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Abstract—The challenges to realizing diode lasers based on thin
films of organic semiconductors are primarily related to low charge
carrier mobility in these materials. This not only limits the thick- N
ness of organic films to<100 nm in electrically pumped devices, but 4,
it also leads to changes in the optical properties of organic films in- o
duced by the large number of carriers trapped in the materials sub-
jected to an intense electrical excitation. We describe organic wave-
guide laser structures composed of thin organic films and trans-
parentindium-tin—oxide electrodes. These waveguides allow for ef-
ficient injection of an electrical current into the organic layers and
provide for low optical losses required in alaser. The changes in the
optical properties of organic thin films induced by electrical exci-
tation are studied using electroluminescence and pump and probe
spectroscopy. Induced transparency and absorption observed in
the organic materials may be related to triplet excitons or trapped
charge carriers. Pump-induced absorption is also observed in or-
ganic films under quasi-CW optical excitation. These effects must
be taken into account both in the design of organic diode laser .

structures and in the selection of charge transporting materials. 200 400 600 800
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|. INTRODUCTION Fig. 1. Left column: chemical structure formulas of AIPCM and DCM2,
RGANIC lasers were demonstrated in the late 1960's erﬁg?ﬂezctlvely. Right column: absorption and PL spectra ofARCM, and
ploying organic molecules in liquid solutions [1], [2] or as '

dopants in solids or thin films [2], [3], including organic crystal 4

! . ] is employed to deliver the excitation to the light-emitting
[4], [5]. In all of these lasers, optical excitation has been usedn?olecules, or lumophores [5], [10], [11]. A thin fim of

deliver energy to the light-emitting molecules. Recently, lasing " - Lo : )
has been observed in optically pumped thin films of conjugatré%d'5 (8-hydroxyquinoline) a_lummum (Alg [Fig. 1_(a)], doped

. . > with 1-5% of DCM [see Fig. 1(b)] or DCM2 [Fig. 1(c)] laser
polymers [6]-[9] and small molecular weight organic semicon;

ye molecules, provides an example of one such energy transfer

ductors doped with dye molecules [10], [11] also used in erf(Isj_ystem. The overlap between the Afthotoluminescence (PL)

cient organic light-emitting devices (OLED’s), where the exch 4 DCM absorption spectra [Fig. 1(d) and (e)] leads to effi-

tation is delivered to the light-emitting species by an electric cul energy transfer of excitation from AJgp DCM [15]. As a

rent. These experiments initiated work on electrically pumpe . L
organic semiconductor lasers (OSL's) which, compared to ¢ gsult, the absorption band of the APCM film is separated

. X : .—_from the emission spectral band, leading to very low lasing
ventional laser diodes, should have advantages in applicatigns . : o

. . o resholds in these materials [16]. Excitation of lumophores
such as optical sensing and communications [12], [13].

It has also been shown that lasing thresholds can be sb _means of F_orster energy trans’fer also improves operational
rleetlmes of optically pumped OSL’s [15].

stantially decreased if nonradiative Forster energy trans rAqu 'DCM films are also employed as light-emitting mate-

rials in efficient OLED’s [17]. The intensity of electrical excita-
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contact electrodes have to be demonstrated. In this paper, we g 12} Pute L
. . | [UILOLLIL
address both of these issues and discuss the prospects for even- ek __Am,
.. . ) E i, DO | -
tually realizing electrically pumped OSL’s. $ ool [ m ]
= |:|:|||'||||| R
'E | [ |
Il. LASING IN OPTICALLY PUMPED ORGANIC FILMS & guy
The study of lasing in optically pumped organic films g BT
H H H H H i1 D — SR T TR— LMK TS —
provides a guideline to the design of electrically pumped o o P =
OSL's. Characteristics of optically pumped lasers such as Pump pulss enepgy density {pdiom’)
lasing thresholds, quantum efficiency, spectral tunability, and (@)
linewidth of emission may be used to predict properties of
electrically pumped devices and evaluate their potential for A<0dnm |
industrial applications [12], [13]. Itis also feasible that optically = ‘ﬁ 0.22 HJ/CTZ
pumped organic lasers employing compact pump sources, such 8 | “/gf;i’;?m
as GaN diode lasers, might find practical applications. ‘5 ] // '
Lasing in optically pumped organic thin films has been 2 yii
demonstrated employing a variety of optical resonators, in- ’
cluding organic waveguides [10], planar microcavities [13],
microdisks [19], microrings [20], and even two-dimensional 640 645 650
(2-D) distributed feedback (DFB) structures [21]. Among all Wavelength (nm)
of these structures, waveguide lasers provide for the lowest (b)

