
pubs.acs.org/MacromoleculesPublished on Web 10/29/2009r 2009 American Chemical Society

Macromolecules 2009, 42, 9321–9324 9321

DOI: 10.1021/ma9019762

Vapor Phase Epitaxy of Perylo[1,12-b,c,d]thiophene on Highly Oriented
Polyethylene Thin Films

Shidong Jiang,†,‡ Hualei Qian,‡ Wei Liu,‡ ChunruWang,‡ Zhaohui Wang,*,‡ Shouke Yan,*,†,§

and Daoben Zhu‡

†State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology,
Beijing 100029, China, ‡Beijing National Laboratory for Molecular Sciences, Institute of Chemistry,
The Chinese Academy of Sciences, Beijing 100190, China, and §Key Laboratory of Molecular
Engineering of Polymers of Ministry of Education, Fudan University, Shanghai 200433, China

Received September 4, 2009; Revised Manuscript Received October 10, 2009

ABSTRACT: Epitaxial crystallization of PTH on highly oriented PE substrate from vapor phase has been
achieved. The epitaxial growth of PTHonhighly oriented PE substrate leads to the formation of lathlike PTH
crystals. The lathlike PTHcrystals exhibit well-ordered structurewith their long axes preferentially parallel to
the chain direction of the PE substrate crystals, while a small part of PTH lathlike crystals aligned with their
long axes perpendicular to the chain direction of the PE. Electron diffraction further demonstrates that the
epitaxial crystallization of PTHonorientedPE substrate results in an alignment of PTHwith the c- and b-axes
in the film plane. The c-axis of PTH is oriented either perpendicular, preferentially, or parallel, less frequently,
to the PE chain direction. The former originates from a two-dimensional lattice matching, while the latter is
based only on a one-dimensional intermolecular matching. The observed epitaxial growth provides an
effective way for preparing large area well-arranged PTH films with unique crystalline structure.

Introduction

Over the past decades, organic field-effect transistors (OFETs)
based on soluble conjugated oligomers or polymers have at-
tracted considerable attention.1-11 Enormous effort has been
devoted to improve the key performance parameters of OFETs,
such as carrier mobility, on/off ratio, and threshold voltage. It is
well-known that the performance of the organic materials de-
pends strongly on their molecular structure and spatial organiza-
tion. For example, polycyclic aromatic hydrocarbons (PAHs) are
known to be one of the most versatile and effective molecular
scaffolds for organic functional materials. Integrating a S atom
into the PAHs skeleton, as shown in left part of Figure 1,
produces perylo[1,12-b,c,d]thiophene (PTH), which is a new
class of semiconductive material. These molecules can be re-
gularly stacked along the b-axis with intermolecular distances of
3.47 Å (right part of Figure 1), which is different from the
sandwich herringbone packing of perylene crystal.12,13 In this
packingmanner, marked S...S short contacts (3.51 Å) were found
between the neighboring columns related by an inversion center.
This makes the material of excellent performance with a high
mobility up to 0.8 cm2V-1 s-1, comparable to that of polycrystal-
line silicon.14-16 It should be pointed out that the achieved high
mobility has beenmeasured by individual wire with single crystal
structure. Themobilitymeasured for spin-coating PTH thin films
is only 0.05 cm2 V-1 s-1.16 Therefore, increasing interest has been
seen in fabricating large-area well-defined thin films with unique
single crystal organization of semiconducting materials.17-21

