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Semiconducting Polymers: A New Class of 
Solid-State Laser Materials 

Fumitomo Hide, Maria A. Diaz-Garcia, Benjamin J. Schwartz," 
Mats R. Andersson,"fibing Pei, Alan J. Heeger 

Gain narrowing in optically pumped thin films, both neat and undiluted, of luminescent 
conjugated polymers with different molecular structures was demonstrated. These re- 
sults indicate that the polymers studied have large cross sections for stimulated emis- 
sion, that population inversion can be achieved at low pump energies, and that the 
emitted photons travel distances greater than the gain length within the gain medium. 
The use of simple waveguide structures is sufficient to cause low gain narrowing thresh- 
olds in submicrometer-thick films. 

M a n y  conjugated polymers are lumines- 
cent materials with emission that is shifted 
sufficiently far from the absorption edge 
that self-absorption is minimal. Because of 
the large joint density of states associated 
with the direct T to T* (interband) transi- 
tion of these quasi-one-dimensional semi- 
conducting polymers, the absorption coeffi- 
cient ( a )  is large, typically a 2 lo5 cm-' 
(1). T o  first hrder, the cross section for 
stimulated emission (SE) is the same as that ~, 

for absorption, so the gain length should be 
essentially equal to the absorption length 
scaled by the fraction of chromophores in 
the excited state (2). A n  inverted popula- 
tion can be achieved by simply pumping the 
.rr to T* transition: this wrocess does not 
simultaneously stimulate emission because 
the absorwtion and emission are s~ectrallv 
separated. Thus, semiconducting lumines- 
cent polymers offer promise as novel laser 
inaterials with gain lengths in the microme- 
ter or submicrometer regime. 

A variety of optoelectronic devices have 
been demonstrated in which conjugated 
polymers are used as the active semicon- 
ducting materials, including diodes ( 3 ) ,  
light-emitting diodes (4),  photodiodes (5), 
field-effect transistors (6), polymer grid tri- 
odes ( 7 ) ,  and light-emitting electrochemi- 
cal cells (8). Notably absent from this list of 
conjugated polymer devices, however, is the 
semiconducting polymer injection laser. La- 
ser emission has been observed from poly(2- 
methoxy-5-(2'-ethyl-hexyloxy)-1,~-phe- 
nylene vinylene), MEH-PPV, in dilute so- 
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lution in an appropriate solvent, in direct 
analogy with conventional dye lasers (9). 
A n  optically pumped polymer laser was 
recently demonstrated in which the gain 
material was a dilute blend of MEH-PPV 
( < I % )  in polystyrene (PS) (10); these 
thick (-100 k m )  films contain a dispersion 
of TiOz nanoparticles that confine the 
emitted photons by multiple scattering so 
that the distance traveled in the medium 
exceeds the gain length. 

Although ultrafast spectroscopy has been 
used to demonstrate SE in dilute solutions 
and dilute blend films containing conjugated 
wolviners. the SE in neat films either does 
L ,  

not exist (1 1 )  or decays in at most a few 
~icoseconds (12). This absence of SE results , , 

from interchain interactions that give rise to 
photoinduced absorption strong enough to 
overwhelm the SE. We recently discovered, 
however, that in neat films of BLIEH-PPV 
(see Table 1 for full chemical name and Fig. 
1A for molecular structure), SE persists for 
more than 60 ps (13), nearly an order of 
magnitude longer than that reported previ- 
o ~ ~ s l y  for other polymers. This result demon- 
strates the possibility of synthesizing semi- 
conducting polymers with long SE lifetimes 
by a judicious choice of functionalized side 
chains on the wolvmer backbone and indi- 

L ,  

cates that such polymers can be considered 
as candidates for laser materials. 

In this report, luminescent conjugated 
polymers are shown to have gain narrowing 
as neat films of submicrometer thickness, 
including ~olvlners with the backbone mo- ". , 
lecular structures of poly(p-phenylenevi- 
nylene) (PPV) (14), poly(p-phenylene) 
(PPP) (15), and polyfluorene (PF) (16). 
The  instrumentation for gain narrowing ex- 
periments with thin solid films has been 
described in detail elsewhere (10). Light - 
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excitation source (the pump) was a 10-Hz, 
Q-switched Nd:YAG (yttrium-aluminum- 
garnet) laser that provided -10-ns pulses at 
532 and 355 nm, focused to -1 mm. The  
first anti-Stokes Rainan line (435 nm) from 
a high-pressure H2 cell pumped at 532 nm 
was also used. The  energy per pulse was 
controlled with calibrated neutral density 
filters. 

