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Photoluminescence (PL) is an important optical phenomenon
that has been widely studied for the development of light-
based applications, including displays,[1] lasers,[2] sensors,[3]

and biotags.[4] Traditionally, PL has been studied for ensemble
organic [5] and inorganic compounds in solution,[6] and solid-
state inorganic semiconductors that possess direct band-gap
energies corresponding to visible-light wavelengths.[7, 8] Inter-
est has recently moved to the PL activity of low-dimensional
inorganic and organic conducting or semiconducting materi-
als toward developing applications in flexible and cost-
effective optical[9–11] and optoelectronic devices.[12, 13] PL
activity of geometrically well-defined organic molecular and
polymeric structures has been of particular interest owing to
their recently demonstrated optical-waveguiding[14, 15] and
lasing properties.[16]

For ensemble organic molecular systems in solution, the
local arrangement of molecules in the solvent affects their
ability to absorb light [17] as well as their corresponding PL
properties, as demonstrated in the case of various
H-aggregate and J-aggregate systems.[18, 19] Such PL that is
dependent on the molecular arrangement, might also be
a property of low-dimensional organic structures because
many low-dimensional materials frequently have well-defined
crystal planes in which unit molecules are arranged in
a regular fashion with specific orientations. Therefore, the
arrangement of molecules in a particular crystal plane could
affect the overall PL process, and ultimately the overall
quantum yield of PL.

To examine the influence of crystal planes of low-dimen-
sional organic crystals on their PL properties, it is necessary to

have access to a series of crystals of the same crystal structure,
but of different crystal geometry. Although the influence of
the crystal planes of inorganic crystals on their chemical
properties has recently been reported, for example, the face-
selective electrostatic adsorption of non-zinc complexes on
ZnO nanowires[20] and the surface-dependent photoreactivity
of anatase TiO2 crystals,[21] very little is known about the
influence of the crystal planes of organic crystals on their
properties, mainly because of the lack of synthetic methods
for obtaining homogeneous organic crystals in various geo-
metries.

We have recently reported that highly conjugated mole-
cules can be crystallized into low-dimensional structures with
various geometrical shapes, such as m-aminobenzoic acid
helical nanobelts,[22] C60 hexagonal disks,[23] tetra(4-pyridyl)-
porphyrin rectangular nanotubes,[24] and copper hexadeca-
fluoro-phthalocyanine (F16CuPc) nanoribbons[25] by a physical
vapor growth process in a horizontal system;[26] this process is
also known as the vaporization–condensation–recrystalliza-
tion (VCR) process. The VCR process can also be used for the
preparation of organic crystals of homogeneous structure in
various geometries because the key growth parameters of the
process, such as precursor temperature (Tp), substrate tem-
perature (Ts), and flow rate, can be fine tuned. Herein, we
report the use of the VCR process for the selective synthesis
of pentacene 1D wires and 2D disks, which exhibit an
unprecedented crystal-plane-dependent PL activity.

Geometrically well-defined pentacene 1D wires and
2D disks were selectively synthesized using the VCR process
at two different precursor temperatures (Figure 1a). Penta-
cene 1D wires and 2D disks were obtained at Tp = 350 8C and
325 8C, respectively, on a Si(100) substrate after a reaction
time of 15 minutes (Figure 1 b and c). Most of the pentacene
1D wires had a rectangular cross-section with an approximate
average width of 600 nm and an average thickness of 200 nm.
The average length of the 1D wires was approximately 10 mm,
although significantly longer wires (over 100 mm) were also
observed. The pentacene 2D disks generally had a round
shape with an average thickness of approximately 100 nm.
The diameter of the disks varied quite widely from 2 to 10 mm.
AFM images of a 1D wire and a 2D disk with a thickness of
250 and 100 nm, respectively, are shown in the insets of
Figure 1b and c.

