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ABSTRACT: Neat thin films of semiconducting polymers are attractive as efficient gain media toward optically pumped lasers.
However, the optical loss and out-coupling of isotropic polymer thin films are far from being rationally regulated from the
perspective of chain orientation and crystal form. Herein, we accomplished a simultaneous control of both chain orientation and
crystal form in large-area highly ordered poly(9,9-dioctylfluorene) (PFO) thin films through epitaxial crystallization. The well-
arranged PFO lamellae naturally shape a low-loss, graded-index waveguide to provide spatially distributed optical feedback.
Moreover, much more horizontally oriented dipoles significantly enhance the light out-coupling efficiency. Thus, the only 65 nm-
thickness oriented PFO films demonstrate excellent amplified spontaneous emission with a low excitation threshold (7.1 μJ/cm2)
and a narrow full width at half-maximum (2.2 nm) measured in the perpendicular direction of PFO chains. This strategy opens an
effective pathway to prepare high-performance polymer thin-film lasers and electrically pumped polymer lasers.

■ INTRODUCTION

The opto-electronic properties of conjugated polymers, which
combine the electrical and optical properties of semi-
conductors with the excellent processing and mechanical
properties of plastics, have received widespread interest since
1990.1,2 They have attracted considerable interest as novel gain
media for lasers and optical amplifiers by utilizing their
amplified spontaneous emission (ASE) properties.3−5 Re-
cently, thin-film organic lasers have become a new generation
of devices due to their compactness, low cost, mechanical
flexibility, as well as being easily pumped from low-power
sources.6,7 Materials chemistry has allowed access to the
optically pumped polymeric semiconductor thin-film lasers
with a high slope efficiency and a broad lasing wavelength.8,9

Particularly, neat thin films of semiconducting polymers have
been used as efficient gain media toward optically pumped
lasers.10 However, the highly conformational freedom of
semiconducting polymers results in complex microstructures
of films with randomly arranged and entangled chains, leading
to their inferior optical gain to the single crystals of organic
small molecules. Hence, structural control of polymeric
semiconductors in the condensed state is another vital way

for high-performance thin-film lasers. For example, inefficient
photon energy transfer to ASE consisting of multiple
competing radiative decay pathways can rationally be regulated
from the perspective of molecular arrangements.11 Moreover,
horizontally arranged emitting dipoles in polymer layers enable
the high optical out-coupling and thus a low-threshold
laser.12,13 However, the regulation mechanism among chain
alignments, crystal forms, and ASE or laser properties is far
from being well understood.14 Therefore, it is necessary to
adjust the orientation of molecular chains and crystal forms of
semiconducting polymers to optimize the laser performance
with low optical loss and high gain. These strategies are also
important for the realization of electrically pumped polymer
lasers. Previous work has established that the close-packed
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arrays of the semiconducting polymer (poly(2-methoxy-5-(2'-
ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV) in the
templated nanopore silicas exhibited dramatic improvements
in optical gain.15 The relationship between the chain
arrangement, crystal form, and ASE or laser property is,
however, not clear because of the lack of modification
manipulation. It is thus a challenge to control both the chain
orientation and crystal form of large-area well-ordered
semiconducting polymer films for lasers. Directional epitaxy
has been proved to be efficient for preparing well-ordered thin
films of semiconducting polymers with a controlled crystal
structure and orientation.16,17

Poly(9,9-dioctylfluorene) (PFO) is a prototypical semi-
conducting polymer with ASE properties, which exhibits large
stimulated emission cross sections (10−15 cm2) and high
photoluminescence (PL) quantum efficiency.18,19 PFO is
known as a polymorphic material with at least two crystal
forms, that is, the α- and β-forms. It is reported that PFO
chains in the α and β crystals are packed in the same
orthorhombic unit cell with parameters a = 2.56, b = 2.34, and
c = 3.32 nm. However, their photophysical properties are
totally different based on the intrachain correlation lengths.20

Moreover, they differ in melting temperature. The melting
points of the α- and β-PFO crystals are 157 and 107 °C,
respectively.21 The β-form has attracted great attention due to
the effective energy transfer from the amorphous to the β-form
and potential for a low-pumped laser.22,23 Therefore,
continuous effort is made to improve the laser properties of
randomly oriented spin-coating PFO films.24

