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The growth and structural evolution of stearic acid (SA) blended poly(3-hexylthiophene) [P3HT]
Langmuir and Langmuir–Blodgett (LB) films were studied using complimentary surface and interface
sensitive techniques to understand the possibility of ordering and layering of promising charge carrier
mobility polymers, at the air–water interface and on the transferred solid substrate. SA-induced and sub-
sequent compression-induced transitions in P3HT structure, from aggregated-3D to soft-2D and from in-
plane mixed to unmixed layer, are evident at low and high pressures, respectively. The blending of SA
molecules enhances the amphiphilic character of P3HT, which reduces the extent of the out-of-plane
aggregation to form edge-on oriented (EO) bottom side-chain folded-bilayer (f-BL) islands (of size
�60 nm) within SA monolayer (ML), of commensurate thickness (�2.6 nm). Further compression, grad-
ually rejects the less hydrophilic f-BL islands from the mixed layer to form EO P3HT BL islands (of cov-
erage in-tune with starting composition) on top of SA ML. The formation of nearly covered P3HT(BL)/
SA(ML) structured film on solid substrate is evident for the first time, which (even of limited P3HT thick-
ness) has immense importance in the device properties, as the current in the bottom-gated organic thin-
film transistors is known to travel only within few ML region near gate-dielectric.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Conjugated polymers, due to their unusual but intriguing elec-
trical and optical properties, enable advances in the fabrication of
more efficient organic devices like light-emitting diodes, solar cells
and thin-film transistors (TFTs) [1–3]. Among the conjugated poly-
mers, poly(3-alylthiophene) [P3AT] is very much effective as an
active layer in many opto-electronic devices due to its low cost,
easier solution processing and substantial charge carrier mobility
[4]. The alkyl side chain attached to P3AT thiophene ring makes
it soluble in common organic solvents and thus promote simple
solution processing for device fabrication [5–7]. In thin film,
P3AT molecules form semicrystalline morphology, in which the
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crystalline domains are separated by some amorphous regions.
These crystalline domains, which are like lamellar structure, are
formed due to a strong p–p interaction between the P3AT back-
bones [4,8]. The structural ordering and orientation of these crys-
talline domains, which do create a massive impact on the device
performances, depend on various factors such as molecular weight
[9], alkyl side chain-length [10], casting solvent [11,12], aging time
[13], nature of the substrate [14] and to a great extent on the depo-
sition techniques [15–18].

In recent years, a range of deposition techniques such as drop-
casting, dip-coating and spin-coating have been used primarily to
form P3AT thin films. Though such deposition techniques can pro-
duce the edge-on oriented (EO) ordering to some extent, it can not
provide well-ordered EO structure, through layer-by-layer control,
useful for the improvement of the charge carrier mobility. Lang-
muir–Blodgett (LB) and Langmuir–Schaefer (LS) deposition tech-
niques [19–25], on the other hand, can offer excellent ways to
fabricate a well-ordered structure through layer-by-layer transfer
of the Langmuir monolayer (ML) from air-water interface to solid
substrate. Although, well-ordered Langmuir MLs are easily formed
for the amphiphilic molecules with hydrophilic head down and
hydrophobic tail up at the air–water interface [25–28], the pure
P3ATs usually agglomerate on the water surface due to their low
amphiphilic nature and strong intermolecular (p–p) interaction
[29]. Such agglomerated Langmuir film creates massive hindrance
in the formation of well-ordered layer-by-layer structured P3AT
film onto the solid substrate [30,31]. Thus controlling the structure
of the Langmuir film of P3AT is of prime importance for the growth
of well-ordered structured film onto the solid substrate through
layer-by-layer transfer.

The structure of the P3HT Langmuir films can be controlled by
tuning the nature of the solvent, the molecular weight and concen-
tration of the polymer in the solution [32,33] and also by blending
the amphiphilic fatty acid (FA) with P3AT [34–36]. The blending of
FA is known to reduce the rigidity and enhance the amphiphilic
character of P3AT, which in turn expected to improve their organi-
zation on the water surface. The possibility to improve or control
the organization of P3AT, by FA blending, encouraged many to
study its structures and properties [34–39]. Formation of P3AT
and FA domain-mixed Langmuir ML was inferred directly from
the surface pressure-area (P–A) isotherm measurement and also
indirectly from the optical, electrical and X-ray diffraction mea-
surements of the multi-transferred LB films. Such mixed Langmuir
film was referred as ML in terms of FA only and not in terms of
P3AT (i.e. not necessary ML P3AT). In fact, no clear information
about the number and structure of P3AT layer was available there.
Further, the formation of rejected P3AT layer on top of FA ML at
high pressure, in some cases, was also suggested from the isotherm
measurement [34]. However, the information about the thickness
and structure of that P3AT layer was not evident anywhere. Even,
the presence of such separate P3AT layer was not clear from any
other measurement. The lack of information about the actual struc-
ture and thickness of such P3AT in the mixed Langmuir film and
detailed interaction between P3AT and FA are of real concern and
limitation towards preparation of well-order layer structured
P3AT films and thus need proper studies to improve the EO layered
structures of P3AT, even of limited thickness, on solid substrates, as
the current in the bottom-gated organic thin-film transistors is
known to travel only within few ML region of the polymer film,
near gate-dielectric [14].