The photoluminescence (PL) spectrum 
evolution for a neat film of BuEH-PPV 
(210-nm thick) is shown as a function of 
the pump energy per pulse in Fig. 1A. As 
the pump energy is increased, a gain-nar- 
rowed peak rises out of the broad emission 
spectrum. A t  sufficiently high energies, 
only the gain-narrowed peak survives while 
the broad tails of the PL are com~letelv 
suppressed. This dramatic collapse of the 
line width 117) (from 130 nin to 9 nm)  at , , .  
remarkably low pump energies (5  1 p,J per 
pulse) implies a very short gain length. A 
blue shift of the emission peak at higher 
energies is also evident in Fig. l A ,  which 
suggests that SE occurs on  a time scale 

Wavelength (nm) 

BuEH-PPV 
o DCM in PS 

Fig. 1. (A) Photoluminescence spectrum of 210- 
nm-thick BuEH-PPV neat film on glass (spin cast 
from p-xylene solution) at various pump pulse en- 
ergies both above (10.0 pJ, thin solid curve; 0.62 
pJ, dashed curve) and below (0.25 pJ, dotted 
curve; 0.09 pJ, thick solid curve) the lasing thresh- 
old. Inset: Chemical structure of BuEH-PPV. (B) 
Evolution of the linewidth [full-width (FW) at I /e  
height] as a function of pump pulse energy (on a 
logarithmic scale) for the BuEH-PPV sample of (A) 
(squares) and for comparison a 2.6 weight per- 
cent film of DCM laser dye in PS (open circles) of 
3600-nm thickness with comparable optical den- 
sity to the BuEH-PPV film. 

SCIENCE VOL. 273 27 SEPTEMBER 1996 



faster than the s~ec t ra l  diffusion that occurs low energy thresholds lead us to conclude waveguiding effect. The polymer films ac- 
during the first few tens of picoseconds after 
photoexcitation (10). The linewidth of the 
PL as a function of pump pulse energy (Fig. 
1B) shows a well-defined threshold. 

that semiconducting polymers comprise a 
class of promising laser materials. 

The data in Fig. 2 demonstrate the ad- 
vantages of the high density of chro- 

tually constitute simple asymmetric planar 
waveguides because the refractive indices 
(n)  at the emission wavelength for all of the 
polymers studied (1.56 5 n,,,, ,,n,, 5 2.0) 
(22) are greater than those of the surround- 
ing media (n,,,,, = 1.52 and n,,, = 1.0). 
Therefore, for sufficiently thin films, a guid- 
ed mode cannot be supported; that is, a 
minimum thickness cutoff condition exists 
for propagation of a guided mode (23). For 
all three polymers, the minimum thickness- 
es required to propagate the fundamental 
mode through the films, as calculated from 
their known refractive indices, agree well 
with the thickness thresholds below which 

If the gain lengths are indeed in the 
micrometer or submicrometer regime, the 
energy threshold for gain narrowing should 
be much lower than for conventional laser 

mophores characteristic of semiconducting 
polymers. The linewidths versus pump en- 
ergy .of films of varying BCHA-PPV (see 
Table 1 for complete name) concentrations 
diluted in PS are shown in Fig. 2. Upon 
increasing the concentration of BCHA- 
PPV in the film from 8.4% to 100% (a 
factor of 12), the threshold energy de- 
creased by three orders of magnitude, to a 
minimum of 1.3 FJ per pulse for the neat 
film. This strongly superlinear behavior 

materials. For reference, we tested the laser 
dye DCM (18) (see Table 1)  suspended in 
films of PS with optical densities compara- 
ble to those of the 210-nm BuEH-PPV film 
of Fig. 1. Although these DCM concentra- 
tions are more than two orders of magni- 
tude higher than in typical dye lasers, the 
threshold for gain narrowing is more than 
1000 times greater than that of BuEH-PPV 
(Fig. 1B). Thus, conjugated polymers pro- 
vide the intense absor~tion and emission 

gain narrowing was not experimentally ob- 
served. Thus, waveguiding in the thin film 
structures confines the emitted photons and 
leads to low gain narrowing thresholds for 
submicrometer thick films (24). 