. L . . . Fig, 2. (a) Dependence of output energy on the input pump energy near
Iasmg thresholds, which is an essential aspect in the deS'gr}h(S(;shold for a Alg : DCM DFB laser (solid lines are fits to the experimental

electrically pumped OLS’s. We have demonstrated recenflyints). Inset: schematic diagram of AIfDCM double-heterostructure DFB
how Iasing thresholds of electrically pumped OLS'’s maﬁser. (t_)) Emis_sio_n spectra of AlPCM double-heterostructure DFB laser at
. . . creasing excitation levels near threshold.
be estimated from characteristics of optically pumped wave-
guide OSL's composed of an organic double heterostructure
[10]. Here, we study optically pumped double-heterostruetching. The pattern was transferred into Sy evaporation
ture OSL's with distributed optical feedback, employing af a thin Cr layer, followed by lift-off, and finally reactive ion
first-order optical grating fabricated by nanoimprint techetching of SiQ with CHF; [22], [23].
nology. The laser structure was optically pumped with 1-ns pulses
An Algs:DCM double heterostructure, shown schematgenerated at a 40-Hz repetition rate by a nitrogen laser at
cally in the inset of Fig. 2(a), consists of a 50-nm-thickvavelengthA=337 nm, focusing the pump laser beam into a
layer of Algz doped with 2% of DCM, sandwiched betweer2 cm x 50um stripe on the device surface. The stripe was
two 125-nm-thick cladding layers of AtqThe organic layers oriented orthogonal to the grating to couple the reflection
were fabricated by sublimation in vacuum (5 x-1Qorr) on back into the pumped region of the device. Lasing action
a Si substrate precoated with a JuBrthick layer of SiQ. associated with a sharp increase in output power [Fig. 2(a)] and
The organic film (Alg refractive indexn = 1.72) forms an spectral narrowing [Fig. 2(b)] was observed at a pump energy
optical waveguide with Si®(n = 1.46) and air & = 1) used density above 0.2J/cn?, accounting for 10% of the incident
as cladding layers. In this structure, the AlPCM active laser power absorbed in the active region @A&bsorption is
layer is placed at the maximum of the optical field intensitg=3 x10* cm—! at A=337 nm [24]). The experiments were
in the waveguide, resulting in an optical confinement factmonducted in a nitrogen ambient and no degradation in the
of I'=18% [15], which is enhanced by a higher refractivperformance of the devices was observed during several hours
index of Algs:DCM (n = 1.78). of operation.
Optical feedback is provided by a grating (200-nm period, The lasing thresholds observed in double-heterostructure
30-nm depth) etched in the SiQladding prior to deposition DFB OSL's (5, = 0.2 pJicn?) are significantly lower
of the organic film. The etching is accomplished using nanointhan thresholds of Fabry—Perot double-heterostructure OSL's
print lithography, a high-throughput and low-cost patterning?, = 1 pJ/cn?) [10], where optical feedback is provided
method with a sub-10-nm resolution [22], [23]. In the nanoinby reflections from the organic film facets. Low reflectivity of
print lithography process, a 200-nm period grating mold wake facets & = 7%) leads to relatively high optical losses in
first fabricated by interference lithography. The grating patteffabry—Perot double-heterostructure OSL's, resulting in higher
was imprinted into a layer of polymethylmethacrylate (PMMAJasing thresholds. The DFB structures provide for efficient
spun on the Si@-Si substrate. Before imprinting, both theoptical feedback, and the optical losses are limited only by
mold and the PMMA-coated substrate were heated to 1Waveguide and scattering losses from grating imperfections.
°C, where the polymer is a viscous fluid. The mold was théwhile it is not possible to quantify all of these effects, we can
pressed at approximately 600 psi into the PMMA to createcanclude that optical gain is significant in AlgDCM films
thickness contrast pattern in the polymer. After cooling, thender an optical excitation intensity <Qua/cn?.
mold was separated from the substrate. The thin residual resisthese experiments provide an estimate for lasing thresholds
in the recessed region was removed by oxygen reactive ionelectrically pumped OSL's. An optical energy density of
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Py, = 0.2 pJd/en?, absorbed in the Alg: DCM layer, corre-
sponds to a density df x 10 cm~2 photons. This leads to

n = 3 x 10 cm2 excitons formed in the Alg: DCM. An
equivalent density of excitons may be formed by an injection
current ofj = 80 A/cm?, estimated using the equation