It is well confirmed that epitaxy provides an effective way for
preparing well-defined thin films. It can control not only the
crystalline structure but also the crystal orientation of the
epitaxial materials. As examples, in the early 1980s, Lovinger22

has controlled the crystallization of PVDF from melt in its

piezoelectric and pyroelectric β-form at atmospheric pressure
through polymer epitaxy. Another example is the modification
modulation of melt-crystallized isotactic poly(1-butene) through
regulating the crystalline structure of the substrate polymers,
performed by Lotz et al.23,24 Therefore, a large number of
conjugated oligomers and polymers have been grown epitaxially
on the surface of inorganic single crystals for fabricating photo-
voltaic and electroluminescent devices.25-29 Also some efforts
have been made in the epitaxial growth of organic molecules on
highly oriented polymeric substrates.30-33 Actually, polymer
dielectrics are ideal because of their diverse properties, easy
film-forming, and tunable surface chemistry for controlling the
device critical interfacial trap state densities. Very recently,Marks
et al.34,35 reported a substantial enhancement in performance of
OFETs by fabricating the semiconductor/dielectric interfacial
properties through use of thin polymer films. Taking all these into
account, epitaxy on highly oriented polymeric substrates may
provide a highly promising way for fabricating large area well-
ordered thin films of semiconducting materials since large size
highly oriented polymer thin films can be easily obtained. Herein,
an example is presented to show the feasibility of preparing large
area well-ordered layers of PTH, asmodel system, via vapor phase
epitaxy on highly oriented polyethylene (PE) film.

The purpose of this paper is to present the detailed experi-
mental procedure and structural features of PTH crystallized on
highly oriented PE film from vapor phase. On the basis of the
results of electron microscopy observation and electron diffrac-
tion, the origin of the epitaxial crystallization of PTH on PE was
discussed. Also, the feasibility of epitaxy for preparing large area
well-ordered layers of PTH was confirmed through optical
microscopy observation.

Experimental Section

The perylo[1,12-b,c,d]thiophene (PTH) used in the present
work was synthesized according to a known procedure12 and
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purified by recrystallization and sublimation. High-density poly-
ethylene (PE), Lupolen 6021DX, was obtained from BASF AG
Ludwigshafen, Germany.

Highly oriented thin films of PE were prepared according to a
melt-draw technique introduced by Petermann and Gohil.36 As
shown inFigure 2, a small amount of 0.5wt%PExylene solution
was poured and uniformly spread on a preheated glass plate at
130 �C, where the solvent was allowed to evaporate. After
evaporation of the solvent, the remaining thin polymer melt on
the glass surface was then drawn up with the help of a motor-
driven cylinder at a drawing speed of ∼20 cm/s. The resulting
highly oriented films as indicated by a straight arrow, which are
30-50 nm in thickness and tens of centimeters in both lateral
directions, can be collected by a glass slide. For structural
analysis, the thin filmwas transferred onto copper grids and used
directly for transmission electron microscopy (TEM) observa-
tion.

Vapor phase epitaxial crystallization of PTH on highly or-
iented PE thin films was realized through a homemade vacuum
evaporation device. In this procedure, as shown in Figure 3, the
powder of PTHwas loaded ina ceramicboat,whichwasplacedat
the center of a quartz tube inserted in a horizontal tube furnace.
Flat micaceous substrate covered by uniaxially oriented thin PE
film was placed near the ceramic boat in the quartz tube. The
ceramic boat was at the high-temperature zone, while the sub-
strate was at the low-temperature zone. When the pressure in the
quartz tube reached ca. 4 Pa, the furnace temperature was
increased to 130 �C at a rate of 0.2 �C/s and then kept at that
temperature for 5 min to prepare the TEM sample and 15 min to
prepare the optical microscopy samples. Finally, the temperature
was allowed todescend to roomtemperature. The preparedPTH/
PE double-layered thin films were either used directly for optical
microscopy observation or floated onto the surface of distilled
water and mounted onto 400 mesh copper grids for TEM
observation.

To disclose the epitaxial relationship between PTH and PE, a
JEOL J-2010 TEM operated at 200 kV was used in this study.
Bright-field (BF) electron micrographs were obtained by defocus
of the objective lens. To minimize radiation damage by the
electron beam, focusing was carried out on an area, then the
specimen filmwas translated to its adjacent undamaged area, and
the image was recorded immediately. For optical microscopy
observation, an Olympus BH-2 optical microscope was used in
this study. The optical micrograph presented here was taken
under crossed polarizers.