In this report, large-area highly oriented PFO films are
prepared by epitaxy on an oriented polyethylene (PE)
substrate. In this way, we accomplish the simultaneous control

of both chain orientation and crystal form of the PFO films.
The prepared PFO films display dramatic improvements in
optical gain without the need for externally imposed optical
feedback. Notably, an only 65 nm-thickness-oriented PFO film
demonstrates a highly polarized ASE with a low excitation
threshold (7.1 μJ/cm2) and a narrow full width at half
maximum (fwhm, 2.2 nm) because the well-arranged lamellae
naturally shape a low-loss, graded-index waveguide to provide
spatially distributing optical feedback. This strategy opens an
effective pathway to prepare high-performance thin-film lasers.

■ EXPERIMENTAL SECTION
Materials. PFO was purchased from Derthon Optoelectronic

Materials Science Technology Co., Ltd. (Shenzhen, China). Its
weight-averaged molecular mass (Mw) obtained from GPC (poly-
styrene standard) is ca. 20 kDa with a polydispersity index of 2.95.
High-density PE used in this work was obtained from Lanzhou
Petrochemical, China. Its melting point is ca. 135 °C as measured by
differential scanning calorimetry (DSC). All of the solvents used in
this work were supplied by Beijing Chemical Reagent Co., Ltd. (p.a.
grade) and used as received.

Sample Preparation. The preparation of oriented PE films and
their typical morphology are presented in Figure S1 of the Supporting
Information. PFO/PE double-layered films were prepared by spin-
coating (2000 rpm, 60 s) PFO chlorobenzene solution onto the
oriented PE substrates at room temperature. The double layers were
then routinely dried in vacuum at 40 °C. The epitaxy of PFO on the
oriented PE substrate was realized by cold crystallization from the
amorphous state at different temperatures below the melting point of
PE for 24 h. The related structure characterization and property
measurements can be found in the Supporting Information.

ASE Measurements. The pump beam was focused with a
cylindrical lens and spatially filtered through an adjustable slit to
create a narrow, 200 μm × 5 mm excitation stripe on the films. The

Figure 1. (a) Scheme of the preparation process of PFO crystallized epitaxially on an oriented PE substrate. (b) Polarized FTIR spectra of the
PFO-120 thin films. The inset is the enlarged part of characteristic bands in the 1400−1500 cm−1 region. The AFM height images of PFO-120 (c)
and PFO-100 (d). Polarized UV−vis absorption spectra of PFO-120 (e) and PFO-100 (f). (g) Heating DSC curves of PFO/PE films with cold
crystallized at different temperatures. The inset of (g) shows the plots of melting enthalpies of α- and β-PFO crystals against the crystallization
temperature. 0 and 90° indicate the electric field vector parallel and perpendicular to the direction of PE molecular chains, respectively. The arrows
indicate the direction of PE molecular chains.
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fabricated planar waveguides consist of an oriented PFO film
(thickness ∼65 nm, spin-coating 16 mg/mL PFO chlorobenzene
solution) and the oriented PE (thickness ∼ 35 nm) together with the
polished quartz substrates. To induce stimulated emission, the
waveguides were optically pumped at 355 nm with a CryLas
GmbH laser, producing 1 ns pulses at a repetition rate of 50 Hz.
One end of the stripe was positioned at the substrate edge of the slab
waveguide and the edge emission was collected with a fiber-coupled
grating spectrograph (Avantes 3048).