..'.. ﬁ.-.—.—l/ - -

1T

DFB laser power {(a.u.)

quasi-cw ) )
2.0 14 excitation output
J= (1) ~
X . T .
whereec is the electron charge;, = 5 ns is the DCM radia- 0
tive lifetime [25], x = 1/4 is the ratio of radiative singlet exci- ¥ 0 1 2 3 4

tons to the total number of excitons formed by electrical injec- Time delay (ms)

tion, and the factor of 2 accounts for two charges (electron and

hole) needed to form an exciton. This level of injection is easiyig. 3. Output power of Alg: DCM DH DFB laser as a function of time delay

achieved in OLED’s, as discussed in Section IV, opening up tRgween pulsed and quasi-CW pump pulses. Intensity profile of the quasi-CW
. e o .. . ' . “excitation is also shown in the lower part of the graph.

realistic possibility for achieving electrically pumped OSL's.

t = —0.5 ms, measured at the beginning of the experiments,
and the power at = 3.5 ms.
To exclude sample heating as the origin of the observed
All organic thin-film lasers demonstrated so far employedecrease in the laser output, we also fabricated laser structures
pulsed ¢ = 100 fs—10 ns) optical excitation as a pump. Pulsedn a thermally insulating glass substrate. The temperature
pump sources such as a nitrogen laser or a frequency-triptdthnge in a 300-nm-thick organic film is primarily determined
YAG laser provide pulses of ultraviolet (UV) radiation<350 by the thermal conductivity of the underlying substrate. Hence
nm) with energies in excess of the lasing thresholds in the dihe heating of an optically pumped organic film fabricated on a
ganic thin films. However, the low optical intensities required t8i substrate (thermal conductivige150 W/mK) is expected
achieve lasing in Alg: DCM DFB OSL's may also be obtainedto be smaller than heating of a film fabricated on glassl(1
using CW UV sources such as an Ar—ion laser, opening the p#&/m-K), since the film temperature changd” ~ F/(xt)~'/?
sibility to observe lasing under continuous, or quasi-continuoy26], whereF is the pump pulse energy ands time after the
optical excitation. excitation. The thermal time constant should also be differentin
For experiments focused on determining the quasi-Cl&ser structures fabricated on Si and glass. We found, however,
lasing characteristics of organic films, we fabricated DFB OSthat the effect of quasi-CW excitation on lasing has the same
structures consisting of a single 300-nm-thick Alayer doped amplitude and time constant in the lasers fabricated on glass
with 2% DCM, shown schematically in the inset of Fig. 3and Si, indicating that sample heating is not responsible for the
These devices provide for the lowest lasing threshold in terrabserved decrease in the laser output power.
of total incident pump intensity?;, = 1.5 kW/cn?, while These data suggest that the quasi-CW excitation induces ad-
double-heterostructure DFB OSL'’s (discussed above) have thitonal optical losses in the organic film. To further understand
lowest threshold in terms of pump energy absorbed in the actibe origin of the effect, we used a pump and probe configura-
layer. Pump intensities >1.5 kW/énwere achieved using ation, where 0.2-ms duration pump pulses were provided by the
2.5-W CW Ar—ion laser X=351-363 nm), focusing the lasermodulated output of a cw Ar—ion lase&£351-363 nm), and the
beam into a 5 mm x 2(dm stripe. To reduce the degradation oprobe was supplied by a CW diode lasks§75 nm). The ex-
the organic film under high —intensity excitation, the experperiments were conducted with a 300-nm-thick Afiim doped
ments were conducted in nitrogen ambient, and the CW pumwjth 2% of DCM on a quartz substrate. The punip£ 10-100
laser was modulated with a mechanical chopper, resultingV) and probe P = 0.1 mW) beams were focused into a
in a 0.2-ms-long pump laser pulses at 40-Hz repetition ratemm-diameter spot on the AJgDCM film. The intensity of
However, no lasing action was observed under such excitatidhe probe beam was analyzed using a balanced detector com-
To further examine the effect of CW excitation, we combineblined with a digital oscilloscope. To avoid detection of photolu-
pulsed (1 ns) and quasi-CW (0.2 ms) excitations focusing battinescence generated by the pump, the collimated probe beam
the nitrogen and Ar—ion laser beams onto the same region of thas passed through a 1-mm-diameter diaphragm placed 0.7 m
organic film. The intensity of the pulsed excitation was tuneaway from the sample. The experiments were conducted in ni-
above the lasing threshold, and the DFB laser output power wasgen ambient to reduce photochemical degradation of the or-
monitored as a function of time delay between the 1- and 0.2-iganic film.
excitation pulses (Fig. 3). We found that the laser output powerThe results of the pump—probe experiments, shown in Fig. 4,
decreases by 30% once the pulse overlaps the quasi-CW exaiféer a clear indication of absorption induced by the quasi-CW
tion. The laser output power slowly recovers as the pulsed exaptical excitation. The changes measured in the probe laser in-
tation is further delayed behind the quasi-CW pulse. The meansity transmitted through a 300-nm-thick AlPPCM film
surements presented in Fig. 3 were also affected by a gradiréd). 4(b)] are correlated with the pump pulse [Fig. 4(a)]. The
degradation of the organic film during the experiments, resultimgduced absorption has a 10—-f6+ise time following the front
in a difference between the laser output power at time delagge of the pump pulse and has a decay time 6f0.16 ms.

