposition of the well separated
less entangled aggregates in solution, while the unexpected
improvement of BP (increase of W-value) with increasing ω in
high c-value films is due to the increased centrifugal force
induced disentanglement during deposition of the large size
overlapped and entangled aggregates in solution.31,62,63 The
radial distance average centrifugal force experienced by any
aggregate during spin coating is related to its mass apart from
the spinning speed.63 It is well expected that the overlapped
and entangled aggregates, which are known to form in the high
c-value solution of high viscosity regime, will have effective
mass (m*) much larger than that (m) of the well separated less
entangled aggregates formed in the low c-value solution of low
viscosity regime.31,32 Such relatively large effective mass (m*
≫ m) along with the increasing ω creates a large centrifugal
force on the entangled aggregates during spin coating to
disentangle them. Major improvement of BP (increase of W-
value) is observed when both c and ω are either small or large
for the films prepared using CB and only large for the films
prepared using CF, which can be realized considering low E
and high η values of CB compared to CF. In addition to the
BP, the EO ordering was also influenced by solvent, c, and ω.
Independent of the solvent and c, higher ω increases E, which
reduces the time for the organization of aggregates to hamper
the EO ordering (lower Δρm-value), while low c- and ω-value
reduce the values of η and E, respectively, which enhance the
time for organization and/or diffusion of the aggregates to
promote EO ordering (large Δρm-value).

40 Thin films of same
D value can be formed by selecting the values of c and ω either
high or low. However, the thin films formed with low c- and ω-
values show much better EO ordering (large Δρm-value)

compared to the films formed with high c- and ω-values.
Ultimately, the thin film formed with low c- and ω-values using
CB shows the best structure considering the BP (large W-value
obtained from optical absorption) and EO ordering (large Δρm
and ζ-values obtained from XR) of the crystalline aggregates
and their in-plane width (as obtained from AFM) through
optimized diffusion, organization, and relaxation during spin-
coating.

Optoelectronic properties of the organic or polymer thin
films, in general, depend on the CL or BP (or the W-value).
Accordingly, DPP−DTT films prepared from CB at low or
high c and ω values, having high BP (W ≈ 60 meV), are
expected to show good charge transport properties. Similarly,
DPP−DTT films prepared from CF at high c but different ω
values, having higher BP (W ≥ 60 meV) are expected to show
better charge transport, while that at high c and ω values,
having highest BP (W ≈ 70 meV) is expected to show best
charge transport properties. The hole mobility of DPP−DTT
based structure was found to improve with the increase of its
packing density.26 However, in OFETs, where in-plane charge
transport is important, EO ordering also plays a major role.
Additionally, OFETs can have different configurations depend-
ing on the position of the gate, source, and drain electrodes.64

In case of bottom-gated OFET, charge accumulation layer is
formed (i.e., charge transport takes place) near film-substrate
interface, whereas, for top-gated OFET, charge transport takes
place near film-air interface. Here, irrespective of the pre-
deposition parameters, the EO ordering is maximum near the
film-substrate interface. Hence, the bottom gate configuration
is preferred over the top gate configuration. However, that
maximum EO ordering (Δρm) and its extent along z-direction
(ζ) vary significantly with the pre-deposition parameters.
Accordingly, the film like 16L (prepared at low c and ω values
using CB), having crystallites with excellent BP (W ≈ 60
meV), EO ordering (Δρm ≈ 0.2 e Å−3 and ζ ≈ 20 nm), and in-
plane width (ξ ≈ 220 nm), is likely to provide best charge
carrier mobility and device properties.

It can be noted that for the top-gated OFET, the EO
ordering in the film near the surface can be checked using near
edge X-ray absorption fine structure spectroscopy,21 but not to
distinguish between crystalline and amorphous regions.65 On
the other hand, for the bottom-gated OFET, it is even
extremely difficult to single out the EO ordering near the film-
substrate interface using different available techniques.55,66 In
this perspective, present analysis and final results are quite
novel and unique, which could possibly enhance the
understanding about the charge transport in OFET devices.
Also, for the films prepared using CF with high c and ω values,
where crystallites show high EB but low EO ordering, further
studies through different treatments are important to check the
possibility of the improvement of the EO ordering maintaining
the high EB, which could then lead to a remarkable in-plane
charge transport and device performances.

In summary, the effect of pre-deposition conditions during
spin-coating (mainly solvent, c and ω) on the growth,
structure, and orientation of the aggregates in the DPP−
DTT thin films, obtained from complementary XR, UV−vis,
and AFM techniques, were presented. Fiber-like aggregates on
the surface of the films were observed through AFM, whereas
the information about the EO ordering of such aggregates in
the films and the BP or EB of the copolymer aggregates were
obtained using XR and UV−vis techniques, respectively. The
films formed with high c-value solution show unexpected
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improvement of EB or W-value with increasing ω due to the
increased centrifugal force induced disentanglement during
deposition of the large size overlapped and entangled
aggregates in solution. On the contrary, the deterioration of
EB with increasing ω in low c-value film due to the ω-related
fast evaporation of the solution that subsequently entangled
the well-separated less-entangled aggregates in solution. A
significant improvement in BP (increase in W-value) is found
when both c and ω are either small or large for the films
prepared using CB and only large for the films prepared using
CF. This can be realized considering the low E and high η
values of CB in comparison to CF. A significant improvement
of EO ordering is observed when both c and ω are small (i.e.,
when organization and diffusion of the aggregates are easy).
Ultimately, the films prepared using CF with high c and ω
values show high BP but low EO ordering and those with low c
and ω values show better EO ordering but low EB, that means
the partial improvement, while the film prepared using CB with
low c and ω values show excellent BP, EO ordering, and in-
plane width of the fiber, and thus expected to show better
device performances as compared to others.
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