■ RESULTS AND DISCUSSION
Epitaxial Crystallization of PFO on Oriented PE

Substrates. As schematically presented in Figure 1a, the
epitaxy of PFO was achieved simply by spin-coating its CB
solution on the highly oriented PE film and subsequent cold
crystallization from the amorphous state at selected temper-
atures (Tc) for 24 h. The corresponding sample is marked as
PFO-Tc. The structures of PFO/PE crystallized at different
temperatures were first studied by polarized Fourier transform
infrared (FTIR) spectroscopy. Figure 1b shows the polarized
FTIR spectra of a PFO-120 thin film. Clearly, the IR bands
show obvious anisotropic features.25 The unique PFO band of
the CC breathing vibration in the aromatic ring at 1460
cm−1 exhibits a higher intensity measured with the electric field
vector perpendicular to the PE chain direction (90°) than that
in the parallel direction (0°), demonstrating the anisotropic
alignment of PFO chains. The polarized FTIR spectrum of the
PFO-100 thin films (Figure S2) exhibits a close resemblance
with Figure 1b, demonstrating an orientation behavior of PFO-
100 similar to that of PFO-120. This has been further
confirmed by the polarized Raman spectra shown in Figure S3,
which exhibit the stronger signal intensity with incident laser
polarization parallel (0°) than perpendicular (90°).
It should be noted that the dichroic ratio of PFO-100 is

smaller than that of PFO-120. This can be related to (i) a
reduced crystallinity since orientation is only achieved in the
crystalline due to epitaxial crystallization, (ii) a poor molecular
chain orientation, or (iii) even a different spatial arrangement
of the PFO molecules, for example, the face-on or edge-on
molecular orientations. Therefore, further studies on the
orientation structures of PFO crystallized on PE substrates at
different temperatures have been conducted by other
techniques.
To compare the different crystallization behaviors of PFO

on PE substrates and glass slides directly, PFO crystallized in a
boundary area between PE and a glass slide was observed by
polarized optical microscopy as shown in Figure S4. The
boundaries between PE and the glass slide can be clearly seen
with the direction of the PE molecular chain parallel to the
boundary lines. In the left panel of the optical micrographs, the
PE substrates are located in the lower right corners, while the
upper left corners present the PFO grown on the neat glass
slide. It is evident that PFO on the PE substrate exhibits a
much stronger birefringence than that on the glass slide.
Considering that the birefringence under a polarized optical
microscope is caused by the different double refractive indexes
of crystals, a stronger birefringence of the same crystal and
orientation structures indicates a higher crystallinity. Since the
oriented PE ultrathin films are too thin to show any
birefringence,26,27 a stronger birefringence of PFO grown on
PE may demonstrate either a higher crystallinity of PFO grown
on PE than on glass or a different crystal structure or/and in-
plane crystal orientation. To check the crystallinity of PFO,
DSC experiments have been conducted for both PFO-120 and

the pure PFO crystallized isothermally on the glass slide also at
120 °C. As presented in Figure S5, while the PFO grown on
PE and the glass slide shows the same peak melting
temperature at ca. 150 °C, indicating the same crystal
modification, a smaller melting enthalpy of pure PFO than
PFO-120 (4.95 J/g vs 6.639 J/g) demonstrates indeed a higher
crystallinity of PFO crystallized on the PE substrate compared
to on the glass slide with the same condition. Moreover, the
significant birefringence reduction of PFO/PE double layers
after 45° clockwise rotation (right panel of Figure S4) suggests
the exceptional anisotropic optical property, that is, the
existence of a molecular chain orientation.26,27 The ordered
structure of PFO formed on the PE substrate is revealed by
AFM observation. As presented in Figure 1c,d, parallel-aligned
slender PFO lamellae arranged perpendicular to the direction
of PE chains are clearly seen for both PFO-120 and PFO-100,
confirming the epitaxy of PFO on PE substrates. It should be
noted that the lamellae formed at 120 °C are, however,
somewhat shorter than those formed at 100 °C. Also, the
distribution of fwhm obtained from the profiles of AFM phase
images analyzed through a build-in PicoView 1.12 software
(Figure S6a,b) reveals a thinner lamella of PFO formed at 120
°C than that formed at 100 °C.
The influence of crystallization temperature on the