IIl. OPTICAL PROPERTIES OFORGANIC LASER MATERIALS
UNDER QUASI-CW OPTICAL EXCITATION
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in realizing such structures are primarily related to the intrinsi-
_ ' _ cally low charge carrier mobilities in organic semiconductors.
Fig. 4. (a) Optical pump X=350-360 nm) pulse and (b) pump-induced ~ charge transport in small molecular weight organic semicon-

absorption measured at650 nm in a 300-nm-thick Algifilm doped with . . .
2% of DCM. Also, pump-induced absorption for (c) Algnd (d)a-NPD are dUCtOI’S,. SL_JCh as Aff is usually described in terms of trap-
charge-limited current [24]

shown.

V(m+1)

The amplitude of the induced absorption increases linearly over T~ u(E, T) - e 2)

a limited range of pump power densit (= 1-10 W/cn?). The
measurements are limited by the system sensitivity at low exci-
tation powers, and by the pump-induced photoluminescenceW ere . - e
P > 10 Wicn?. Similar effects were observed in 300-nm-thick #(£- 1) charge carrier mobility at electric fielef and tem-
films of undoped Alg [Fig. 4(c)], and in a 200-nm-thick film of peraturer’;
a-NPD [Fig. 4(d)], where the induced absorption has a smallerV’ applied voltage;
amplitude and shorter rise and decay times. This suggests that organic film thickness.
the pump-induced absorption observed in AIPCM is pri- Herem = 1;/T, whereT; is the characteristic temperature of
marily due to the dopant molecules. the trap distribution. The carrier mobility in molecular semicon-
It is well known that the performance of CW lasers utilizingluctors is a strong function of the applied electric field and in-
liquid solutions of dye molecules is strongly affected bjected carrier density [24]. Carrier injection in Algaises the
absorption of triplet excitons formed from singlet excitons bglectron quasi-Fermilevel toward the lowest unoccupied molec-
intersystem crossing on a timescale of 100 ns, and possessilay orbital (LUMO) , reducing the available density of empty
millisecond radiative decay times [27] and [28]. Similatraps and increasing the electron effective mobility. This de-
processes might take place in the AlCM film subjected pendence may be taken into account by varyingsthealue
to quasi-CW optical excitation. Alternatively, excitons formedsee (2)] at increasing injection levels. For example, the charge
in the film may dissociate into single charge excitations, dransport in Alg is adequately described by (2) with, =
polarons. The optical properties of a molecular ion possessifigE 2) x 107° cm?/V-s, andm ranging from 1 at low applied
an extra electron (or hole) are expected to be different frovaltages to 8 at high voltages [24].
those of a neutral molecule. The presence of an extra chargdo determine charge transport mechanisms under intense
changes the energy of molecular excitations and creates re@ctrical excitation, we fabricated OLED’s composed of a
electronic transitions. Induced absorption was also observeds®rA—thick film of copper phthalocyanine (CuPc), 500 A of
the Algg: DCM, Algsz, anda-NPD films subjected to intense 4, 4-bis[N-(1-napthyl)/V-phenyl-amino] bephenylo-NPD),
electrical excitation, as discussed in Section V. These effed80 A of Alg; : DCM2 (doped with 3% of DCM2 by mass), and
have direct implications on the realization of electricallfL00 A of Algs (see Fig. 5, inset). The organic layers were grown
pumped OSL's, as discussed below. in vacuum ¢ x 107 torr) on a prepatterned indium—tin-oxide
(ITO) coated glass substrates. A 1000-A-thick layer of Mg : Ag
(10: 1) was used as the cathode. The OLED’s were encapsu-
lated in an argon ambient [29] prior to characterization in order
There are two essential requirements in the design of sBmminimize degradation of the organic layers.
organic laser diode. First of all, it has to provide for efficient Fig. 5 shows the current versus voltage characteristics of an
current injection in the optically active material (such a®LED measured under dc and pulsed ispexcitation. A max-
Algz: DCM), and second, it has to form an optical resonatdmum current density of = 300 A/cm? was attained under
whose optical losses are smaller than the gain. The challengetsed excitation. This demonstrates that excitation intensities