Results and Discussion

Figure 4 shows a phase-contrast bright field (BF) electron
micrograph and its corresponding electron diffraction (ED)
pattern of the highly oriented PE thin films. The arrow in the
micrograph indicates the drawing direction during film prepara-
tion. In the phase-contrast BF image, the bright lines represent
the amorphous regions, while the dark areas between the bright
lines are the high-density crystalline lamellar regions; i.e., the PE
crystals appear black. From the BF image of the PE film
(Figure 4a), it can be clearly seen that the obtained PE substrate
film consists indeed of highly oriented lamellar structure with the
lamellae arranged perpendicular to the drawing direction. On
the electron diffraction pattern (Figure 4b), which is given in the
same orientation as the BF image, the appearance of sharp and
well-defined reflection spots further confirms the high orientation
of the PE films. The alignment of the (002) diffraction spots in the
equatorial direction reflects an orientation with their chain axes
oriented in the film plane and along the drawing direction. The
appearance of strong (020) and weak (110) reflections but
disappearance of the (200) reflections indicates a preferred
orientation of the b-axis in the film plane.

Figure 5 shows the representative phase contrast BF images
and corresponding electron diffraction patterns of PTH crystal-
lized on the aforementioned highly oriented PE thin films. The
diffraction patterns are given in the same orientation as the
BF images, and the chain directions of the PE substrates are

Figure 1. Chemical structure and crystal packing view of PTH.

Figure 2. A sketch showing the melt-draw procedure of the PE sub-
strate. The arrow in the bottom part indicates the thin PE melt on the
glass surface. The straight arrow indicates the produced highly oriented
PE thin film.

Figure 3. A sketch of a homemade vacuum evaporation device. The
PTH powder is placed at the center of a quartz tube inserted in a
horizontal tube furnace as indicated by a long arrow,while the substrate
PE film is placed in the left side of the ceramic boat in the quartz tube.

Figure 4. (a) BFelectronmicrographof amelt-drawhighly orientedPE
film and (b) its corresponding ED pattern. The ED pattern is given in
the same chain orientation as indicated by a black arrow.
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indicated by the white arrows in both Figures 5a,b. As shown in
Figure 5a, the PTHcrystals grow as black long lathswithwidthof
a few hundreds of nanometers to micrometers. These PTH
crystalline laths align mainly parallel to the chain direction of
the PE substrate film and exhibit relatively smooth facets. More-
over, there are small domains, as indicated in Figure 5b, in which
some PTH crystalline laths possess an orientation perpendicular
to the chain direction of the PE substrate crystals. The preferred
orientation of the PTH crystals grown on the oriented PE
substrate suggests the occurrence of molecular epitaxy of PTH
on the PE substrate. To disclose the epitaxial relationship
between PTH and PE, electron diffractions for mutual orienta-
tion analysis were taken at different areas of the sample. Figure 5c
shows the electron diffraction pattern taken at an area with
parallel orientation. It shows well-defined sharp reflection spots.
This unambiguously indicates the occurrence of epitaxial crystal-
lization of PTH on PE oriented film, which results in the well-
ordered electron diffraction pattern. The electron diffraction
pattern taken in an intersection area with PTH crystals either
perpendicular or parallel to the chain direction of PE film, as
indicated by a circle, is shown inFigure 5d.With close inspection,
one can find that the electron diffraction pattern of PTH crystals
is actually composed of two identical diffraction sets with one of
them rotated 90� about the incident beam compared to the other
one. This makes the diffraction pattern very complicated and the
intensities of each PTH reflection spot reduced remarkably. For
simplification, a single diffraction set of the lathlike PTH crystals
oriented along the PE chain direction has been analyzed. Actu-
ally, the diffraction pattern contributed by the PTH crystals has a
close resemblance with the one simulated by using Cerius2