In the present work, we have tried to overcome such concern by
studying a model system, namely stearic acid (SA) blended poly(3-
hexylthiophene) [P3HT], using complementary surface and inter-
face sensitive techniques. P3HT was chosen, over other P3ATs,
due to its promising field-effect mobility. The P–A isotherm mea-
surements [25–28] were used to predict the structures of the Lang-
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muir films, while X-ray photoelectron spectroscopy (XPS) [40,41],
X-ray reflectivity (XR) [42–44] and atomic force microscopy
(AFM) [20,21] were used to understand the composition and struc-
ture of the singly transferred LB films. The XR essentially provides
an electron density profile (EDP), i.e. in-plane average electron
density as a function of depth, in high resolution, from which it
is possible to estimate the film-structure [20,23]. The AFM pro-
vides a topographic information, i.e. surface morphology and
depth-dependent surface coverage, from which it is also possible
to estimate and/or verify the film-structure [22,13]. Indeed, forma-
tion of in-plane mixed LB films with SA of ML thickness and P3HT
of commensurate thickness are evident at low pressure and lay-
ered LB films of rejected P3HT bilayer (BL) islands (of varying cov-
erage) on top of SA ML are evident at high pressure for the first
time from the complimentary XPS, XR and AFM measurements.
The isotherm study further suggests that such structures are essen-
tially formed at the air–water interface. An attempt has been made
to understand such interesting structures in terms of interactions.
Also, the possible implications of such near-covered BL-structured
P3HT on ML SA, in the device properties, are discussed.
2. Experimental details

2.1. Preparation of P3HT–SA Langmuir and LB films

P3HT–SA solutions of fixed concentration (c = 0.5 mg ml�1) but
varying composition (R, which is the weight-ratio of P3HT and SA)
were prepared by mixing P3HT (average Mn: 54,000–75,000 and
regioregularity P98%, Sigma-Aldrich) and/or SA (MW: 284.48 g
mol�1, Sigma-Aldrich) into chloroform (Merck) solvent and subse-
quent sonication for 10 min. P3HT–SA Langmuir and LB films were
prepared using a LB trough (maximum area: 690 cm2, NIMA)
placed in a clean environment. First the LB trough was thoroughly
cleaned with water (Milli-Q, Millipore, resistivity 18.2 MX cm),
then with isopropanol (Merck) and again with water to remove
the contaminants. A Wilhelmy plate (a filter paper of dimension
10 � 21 mm2), dipped into the aqueous subphase, was used to
measure the surface pressure. The P3HT–SA solution was then
spread uniformly (drop-by-drop), using a micropipette, all over
the trough and kept undisturbed (for about 10 min) for solvent
evaporation and material suspension at air–water interface (at
24� 1 �C). P–A isotherms of P3HT–SA Langmuir films were
recorded at a constant compression speed (of 15 cm2 min�1) by
regulating two movable barriers.

Prior to the LB film deposition, Si(001) substrates were treated
with RCA (Radio Corporation of America) cleaning procedure. At
first Si substrates were sonicated in acetone and ethanol to remove
some organic contaminants. After that Si wafers were transferred
in a hot (�80 �C) solution of ammonium hydroxide (NH4OH, Mer-
ck, 25%), hydrogen peroxide (H2O2, Merck, 30%), and water (H2O)
(NH4OH:H2O2:H2O = 1:1:3 by volume) for 10 min. Then the sub-
strates were cleaned with water. This treatment results in the for-
mation of OH-terminated Si surface (OH-Si) which is hydrophilic in
nature [20,45]. LB films were deposited on OH-Si substrates by a
single up-stroke through the subphase at a constant speed (of
2 mm min�1). After deposition all the films were kept above the
water subphase (for 5 min) for drying. Mixed P3HT–SA LB films
were deposited for two compositions (R = 1:1 and 1:3) and at
two pressures (P = 14 and 35 mN m�1).
2.2. Characterization of P3HT–SA LB films

The XR measurements of the mixed P3HT–SA LB films were car-
ried out using a X-ray diffractometer (Smartlab, Rigaku) [46]
equipped with a copper source (sealed tube) followed by a Johans-
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son Ge crystal and a parabolic multilayer mirror to obtain parallel
beam of Cu Ka1 radiation (of wavelength 1.54 Å). The scattered
beam was detected using a point (NaI scintillation) detector. Data
were taken in specular condition, i.e., the incident angle is equal to
the reflected angle (h) and both are in a scattering plane [47–49].
Under such condition, there exists a nonvanishing wave-vector
component, qz, which is given by ð4p=kÞ sin h with a resolution of
0.0014 Å�1.