crystallinity of PFO grown on the PE substrate was also
studied by DSC experiments. From the DSC curves shown in
Figure 1g and the related data listed in Table S1 of the
Supporting Information, it is clear that PFO-120 exhibits only
one endothermic peak at ca. 150 °C, corresponding to the
melting point of α-PFO crystals. On the other hand, PFO-100
exhibits dual melting peaks at 148 and 104 °C, corresponding
to the α- and β-PFO crystals, respectively. This demonstrates
that partial β-PFO crystals were obtained through crystal-
lization on PE substrates at 100 °C. This can be understood in
the following way. The melting temperatures of α- and β-PFO
crystals are around 150 and 104 °C, respectively. As a result,
crystallization of PFO at 120 °C in its β phase is impossible. At
100 °C, even though the crystallization of PFO in both α and β
phases is possible, the crystallization in the β phase should lag
behind that in the α phase due to the very small supercooling.
In this case, the crystallization of β-PFO could be induced
either by the underlying PE or by crystallization in the
confined space of early formed α crystals.28 Since the lack of
melting enthalpies of 100% crystalline α- and β-crystals,
respectively, we cannot directly get the crystallinity of the α-
and β-PFO crystals. However, the absolute melting enthalpy
values obtained by DSC can be used to reflect the relative
crystallinity of different samples. From the data listed in Table
S1, it can be seen that the melting enthalpy of PFO-120 with
only α crystals is 6.639 J/g. For PFO-100, the melting enthalpy
of α crystals is 5.470 J/g, which is slightly less than that of
PFO-120. It exhibits, however, a 1.105 J/g melting enthalpy of
β crystals. A total melting enthalpy of 6.675 J/g for PFO-100
may indicate a similar crystallinity with PFO-120. On the other
hand, the reduced total melting enthalpy of PFO-80 (4.519 of
α + 0.887 of β = 5.406 J/g) demonstrates a crystallinity
decrease of PFO crystallized at 80 °C. With a further decrease
of the crystallization temperature to 70 °C, an even smaller
total melting enthalpy of only 1.545 J/g implies that the
crystallization of PFO on the PE substrate is seriously
suppressed at 70 °C. The suppressed crystallization of PFO
at a low temperature results in the oriented lamellar structure
of PFO-80 and PFO-70 unobservable by AFM (Figure S7).
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The different structures of PFO grown on PE substrates at
different temperatures are also illustrated by the UV−vis
experiments. As shown in Figure 1e, PFO-120 shows only a
main UV−vis absorption peak at ca. 392 nm, characteristic of α
crystals. On the other hand, PFO-100 (Figure 1f) shows a
small overlapping shoulder at 430 nm, attributed to β
crystals,20,22 indicating the coexistence of α and β crystals.
This is in good agreement with the DSC results. The content
of β crystals can be estimated by the area fraction of UV−vis
absorption at 430 nm from spectral deconvolution (Figure S8).
The contents of β crystals were found to decrease from 4.46%
for PFO-100 to 2.81% for PFO-80 and further to 1.08% for
PFO-70. Moreover, from the polarized UV−vis absorption
spectra (Figures 1e,f and S9), 0 and 90° indicate that the
polarization directions of the incident light are parallel and
perpendicular to the direction of PE molecular chains,
respectively. Typically, the intensity at the direction of light
polarization parallel to PE molecular chains (0°) is stronger
than that perpendicular to PE molecular chains (90°). The
dichroic ratio of UV−vis absorbance is 3.46 for PFO-120 and
2.05 for PFO-100. A further decrease of the dichroic ratio is
found for PFO-80 (1.5) and PFO-70 (1.22). According the
above-obtained results, it is obvious that the crystallization of
PFO on PE substrates at 100 °C is ideal for fabricating well-
oriented crystals with the β-PFO content up to 4.46%. Such a

high β-form content has never been reported before, which is
thus a potential material for a pumped laser.
The detailed orientation structure and mutual relationship

between PFO and PE were further studied by transmission
electron microscopy (TEM) combined with electron diffrac-
tion (ED) as well as the 2D-grazing incidence X-ray diffraction
(GIXRD) technique.29,30 Similarly oriented lamellar structures
were observed in phase contrast bright field electron
micrographs (Figure 2a,e). The fast Fourier transform of the
bright field image inserted in Figure 2a,e demonstrates a
lamellar periodicity of ca. 25 nm for PFO-120 and 29 nm for
PFO-100, respectively. The appearance of well-defined
reflection spots of PE and PFO in the ED patterns (Figures
2b,f and S10) indicates the high orientation of both polymers.
All of the diffractions can be accounted for by the
orthorhombic unit cells of either PFO or PE.20,31 The
alignment of weak (006) and clear (008) diffraction spots of
PFO along (002) reflection spots of PE indicates again a
parallel chain orientation of both polymers. With close
inspection, the ED pattern of PFO-120 (Figure 2b) is
somewhat different from that of PFO-100 (Figure 2f). For
PFO-120, the appearance of a series of (h00) diffraction spots
indicates an in-plane arrangement of the a-axis, that is, a b-axis
orientation, which has been further confirmed by 2D-GIXRD
experiments, see the 2D-GIXRD patterns corrected for the
Ewald sphere in Figure 2c,d, as well as the corresponding