program along the [100] direction according to a monoclinic unit
cell with parameters a=1.6921 nm, b=0.45252 nm, c=1.7898
nm, and β=112.655�,12 as presented in Figure 6a. Therefore, all
of the sharp reflection spots contributed by PTH crystals can be
accounted for by a monoclinic unit cell proposed in ref 12. A
sketch corresponding to the electron diffraction pattern shown
in Figure 5c with some reflections being indexed is shown in
Figure 6b, in which the reflections coming from the PTH crystals
are presented in solid spots while those coming fromPE substrate
crystals presented as hollow ellipses. From Figure 6b, it can be
clearly seen that in this orientation the b- and c-axes of PTH

crystals are in the film plane with b-axis along the chain direction
of PE. Hereby, in the other set of PTH diffraction, a 90� rotation
leads to a parallel alignment of both c-axes for PTH and PE.

The above electron microscopy observation combined with
electron diffraction indicate that the PTH can crystallize epitaxi-
ally from the vapor phase on the highly oriented PE substrate
with its c-axes either perpendicular or parallel to the c-axis of PE
crystals and the (100) lattice plane in contact with the PE
substrate. This provides an effective pathway for fabricating
well-ordered thin films of PTH with unique single crystal orga-
nization.

According to the above observed results, two aspects, i.e., (i)
the origin of epitaxial growth of PTH on the PE substrate and (ii)
the feasibility of epitaxy for preparing large area two-dimensional
well-ordered films of PTH, should be clarified here. First of all,
epitaxial crystallization is a widespread and much investigated
phenomenon. Enormous studies on heterogeneous polymer
epitaxies lead to an understanding of them at the molecular
level.37 It is generally accepted that the occurrence of epitaxy is
based on some certain crystallographic matches, e.g., a coinci-
dence of unit-cell dimensions. Therefore, themismatching, some-
times refers also as disregistry or discrepancy, between atomic or
molecular spacing is commonly considered, and a 15% disreg-
istry is assumed to be the upper limit for the occurrence of the
epitaxial growth. For the present case, by comparing the lattice
parameters of PTH (a=1.6921 nm, b=0.452 52 nm, c=1.7898
nm, and β = 112.655�) with the orthorhombic unit cell of PE
(a = 0.74 nm, b = 0.494 nm, and c = 0.2534 nm), matches
between the (020)PTH and (001)PE lattice planes canbe foundwith
a discrepancy of 10%. Also, the interplanar distance of (004)PTH
matches the interchain distance of PE in both [010] and [110]
directions very well. The mismatchings along the [010]PE and
[110]PE are 9% and 7%, respectively. Therefore, the observed
most preferential orientation with the b- and c-axes of PTH
crystals in film plane, and the b-axis along the chain direction of
PE should rest on a two-dimensional lattice matching. As for the
other orientation, one can find a one-dimensional matching
between the intermolecular distances along b-axes of both PTH
and PE crystals with discrepancy of 8%, well below the upper
limit. Moreover, in this case, taking the almost planar molecular
feature of PTH (see Figure 7a) into account, a common b-axes
alignment results in a stagger parallel stacking of the molecular
planes of both PTH and PE, as sketched in Figure 7b. This may
decrease the interface free energy of the interacting pair. As a
result, this one-dimensionalmatching also leads to the occurrence
of the less pronounced epitaxial crystallization of PTH on the
oriented PE crystals with c-axes of them parallel.

To find out the feasibility of epitaxy for preparing large area
two-dimensional well-ordered films of PTH, overview of the
whole sample via optical microscope, which offers relatively
larger area ordered structure, has been performed. Similar

Figure 5. (a, b) BF electron micrographs of the PTH crystallized on
highly oriented PE film; (c, d) corresponding electron diffraction
patterns taken in different areas. The chain orientation of the PE
substrate is indicated by two arrows, while the ED pattern is given in
the same chain orientation as BF images.