The XPS measurements of the mixed P3HT–SA LB films were
carried out in an ultrahigh vacuum (UHV) multiprobe setup (Omi-
cron Nanotechnology) at a base pressure of �2.0 � 10�9 mbar,
which was equipped with a monochromatic X-ray source (Al Ka
of energy 1486.6 eV) and a hemispherical energy analyzer
(EA125) [50,51]. The corresponding spectrometer energy resolu-
tion was �0.8 eV.

The detailed top surface morphologies of the mixed P3HT–SA LB
films were mapped by an atomic force microscope (NanoScope IV,
Vecco). Topographic images were collected using Al coated Si tip
(radius of curvature �10 nm) in a tapping mode (drive frequency
�285 kHz) to minimize tip-induced damage of the soft film. Scans
of different sizes and in different portions of the sample were car-
ried out to get statistically meaningful information about the
topography. Processing and analysis of the AFM images were car-
ried out using WSXM software [52].
3. Results and discussion

3.1. P–A isotherms of P3HT–SA Langmuir films

P–A isotherms of the P3HT–SA Langmuir films of different R-
values are shown in Fig. 1, where A corresponds to mean area
per molecule (for SA) and/or per monomer or thiophene unit (for
P3HT). The different phases, namely liquid-expended (LE), liquid-
condensed (LC), their mixture (LE + LC) and solid-like (S), observed
Fig. 1. Pressure-area (P–A) isotherms of the P3HT–SA Langmuir films of different
compositions (R), where A corresponds to mean area per molecule (for SA) and/or
per monomer or thiophene unit (for P3HT). Different phases in an isotherm are
indicated. Mean areas, AS and ALE, corresponding to the solid-like (S) and liquid
expended (LE) phases for each isotherm, are obtained from the intercepts of grey
and yellow dashed lines to zero pressure. Inset: Variations of experimentally
observed AS (circle) and ALE (square) with SA mol%. Considering ideal mixing of
P3HT (AS;P3HT) and SA (AS;SA � 21 Å2), the theoretical (where AS;P3HT � 4 Å2) and ideal
(where AS;P3HT � 14.7 Å2) values of AS, as calculated, are shown by dashed and
dotted lines, respectively.
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in the isotherms are indicated [26–28]. The intermediate phases
(namely LC and LC + LE) are almost absent in pure SA and P3HT iso-
therms. The presence of distinct LE and S phases are clear in the
isotherms of pure SA and mixed Langmuir films but not in case
of pure P3HT Langmuir film. Also the maximum pressure
(PLE;maxs) up to which the LE phase exists in the SA Langmuir film
(�26 mN m�1) decreases in the mixed Langmuir films (�18 mN
m�1) and further in the P3HT Langmuir film (�10 mN m�1). The
absence of distinct LE phase and decrease of PLE;max-value in the
isotherm of pure P3HT indicate its rigid nature. The extrapolation
of the solid-like branch of the isotherm to zero surface pressure,
which provides the mean size or area (AS) of a molecule and/or a
thiophene unit, in the tightly packed condition [28], is indicated
in Fig. 1. Corresponding mean area in the LE phase (ALE) is also indi-
cated. The AS-value for the pure SA (AS;SA) is found �21 Å2, which is
consistent with the ML structure [39]. The AS-value for the pure
P3HT (AS;P3HT) is found �4 Å2, which is very small compared to
the area of a thiophene unit (�14.7 Å2), calculated according to
the Corey–Pauling–Koltun (CPK) model [53,54], considering a close
packed EO ML with all backbones are parallel but the thophene
rings are perpendicular to the air–water interface [55]. Such small
value clearly indicates formation of out-of-plane aggregated or
multilayed structures, deviating from a ML structure, at the air-
water interface, due to the rigid nature of P3HT [29]. The variations
of AS and ALE with SA mol% are plotted in the inset of Fig. 1, which
show near-linear dependence. For AS, the theoretical (AS;th) and
ideal (AS;id) values are also included, apart from experimental
(AS;exp) values. The values of AS;th and AS;id have been estimated con-
sidering ideal mixing of P3HT and SA and their experimental
(AS;P3HT � 4 Å2 and AS;SA � 21 Å2) and theoretical (AS;P3HT � 14.7 Å2

and AS;SA � 21 Å2) AS-values, respectively. It is clear that, for the
mixed P3HT–SA system, AS;exp 6 AS;th � AS;id. This apparently indi-
cates no decrease in the rigidity of P3HT (at least in the S phase)
even after addition of amphiphilic SA, which is quite astonishing
and thus needs proper understanding.

3.1.1. Viscoelastic property
The viscoelastic property or in-plane elasticity of the P3HT–SA

Langmuir films can be investigated by calculating the compres-
sional modulus, C�1

s (reciprocal of monolayer compressibility Cs)
[56,55], which is defined as

C�1
s ¼ �A

dP
dA

ð1Þ

The variations of C�1
s with A or P for the P3HT–SA Langmuir films

are represented in Fig. 2. It is evident that the values of C�1
s at rela-
Fig. 2. Compressional modulus (C�1
s ) as a function of (a) mean area (A) and (b)

surface pressure (P) for the P3HT–SA Langmuir films of different compositions (R),
as derived from isotherms.



