
 

 

 University of Groningen

Surface induced orientation and vertically layered morphology in thin films of poly(3-
hexylthiophene) crystallized from the melt
Balko, Jens; Portale, Guiseppe; Lohwasser, Ruth H.; Thelakkat, Mukundan; Thurn-Albrecht,
Thomas
Published in:
Journal of materials research

DOI:
10.1557/jmr.2017.107

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Balko, J., Portale, G., Lohwasser, R. H., Thelakkat, M., & Thurn-Albrecht, T. (2017). Surface induced
orientation and vertically layered morphology in thin films of poly(3-hexylthiophene) crystallized from the
melt. Journal of materials research, 32(10), 1957-1968. https://doi.org/10.1557/jmr.2017.107

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1557/jmr.2017.107
https://research.rug.nl/en/publications/0b6bb93a-bae4-4bf3-a635-7364c76b0b12
https://doi.org/10.1557/jmr.2017.107


INVITED ARTICLE

Surface induced orientation and vertically layered morphology in
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The presence of interfaces and geometrical confinement can have a strong influence on the
structure and morphology of thin films of semicrystalline polymers. Using surface-sensitive
grazing incidence wide angle X-ray scattering and atomic force microscopy to investigate the
vertical structure of thin films of poly(3-hexylthiophene) crystallized from the melt, we show that
highly oriented crystallites are induced at the air/polymer interface and not as sometimes assumed
at the interface to the substrate. These crystallites are oriented with their crystallographic a-axis
perpendicular to the plane of the film. While the corresponding orientation dominates in thinner
films, for sufficiently thick films (.60 nm) a layer containing unoriented crystals is present below
the surface layer. Due to the anisotropic charge transport properties, the observed effects are
expected to be of special relevance for potential applications of semiconductor polymers in the
field of organic photovoltaics for which vertical transport in thicker films plays an important role.

I. INTRODUCTION

The crystallization of polymers in thin films can be
strongly influenced by geometrical confinement and inter-
facial interactions,1–6 resulting in changes in orientation,
crystallinity, and crystallization kinetics. These effects are
especially important for functional polymers like semi-
conductor polymers which in devices are typically used
as thin films. Usually, it is assumed that the interface
to the substrate plays the dominant role for the above-
mentioned effects, for example, by acting as a nucleation
site7 or by affecting the molecular dynamics in the
vicinity of the interface.5,8–11 On the other hand, detailed
investigations of materials containing alkyl chains showed
surface induced ordered or crystalline structures.
Examples are simple n-alkanes,12–15 long-chain alcohols,16

poly(n-alkyl acrylates),17 and ionic liquids.18 In all these
examples, the alkyl chains orient perpendicular to the
surface with partial or complete in-plane ordering leading
to surface freezing. In many cases, though, not much is

known about the effect of interfacial ordering on the
crystal texture of thicker films.
Within the class of conjugated polymers regioregular

poly(3-hexylthiophene) (P3HT) is among the most exten-
sively studied materials due to its interesting optoelec-
tronic properties. Thus, in early studies P3HT was often
used as a model material,19–24 although at present there
exist a large number of alternative materials with improved
properties.25 P3HT is a semicrystalline polymer with
substituted alkyl side chains. The semicrystalline mor-
phology of P3HT consists of the usual stacks of crystalline
lamellae or whiskers separated by amorphous inter-
layers.26–28 While early reports suggested an ortho-
rhombic unit cell,29–31 more recent studies proposed a
monoclinic structure.27,28 The performance of electronic
and optoelectronic devices made from P3HT depends
strongly on molecular parameters such as molecular
weight (MW),32–34 regioregularity (RR),19,35 as well as
specific processing conditions such as the choice of
solvents and annealing procedures.24 These factors also
influence the microstructure and semicrystalline mor-
phology of the material.36,37 However, knowledge about
the relations between molecular characteristics and pro-
cessing, the resulting structure formation, and electronic
transport properties in thin P3HT films is still quite
limited due to the difficulty to characterize the influence
of all relevant parameters.38 Nevertheless it seems quite
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certain that there is a strong correlation between hole
mobility and crystallinity.39–41

Technically it is not trivial to distinguish the substrate
from the air interface in a thin film experiment, although
depth sensitive X-ray scattering techniques are available
and have been used to separately study order close
to the surface of a thin film. These techniques were
used for example for polyimides,42 polypropylene,43

poly(ethylene terephthalate),44 and polyethylene.45

Differences in chain packing,42,43,45 crystallinity,43,44

and crystallization kinetics44 were observed. Grazing in-
cidence wide angle X-ray scattering (GIWAXS)19,25,46–48