Figure 6. (a) Simulated diffraction pattern of the PTH single crystal
along the [100] direction. (b) Sketch showing the electron diffraction
pattern shown in Figure 4c.
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oriented structure was found over the whole sample in the
centimeter scale. Figure 8 shows a representative optical micro-
graph of the PTH crystallized on the PE oriented film. It can be
seen that most of the rodlike PTH crystals align with their long
axis preferentially along the PE chain direction, while some of
them orient incidentally in the direction perpendicular to the PE
chains. The lengths of the close packed rodlike PTH crystals are
of hundreds of micrometers. It should be pointed out that there
are very few crystals exhibit another orientation. These may be
caused by an overgrowth on the first layer of crystals considering
the long time vapor deposition. The optical microscopic observa-
tion clearly confirms the feasibility of epitaxy for preparing large
area two-dimensional well-ordered films of PTH.

Conclusion

In summary, crystallization of PTH on highly oriented PE
substrate from vapor phase has been studied by optical micro-
scopy and TEM combined with electron diffraction. It is found
that the PTH can grow epitaxially on the highly oriented PE
substrate and form lathlike crystals. The lathlike PTH crystals
exhibit well-ordered structure with their long axes preferentially
parallel to the chain direction of the PE substrate crystals. There
are some PTH laths aligned with their long axes perpendicular to
the chain direction of PE. Electron diffraction confirms the
occurrence of epitaxy of PTH on the PE substrate. The epitaxial
crystallization results in an alignment of PTH with the c- and b-
axes in the film plane. The c-axis of PTH is oriented either
perpendicular, preferentially, or parallel, less frequently, to the
PE chain direction. The former is explained in terms of a two-
dimensional lattice matching, while the latter is based only on a
one-dimensional intermolecular matching with likely an energe-
tically favorable packing. The observed epitaxial alignment of
PTH is found to cover the whole PE film uniformly, indicating

the feasibility for preparing large area well-arranged films of
semiconducting materials.

Acknowledgment. The financial support of the National
Natural Science Foundations of China (No. 50973008 and
50773088) and the 973 program of China (No. 2006CB932101)
is gratefully acknowledged.

References and Notes

(1) Nelson, S. F.; Lin, Y. Y.; Gundlach, D. J.; Jackson, T. N. Appl.
Phys. Lett. 1998, 72, 1854.

(2) Katz, H. E.; Dodabalapur, A.; Bao, Z. Oligo- and Polythiophene-
Based Field-Effect Transistors; Wiley-WCH: Weinheim, 1998.

(3) Sirringhaus, H.; Kawase, T.; Friend, R. H.; Shimoda, T.;
Inbasekaran, M.; Wu, W.; Woo, E. P. Science 2000, 290, 2123.

(4) Rogers, J. A. Science 2001, 291, 1502.
(5) Dimitrakopoulos, C. D.; Malenfant, P. R. L. Adv. Mater. 2002,

14, 99.
(6) Katz, H. E. Chem. Mater. 2004, 16, 4748.
(7) Sirringhaus, H. Adv. Mater. 2005, 17, 2411.
(8) Newman, C. R.; Frisbie, C. D.; da Silva Filho, D. A.; Bredas, J. L.;

Ewbank, P. C.; Mann, K. R. Chem. Mater. 2004, 16, 4436.
(9) Facchetti, A.; Yoon, M. H.; Marks, T. J. Adv. Mater. 2005, 17,

1705.
(10) Reese, C.; Bao, Z. J. Mater. Chem. 2006, 16, 329.
(11) Sun, Y.; Liu, Y.; Zhu, D. J. Mater. Chem. 2005, 15, 53.
(12) Rogovik, V. I. J. Org. Chem. (USSR) 1974, 10, 1072.
(13) Santos, I. C.; Almeida,M.;Morgado, J.; Duarte,M. T.; Alc�acer, L.

Acta Crystallogr. 1997, C53, 1640.
(14) Lin, Y. Y.; Gundlach, D. J.; Nelson, S. F.; Jackson, T. N. IEEE

Electron Device Lett. 1997, 18, 606.
(15) Klauk, H.; Halik, M.; Zschieschang, U.; Schmid, G.; Radlik, W.;

Weber, W. J. Appl. Phys. 2002, 92, 5259.
(16) Sun, Y.; Tan, L.; Jiang, S.; Qian, H. L.; Wang, Z. H.; Yan, D. W.;

Di, C. A.; Wang, Y.; Wu, W. P.; Yu, G.; Yan, S. K.; Wang, C. R.;
Hu, W. P.; Liu, Y. Q.; Zhu, D. B. J. Am. Chem. Soc. 2007, 129,
1882.