Fig. 3. Variations of (a) experimentally observed and theoretically calculated mean
molecular areas (Aexp and Ath), (b) excess mean molecular area (Aexc) and (c) excess
Gibbs free energy (DGexc) with surface pressure (P) for the P3HT–SA Langmuir
layers of different compositions (R), as derived from isotherms. The deviations in
the values of Aexc and DGexc from zero at two pressures (P = 14 and 35 mN m�1) are
indicated by dashed lines.
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tively large A-values (Fig. 2a) or at lower P-values (Fig. 2b) are
slightly higher for the pure SA and mixed P3HT-SA Langmuir films
as compare to the pure P3HT Langmuir film. This indicates improve-
ment of in-plane elasticity and stability in the mixed P3HT–SA
Langmuir films over P3HT Langmuir films, in the LE phase, probably
due to the formation of soft 2D mixed phase. A sharp drop in C�1

s -
value near P � 18 mN m�1 is observed (in Fig. 2b) before reversing
sign and increasing withPwithin S phase. Such drop, which is con-
sistent with the discontinuities in lateral packing at phase bound-
aries [57], indicates region of transition between two separate
stable phases. Interestingly, not much improvement (rather deteri-
oration for R = 3:1) in the in-plane elasticity, in comparison to the
pure P3HT Langmuir film, is observed in the major portion of the
S phase, consistent with the inference made in the previous section
regarding rigidity. This clearly indicates that the structure of the
Langmuir film in the S phase (where in-plane elasticity deterio-
rates) is different from that in the LE phase (where in-plane elastic-
ity improves). Change in the structure from in-plane P3HT-SA
mixed soft 2D to out-of-plane P3HT/SA mixed less soft 2D, as dis-
cussed later, is one possible way to interpret the observed deterio-
ration in the in-plane elasticity.

3.1.2. Excess area
The insight about the interaction between P3HT and SA compo-

nents in the mixed Langmuir films can be investigated, from a ther-
modynamic point of view, by calculating the excess area (Aexc) at a
particular surface pressure. The value of Aexc is the deviation of the
experimentally observed value (Aexp) from the theoretically
expected value (Ath) [58]. The value of Ath can be calculated, consid-
ering ideal mixing of P3HT and SA, as

AthðPÞ ¼ XP3HTAP3HTðPÞ þ XSAASAðPÞ ð2Þ
where, XP3HT and XSA are the mole fractions of P3HT and SA, respec-
tively, in a mixture, while AP3HTðPÞ and ASAðPÞ are their mean mole-
cule area at a certain pressure,P, as obtained from the isotherms of
pure P3HT and pure SA, respectively. Correspondingly, the value of
Aexc can be expressed as

AexcðPÞ ¼ AexpðPÞ � AthðPÞ ð3Þ
Aexc ¼ 0 indicates that the binary components are immiscible and
form an ideal mixing, this happens when there is no interaction
between the components. Any deviation in the value of Aexc form
zero indicates that the components are miscible and form a non-
ideal mixing due to some interaction between the components.
The variations of Aexp and Ath with P are shown in Fig. 3a, while
those of Aexe with P are shown in Fig. 3b for the mixed P3HT–SA
Langmuir films. The variation of Ath with P is gradual, namely
fast-decrease in the initial part and gradually slow-decrease with
increasing P. In comparison, the variation of Aexp with P can be
divided into three parts. In the first (LE phase) and last (S phase)
parts the decrease is slow, while in-between, the decrease is fast,
where crossover between Ath and Aexp takes place. Accordingly, a
positive Aexc-value is observed in the first part and a negative
Aexc-value is observed in the last part. This nature is similar for all
the mixed P3HT-SA Langmuir films. However, the absolute value
and the cross over position are different, especially for the film with
R = 1:2. The positive Aexc-value indicates enhancement of mean
molecular area, probably due to the presence of increased number
of P3HT, apart from the SA molecules, in the vicinity of water sur-
face. This is a signature of SA interaction mediated softening (or
decrease in the out-of-plane stacking) of P3HT. The negative Aexc-
value, on the other hand, indicates reduction in the mean molecular
area due to some other interaction, which could be due to the rejec-
tion of such reduced out-of-plane stacked P3HT from the mixed
layer, at the vicinity of water surface, and not due to the increase
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in the rigidity of P3HT, as inferred before (from inset of Fig. 1).
The compression-decompression cycle study (see Figure S1 and
related discussion of the Supporting Information) well supports this
structural transition. The near saturation of the Aexc-value probably
suggests nearly complete rejection of P3HT, thereby formation of a
P3HT/SA structured Langmuir films, with top layer of rejected P3HT
and bottom layer of amphiphilic SA molecules.
3.1.3. Excess Gibbs free energy
The strength and nature of interaction between P3HT and SA

components in the mixed Langmuir films can be examined, from
a thermodynamic point of view, by calculating the excess Gibbs
free energy (DGexc) [59]. The value of DGexc is obtained by integrat-
ing Aexc over the surface pressure, as defined by