has also been used to characterize the crystalline structure
and the morphology of thin P3HT films. It is sometimes
assumed that strongly oriented edge-on crystallites are
induced by the favorable interaction of the side chains
with the substrate,46,48,49 although others suggest an
orientation effect at the film surface.50 For the first case,
self-assembled monolayers (SAMs) have been used as
an underlying film layer to enhance the orientation of
the polymer crystals.46,48,51–54 In addition, there are
indications that the morphology of thin films varies with
thickness.55 But since common GIWAXS experiments
probe the complete film thickness, it is still difficult to
unambiguously assign the origin of the oriented crystals.
In contrast to the assumption of a substrate induced
orientation, Choi et al. observed a higher density and a
better ordering of crystalline lamellae at the film surface
compared to the bottom by atomic force microscopy
(AFM).52 Also face-on orientations at the SAM interface
have been suggested based on transmission electron
microscopy (TEM) and grazing incidence diffraction
(GID).51 At the surface of melt-crystallized samples
usually ordered stacks of crystalline lamellae are found
even for films on amorphous substrates.26,27,33,41,52 Also
simulations suggest a preferred orientation at the in-
terface to the vacuum.56 And from spectroscopy Anglin
et al. concluded that the order of the main chains in
contact with the SiO2/Si substrate drastically reduces upon
annealing below the melting temperature or melt-crystal-
lization.53 Nevertheless a comprehensive structural model
of thin P3HT films as a function of film thickness is
lacking.

We here present an investigation of the vertical
structure of a series of films of P3HT with different
thicknesses which were crystallized from the melt state
on two different substrates, namely, silicon nitride (SiN)
and silicon (SiO2/Si). Using GIWAXS with variable
incidence angle and AFM, we find for all thicknesses
a highly oriented crystalline layer at the surface of the
films with a thickness of about 50 nm, below which the
arrangement of the crystals is more or less isotropic.
Although in most devices films are prepared from
solution, samples crystallized by cooling from the melt
are of general interest as their structure is not much

affected by kinetic effects and can therefore often more
clearly reveal the underlying fundamental driving
forces. Our results complement a recent study in which
we determined the crystallinity of thin P3HT films with
fast scanning calorimetry.57

II. EXPERIMENTAL SECTION

A. GIWAXS

GIWAXS measurements were used to probe the height
dependent structure and the orientation of the P3HT
crystallites in the thin film samples. By varying the
incident angle ai around the critical angle of the polymer,
the penetration depth K(ai) of the primary beam into
the polymeric film can be tuned in a range from about
K 5 10–30 nm to K . 1000 nm. In the first case, the
measurement is exclusively surface-sensitive and in the
second case the complete film is probed.17,42,58 GIWAXS
experiments were performed at the Dutch-Belgian
Beamline (DUBBLE CRG), station BM26B at the
European Synchrotron Radiation Facility (ESRF) in
Grenoble, France. A cryogenically cooled Si-111 double-
crystal monochromator and a focusing toroidal mirror pro-
vided a beam with a wavelength of k 5 1.04 Å (12.4 keV)
and a beam size of 400 lm � 800 lm in the vertical and
the horizontal directions, respectively. The maximum
photon flux was approximately 1011 photons/s/100 mA
at the position of the sample. Beam monitors were used to
measure the photon flux along the beamline. An area
detector (FReLon charge coupled device [CCD] camera,
ESRF) was placed at a sample to detector distance of
LSD 5 0.1632 m. It has an input field of about 100 mm �
100 mm (2048 � 2048 pixel) with a spatial resolution of
46.8 lm spanning a q-range of 1 # q # 18 nm�1. The
Bragg reflections of an aluminum/silver behenate blend
were used to calibrate LSD. Thin film samples with
a length of about 10 mm in the direction of the primary
beam were placed on a Huber sample stage such that the
primary beam hits the sample at an angle of incidence
ai ,asubc , where asubc is the critical angle of the substrate.
Surface-sensitive measurements were performed under
the condition ai, apolc , where apolc ¼ 0:118 ,asubc is the
critical angle for the polymer film for k 5 1.04 Å. The
critical angle apolc was experimentally determined with
X-ray reflectivity (XRR) as described below. Using Eq.
(3) it was converted for k 5 1.04 Å.

All measurements were performed under ambient
conditions with an exposure time of 60 s. To improve
the signal-to-noise ratio partially multiple exposures
were taken. To prevent degradation by beam damage,
the samples were laterally shifted providing a fresh
surface after several exposures. Visually we could
not observe any sign of degradation such as dis-
coloration. The detected intensity corrected for was
dark current and detector efficiency and normalized
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with respect to incident photon flux and acquisition
time.

For hard X-rays the complex index of refraction can
be approximated as n ~rð Þ ¼ 1� d ~rð Þ þ ib ~rð Þ, where
1� d ~rð Þ½ � is the real part (d . 0, d � 10�6) and b ~rð Þ
the imaginary part, respectively. For a homogenous
medium and wavelengths k distinct from absorption
edges the following relations hold

d � k2

2p
reqe ; ð1Þ

b � k
4p

l : ð2Þ

Here re, qe, and l are the classical electron radius, the
electron density, and the linear absorption coefficient,
respectively. Applying Snell’s law yields the critical
angle of total external reflection

ac �
ffiffiffiffiffi
2d

p
¼ k

ffiffiffiffiffiffiffiffi
reqe
p

r
: ð3Þ

For all incident angles ai , ac the incident beam is
completely reflected by the surface and only an evanes-
cent wave field illuminates the film. Generally, the depth
of the surface layer from which the signal is scattered

is determined by the scattering depth calculated by Dosch
et al.59 For exit angles c � ai [Fig. 1(b)] the scattering
depth is well approximated by the penetration depth60

K aið Þ ¼ kffiffiffi
2

p
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2i � a2c
� �2 þ 4b2

q
� a2i � a2c
� �2� ��1=2

;

ð4Þ

which is depicted in Fig. 1(a) for a P3HT film
(k 5 1.04 Å, apolc ¼ 0:118, b 5 6 � 10�9). Thus the
structural information is obtained from a surface layer
with thickness K (ai).