The crystal structures of pentacene 1D wires and 2D disks
were characterized in detail using X-ray diffraction (XRD;
see the Supporting Information, Figure S1) and selected-area
electron diffraction (SAED; Figure 1d and e). The SAED
and XRD data confirmed that both the pentacene 1D wires
and 2D disks are single crystals of high crystallinity: the
SAED pattern exhibited well-defined individual electron
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diffraction spots rather than circular lines, and the XRD
pattern exhibited sharp peaks. Both the pentacene 1D wires
and 2D disks had triclinic crystal structures. Their powder
XRD patterns matched well with that of the previously
reported bulk pentacene single crystals grown by the vapor-
transport method at 550 K, in that all the patterns showed
intense diffraction peaks from the {001} planes.[27] One
important feature of the diffraction pattern of the 1D wires
is the presence of a (010) peak, a feature, which has not been
reported in any other previously reported forms of pentacene.
The presence of the (010) plane is critical for the PL, which is
only observed in the case of pentacene 1D wires (see below
for a detailed explanation). The SAED patterns of pentacene
1D wires and 2D disks confirm that pentacene 1D wires grow
along the [100] direction, and that the main planes of
pentacene 1D wires and 2D disks are (010) and (001),
respectively (Figure 1 d and e).[28]

The Tp value determines whether pentacene 1D wires or
2D disks are formed (see the Supporting Information,
Figure S2). Whereas 2D disks were formed at temperatures
below 330 8C, 1D wires were dominantly formed at higher
temperatures (above 350 8C). The change in crystal morphol-
ogy occurs in the Tp region between 325 and 350 8C, in which

a gradual decrease in 2D disk population with a corresponding
increase of the 1D wire population is clearly observed as the
temperature rises.

It has been perceived that pentacene, like tetracene and
anthracene, crystallizes as film-type 2D structures,[29, 30] which
is the equilibrium crystal shape (ECS) of pentacene.[31] It is
therefore quite remarkable that we have shown that penta-
cene molecules can crystallize selectively into two distinct
geometries, 1D wires and 2D disks, crystal forms that are
generated at Tp values that differ by only 25 8C.

To investigate the growth process in more detail, the
samples were allowed to grow for various lengths of time (see
the Supporting Information, Figure S3). Under the optimized
conditions for the growth of pentacene 1D wires (Tp = 350 8C
and Ar flow rate = 60 sccm), 2D disks were formed at an early
stage (< 5 minutes). After longer growth times (� 10 min),
1D wires were found to have grown out of the 2D disks, in
a direction normal to the (100) edge planes (see the
Supporting Information, Figures S3a and c). After even
longer growth times (> 15 minutes), only 1D wires were
observed, thus suggesting the 2D disks had been converted
into 1D wires. At a Tp value of 325 8C, only 2D disks are
formed in all examined growth times (see the Supporting
Information, Figure S3b). These observations imply that
1D wires are formed by continuous crystal growth along the
[100] direction of 2D disks (i.e., normal to the (100) plane in
the ECS of pentacene), a process in which (010) planes are
formed parallel to the wire growth axis (see the Supporting
Information, Figure S3c). Thus, the successful outgrowth of
1D wires from the (100) plane of pentacene 2D disks indicate
that the thermal energy that is equivalent to 350 8C is enough
to overcome the surface energy barrier of the (010) plane
(6.4 meV��2) so that the wires can grow out of the (100) or
(001) planes, which have surface energies of 4.8 and
3.1 meV��2, respectively.[31]

One remarkable difference between pentacene 1D wires
and 2D disks is their PL activity. The absorption spectra of
pentacene 1D wires exhibit four well-resolved absorption
peaks at 535, 576, 625, and 661 nm (Figure 2a, black line). The
first two peaks (535 and 576 nm) are attributed to the
transition between the S0,0 state (ground electronic state with
v = 0) to the S1,1 state (first excited electronic state with v = 0),
and the last two peaks (625 and 661 nm) are attributed to the
transition S0,0!S1,0. There are two peaks for each transition;
the doubling originates from the Davydov splitting of the
excited vibrational states, a phenomenon that is observed in
crystalline structures.[32, 33] A similar absorption pattern is
observed for the pentacene 2D disks (Figure 2a, red line), but
the overall absorbance is significantly lower than that of the
pentacene 1D wires. The PL spectrum of pentacene 1D wires
exhibits very strong well-resolved fluorescence peaks (lex =

355 nm) between 560 and 750 nm (Figure 2d, black line); the
PL of the 2D disks is negligible (Figure 2d, red line). It should
be noted that such an intense and highly resolved PL
spectrum has not been reported in the case of pentacene
thin films and pentacene crystals. Interestingly, another group
of four well-resolved PL peaks appear in the region of 400–
500 nm, a feature that is unprecedented and requires further
in depth studies. The remarkable difference in the PL proper-