DGexcðPÞ ¼ NA

Z P

P	
AexcdP ð4Þ

where NA is the Avogadro number, P	 corresponds to that of the
gas-liquid expanded phase of the P–A isotherm, which is normally
taken as zero and P is the upper limit of surface pressure at which
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the DGexc is to be calculated. For the ideally-mixed or immiscible
systems DGexc ¼ 0. The deviation of DGexc from the ideal value
(DGexc=0) refers some kind of interaction between the components
in the binary system. The large deviation indicates the strong inter-
action between the components. DGexc > 0 indicates repulsive
interaction, while DGexc < 0 indicates attractive interaction. The
variations of DGexc with P for different mixed P3HT–SA Langmuir
films are shown in Fig. 3c. A small deviation in the DGexc-value from
the ideal value is observed, which indicates the presence of weak
interaction between P3HT and SA molecules. The small positive
DGexc-value in the low-P region (or LE phase) indicates a weak
repulsive interaction (between in-plane dissimilar materials),
which may arise due to the in-plane miscibility of P3HT and SA in
the domain level but not in the molecular level. The small negative
DGexc-value in the high-P region (or S phase) indicates a weak
attractive interaction (between in-plane similar materials), which
may arise within P3HT and SA molecules, present one above
another in the P3HT/SA structured Langmuir films.

3.2. Structures of P3HT–SA LB films

The structures of the P3HT–SA LB films, which can validate
some of the observations predicted from the thermodynamic
point-of-view of the isotherms and provide further insight into
the structures and growth of the P3HT–SA Langmuir films, are pre-
sented here. Four P3HT–SA LB films have been selected: two at dif-
ferent compositions (R = 1:1 and 3:1) and two at different
pressures (P = 14 and 35 mN m�1, corresponding to the LE phase
(where Aexc and DGexc > 0) and S phase (where Aexc and DGexc < 0),
respectively, as shown by the dashed lines in Fig. 3, which are well-
separated from the low C�1

s -value P-region (19–30 mN m�1) and
thus expected to provide better stability), to understand the effects
of R and P, and its derived thermodynamical parameters on the
structures of the films.

3.2.1. XPS and chemical composition
The information about the chemical composition of the trans-

ferred LB film is useful and necessary in understanding its struc-
ture and thus estimated first using XPS technique. C 1s and S 2p
core level spectra, recorded for the mixed P3HT–SA LB films of dif-
ferent starting compositions (R =1:1 and 3:1), are shown in Fig. 4. C
1s level (of binding energy 284.8 eV) was chosen as the reference
level to calibrate the other core level spectra. The spectra were pro-
cessed using PeakFit software, where a Shirley method was used to
Fig. 4. S 2p and C 1s core level spectra for the mixed P3HT–SA LB films of different
compositions (R). Each S 2p spectrum is the convolution of three peaks, as indicated.
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subtract the background and the Gaussian–Lorentzian (GL) sum
function was used to fit the XPS core-level spectra. Each C 1s spec-
trum, arising from the hydrocarbons (C) of both P3HT and SA mole-
cules, was fitted with a single peak at around 284.8 eV, while S 2p
spectrum, arising from the sulphur (S) atoms of P3HT, is over-
lapped with Si 2s plasmon loss peak. Overall S 2p spectrumwas fit-
ted with three distinct peaks: two peaks at 163:8� 0:1 eV and
165� 0:1 eV arising from S 2p3/2 and S 2p1/2 levels, respectively,
and the third peak at 167:4� 0:1 eV corresponds to the Si 2s plas-
mon loss peak [60]. The ratio between the number of S and C atoms
in the LB film, (S/C)LB, is obtained by calculating the area under S
2p3/2 peak with respect to the area under the C 1s peak of the
XPS spectra after considering the atomic sensitivity factor. For
comparison, the ratio between the number of S and C atoms in
the Langmuir film, (S/C)L, is also calculated considering the starting
composition, R. The values of (S/C)LB and (S/C)L for different R-
values are tabulated in Table 1. (S/C)LB-values are in agreement
(within 15%) with (S/C)L-values, which indicate that the starting
compositions almost retain in the LB films. Over estimation of (S/
C)LB-value probably signifies and justifies the presence of P3HT
towards the upper-side of the film, as predicted from the isotherm.