The scattering geometry and an exemplary scattering
pattern are shown in Fig. 1(b). Taking into account
refraction effects, the components of the scattering vector
~q ¼ qx; qy; qz

� �
can be obtained from the angles d and c,

qx
qy
qz

0
@

1
A ¼ 2p=k

cos d cos c� aið Þ � cos ai
sin d cos c� aið Þ

sin2ai � sin2ac
� �1=2 þ sin2ðc� aiÞ � sin2ac

� �1=2
0
@

1
A :

(5)

A resulting exemplary two-dimensional reciprocal
space map is shown in Fig. 3: GIWAXS patterns of
melt-crystallized films of (a) SEP200 film (D 5 655 nm,
ai 5 0.17°) and (b) P3HT-3 (D5 487 nm, ai 5 0.13°) on
SiN (Fig. 3). For an orientational analysis we directly
transformed the 2D diffraction patterns as shown in
Fig. 1(a) into one-dimensional pole figures of the (100)
Bragg reflection using the software FIT2D (ESRF).61 To
this end, the pixel coordinates (X, Y) of the detector were
converted into polar coordinates (q, v), where q is the
magnitude of the scattering vector and v the azimuthal
angle. By integrating the intensity over the q-range of
the (100) reflection, we obtained pole figures,

I100 vð Þ ¼ 1
2Dq

Z qmaxþDq

qmax�Dq
I q;vð Þ dq : ð6Þ

In this procedure, refraction effects are neglected and
a small range of the reciprocal space around the qz-axis
is excluded. The validity and advantages of this approx-
imation will be discussed in conjunction with the analysis
of the data shown in Fig. 4. To correct for air and substrate
scattering, we performed empty substrate measurements
for several ai. The corresponding pole figures Ibg(v) were
scaled according to the background intensity from selected
samples with negligible scattering intensity in the wings of
the pole figure and then subtracted from I100(v).

B. XRR

XRR measurements performed with a laboratory
diffractometer EMPYREAN (PANalytical, Almelo,
The Netherlands) served to determine the critical angle
apolc and the thickness D of the P3HT thin films. In the

FIG. 1. (a) Penetration depth of the incident beam as a function of the
incident angle (b 5 6 � 10�9, d 5 2 � 10�6). The critical angle of the
P3HT film is apolc 5 0.11° (k 5 1.04 Å). (b) Setup of the GIWAXS
experiments at the DUBBLE beamline.
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incident beam path, a multilayer mirror provided a parallel
and monochromatic beam with k 5 1.541 Å (Cu Ka). A
1/32° slit in front of the mirror and the 10 mm mask after
the mirror collimated the incident beam in the scattering
plane and the lateral direction, respectively. In the diffracted
beam path, we used a parallel plate collimator with an
acceptance angle of 0.27°, a collimator slit of 0.1 mm in
height, and Soller slits to control the axial divergence.
A PIXcel3D detector (Medipix2, CERN, Meyrin, Switzer-
land) was used as a point detector with an opening of
1.045 mm in the scattering plane. A programmable beam
attenuator prevented beam damage of the detector at small
incident angles h. We performed scans in the symmetric
h–2h geometry for 0.04° # h # 3.5° with a step size of
Dh 5 0.01° and a counting time of 8.8 s per step.

The critical angle apolc was estimated from the
position qc at the intensity edge of the range of total
external reflection. The film thickness was calculated
as D 5 2p/Dqz, where Dqz is the separation of two
adjacent maxima of the Kiessig fringes. In the high
q-range of the XRR curve, the P3HT (100) Bragg
reflection shows up. The width of this reflection was
analyzed to estimate the crystalline thickness L100

according to the Scherrer equation62

b100S 2hð Þ ¼ Kk

L100 cos h100
; ð7Þ

where b100S 2hð Þ is the width (full width at half maximum
[FWHM]) of the (100) Bragg reflection due to the finite
crystal size. The measured FWHM b100 ¼ bi þ b100S
includes an additional instrumental broadening bi 5 0.8
mrad which was approximated by the width of the
primary beam. The constant K depends in detail on
the definition of the width, the shape of the crystals,
and the distribution of the crystalline widths.63 Since
we have no information about the crystalline width
distribution, we approximate K to 0.9.64

C. AFM

An atomic force microscope NanoWizard I from
JPK Instruments (Berlin, Germany) was used to char-
acterize the surface morphology. Intermittent contact
(tapping) mode measurements in the net repulsive
regime were performed with cantilevers OMCL-
AC240TS-R3 from Olympus (k 5 2 N/m and x0 5
70 kHz) with an excitation frequency x , x0.