Figure 2. Bright field electron micrographs and corresponding ED patterns of PFO-120 (a,b) and PFO-100 (e,f). 2D-GIXRD maps after the Ewald
sphere curvature correction of PFO-120 (c,d) and PFO-100 (g,h) measured with incident X-ray beams perpendicular (⊥) and parallel (∥) to the
PE chain direction. (i) Molecular stacking of PFO in films obtained at 120 °C with only α crystals. (j) Possible molecular stacking of PFO in films
obtained at 100 °C with the α and β mixture. The white arrows indicate the direction of PE molecular chains.
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originally obtained patterns in Figure S11. Accordingly, the
crystal stacking of face-on oriented PFO molecules in its α-
form is illustrated in Figure 2i.
In the ED pattern of PFO-100, except for (200), very weak

(060) diffraction arcs can be identified with close inspection
(Figure 2f), which is overlapped with the strong (110)
diffraction of PE. The coexistence of (200) and (060) was also
confirmed by the 2D-GIXRD experiments.
The 2D-GIXRD of PFO-100 measured with the incidence

X-ray parallel to the PE chain direction shown in Figure 2h
looks very different from that shown in Figure 2d, especially in
the high-q range close to the expected reflections of PE. This is
caused by the change of orientation status of PE films annealed
at different temperatures.32 As seen from the ED patterns in
Figure S10, the (002) diffraction arcs of PE in PFO-120 are
evidently narrower than those in PFO-100. This indicates the
higher c-axis orientation of PFO-120 than of PFO-100,
reflecting a smaller inclination angle of the c-axis with respect
to the drawing direction. This does not influence the out-of-
plane 2D-GIXRD pattern measured vertically to the c-axis
owing to the random rotation of a- and b-axes about the c-axis.
It exhibits, however, a great influence on the out-of-plane 2D-
GIXRD pattern when measured along the chain direction.
Taking the 0.2° incidence angle used for the X-ray measure-
ment into account, if the chain, namely, the c-axis, is perfectly
and strictly along the drawing direction, there will be no (hk0)
diffractions of PE at all. Moreover, the (200)PFO spot shows up
in both the in-plane and out-of-plane directions when
measured with the incidence X-ray parallel to the direction
of PE chains. One may attribute this to a fiber orientation of
PFO with the c-axis aligned in the PE chains’ direction and a
random rotation of a- and b-axes around the c-axis. If this is
true, the intense PFO reflections of (330), (140), and (420)
should then be observed.33 This is, however, not the case.

These experimental results suggest the formation of two
populations of oriented PFO crystals on oriented PE at 100
°C. They have the unique chain orientation in the film plane
along the direction of the PE chains, while their a-axis and b-
axis are arranged in the film normal direction, respectively.
Combining the facts that α-PFO crystals formed at 120 °C
exhibit only a b-axis orientation and the coexistence of α and β
crystals in films formed at 100 °C, one may simply correlate
the PFO crystals with an a-axis orientation to its β
counterparts, which coexist with the predominant b-axis-
oriented α crystals as illustrated schematically in Figure 2j.
This can, however, not be confirmed at moment and will be
studied further through other suitable techniques. Here in this
work, we pay attention mainly to the influence of the crystal
and orientation structures on the performance of the related
PFO thin films.

Photophysical Properties and ASE. PL spectra of PFO
thin films with different processing conditions were deter-
mined. The pure PFO without the PE substrate shows the
characteristic emissions at 422 and 443 nm (Figure 3a). They
are assigned to the 0−0 band of the amorphous phase and the
0−1 band of the mixed amorphous and α-form, respectively.
For PFO-120, the amorphous phase emission at 422 nm
disappears, reflecting a high crystallinity of PFO. Meanwhile, it
displays the characteristic emission of α-form crystals at 430
nm (0−0 band), 455 nm (0−1 band), and 487 nm (0−2
band). For PFO-100, the well-resolved red-shifted vibronic
transitions at 439 nm (0−0 band), 466 nm (0−1 band), and
497 nm (0−2 band) can be observed, which is the typical
emission of the PFO containing some extent of β crystals and
well consistent with the previous reports.19,33−35 The similar
emission behavior of PFO-80 is observed with PFO-100, even
though its β crystal content is much lower than that of PFO-
100.