3.2.2. XR and electron density profile
XR profiles of the P3HT–SA LB films of two compositions (R =

1:1 and 3:1) deposited at two pressures (P = 14 and 35 mN
m�1) are depicted in Figs. 5 and 6. Evolution of XR profile with P
is evident, namely a single broad peak or Kiessig fringe within
qz � 0.15 and 0.39 Å�1 (with Dqz � 0.24 Å�1) at low P-values
becomes double peak (with 2Dqz � 0.24 Å�1) at high P-values,
which indicates the increase in the film-thickness (D ¼ 2p=Dqz,
from �2.6 nm to �5.2 nm) with the increase in surface pressure.
A slight evolution of XR profile with R is also evident, namely
smearing of the single broad peak and enhancement in the second
peak of the double peak (with change in the R-value from 1:1 to
3:1), which probably arise due to the change in the coverage, in
general, and layered structure, in particular, of the film with
composition.

In order to get the proper information about the structure of the
films, the XR data were analyzed quantitatively using matrix
method [43,44] after incorporating roughness at each interface
[48]. For the analysis, each film was divided into a number of lay-
ers, of different thickness and electron density (q), after incorpo-
rating an interfacial oxide layer above the substrate. An
instrumental resolution in the form of a Gaussian function and a
constant background were also included at the time of data analy-
sis [13]. It can be noted that a single layer of thickness �2.6 nm
was unable to reproduce the measured low P-value XR data and
a BL of thickness �5.2 nm was unable to reproduce the measured
high P-value XR data (see Figures S2 and S3 of the Supporting
Information). Accordingly, further layers, in commensurate with
the structural prediction from the thermodynamic point-of-view
of the isotherm, were added to reproduce the XR profiles (see Fig-
ures S1 and S2 of the Supporting Information). The best fit XR pro-
files thus obtained are shown in Figs. 5 and 6 and the
corresponding EDPs are presented in the insets.

The EDPs along with the information of the compositions can
well represent the structures of the films, as shown schematically
in the insets of Figs. 5 and 6. The high density layer of thickness
2.6 nm, in the EDPs of the low P-value films, is associated to the
highly covered mixed-layer of SA and P3HT, where hydrophilic
head of ML structured SA and less hydrophobic backbone of bot-
tom side-chain folded BL (f-BL) structured P3HT are attached to
the substrate. The subsequent low density high roughness layer
is due to the presence of low-covered EO ML and BL structured
P3HT on top. The coverage of such top structure, however,
increases to some extent as the R-value changes from 1:1 to 3:1



Table 1
Parameters such as the ratio of sulphur and carbon atoms, (S/C)LB, in the LB films (obtained from the XPS analysis) and (S/C)L, in the Langmuir films (obtained considering the
starting composition), the excess area (Aexc), the excess Gibbs free energy (DGexc), the structure and composition of bottom layer, and the major structure of top P3HT layer for the
P3HT–SA Langmuir and LB films of different pressures (P) and compositions (R).

P Aexc DGexc

R (S/C)LB (S/C)L Phase [mN m�1] [Å2] [J] Structure & composition of bottom layer Major structure of top P3HT layer

1:1 0.054 0.049 LE or S1 14 0.7 30 ML SAþ f � BL P3HT ML (of l�C)
S or S2 35 �1.3 �13 ML SA BL (of m�C)

3:1 0.087 0.077 LE or S1 14 0.5 14 ML SAþ f � BL P3HT MLþ BL (of m�C)
S or S2 35 �1.3 �19 ML SA BL (of h�C)

where ML: monolayer, BL: bilayer, f-BL: folded BL, l-C: low coverage, m-C: medium coverage and h-C: high coverage.

Fig. 5. XR data (symbols) and analyzed curves (solid lines) of P3HT–SA LB films of a
fixed composition (R = 1:1) deposited at two different pressures (P). Curves are
shifted vertically for clarity. Insets: corresponding EDPs, indicating possible
structures.

ig. 6. XR data (symbols) and analyzed curves (solid lines) of P3HT–SA LB films of a
xed composition (R = 3:1) deposited at two different pressures (P). Curves are
hifted vertically for clarity. Insets: corresponding EDPs, indicating possible
tructures.
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due to the increase in the P3HT content. It can be noted that the
increase in the coverage of the top structure, in the R = 3:1 film,
decreases the density contrast near z = 2.6 nm, which in turn smear
the XR profile as observed. On the other hand, high density first
layer of thickness 2.5 nm on top of the substrate, in the EDPs of
the high P-value films, can be associated to a hydrophilic head
attached fully covered SA ML. Relatively low density next layer is
due to the presence of EO BL structured P3HT. The coverage of such
EO BL structure increases to a great extent as the R-value changes
from 1:1 to 3:1 to form a near fully covered EO P3HT BL on top of a
fully covered SA ML. The increased coverage of EO P3HT BL gives
rise to a Kiessig fringe (indicative of total film-thickness) convo-
luted pseudo-Bragg peak near qz = 0.35 Å�1 as evident in the corre-
sponding XR profile. Such pseudo-Bragg peak is essentially
appearing from EO layering of P3HT.
3.2.3. AFM and topography
So far, the structures of the LB films are predicted from the XR