D. Materials

Commercially available Sepiolid P200 (SEP200)
sample was purchased from BASF (Ludwigshafen,
Germany). The sample P3HT-3 was synthesized using
the Grignard metathesis (GRIM) polymerization devel-
oped by McCullough and co-workers.65 The basic

characteristics such as molecular weight, polydispersity
(PDI), RR, and the number of repeating units are given
in Table I. The molecular weights and the polydisper-
sities were determined by size exclusion chromatogra-
phy (SEC) as described elsewhere.66 The peak
maximum of the molecular weight distribution MSEC

p

measured by SEC is about twice the number-average
molecular weight MMALDI

n as determined by matrix-
assisted laser desorption/ionization mass spectros-
copy measurements with time of flight detection
(MALDI-TOF MS) which gives an absolute value.
The number-average molecular weight of the latter
method was used to calculate the number of repeating
units and the contour length using half of the unit cell
parameter along the backbone c/25 0.385 nm.66 The RR
was determined by 1H nuclear magnetic resonance
(NMR).

Silicon and SiN were used as substrates, since the
latter is the material of the chip sensor in the comple-
mentary calorimetric study.57 Substrates were pur-
chased from Si-Mat (Kaufering/Germany). The SiN
substrates consist of a p-doped silicon wafer with
a thickness of 275 lm and a diameter of 20 which is
covered with the 500 nm thick SiN layer. The SiN layer
was deposited using low pressure chemical vapor
deposition at T 5 820 °C resulting in a low-stress
amorphous top layer. We checked the amorphous nature
of the SiN layer with AFM and X-ray diffraction
(XRD) which showed neither crystallites nor Bragg
reflections.67 The critical angle of amorphous SiN aSiNc

5 0.14° (k 5 1.541 Å) was obtained with XRR from
qSiNc 5 0.033 Å�1. This value is in good agreement with
the density of amorphous SiN, qSiN 5 2.6 g cm�3,
given in Ref. 68. P-doped silicon wafers with a native
oxide layer (SiO2/Si) served as reference substrates
(qSiO2=Si

c 5 0.030 Å�1).

E. Sample preparation

Before use, the substrates were cleaned with concen-
trated sulfuric acid for 5 min. After rinsing them with
distilled water, they were further cleaned and dried with

TABLE I. Molecular characteristics of the samples in this study.

Sample SEP200 P3HT-3

MSEC
n in kg/mol 19.5 5.2

MSEC
p in kg/mol 38.4 5.9

MMALDI
n in kg/mol �20∗ 3.2

Number of repeating units – 20
Contour length in nm – 7.7
PDI by SEC 1.91 1.15
RR in % 96 97

∗The molecular weight MMALDI
n � 20 kg/mol was not directly measured but

was estimated using the ratio MSEC
p

.
MMALDI

n � 1.9 which was determined

elsewhere.66
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a CO2 snow jet cleaning gun. The P3HT materials were
dissolved in chloroform (Roth, Karlsruhe, Germany;
purity $99%) at slightly elevated temperatures to im-
prove the solubility. After cooling down the solution to
room temperature, it was spin coated for 60 s either on
SiN or SiO2/Si. By changing the weight concentration in
the range of 0.0675 wt% to 2 wt% and the speed of
rotation (2000 or 300 rpm), we varied the film thickness in
the range of 7 # D # 655 nm. The film thickness was
determined using XRR for D( 50 nm and using AFM for
thicker films. After spincoating the films were placed in
a nitrogen atmosphere and heated to a temperature at least
20 K above their melting point as obtained from the
melting peak position in differential scanning calorim-
etry. The oven temperatures were T 5 280 °C for
SEP200 and T 5 200 °C for P3HT-3, respectively. By
switching off the oven, the films crystallized during
cooling from the melt to room temperature at an estimated
rate of ,3 K/min. For the synchrotron measurements, the
substrates were cut. The substrate size in the direction of the
primary beam was 10 mm. The critical angle of melt-
crystallized P3HT is apolc 5 0.11° (k 5 1.04 Å, qpolc 5
0.02 Å�1) as calculated from the XRR value and Eq. (3).
The reflectivity data are shown for qualitative inspection in
Fig. S1.

To probe the thin film bottom side with AFM, a stack
of SiN/P3HT/SiN was prepared (D � 650 nm), melt-
crystallized as described above, and cleaved from each
other after immersing it into liquid nitrogen.