Figure 1. Synthesis and structure of pentacene 1D wires and 2D disks.
a) Schematic view of the use of the vaporization–condensation–
recrystallization (VCR) process for the synthesis of pentacene 1D wires
and 2D disks. b) and c) SEM images of pentacene 1D wires and
2D disks, respectively (scale bar: 5 mm). The insets are AFM images of
representative pentacene 1D wires and 2D disks with height profiles.
d) and e) Selected-area electron diffraction (SAED) pattern images of
pentacene 1D wires and 2D disks depicting zone axes of [010] and
[001] for 1D wires and 2D disks, respectively. The insets are the
corresponding TEM images (scale bars: d) 2 mm and e) 500 mm).
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ties between pentacene 1D wires and 2D disks is again
apparent in their fluorescence microscope images (lex =

330–380 nm and lem = 420 nm with a long-pass filter).
Whereas pentacene 1D wires show intense PL, pentacene
2D disks show almost no PL (Figure 2 b and c). The PL
images taken from individual pentacene 1D wires (Figure 2 e)
and 2D disks (Figure 2 f) further emphasize the fact that PL
activity is only observed in pentacene 1D wires. The parallel
contacts of 1D wires and 2D disks on substrates were
confirmed by SEM images taken at a tilt angle of 458 (see
the Supporting Information, Figure S4).

Considering that the main crystal plane of pentacene
2D disks is (001) and that of the 1D wires is (010), the
dramatic difference in PL between 1D wires and 2D disks can
be attributed to the alignment of pentacene molecules on
each crystal plane relative to the direction of incident light.
This phenomenon has been previously demonstrated by the
optical absorption and emission processes in self-assembled
molecular arrays such as a-sexithiophene[34] and in single
crystals of thiophene and phenylene.[35] The key factor that
determines the PL activity in these cases is the orientation of
the dipole moment of arrayed molecules relative to the
direction of the electric-field component of the incident light.
That is, if the electric field of incident light is parallel to the
dipole moment of arrayed molecules, the transition dipole
moment becomes non-zero, and thus PL is maximized with
a high absorption cross section.[36] In the case of pentacene
1D wires and 2D disks, pentacene molecules have signifi-
cantly different arrangements on (010) and (001) planes
(Figure 3). A dipole moment along the long axis of pentacene

is induced by incident
light (Figure 3a).[37] As
a result of the way the
pentacene molecules
are packed (Figure 3b),
the induced dipole
moment of the array of
pentacene molecule in
the (010) plane is
almost parallel (188) to
the electric field of inci-
dent light (Figure 3c).
On the other hand, in
the (001) plane the
induced dipole
moment of the arrayed
pentacene molecules is
almost normal (728) to
the direction of the
electric-field compo-
nent of incident light
(Figure 3d). Therefore,
the absorption of light
in the (010) plane is
maximized and should
exhibit strong PL. Also,
the absorption of light
in the (001) plane is
weak and should

Figure 2. PL activity of pentacene 1D wires and 2D disks. a) Absorption spectra of pentacene 1D wires (black) and
2D disks (red). The inset shows the energy-level diagram for excitonic states of pentacene 1D wires. b) and
c) Fluorescence microscope images (low magnification) of as-grown pentacene 1D wires and 2D disks, respectively
(scale bar: 100 mm). Insets are the corresponding bright-field optical microscope images (scale bar: 200 mm).
d) PL spectra of pentacene 1D wires (black) and 2D disks (red). The inset is an enlarged PL spectrum of pentacene
2D disks. e) and f) PL images of individual pentacene 1D wires and 2D disks, respectively (scale bars: e) 10 mm
and f) 5 mm). The corresponding bright-field optical microscope images are shown as insets (scale bars: inset of
e) 10 mm and inset of f) 5 mm). The dotted lines in f) indicate the positions of pentacene 2D disks. The excitation
wavelength is 330–380 nm, and the irradiation time is 500 ms.