study. Although the structures predicted from such reciprocal
space mapping are quite complete, nonetheless, it is useful and
necessary to cross verify them with real space mapping informa-
tion. Typical AFM images for the mixed P3HT-SA LB films deposited
at two different R-values and at two different P-values are shown
1158
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in Fig. 7. The network-like or nearly-packed structures, consisting
of small domains, on top of a nearly covered layer is observed in
all the AFM images. The presence of small domains is clear in the
high resolution images. The average size of such domains
(�60 nm, as evident from Figure S4 and related discussion of the
Supporting Information) remains almost same for all the films,
which closely resembles the polymerization length [13]. The tran-
sition from network-like structure to nearly-packed structure takes
place with the increase of R-value, while the coverage of such
structures increases with the increase of P-values and almost cov-
ered structure is observed for the film with high R and P values.

To get better insight about the film structure, the bearing area
(BA) and the surface coverage (SC), as obtained from the AFM
images, are plotted as a function of height (z) in Fig. 8. The increase
in BA with z, for the film with low R and P values, is initially fast
then slow, which for the film with high R or P value becomes rel-
atively slow and then relatively fast and for the film with high R
andP values is initially slow and then fast. Two peaks are observed
in all the SC profiles, however, their relative position and intensity
are found to change with the R or P values. In the low P value
films, the first peak near 2.5 nm, can be correlated with the near-
fully-covered mixed layer of SA and P3HT (of thickness about



Fig. 7. AFM images in two different scan sizes for the mixed P3HT–SA LB films deposited at two different compositions (R) and at two different pressures (P).

Fig. 8. Bearing area (solid lines), surface coverage (symbols) and Gaussian
deconvoluted surface coverage (solid lines) as a function of height (obtained from
AFM images) for the mixed P3HT–SA LB films deposited at two different
compositions (R) and at two different pressures (P). Integrated surface coverage
(light orange), other than contribution from the first peak (light green), is indicated.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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2.5 nm), while the second peak near 4.3 or 4.9 nm, can be corre-
lated with the partially-covered ML and BL mixed layer of EO
P3HT on top. The increase in the thickness (from 1.8 to 2.4 nm)
with increase in the R-value indicates increase in the ratio between
BL and ML coverage (from 1:3 to 3:2) in the partially-covered EO
P3HT layer, while the increase in the integrated coverage around
the second peak (from �50% to �60%) with increase in the R-
value is mainly due to the presence of beyond BL structure (indi-
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cated by deconvoluted third peak) in the partially-covered P3HT
layer. In the high P-value films, the first peak near 2.5 nm, can
be correlated with the fully-covered ML of SA, while the second
peak near 4.7 or 5.5 nm, can be correlated with the better covered
EO P3HT BL. The increase in the integrated area around the second
peak (from �60% to �90%) with increase in the R-value suggests
the overall increase in the coverage of the EO P3HT BL along with
the presence of some beyond BL structure (indicated by deconvo-
luted third peak), while the decrease in the BL thickness (from
3.0 to 2.2 nm) with the decrease in the R-value indicates increase
in the tilt angle (or deterioration in the EO ordering) of the P3HT
BL probably due to the decrease in the compaction arising from
less coverage. The structures of the mixed P3HT–SA LB films
obtained here from the real space AFM images, though over-
estimate the coverage due to the tip-convolution and under-
estimate the height due to the image-flattening, are in agreement
with those predicted from the reciprocal space XR data.
4. Overall structure and its implication

In conclusions, let us first represent the growth and overall
structure of the P3HT–SA Langmuir films and then their possible
implications in the device properties. The structures of the
P3HT–SA Langmuir films can be modeled, by combining the com-
plementary information (in Table 1) obtained from the isotherms
and the structures of the LB films, as shown schematically in
Fig. 9. The SA molecules, due to their amphiphilic nature, when
spread on the water surface form loosely-packed (in LE phase)
and densely-packed (in S phase) ML Langmuir films with hydrophi-
lic head down and hydrophobic tail up at air–water interface
(shown in Fig. 9a and b) [25–28]. The P3HTs, due to their strong
p–p stacking interaction and low amphiphilicity, when spread on
the water surface, form randomly stacked 3D aggregates (as A �
4 Å2 �14.7 Å2) at the air–water interface [29], to minimize the
polymer–water contact or interaction (the coverage of which
increases little-bit with the barrier compression as shown in
Fig. 9c and d).

