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Emission gain narrowing from single crystals of a thiophene Õphenylene
co-oligomer
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Emission gain narrowing has been observed for single crystals of a thiophene/phenylene
co-oligomer. The hexagon flake crystals were placed on a quartz substrate with the crystals’ face in
close contact with the substrate plane. These crystals were irradiated with a N2 laser with a 337.1
nm wavelength at a repetition rate 10 Hz that tuned its intensity to 100– 1150mJ/cm2. The emission
gain narrowing takes place at 21490~465.4 nm! and 20220 cm21 ~494.5 nm! with increased
intensities, with their half width at half maxima reaching;50 cm21. On the basis of the nonlinear
relationship between the emission peak intensities and the laser light intensity, the gain narrowing
has been attributed to the amplified spontaneous emission. ©2002 American Institute of Physics.
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Conjugated semiconducting polymers and oligomers
currently attracting great attention as potentially useful m
terials for optoelectronic devices such as thin-film transist
and light-emitting diodes.1 Solid-state lasing and amplifie
spontaneous emission~ASE! have been observed in thes
materials.2 Since excitation through photopumping is a fac
way to attain lasing and ASE, this method has long be
used.3–5 The earliest examples can be found for anthrac
molecules embedded in host matrices of, e.g., fluore6

Later this approach was more widely applied to dye-dop
systems and polymer thin films.7

Very recently solid-state injection lasing was achiev
using a tetracene single crystal, vouching for the high pr
ticality of organic semiconductors.8 In view of current injec-
tion, crystals of high quality are more advantageous than
other systems that involve defects which may well act
carrier traps. Reported observation of lasing or ASE of
crystals, however, remains scarce even in the case of ph
pumping. This is partly because the photoluminescent e
ciency of chromophores is decreased by hig
concentrations,9 even though their efficiency is high at dilu
tion. Yet a typical examples for the ASE haves been verifi
by Fichouet al.10 and by Horowitzet al.11 using single crys-
tals of octithiophene and sexithiophene, respectively.

Yanagi and Morikawa12 showed that self-waveguide
emission takes place along the crystals’ long axis of nee
shaped crystals ofp-sexiphenyl that are epitaxially grown o
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top of a single crystal substrate of potassium chloride. T
molecular axes ofp-sexiphenyl align perpendicular to th
crystals’ needle axis so that the propagation of the polari
emission can be enhanced with the transverse electric m
along that needle. The uniaxially aligned transition dipoles
the p-sexiphenyl crystals are responsible for the se
waveguided emission. Recent progress demonstrated
this is analogous to the case of a newly emerging class
semiconducting molecular crystals, thiophene/phenyl
co-oligomers.13 These materials were developed by Ho
and co-workers14 and are characterized by a variety of exte
sions ofp conjugation along the backbone. The conjugati
extension can be tuned by changing the total number
thiophenes and phenylenes and their arrangement in the
ecules. Since self-waveguided propagation of the emissio
a prerequisite for lasing or ASE, the thiophene/phenyle
co-oligomers are expected to be good candidates for org
laser materials. In this letter we report initial results of t
ASE, which has been observed for a co-oligomer BP1T@see
its structural formula in Fig. 1~a!#.

The experimental setup for the optical measurement
schematically represented in Fig. 2. In Fig. 2 the cryst
were irradiated with a N2 laser with a 337.1 nm wavelengt
at a repetition rate 10 Hz. Laser light of 1 mm35 mm was
perpendicularly incident on a quartz substrate. The hexa
crystals of typically;100mm and thickness of;5 mm @see
Fig. 1~b!# were dispersed in water and this dispersion w
drop cast onto the substrate and subsequently dried. T
flake crystals showed good adhesion to the substrate with
crystals’ face in close contact with the substrate plane. T
il:
© 2002 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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several crystallites were irradiated at once with the rectan
lar laser beam. The intensity of the excitation beam w
regulated from 100 to 1150mJ/cm2 using a ND filter. The
light emitted from the crystal edges was collected along
direction parallel to the substrate plane. That emitted li
was detected through a UV cut filter with an Oriel MS-12
spectrometer connected to an Andor ICCD V charge-coup
imaging device. Standard x-ray diffraction~XRD!
measurements~u–2u! were carried out using CuKa radia-
tion.

The XRD measurements of the ‘‘on-substrate’’ cryst

FIG. 1. ~Color! ~a! Structural formula of BP1T. The four carbons located
the terminal phenyls are indicated by asterisks.~b! Micrograph of a BP1T
crystal.