III. RESULTS AND DISCUSSION

A. AFM: Semicrystalline morphology at the
surface

Generally, upon crystallization from the melt or from
solution P3HT forms long lamellar or whisker-like crystals
separated by amorphous regions.27,41,69 AFM can be used
to image the semicrystalline morphology of P3HT films at
the surface. Figures 2(a)–2(d) show a series of such mea-
surements, here AFM phase images of melt-crystallized
SEP200 films on SiN with a number of different thick-
nesses in the range from 8 nm up to about 650 nm. All
films show the mentioned morphology, but for the thinnest
film it is the least well ordered indicating the influence
of the underlying substrate [see also the discussion of
Figs. 2(e) and 2(f)]. As shown below, the crystalline
lamellae generally have an edge-on orientation, i.e., the
a-axis of the crystalline lattice is perpendicular to the film
plane and the long axis of the lamellae corresponds
to the p–p stacking direction.27,41 Films on SiN
with D 5 100 nm and D 5 250 nm (here not shown)
and films on the SiO2/Si substrates have the same
morphology (see Fig. S2).

For a qualitative comparison, we also tried to image
the interface of the film bottom at the SiN substrate
after separation from the substrate as described above.
The AFM images look quite different as shown in
Figs. 2(e) and 2(f). The interfacial regions with the
highest elevation (bright areas in height image) which

FIG. 2. AFM phase images of the surface of melt-crystallized SEP200 films on SiN with a film thickness of (a) 8 nm, (b) 14 nm, (c) 27 nm, and
(d) 642 nm. AFM phase (e) and height (f) images of a melt-crystallized SEP200 film (D � 650 nm) from the bottom side which was in contact with
the substrate SiN. The arrows indicate regions in which the semicrystalline morphology is completely absent (image size: 1 � 1 lm).

J. Balko et al.: Surface induced orientation and vertically layered morphology in thin films

J. Mater. Res., Vol. 32, No. 10, May 26, 2017 1961

D
ow

nl
oa

de
d 

fr
om

 h
tt

ps
://

w
w

w
.c

am
br

id
ge

.o
rg

/c
or

e.
 U

ni
ve

rs
ity

 o
f G

ro
ni

ng
en

, o
n 

01
 O

ct
 2

01
9 

at
 1

2:
27

:2
9,

 s
ub

je
ct

 to
 th

e 
Ca

m
br

id
ge

 C
or

e 
te

rm
s 

of
 u

se
, a

va
ila

bl
e 

at
 h

tt
ps

://
w

w
w

.c
am

br
id

ge
.o

rg
/c

or
e/

te
rm

s.
 h

tt
ps

://
do

i.o
rg

/1
0.

15
57

/jm
r.

20
17

.1
07

https://www.cambridge.org/core
https://www.cambridge.org/core/terms
https://doi.org/10.1557/jmr.2017.107


were in direct contact with SiN during melt crystallization
lack the well developed semicrystalline morphology sug-
gesting a suppression of crystallization at the interface,
e.g., due to a thin layer of adsorbed and immobilized
chains.5,8,10 An interfacial layer with reduced density
and a thickness of a few nanometers was also observed
by Choi et al. based on a quantitative analysis of XRR
data.52 Both observations, namely, the thickness inde-
pendent surface morphology as well as the lack of a well
developed semicrystalline morphology at the substrate,
suggest that the orientated crystallization is caused by
the interaction with the free surface in contrast to the
assumption that it is caused by the substrate.46–48

B. X-ray scattering: Crystal structure and crystal
orientation

While AFM only probes the topmost surface of a thin
film sample, GIWAXS measurements provide structural
information about either the complete film thickness or
only near-surface regions. In the following, we therefore

use GIWAXS with variable incidence angle to analyze
the interior structure of the P3HT films. Figure 3(a) shows
an exemplary reciprocal space map for SEP200 with
the reflections indexed according to the known unit
cell of P3HT. The characteristic (100) reflection at
q100 5 3.8 nm�1 and the (020/002) reflection at
q020 5 16.2 nm�1 correspond to the main chain/side
chain layering and the p–p stacking direction, respec-
tively. The sample P3HT-3 with lower molecular weight
which is known to show higher order and more Bragg
reflections was measured for comparison [Fig. 3(b)].
Based on GIWAXS measurements, Bragg reflections with
mixed indices have been reported for P3HT thin films
but a complete assignment was not yet performed.70,71

We conducted an analysis of the observed reflections
(see Supplementary Materials Fig. S3, Table S1) based on
complementary high resolution measurements performed
on the same sample P3HT-3 on beamline ID10B at the
ESRF using an area detector PILATUS 300k (Dectris).
Assuming a monoclinic unit cell with lattice parameters
a 5 1.582 nm, b 5 c 5 0.77 nm, and c 5 95.5°, all
reflections of P3HT-3 could be indexed. Electron diffraction
experiments by Kayunkid and Brinkmann72 are consistent
with our results with a slight deviation in c which might be
attributed to different preparation conditions. With the
originally proposed orthorhombic unit cell,29,30 a compa-
rable agreement could not be reached.31 The differences
between low and high molecular weight scattering
patterns are in agreement with bulk measurements and
have been discussed before. They have been attributed to
the suppressed order of the side chains for the high
molecular weight and are probably due to kinetic
reasons.27 Nevertheless, we generally observed less
pronounced (hkl) and smeared (hk0) reflections in bulk
samples66; exemplary data are shown in Fig. S4.