Figure 3. (a) PL spectra of PFO thin films with different processing conditions. (b) Fluorescence radiative rates of the oriented PFO films for the
0−1 band emission with different crystallization temperatures. (c) Fluorescence radiative rates at 0−0 and 0−1 vibronic bands of the oriented PFO
films with different crystallization temperatures. (d) PLQY of PFO thin films with different processing conditions. The angle- and polarization-
resolved PL of PFO-120 (e) and PFO-100 (f).
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The PL decay of PFO can be fitted as double exponential
values by time-resolved PL measurements (Figures 3b and
S12). The apparent decay times change slightly with the
crystallization temperatures (Figure 3c and Table S2). The
films of PFO-100 decay in a very fast way with short lifetimes
and high radiative rates (1.7 × 109 ns−1 for 0−0 band and 1.51
× 109 ns−1 for 0−1 band), which may be related to the
differently oriented structure and high content of the β crystals
(Figure 3c and Table S3). Emitting dipole orientations of PFO
films were characterized by angle- and polarization-resolved
PL.36,37 The determined curves are compared to fitted curves
with different horizontal dipole ratios Θ∥ (e.g., Θ∥ = 100% for
fully horizontal dipoles and Θ∥ = 67% for the isotropic dipole
orientation) to extract Θ∥, which is thus measured to be 90.3%
for PFO-120 (Figure 3e). The results indicate that PFO films
have more horizontally oriented dipoles than vertically
oriented ones and thus high light out-coupling efficiency can
be expected. Similarly, PFO-100 films also show the high Θ∥
with 88.8% (Figure 3f). The oriented microstructures with
high light out-coupling efficiency endow PFO films high PL
quantum efficiency (PLQY). With the same thickness, the
unoriented PFO films crystallized at a high temperature display
the obviously higher PLQY than the non-crystallized ones
(Figure 3d). Furthermore, the oriented PFO films show the
highest PLQY due to the enhanced horizontally oriented
dipoles. It is noted that the oriented PFO-100 films manifest a
higher PLQY of 40.8% than 38.7% of the PFO-120 films,
attributed to the existence of β crystals.38

For ASE property characterization, the output lights parallel
(L0) and perpendicular (L90) to the direction of PFO chains
were detected (Figure 4a). In our case, the planar waveguides
have been fabricated by 65 nm-thickness PFO films and 35
nm-thickness PE films together with a quartz substrate (Figure

4b). It is noteworthy that the thickness of PFO is much thinner
than that used in previous reports (100−300 nm).39,40 After
applying enough pump energy, all PFO films crystallized at
different temperatures show the narrowing of PL spectra at 0−
1 bands, accompanied by the dramatic increase of the peak and
overall emission intensity, reflecting the presence of ASE
(Figures S13−S15).41 Similar to PL spectra, the ASE peak of
PFO-120 (460 nm) displays an obvious blue shift compared
with those of PFO-80 and PFO-100 (466 nm) (Figure 4d).
Additionally, the oriented PFO films show a waveguide laser
pattern with a double-lobed profile after spectral narrowing,
arising from an anti-symmetric near-field phase (inset of Figure
4d).42,43 We can clearly see from Figure 4e that the different
light output directions exhibit substantially various ASE
thresholds for PFO-100, which can also be observed for
other films crystallized at different temperatures (Figures S16
and S17). Moreover, regardless of crystallization temperatures,
the threshold measured with the output light perpendicular to
PFO chains (L90) is always lower than in the parallel direction
(L0) (Table S4). The low threshold at L90 is due to more
horizontally oriented dipoles than vertically oriented ones and
thus a high light out-coupling efficiency (Figure 2i,j). As a
matter of fact, a minimum threshold of 7.1 μJ/cm2 (L90) is
obtained for PFO-100 films. The threshold of the unoriented
counterpart is 12.6 μJ/cm2, 1.78 times higher than L90. The
thresholds of L90 for PFO-80 and PFO-100 are relatively
smaller than for PFO-120, which may be caused by the existing
β-form crystals (Figure 4c). Furthermore, the low threshold of
L90 for PFO-100 is attributed to the high extent of orientation
and high kr compared with that of PFO-80. As mentioned
above, the highest kr at the 0−1 band for PFO-100 films
accounts for the lowest ASE threshold since the radiative decay
rate is directly related to Einstein’s B coefficient as expressed