Additional ex~eriments were performed 

may be indicative of coherent emission 
from the BCHA-PPV (21 ). ~, 

We performed additional experiments to 
measure the effects of the film thickness 

characteristics of organic dyes but with the 
substantial advantage of having a much 

and to determine the role of possible con- 
finement through waveguiding of the emit- 
ted light. These experiments support a pic- 
ture of lasing in conjugated polymer films 
with submicrometer thicknesses aided by 
rudimentary waveguiding in either the 
polymer film or the substrate. 

higher density of chrYomophores the solid 
state. Moreover, because conjugated poly- 

to confirm the waveguiding hypothesis. 
First, a BLIEH-PPV/glass sample which was 
too thin (43 nm) to show line narrowing as 
an asymmetric waveguide in air was im- 
mersed in a solvent that was approximately 
index-matched to the glass substrate (cyclo- 
hexanone, n = 1.45). This produced a con- 

mers are semiconductors, our results dem- 
onstrate the possibility for producing elec- 
trically pumped polymer diode lasers. 

We have explor'ed gain narrowing from a 
number of PPV derivatives (19) and from 
polymers with the PPP and PF backbone 
structures; the corresponding T-T" energy 
gaps span the visible spectrum. The chem- 
ical structure, excitation wavelength, peak 
emission, energy threshold for line narrow- 
ing, and narrowed linewidth for thin films 

The thickness dependence of gain nar- 
rowing was studied for neat films of three 
different conjugated polymers, BuEH-PPV, 
BCHA-PPV, and MEH-PPV, as well as for 
the reference films of DCM in PS films 
(Table 1 ). Films of various thicknesses were 

figuration with a symmetric waveguide 
structure (glass-polymer-solvent) in which 
no minimum film thickness for waveguiding 
is ex~ec ted  (23). Once in the solvent, the 

prepared by spin casting. For each polymer, 
a well-defined thickness cutoff is observed 

film showed'dramatic line narrowing. This 
process is reversible: removing the film from 
the index-matched solvent causes the laser 
behavior to disappear. 

- 
of these various semiconducting polymers 
are summarized in Table 1 (20). The very 

below which gain narrowing does not occur. 
The existence of such a cutoff suggests a 

Table 1. Properties of semiconducting polymer films. Sh, shoulder; Th, thickness. 

Peak PL Energy Final Film 
Material XPumP threshold linewidth thickness Cutoff thickness 

emission (nm) (nm) (nm) 
Solvent 

(pJ1pulse) (nm) (nm) 

106 5 Th 5 126 THF 
65 1=- Th 5 87 p-xylene 
1605Th 5277 TH F 
53 5 Th 1=- 87 THF 

<355 CB 
<325 p-xylene 
<300 THF 
<310 THF 

BCHA-PPVt 
MEH-PPVS 

540, 630 (Sh) 
585, 625 

580, 625 
565, 600 

550, 580 (Sh) 
545, 580 (Sh) 
540, 570 (Sh) 
425, 445 

430, 450, 540 
420 
640 

TH F 
TH F 
THF 
THF 
THF 
THF 
THF 
THF 
THF 

polymers synthes~zed from varying ratios of BuEH-PPV and MEH-PPV mono- 
mers. ~Poly(9-hexyl-9-(2'-ethylhexyl)-fluorene-2,7-d1yl) **Poly(9,9-bis(3,6-diox- 

*~oly(2-butyl-5-(2'-ethylhexyl)-l,4-phenylene vinylene); see Fig. 1A inset. tPoly(2,5- 
bis(cholestanoxy)-l,4-phenylene vinylene), iPoly(2-methoxy-5-(2'-ethy1hexyloxy)- 
1,4-phenylene-vinylene); see Fig. 3 inset. SPoly(2,5-bis(2'-ethylhexyloxy)-l,4-phe- 
nylene vinylene). ~~Poly(2-methoxy-5-(3'octyloxy)1,4-pheneylene vinylene. ¶Co- 
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Second, the waveguide was altered by 
choosing a different substrate. BLIEH-PPV 
films (n = 1.70) o n  optically flat sapphire 
substrates (n  = 1.76) in the standard con- 
figuration (pumping directly over the 
film) showed only limited gain narrowing. 
However, exciting the film through the 
sapphire led to strong gain narrowing. 
This effect can be understood in terms of 