To characterize the crystallite orientation distribution,
pole figures of the (100)-reflection were extracted directly
from the scattering patterns as described above. A series
of (100) pole figures for melt-crystallized SEP200 films
on SiN and SiO2/Si and with a number of different
thicknesses are shown in Fig. 4. Independently of the
substrate, thick films with D $ 100 nm feature two
intensity contributions: A weaker, broad, and nearly
isotropic contribution Ib(v) and a much stronger contri-
bution Is(v) around v ; 0° related to highly oriented
crystals with an edge-on orientation. Films with a thick-
ness D , 100 nm only consist of these edge-on crystals.
While the thickness dependence of the structure indicates
that the crystal orientation is induced by the upper or lower
surface and of limited range, the AFM measurements
shown above suggest that the oriented crystalline layer is
at the free film surface. To further prove this finding, we
used surface-sensitive GIWAXS measurements.

At this point, a remark concerning the quantitative anal-
ysis of pole figures as shown in Fig. 4 seems appropriate.

FIG. 3. GIWAXS patterns of melt-crystallized films of (a) SEP200
(D5 655 nm, ai 5 0.17°) and (b) P3HT-3 (D5 487 nm, ai 5 0.13°) on
SiN.
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As mentioned above, pole figures measured under grazing
incidence conditions are approximate, as only crystals are
probed with orientation angles v in the range from �90°
to �h100 and from h100 to 90° with h100 5 1.8°.47,48

As pointed out by Baker et al., to obtain the complete
angular range an additional measurement under a local-
specular condition, here for ai 5 h100, is necessary.
In fact, the difference is in most cases small and a com-
parison of measurements taken under the two incidence
angles showed good agreement of the (100) pole figures
for the thicker films (Fig. S5). However, for D # 12 nm
the (100) intensity at v 5 0° taken under the specular
condition is markedly enhanced compared to the grazing
incidence condition. We attribute this discrepancy to
interference effects with the interfaces of the films for
the specular measurement. Consistently, also in a compar-
ison of films with different thicknesses the (100) Bragg

peak intensity of the XRR measurements is artificially
enhanced for films with D , 30 nm (see Fig. S1).73

We therefore believe that the data taken under grazing
incidence conditions are generally more representative
for the real crystal orientation distribution.

C. Surface induced orientation of the crystals

GIWAXS measurements with varying incident angle
were used to probe the crystallite orientation distribu-
tion for different penetration depths K [Eq. (4)]. For an
in-depth analysis, a SEP200 film with D 5 108 nm was
chosen as it contained highly aligned and isotropically
oriented crystallites to a similar amount. Analogous
GIWAXS measurements of the SEP200 film on SiO2/Si
with D 5 125 nm (Fig. S6) gave similar but somewhat
less pronounced results. Pole figures for different ai are
shown in Fig. 5. For ai, apolc a near-surface region with
a thickness of ;10–30 nm is probed and only the signal
Is(v) of the oriented crystals is detectable. The remaining
intensity detected at higher v is due to background
scattering as it is shown by the fact that it does not
depend on ai. For ai > apolc the complete film is probed
and the data show two intensity contributions, Is(v) and
Ib(v). This result indicates that the nearly isotropic
contribution Ib comes from the interior of the film. It is
confirmed by the following more detailed analysis. The
inset of Fig. 5 shows the incident angle dependent
amplitudes of Is and Ib (see Supplementary Material for
illustration how these were determined, Fig. S7). Both
contributions have a maximum at ai 5 0.13°, slightly

FIG. 4. (100) pole figures of melt-crystallized SEP200 films on
(a) SiN and (b) SiO2/Si for film thicknesses ranging from 8 # D #
665 nm (ai 5 0.17°). The background intensity due to scattering from
the air and the substrate was subtracted beforehand. The region below
the dotted lines is shown enlarged in the insets.

FIG. 5. Selected (100) pole figures of the SEP200 film on SiN
(D 5 108 nm) for varying incident angles ai below (gray) and above
(colored) the critical angle of the polymer film, apolc 5 0.11°. Note that
the background was not subtracted. Inset: amplitude of the intensity
contributions scattered from the crystals in the oriented surface layer
Is at v 5 0° (squares) and scattered from the crystals in the bulk Ib at
v 5 40° (circles).
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above apolc 5 0.11°. A maximum around the critical angle
is expected as the electric field amplitude of the incident
beam and therefore the scattered intensity have a maximum
there.42 The small deviation might be caused by uncer-
tainties in ai due to limited precision in the alignment or
roughness of the film. For smaller ai the intensity scattered
by the oriented crystals monotonically decreases while
crossing apolc . In contrast, Ib(ai) features a sharp step to the
background level by about an order of magnitude (red line)
at the critical angle.

D. Layered morphology

Based on the results presented up to now (AFM and
GIWAXS), the morphology of P3HT thin films can be
described by a model as shown in Fig. 6. Thicker films
consist of a highly oriented surface layer, below which the
preferred orientation is lost and the crystals are nearly
isotropically oriented. Additionally there is some evidence
for a very thin layer with reduced crystallinity at the
bottom of the film. For a thickness D smaller than about 60
nm, the oriented layer spans nearly the whole film and the
isotropic layer does not exist any more. In the following,
we will further elaborate and test this model.