Figure 4. (a) Schematic illustration for ASE lasers of the oriented PFO/PE films excited by a pump light source measured in different directions.
(b) Film thickness of PFO for ASE measurements determined by Profiler. The inset is an AFM height image at the interface of PFO and PE. (c)
Excitation thresholds and fwhm’s of the oriented PFO/PE films crystallized at different temperatures and measured in different directions. (d)
Normalized ASE spectra collected from the edge of PFO/PE films above the threshold pump energy. (e) Pump energy-dependent profiles of
output intensities and fwhm’s measured in different directions for PFO-100.
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by the equation B ∼ (c/8πhν0
3)kr, which is inversely

proportional to the ASE threshold.44 fwhm is another
important parameter of ASE performance, which affects the
purity of the excited laser. It is clear that the fwhm of L90 for
PFO-100 is only 2.208 nm, which is much lower than that of
L0 (3.045 nm) and the unoriented films (2.4 nm). There is
excellent ASE performance of the oriented PFO film with only
65 nm-thickness, a low threshold of 7.1 μJ/cm2, and a narrow
fwhm of only 2.208 nm. As far as we know, in the reported
references, it is the thinnest polymeric film displaying ASE
lasers with a low threshold and a narrow fwhm.19,45−47 The
improved ASE performance is not only attributed to the high
orientation of molecular chains and β-form crystals in PFO
films, but also the periodically arranged lamellae that acted as a
spatially optical distributed feedback (DFB) structure are also
conducive to laser conduction and out-coupling.48 It is noted
that the DFB structure can be easily and naturally formed
during epitaxial crystallization instead of etching and other
complex methods,49,50 which greatly simplify the preparation
technology and lower the cost. The stability of ASE
performance is also detected under 8 μJ/cm2 pulse in ambient
air at room temperature and the ASE intensity is nearly
unchanged within 65 min for PFO-100. It should be
emphasized that the oriented PFO films are neither
encapsulated nor in an N2 atmosphere, suggesting their
potential for gain media in laser applications.

■ CONCLUSIONS
In summary, oriented PFO films with the parallelly aligned
lamellar structures were successfully prepared via epitaxial
crystallization on highly oriented PE substrates. The crystal
structures and arrangements of PFO molecules in the films can
be simply tuned by the crystallization temperatures. Pure α-
form crystals with a maximum dichroic ratio measured by
UV−vis absorbance of 3.46 have been obtained at a
crystallization temperature of 120 °C. On the other hand,
coexistence of α and β crystals can be achieved at lower
crystallization temperatures, for example, 100 and 80 °C. The
TEM and 2D-GIXRD results demonstrate a face-on
orientation of the PFO molecular chains in the films with
only α crystals, while a mixture of face-on and edge-on
oriented PFO molecular chains are observed in the films
containing both α and β crystals. It has been confirmed that
the different crystal and orientation structures influence the
performance of the PFO films remarkably. PL decay
measurements reveal that the oriented PFO-100 films
containing both α and β crystals and a high ratio of β crystals
decay in a much faster way with a short lifetime and a high
radiative rate. For ASE properties, the oriented PFO films with
well-arranged lamellae shape the DFB laser structure naturally.
With the synergetic effect of the horizontally oriented dipoles
and DFB structure, we can obtain ASE with a very low
threshold (7.1 μJ/cm2) and a narrow fwhm (2.2 nm) in only
65 nm-thick films. In addition, the stability of the ASE laser is
excellent and the ASE intensity does not decline within 65 min.
It is clear that epitaxial crystallization provides a simple and
efficient way to produce large-area, highly oriented PFO films
for low-threshold thin-film lasers.
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