Figure 3. The mechanism for the crystal-plane-dependent PL activity.
a) Main crystal planes of pentacene 1D wires and 2D disks, and the
induced dipole moment in pentacene. b) Model of the triclinic crystal
structure of pentacene. c) Interaction between the dipole moment of
pentacene induced in the (010) plane and the electric field of incident
light. d) Interaction between the dipole moment of pentacene induced
in the (001) plane and the electric field of incident light.
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exhibit weak PL. This predic-
tion was confirmed experi-
mentally through the absorp-
tion spectra (Figure 2a). We
confirmed that an equal
number of pentacene mole-
cules contributed to the
absorption spectra of the
1D wires and 2D disks by com-
paring the absorbance of the
solutions of dissolved 1D wires
and 2D disks to those of sol-
utions of calibrated reference
concentrations (see the Sup-
porting Information, Fig-
ure S5).

Both pentacene 1D wires
and 2D disks have (001)
planes, but only the 1D wires
have a (010) plane. 1D wires
can lie on the substrate in two
ways: the 1D wire can lie on
the substrate with the (010)
plane or the (001) plane paral-
lel to the substrate surface.
Therefore, pentacene
1D wires should only exhibit
PL when they lie in such a way
that the (010) plane is normal
to the incident light. To prove
this, we performed TEM and
SAED experiments correlated
with PL imaging: 1D wires were transferred onto a TEM grid
by stamping; for each stamped wire, the identity of the crystal
plane that was parallel to the grid was determined using
SAED; the wires were then imaged using a fluorescence
microscope (Figure 4). The data showed that only those
1D wires with (010) planes parallel to the substrate were PL
active (Figure 4a–c; PL active wire indicated using a yellow
arrow). On the other hand, the 1D wires that were PL inactive
were found to lie with their (001) planes parallel to the
substrate (4 d–f; PL inactive wire indicated using a yellow
arrow); this situation is identical to when a 2D disk lies on
a substrate (Figure 4g–i).

The crystal-plane-dependent PL activity described herein
is distinct from recently reported crystallization- or aggrega-
tion-induced emission enhancement, such as the enhance-
ment in PL from single crystalline C60 disks[23] and C70

cubes,[38] or the PL from amorphous hexaphenylsilole aggre-
gates[39] and 1-cyano-trans-1,2-bis(4’-methylbiphenyl)ethy-
lene;[40] these examples do not show crystal-plane-dependent
PL.

We then examined the effect of crystal-plane-dependent
PL activity on the photoresponse of a pentacene 1D wire
device. The pentacene 1D wire devices were fabricated by
dispersing free-standing pentacene 1D wires on a SiO2/Si
substrate, upon which Au/Cr source and drain electrodes were
pre-patterned (Figure 5a). Two different types of devices
were fabricated: one having pentacene 1D wires with the

(010) plane parallel to the substrate (Figure 5b), and the
other one with the (001) parallel to the substrate (Figure 5c).
Before measuring the photoresponse, the PL activity associ-
ated with each crystal plane was confirmed using a fluores-
cence microscope (Figure 5b and c, inset images). The
PL active 1D wire device exhibited an approximate fourfold
increase in photocurrent upon its illumination with UV light
(lex = 365 nm) under constant bias voltage (VSD = 10 V;
Figure 5d); the PL inactive 1D wire device exhibited a negli-
gible change in current upon its illumination with UV light
(Figure 5e). This result implies that the photoelectric activity
of pentacene crystals is highly dependent on the types of
crystal planes that are present in the crystal as well as the
alignment of the crystal planes relative to the direction of
incident light.

In summary, we have demonstrated the crystal-plane-
dependent PL activity of pentacene 1D wires and 2D disks,
the crystal structures of which are identical. The pentacene
1D wires and 2D disks were selectively synthesized using the
VCR process at different Tp values. The PL activity of
pentacene crystals was highly dependent on its geometry,
which determines the specific crystal plane that interacts with
the incident light. Pentacene 1D wires that possessed (010)
and (001) planes exhibit strong PL when the light beam is
normal to the (010) plane. On the other hand, no PL is
detected when the light beam is normal to the (001) planes of
both pentacene 1D wires and 2D disks. The crystal-plane-