As the scattering signal of the oriented surface layer Is
is much stronger than Ib around v � 0°, it is possible to
estimate the thickness of the oriented layer by a Scherrer
analysis of the (100) Bragg reflection measured in a
conventional h–2h diffractogram. Eq. (7) allows us to
deduce the crystalline thickness L100 in the vertical film
direction; it can be equated with the thickness of the

oriented layer ds. As shown for selected data sets in
Fig. 7, the width of the (100) Bragg reflection decreases
indeed with increasing film thickness D corresponding to
an increase of ds. A fit with a Lorentzian was used to
extract the peak position and peak width. Hereby the
finite resolution of the instrument was taken into account
and subtracted as described in Sec. II. The result is shown
in Fig. 6. For D # 60 nm the surface layer thickness
increases with D, for thicker films ds remains nearly
constant. Neglecting a possible very thin bottom layer
suggested by the AFM experiments, the thickness of the
bulk layer can be estimated with

db � D� ds : ð8Þ

All values are collected in Table II.
We further cross-checked the consistency of the values

obtained in this way for ds and db with a quantitative
analysis of the intensity of the two contributions to the
(100) pole figures shown in Fig. 4. The integrated
intensities scattered from the surface layer and from the
bulk layer were determined as

FIG. 6. The thickness of the surface layer as determined with the
Scherrer analysis for the SEP200 films on SiN (circles) and SiO2/Si
(triangles). The dashed line indicates the relation ds 5 D. The schematic
drawing visualizes the model of the vertically layered morphology in the
limit of thin (left) and thick films (right).

FIG. 7. Selected h–2h scans of melt-crystallized SEP200 films on SiN
in the range of the (100) Bragg reflection.

TABLE II. Results of the Scherrer analysis of the (100) Bragg
reflection for the SEP200 films on SiN. Film thickness D, Bragg angle
h100, FWHM of the (100) Bragg reflection before b100 and after b100S

correction for instrumental resolution, and thickness of the oriented
surface layer ds and the isotropic bulk layer db. For the thinnest film
(D 5 8 nm) no Bragg reflection could be detected.

Sample D/nm h100/° b100/mrad b100S /mrad ds/nm db/nm

SEP200

11 – – – – –

14 2.61 10.35 9.55 15 –

27 2.64 5.19 4.39 33 –

52 2.65 3.28 2.48 58 –

100 2.65 3.49 2.69 54 46
349 2.64 3.38 2.58 56 293
642 2.65 4.03 3.22 45 597

J. Balko et al.: Surface induced orientation and vertically layered morphology in thin films

J. Mater. Res., Vol. 32, No. 10, May 26, 20171964

D
ow

nl
oa

de
d 

fr
om

 h
tt

ps
://

w
w

w
.c

am
br

id
ge

.o
rg

/c
or

e.
 U

ni
ve

rs
ity

 o
f G

ro
ni

ng
en

, o
n 

01
 O

ct
 2

01
9 

at
 1

2:
27

:2
9,

 s
ub

je
ct

 to
 th

e 
Ca

m
br

id
ge

 C
or

e 
te

rm
s 

of
 u

se
, a

va
ila

bl
e 

at
 h

tt
ps

://
w

w
w

.c
am

br
id

ge
.o

rg
/c

or
e/

te
rm

s.
 h

tt
ps

://
do

i.o
rg

/1
0.

15
57

/jm
r.

20
17

.1
07

https://www.cambridge.org/core
https://www.cambridge.org/core/terms
https://doi.org/10.1557/jmr.2017.107


Js ¼
Z
Dv

Is vð Þ sin v dv ; ð9Þ

Jb ¼
Z þ90

�90
I vð Þ sin v dv� Js : ð10Þ

Here Dv is the range of Is. To separate the two con-
tributions for the thick films, we fitted Ib(v) with a fifth-
order polynomial in the range jvj . 30° and subtracted
the extrapolated polynomial from the measured values.
The analysis of the resulting integrated intensities is
shown in Fig. 8. As expected, Js increases proportionally
to the film thickness for D # 60 nm and levels off for
larger D (Figs. 8a–c). This result was found for both
substrates and is in full agreement with the result of the
Scherrer analysis shown in Fig. 6. A linear fit of Js(D)
extrapolates to zero intensity already at a finite thickness
dsub 5 5 nm, consistent with the assumption of a very
thin noncrystalline layer at the bottom of the film, as it

was suggested by the AFM results (Fig. 8c). For the thick
films, the intensity Jb scattered from the bulk layer also
increases with D [Figs. 8(a) and 8(b)]. Again, as Fig. 8d
shows, the result of the extrapolation to intensity zero is
consistent with the existence of an oriented surface layer
of finite thickness. For the analysis of the intensities
above, we neglected the correction for absorption and
polarization. This leads to only minor uncertainties for
the films with D ( 100 nm.25,47 For the thicker films
with D � 600 nm, we estimate the underestimation of the
intensity to less than 8%. The adjustment of the incident
angle, the background subtraction, and the separation of
Is(v) from Ib(v) is more critical. For the values of Ib in
Figs. 8(a)–8(d), we estimated a relative uncertainty of
13–18%.