(17) Forrest, S. Chem. Rev. 1997, 97, 1793.
(18) Moggio, I.; Le Moigne, J.; Arias-Marin, E.; Issautier, D.; Thierry,

A.; Comoretto, D.; Dellepiane, G.; Cuniberti, C. Macromolecules
2001, 34, 7091.

(19) Noh, Y. Y.; Kim, J. J.; Yishida, Y.; Yese, K. Adv. Mater. 2003, 15,
699.

(20) Eremtchenko,M.; Bauer, D.; Schaefer, J. A.; Tautz, F. S. J.Mater.
Res. 2004, 19, 2028.

(21) Shea, P. B.; Chen, C.; Kanicki, J.; Pattison, L. R.; Petroff, P.;
Yamada, H.; Ono, N. Appl. Phys. Lett. 2007, 90, 233107.

(22) Lovinger, A. J. Polymer 1981, 22, 412.
(23) Kopp, S.; Wittmann, J. C.; Lotz, B. Polymer 1994, 35, 908.
(24) Kopp, S.; Wittmann, J. C.; Lotz, B. Polymer 1994, 35, 916.
(25) S€ohnchen, S.; Lukas, S.; Witte, G. J. Chem. Phys. 2004, 121, 525.
(26) Lukas, S.; S€ohnchen, S.; Witte, G.; W€oll, C. Chem. Phys. Chem.

2004, 5, 266.
(27) Sadowski, J. T.; Nagao, T.; Yaginuma, S.; Fujikawa, Y.;

Al-Mahboob, A.; Nakajima, K.; Sakurai, T.; Thayerb, G. E.;
Tromp, R. M. Appl. Phys. Lett. 2005, 86, 073109–1.

(28) Thayer, G. E.; Sadowski, J. T.; Meyer zu Heringdorf, F.; Sakurai,
T.; Tromp, R. M. Phys. Rev. Lett. 2005, 95, 256106.

(29) Kiyomura, T.; Nemoto, T.; Yoshida, K.; Minari, T.; Kurata, H.;
Isoda, S. Thin Solid Film 2006, 515, 810.

(30) Guo, D.; Sakamoto, K.; Miki, K.; Ikada, S.; Saiki, K. Phys. Rev.
Lett. 2008, 101, 236103.

(31) Prelipceanu, M.; Tudose, O. G.; Prelipceanu, O. T.; Schrader, S.;
Grystsenko, K. Mater. Sci. Semicond. Process. 2007, 10, 24.

(32) Brinkmann, M.; Pratontep, S.; Chaumont, C.; Wittmann, J. C.
Macromolecules 2007, 40, 9420.

(33) Kang, S. J.; Noh, Y. Y.; Baeg, K. J.; Ghim, J.; Park, J. H.; Kim,
J. S.; Park, J. H.; Cho, K. Appl. Phys. Lett. 2008, 92, 052107–1.

(34) Yoon, M. H.; Kim, C.; Facchetti, A.; Marks, T. J. J. Am. Chem.
Soc. 2006, 128, 12851.

(35) Kim, C.; Facchetti, A.; Marks, T. J. Science 2007, 318, 76.
(36) Petermann, J.; Gohil, R. M. J. Mater. Sci. 1979, 14, 2260.
(37) Gohil, R. M.; Petermann, J. Polymer 1981, 22, 1612.

Figure 7. (a) Chemical structure of PTH and (b) its arrangement on PE
substrate with common b-axis orientation.

Figure 8. Optical micrograph taken from a PTH/PE double-layered
thin film under crossed polarizers. The arrow indicates the molecular
chain direction of PE.