(see Table 1).  For MEH-PPV films, howev- 
er, the gain narrowing is strongly dependent 
on  the choice of solvent (Fig. 3). Films cast 
from THF show a narrow final linewidth 

emission has not been reported from neat 
thin films until recently (28), primarily 
because of the lack of SE in the materials 
being studied. Because the threshold for 

(17 nm) in contrast with the broad final 
widths (2 50 nm)  obtained for films cast 

gain narrowing is much lower for appro- 
priately chosen conjugated polymers (see 
Fig. 1B and Table I ) ,  the benefits of com- 
bining the micrometer or submicrometer 

from chlorobenzene (CB) or p-xylene, even 
under strong pumping conditions. In addi- 
tion, the threshold for what little line nar- 
rowing takes place in films cast from the 
aromatic solvents is -5 times greater than 
in films cast from THF. The  latter results 
are intriguing in light of previous ultrafast 
spectroscopic data that showed no SE from 
neat films of MEH-PPV cast from C B  (1 1 ). 

- 
gain lengths characteristic of neat, undi- 
luted films of luminescent conjugated 
polymers with high-Q cavities are obvious. 

waveguiding in the substrate: Because n of 
the substrate is greater than that of the - 
film, some of the emitted light that travels 
into the substrate will be guided by mul- 
tiple reflections in the substrate. However, 
the evanescent wave that penetrates from 
the substrate into the excited film can he 
amplified. Pumping from the top of the 
film does not sufficiently excite the poly- 
mer near the substrate interface where the 

Sophisticated, high-Q structures such as 
distributed feedback (DFB) or distributed 
Bragg reflectors (DBR) can be used; in 
fact, lasing has been reported from thin 
films of poly(p-phenylenevinylene) in a 
DBR microcavitv (28). T h e  achievement 

, , 

Thus, solvent dependence of chain packing 
appears to offer an alternative way to con- 
trol or enhance SE. 

W e  have observed clear evidence of 

, , ,  
of electrically pumped solid-state lasers 
with such oolvlners as the active pain me- 

guided evanescent wave penetrates; pump- 
ing through the substrate is a n  ideal con- 
figuration. T o  confirm this hypothesis, a 
BuEH-PPV/sapphire film that showed 
gain narrowing with a low threshold was 
immersed in a high-index solvent, di- 
iodomethane (n = 1.75). Because this sol- 

gain narrowing with a low pump-energy 
threshold, in submicrometer-thick semi- 
conducting polymer films. T h e  question is 
whether these data are indicative of las- 
ing, amplified spontaneous emission 
(ASE), or superradiance. More detailed 
exoeriments are reauired to resolve these 

L ,  " 

dium is a n  important goal. Because submi- 
crometer thin films are required for bright 
electroluminescence (EL) in polymer di- 
odes (29) ,  electrically pumped solid-state 
lasers will require semiconductor laser ma- 
terials with submicrometer gain lengths. 
Although luminescent polymers can satis- 

vent is approximately index-matched to 
sapphire, the waveguiding effect is expect- 
ed to disappear. In fact, regardless of the 
pumping geometry, the gain narrowing 
was inhibited when this film was im- 
mersed in the high-index solvent. These 
waveguiding results are consistent with 
previous work on  dye-doped sol-gel com- 
posites, where similar phenomena were 
observed (25). 

Film morphology and chain conforma- 

issues. W e  emphasize, however, that the 
low threshold gain narrowing is observed 

fy this requirement, carrier concentrations 
sufficient to oroduce laser action must be 

only when the polymer film is in the form 
of a waveguide, that is, only when the 
active medium is coupled to a simple res- 
onant  structure. 

produced by electrical pumping. For the 
photon densities in the luminescent film 
at  threshold (see Table 1 )  and assuming a 
5% internal quantum efficiency for EL, 
the transient current densities necessary 
to reach the threshold for gain narrowing 
may be in excess of thousands of amperes 

The  observation of gain narrowing in 
optically pumped neat films of this class of 
conjugated polymers with the aid of sim- 
ple waveguiding provides incentive to 
pursue the use of conjugated polymers as 
laser materials. Microlasers made with 
gain media consisting of transparent poly- 
mer hosts doped with efficient fluorescent 
dves in well-defined cavities have been 

per square centimeter. T h e  current re- 
quired can be decreased by utilizing rela- 
tively high-Q resonant structures (such 
as microcavities, or distributed feedback). 

tion also play a role, as shown by spin- 
casting neat films of BuEH-PPV and MEH- 
PPV on glass from different solvents. BLIEH- 
PPV films cast from tetrahvdrofuran (THF) 