Figure 4. Results of TEM and SAED experiments with correlated PL imaging. a)–c) TEM, PL, and SAED
pattern images, respectively, of a pentacene 1D wire in which the (010) plane is parallel to the substrate.
d)–f) TEM, PL, and SAED pattern images, respectively, of a pentacene 1D wire in which the (001) plane is
parallel to the substrate. g)–i) TEM, PL, and SAED pattern images, respectively, of a pentacene 2D disk in
which the (001) plane is parallel to the substrate. The objects indicated by yellow arrows are the examined
samples (scale bars: a), b), d), e), g), and h) 10 mm; insets of c), f), and i) 2 mm).
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dependent PL is attributed to the arrangement of pentacene
molecules in the (010) and (001) planes; the level of
absorption of incident light is determined by the orientation
of the direction of the electric field of the incident light
relative to the direction of the dipole moment of pentacene
that is induced within each plane. It was also demonstrated
that such a crystal-plane-dependent PL activity strongly
affects the optoelectronic performance of pentacene-based
devices; pentacene 1D wire devices showed a strong photo-
response when the (010) crystal plane was normal to the beam
of incident light.

Experimental Section
Synthesis of pentacene 1D wires and 2D disks: Pentacene powder
(5 mg, 99.9%, purchased from Sigma Aldrich and used without
further purification) and a small piece of silicon wafer were placed in
the middle and at the end of a quartz tube, respectively. The quartz
tube was then placed into a horizontal heating-tube furnace, in such
a way that the pentacene powder was located at the center of the
heating furnace (Figure 1a). After flushing the tube with Ar gas
(99.999%) for 10 min, the quartz tube was heated from room
temperature to the designated precursor temperature (Tp), 350 8C for
the 1D wire or 325 8C for the 2D disk, under an atmosphere of Ar;
once the designated precursor temperature (Tp) was reached, the
system was allowed to remain at that temperature for 15 min. For the
growth mechanism studies, the growth was allowed to take place for
various lengths of time (1, 5, 10, 15, and 20 min) and at various

precursor temperatures (between 300 and 400 8C with intervals of
25 8C, and between 325 and 350 8C with intervals of 5 8C).

Structure characterization: The morphology of pentacene crys-
tals, their growth direction, and their zone axes were characterized by
scanning electron microscopy (SEM, JEOL, JSM-7410F) and trans-
mission electron microscopy (TEM, Carl Zeiss, EM 912 omega). X-
ray diffraction data were obtained from the 5C2 beamline at Pohang
Accelerator Laboratory (PAL).

Photoluminescence spectroscopy and imaging: The sample was
excited using a laser (Crystal GmbH, 355 nm) and the resultant
fluorescence signal was collected by a parabolic mirror, dispersed by
a monochromator (Acton research, spectrapro300i), and detected
with a charge-coupled device detector (Roper scientific, RTE/CCD-
128-HB), equipped with a 395 nm long-pass filter. The PL images of
as-grown pentacene 1D wire and 2D disk were obtained using
a fluorescence microscope (Olympus microscope) equipped with
a fluorescence filter (lex = 330–380 nm, lem = 420 nm long pass filter).
For the PL imaging of individual 1D wires and 2D disks, the as-grown
samples were transferred onto a quartz substrate. The irradiation time
for imaging was 500 ms.

Determination of optical absorptivity: UV/Vis absorption spectra
were obtained using a UV/Vis spectrometer (Agilent 8453 spectro-
photometer). The relative amounts of as-grown 1D wires and
2D disks used for the PL studies were determined by measuring
and comparing the optical absorbance (l = 583 nm) of both samples
after dissolving them in 1,2,4-trichlorobenzene (99 +%, Sigma
Aldrich).

Fabrication of pentacene 1D wire devices: The devices were
fabricated using a standard photolithography technique. Source and
drain electrodes were first patterned on SiO2/Si substrates by
depositing 20 nm of thermally evaporated Au over 5 nm of Cr, onto
which as-grown pentacene 1D wires were transferred. To evaluate the
crystal plane dependence of the photoresponse, devices in which the
pentacene 1D wires had their (010) plane parallel to the substrate and
devices in which the pentacene 1D wires had their (001) plane parallel
to the substrate were selected. The photoresponse was measured by
monitoring the current changes, using a semiconductor analyzer
(KEITHLEY 4200), upon UV irradiation (lex = 365 nm, ENF-240C/
FE). The applied bias voltage between the source and drain electrode
(VSD) was 10 V.
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