FIG. 2. Schematic of the experimental setup for optical measurements
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indicate that the diffractions comprise primary diffractio
spacing of;2.2 nm and its higher order reflections.15 This
means that the crystals consist of a molecular layered st
ture with the ‘‘molecular long axis’’ exhibiting vertical align
ment against the substrate plane.15 ~vide infra!.

Under weaker incident intensities the emission spec
exhibit a broad feature with relatively fine modes superi
posed on it. These fine modes can be assigned to the vibr
structures that are frequently observed in solid-phase m
ecules with well-defined molecular symmetry.16 Of these vi-
bronic modes, only a few specific modes are strongly n
rowed by an increase in incident intensities. Figure 3 sho
emission spectra from the BP1T crystals as a function of
intensity of the incident laser light. In Fig. 3 two lines a
clearly narrowe at 21490~465.4 nm! and 20220 cm21 ~494.5
nm!. At intensity of 366mJ/cm2 the half widths at half maxi-
mum ~HWHMs! of the former and latter lines were 276 an
381 cm21, respectively. With an increase in intensity th
HWHMs rapidly became narrowe so that they were 51 a
46 cm21 for the 21 490 and 20 220 cm21 lines, respectively.
At the same time, the peak intensities rapidly increased
well. Figure 4 presents the HWHMs and photoluminesce
~PL! peak intensities as a function of the incident laser lig
intensity. When the incident laser intensity is increased,
PL peak intensities grow nonlinearly, accompanied by
narrowing shown in Fig. 4. Therefore, we conclude that
narrowing is caused by gain narrowing, namely, ASE.9–11We
present the extent of the gain narrowing in terms of
HWHM, because the positions of the gain-narrowed lines
not fully resolved at weaker excitation intensities~see Fig.
3!. The HWHM approaches half of the full width at ha
maximum~FWHM! with stronger excitation intensities. Th
linewidths are usually measured with the FWHM. Compa
the above-mentioned HWHMs (;50 cm21) with the
FWHM (;170 cm21) determined by Fichouet al. for oc-
tithiophene crystals.10 Note here that the linewidth of gain

FIG. 3. Emission spectra of BP1T crystals as a function of the intensity
the incident laser light.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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narrowed emissions by ASE is governed by many factors,
example, the linewidth of spontaneous emission.17

The relevance of the crystal and molecular structures
BP1T to the ASE observed is worth briefly mentioning.
the crystals the deviation fromC2v symmetry is relatively
small,18 so the transition dipoles are likely to be parallel
the line connecting the four carbons located on the term
phenyls@see Fig. 1~a!#.19 This line represents the molecula
long axis. The angle between said line and the normal of
ab plane of the crystals~that parallels to the crystal faces! is
roughly 1°.18 Since theab plane parallels the crystals’ face
the transition dipoles are nearly upright against them~and the
substrate plane also!. In this vertical dipole configuration, th
light emissivity from the molecules is maximum in the d
rection parallel to the crystals’ faces and amplification
self-waveguided light propagating in this direction c
readily be attained.

With Regard to the excitation experiments the two lin
were narrowed to a similar extent at once in some cases
can be seen in Fig. 3. In other cases, on the other hand, e
the longer wavelength line or the shorter wavelength one
preferentially gain narrowed according to the individu
measurements. In this context, Fichouet al.10 observed re-
lated narrowing trends fora-octithiophene crystals an
pointed out that those trends are associated with the sa
size and irradiated location of the crystals. In other wor
they carried out the experiments such that a crystal 1–3
long was irradiated with a focused beam of diameter
;0.3 mm and its position was scanned along the cryst
length. What was observed was that the 700 nm line w
gain narrowed over most of the crystals’ surface while
640 nm line was almost inactive with gain narrowing exce
near the crystals’ edge or on a second single crystal sta

FIG. 4. HWHMs and PL peak intensities as a function of the incident la
light intensity. Solid and dashed lines represent 20 220 and 21 490 c21

lines, respectively.
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on top of the main one. Note that here the experimen
conditions in our studies are totally different from those
Fichou et al.10 As mentioned earlier, we used conditions
which several small crystallites were irradiated at on
Since the individual crystallites contained further smal
ones on their surface@Fig. 1~b!#, the main crystals and sec
ondary smaller ones were irradiated all together. Con
quently, it follows that we have observed collective PL fro
crystals of different size. The question of how the releva
lines are gain-narrowed under each specific condition, h
ever, needs thorough investigating by accumulating m
data using more materials.

In conclusion, we have investigated the emission g
narrowing of BP1T single crystals. The gain-narrowed em
sions take place as a consequence of waveguided prop
tion of the light emitted and are associated with ASE. T
disposition of the transition dipoles optimizes this se
waveguided ASE that occurrs as edge emission. This is
pected to lead to lasing under suitable conditions.
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