The SA blended P3HT when spread on the water surface, the
amphiphilic SA reduces the rigidity and enhances the amphiphilic
character of P3HT, which in turn reduces the random 3D aggrega-
tion and promotes the EO 2D structures (Aexc > 0, to form in-plane
mixed P3HT–SA layer) at the air–water interface as evident in the
low pressure (see Fig. 9e). Such mixing is not in the molecular



Fig. 9. Structural schematics of SA, P3HT and P3HT–SA Langmuir films (at air-water
interface of LB trough) at the liquid-expanded (LE) and solid-like (S) phases,
showing formation of (a) and (b) 2D (ML) structured SA Langmuir films, (c) and (d)
3D (aggregated multilayer) structured P3HT Langmuir films, and (e) soften in-plane
mixed P3HT–SA Langmuir film at LE (or ‘‘S1”) phase and (f) rejected edge-on
oriented P3HT BL islands on top of SA ML, i.e. P3HT/SA structured Langmuir film at S
(or ‘‘S2”) phase.
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level, rather in the domain level, where P3HT islands experience
repulsion from the adjacent SA molecules, as evident from the
thermodynamical parameters (DGexc > 0). The formation of EO
domains or islands of P3HT can be understood by the presence of
polymer (not monomer) back-bones and their p–p stacking. Thus
the enhanced-amphiphilic character of P3HT does not weaken
the p–p stacking interaction much rather reduces the extent of
the out-of-plane interaction and aggregation to interact more with
the water surface to form soft and stable 2D P3HT islands. Such
reduction in the out-of-plane aggregation (as Ath < Aexp < Aid)
seems to produce mostly EO f-BL islands (of height�2.6 nm) rather
than ML P3HT islands (of height �1.6 nm). The hydrophobic side-
chains of the EO BL P3HT islands, which come in contact with
water, feel strong repulsion and thus folded to form EO f-BL
P3HT islands of SA ML commensurate height. The ratio of P3HT
islands and SA molecules and their packing, in the mixed layer,
increases with composition and barrier-compression, respectively,
within LE phase. It can be noted that not all P3HT aggregates are
reduced to near BL structures as ML, BL and even TL-like structures
of small coverage, on top of the mixed layer, are evident in the LB
films.

On further barrier-compression, beyond LE phase, the less
hydrophilic EO f-BL P3HT islands in the mixed layer, having in-
plane repulsive interaction with SA molecules (DGexc > 0), gradu-
ally squeezed-out of the water surface to form EO BL P3HT islands
(of height �3.2 nm) on top of SA ML (of height �2.5 nm) at S phase
(shown in Fig. 9f). This indicates that, for the P3HT–SA mixed sys-
tem, the said LE phase is actually a ‘‘mixed single-layer solid-like
(S1)” phase, while the said S phase is actually an ‘‘unmixed two-
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layer solid-like (S2)” phase. The squeezing out of the P3HT islands
decreases the overall in-plane occupied area of the Langmuir film
on the water surface (as evident from Aexc < 0) and creates attrac-
tive in-plane interaction within SA molecules and also within P3HT
islands (as evident from DGexc < 0) to form a stable P3HT(BL)/SA
(ML) structured Langmuir film, which can be transferred onto a
solid substrate using LB technique, unlike inferred before [34–
39]. The coverage of such EO BL P3HT islands on the top layer
increases with barrier-compression and composition, however,
their average size (�60 nm) remains unaltered. This indicates that
domains of fixed average size are formed at the initial stages,
through p–p stacking, when mixed solution was spread on the
water surface. The average size of such domains seems to correlate
more with the polymerization length [13]. It can be noted that
though squeezing of P3HT and their better organization at high
pressure have been proposed from isotherm and PM-IR-RAS stud-
ies [34,39] but no inference on their orientation and thickness have
been made before.

The overall structural studies suggest SA-induced initial transi-
tion in P3HT structure, from aggregated 3D to soft 2D and barrier
compression-induced subsequent transition in P3HT structure,
from in-plane mixed to unmixed layer, which are quite interesting.
Though, a single (SA-induced) transition is not expected to
improve the in-plane electrical transport, as ordered 2D P3HT
islands are dispersed in an insulating SA matrix at low pressure
‘‘S1” phase, the combination of (SA- and compression-induced)
transitions is expected to promote the in-plane electrical transport,
through layer of EO ordered 2D P3HT islands, at high pressure ‘‘S2”
phase. Also, the formation of nearly covered P3HT(BL)/SA(ML)
structured film on solid substrate through LB technique is evident
for the first time. Such EO P3HT film, though has a limited thick-
ness (namely BL), is of immense importance in the improvement
of the in-plane charge carrier mobility and the device properties,
as the current in the bottom-gated organic thin-film transistors
is known to travel only within few ML region of the polymer film,
near gate-dielectric [14].

It can be noted that the number and coverage of BL-structured
P3HT, though quite high in the LB film, not all P3HT aggregates are
found to reduce to near BL structures and thus can be further opti-
mized (through 3D to 2D transition) by tuning the concentration
[32,33] and fine tuning the ratio of P3HT and SA in the solution,
which will be interesting to verify in future, for the improvement
of the device properties. Additionally, it will be interesting to per-
form in-situ X-ray and neutron reflectivity [61,62,57] and grazing
incidence diffraction (GID) measurements of the P3HT-SA Lang-
muir film at air-water interface, in future, to directly characterize
and confirm the proposed out-of-plane and in-plane structures of
the Langmuir film.
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