E. Discussion

By combining AFM, GIWAXS, and XRD measure-
ments, we developed a comprehensive model for the
vertically layered morphology of P3HT films as it is
depicted in Fig. 6. Thin films with D # 60 nm consist
of highly oriented crystals with edge-on orientation.
Thicker films, on the other hand, exhibit below the
oriented surface layer an additional bulk layer with nearly
isotropic crystal orientation. Furthermore, we have some
evidence for a very thin layer at the substrate with a
thickness of a few nanometers only in which crystalliza-
tion is partially suppressed. Similar results were found
for both substrates, but it should be mentioned that they
seem limited to materials with higher molecular weights.
The low molecular weight material P3HT-3, which was
studied for comparison, showed the same edge-on orien-
tation but over the complete film also for higher thick-
nesses (see in Supplementary Material Figs. S8, S9, and
Table S2).

We propose that the observed vertically layered
morphology is caused by an effect similar to the effect of
surface freezing. Surface induced ordering of alkyl side
chains is known for poly(n-alkyl acrylates).14,15,17 It is
caused by a corresponding decrease in surface energy and
has also been proposed to happen for P3HT based on
simulations.56,74 We believe that in the case of P3HT
surface ordering couples to crystallization and that during
cooling from the melt the ordered side chains induce
oriented crystal growth with the a-axis perpendicular
to the surface. Since the p–p stacking direction is the
direction in which P3HT crystals grow the fastest, the
complete surface is quickly covered with crystallites by
growth within the plane of the film. Growth into the
vertical direction, i.e., the a-direction of the P3HT
crystals, is slower and finally stopped by encountering
competing crystals initiated by nucleation in the bulk of
the film. P3HT generally shows high nucleation densities
in crystal growth.69,75 We assume that similarly, for

FIG. 8. (a) and (b) Integrated intensities of the surface contribution Js(v)
(circles) and the bulk contribution Jb(v) (triangles) versus film thickness D
of the (100) pole figures for the SEP200 films on SiN (a) and SiO2/Si (b).
(c) Enlarged view for D # 80 nm (black—SiN, gray—SiO2/Si) showing
Js versus D in linear presentation. The dashed line is a linear fit for the
range D # 60 nm. (d) Linear presentation of Jb versus D. Again, the
dashed line corresponds to a linear fit.
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spin-coated films, the strong crystal orientation is rather
an effect induced by the surface than by the substrate.76,77

Of course for an unequivocal proof of crystallization
induced by surface freezing, it would be necessary to
perform in situ experiments at high temperatures which is
beyond the scope of the current paper.

A last remark concerns the question to what extent the
GIWAXS measurements shown above could be used
for a quantitative determination of the crystallinity in the
thin films. In a previous paper, we used fast scanning
calorimetry (FSC) to this end and could show that thin
film confinement leads to a reduced crystallinity for
P3HT.57 While the results presented here do not indicate
a strong effect of film thickness on crystallinity, the
analysis in Fig. 8 also shows that a quantitative compar-
ison of the intensities from films of different thicknesses
is connected with rather large experimental errors. A com-
parison with results from FSC measurements is further-
more difficult due to different thermal histories. The films
investigated by X-ray experiments at the synchrotron were
stored under ambient conditions for several days before the
measurement, i.e., the effective time available for crystal-
lization was much longer than that for the FSC samples.
A comparison of crystallinities determined by two dif-
ferent techniques remains therefore difficult and FSC is
certainly a much simpler approach to determine crystal-
linity. The morphology on the other hand can only be
obtained by X-ray analysis.

IV. CONCLUSIONS

Using grazing incidence X-ray diffraction with vari-
able incidence angle in combination with AFM and X-ray
diffraction on a series of P3HT films with different
thicknesses, we could show that the often encountered
dominant edge-on orientation of crystalline domains in
P3HT thin films is in fact surface induced and limited in
depth leading to a complex layered morphology for films
with a thickness above around 60 nm. We assume that the
observed surface induced orientation is related to surface
freezing as it is well known for alkanes and alkyl-
substituted amorphous polymers. However, a direct proof
of this mechanism would require additional in situ high
temperature GIWAXS measurements. Our finding is in
contrast to the often found assumption of a dominantly
substrate induced ordering. Given the fact that semi-
conductor polymers are often substituted with alkyl side
chains, the phenomenon might well be of relevance for
a broader class of materials than only the polymer P3HT.
Our work shows that in general to achieve full control
over crystal orientation in thin films of semicrystalline
polymers interactions with the substrate as well as with
the surface might have to be taken into account depend-
ing on the specific interaction of the polymers with both
interfaces. Given the anisotropic crystal structure and

optoelectronic properties, orientation control is relevant
for potential applications.
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