Because curren; densities of 25 ~ / c & ~  
have been reported in electrically pulsed 
MEH-PPV diodes (4 X cm2 
area) when operated with 3-p,s pulses at 
low duty cycle ( 3 0 ) ,  sufficiently high cur- 
rent densities should be accessible with 

or from p-xylene show the same behavior; 
with similar threshold energies for gain nar- 
rowing and with similar final line widths 

demonstrated (26). However, despite at- 
tempts to construct high-Q resonant cav- 
ities with conjugated polymers (27), laser 

small active areas and low duty cycles, 
especially when aided by improvements in 
EL efficiency and improvements in ther- 
mal management. 
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Nanorod-Superconductor Composites: 
A Pathway to Materials with High 

Critical Current Densities 
Peidong Yang and Charles M. Lieber* 

Most large-scale applications of the high-temperature copper oxide superconductors 
(HTSCs) require high critical current densities (J,'s) at temperatures near the boiling point 
of liquid nitrogen to be technologically useful, although thermally activated flux flow 
reduces J, dramatically at these temperatures. This intrinsic limitation can be overcome 
by introducing nanometer-sized columnar defects into an HTSC. Nanorods of magne- 
sium oxide were grown and incorporated into HTSCs to form nanorod-HTSC compos- 
ites. In this way, a high density of nanorod columnar defects can be created with 
orientations perpendicular and parallel to the copper oxide planes. The J,'s of the 
nanorod-HTSC composites are enhanced dramatically at high temperatures and mag- 
netic fields as compared with reference samples; these composites may thus represent 
a technologically viable strategy for overcoming thermally activated flux flow in large- 
scale applications. 

Large 1,'s are essential to many proposed 
applications of HTSCs, such as wires for 
power transmission cables and solenoids (1, 
2). In general, J, is limited by two major 
factors (1, 3, 4). First, J, is limited by ther- 
mally activated flux creep; that is, J, vanishes 
well below the upper critical field line 
Hc2(T) (which depends on temperature T )  
as a result of the motion of magnetic flux 
lines. This limitation is intrinsic and arises 
from the short coherence lengths and large 
anisotro~ies of the HTSC materials that lead 
to a weak pinning of flux lines (3-6). Sec- 
ond, in polycrystalline materials, J, is limited 
by the alignment of the interfaces between 
superconducting grains: poor alignment of 
the grains and chemical heterogeneity at 
their boundaries produces weak links with 
low values of J, (3, 7). Progress has been 
made in improving the alignment of grains 
and consequently improving J,'s in wires and 
tapes based on Ag-Bi,Sr2Ca,,~,Cun0,n+4 
(n = 2, BSCCO-2212; n = 3, BSCCO- 
2223) through investigations of the effects of 
different material processing conditions on 
microstructure and on microscopic and mac- 
roscopic transport currents (3, 8-10). De- 
spite this progress in processing, which is 
now yielding BSCCO-based wires with J, 
values sufficiently high to be considered for 
some commercial applications (9), the in- 
trinsic problem of thermally activated flux 
creep continues to limit the performance of 
BSCCO materials at high T and H (1 1-1 3). 

Theoretical (1 4 ,  15) and experimental 
(1 6, 17) studies have shown, however, that 
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this ~ r o b l e m  in HTSCs can be reduced bv 
creating correlated defects, such as colum- 
nar defects. in the crvstal lattice. The  inter- 
action of flux lines k i t h  columnar defects 
results in a large pinning energy that effec- 
tively resists thermally activated flux mo- 
tion and thus increases J, significantly at 
high T and H (14, 18). These linelike 
defects are usually created by irradiating 
samples with heavy ions having energies on  
the order of a gigavolt (Fig. 1) .  This proce- 
dure vields damage tracks 10 to 20 nm in 
diamdter and tensYof micrometers in length 
(1 9). The  small defect diameter is essential . , 

to maximize the flux line core-pinning in- 
teraction without destroying an unneces- 

Magnetic ' flux line 

Heavy-ion Nanorod-HTSC 
irradiation \ / composite 
of HTSC 

Columnar 
' defect 

Fig. 1. Schematic diagram illustrat~ng magnetic 
flux lines in an HTSC before and after the cre- 
ation of columnar defects. The linear columnar 
defects strongly trap or pin the flux l~nes in the 
superconductor. 
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