IV. ORGANIC LASER DIODE STRUCTURES
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Fig. 6. Schematic of a waveguide OLED composed of a 100-nm-thick organic aveguide leng (wm)

film and 20-nm-thick ITO contacts. Fig. 7. Laser power transmitted through composite ITO/organic/ITO slab
waveguides as a function of the waveguide length. Inset: calculated optical
in excess of those required for lasing in optically pumped strufteld distribution and refractive index profile in the waveguide shown in Fig. 6.
tures can be achieved. The different slopes$-éf characteris-

tics measured under d¢ (~ V®) and pulsed{ ~ V°) con- tance. The OLED’s were defined by etching p+wide by
ditions may be explained in terms of trap-charge-limited co®-2—1-mm-long openings in the 100-nm-thick Sif@sulating
ductivity in these materials [24]. The reductionsinimplies a layer. The OLED’s were cleaved on one side following the fab-
smaller characteristic energy of traps & E,/kT, whereE, rication.

is the characteristic trap energy ahik Boltzmann’'s constant) The inset in Fig. 7 shows the calculated optical field distri-
contributing to charge transport under pulsed1 us) exci- bution and refractive index profile in the waveguide. We calcu-
tation, suggesting the presence of deep electronic states étie optical confinement factors =39% in the organic film
charge hopping times in excess of 4. This can also be in- andI'=8%, and['=5% in the bottom and top ITO layers, re-
ferred from the electrical current pulse profile, shown in Fig. Spectively. In order to measure the waveguide losses, we also
bottom inset, where the current slowly increases in responsddbricated these structures on a number of 0.6—1.4-mm-wide
a 10ys voltage pulse. Si-SiQ bars cleaved prior to the deposition of organic films.

The low charge carrier mobility combined with a strong deSoupling a HeNe laser bearh£633 nm) into the waveguides
pendence of trap-charge-limited currents on the film thickneasd measuring the laser power at the waveguide output, we ob-
[see (2)] imposes strict limitations on the thickness of organiain a waveguide loss af=27+4 cnt! (see Fig. 7). The esti-
layers employed in OSL's. In most OLED’s, the total thicknessated optical losses related to light scattering from the ITO sur-
of organic layers is typically from 100 to 150 nm, with currenface imperfections are <3 cm, accounting for an average sur-
injection becoming increasingly inefficient for thicker layersface roughness of 1 nm measured using an atomic force micro-
An exception is an OLED with doped charge transporting layessope. Hence, the losses are primarily due to absorption in ITO
[30]. However, doping reduces material transparency, makimagnich can be further reduced by optimizing the indium-tin ratio
this approach unacceptable for lasers. and oxygen concentration to achieve maximum transparency

Electrically pumped OSL's can be designed employing owhile keeping the resistivity sufficiently low [31]. The mea-
ganic waveguides with contact electrodes on both sides of th&ed waveguide losses are comparable to mirror losses in an
organic film, as shown in Fig. 6, similar to a conventional inOSL, with optical feedback provided by reflections from the
organic diode laser. Optical losses in such waveguides coanganic film facets. That isq = —In(R)/L = 32 cm™!,
posed of thin (100-200 nm) organic films are strongly affectetihere the facet reflectivity ig&2 = 7% and the device length
by absorption in the electrodes due to substantial penetratisd. = 0.5 mm [10], making such waveguides feasible for elec-
of waveguide modes into the contact layers [15]. The wavsically pumped OSL's. The optical feedback may be incorpo-
guide losses can be considerably reduced if thin transpareaited by either cleaving the waveguides and using the reflec-
ITO contact layers (with optical losses @&300 cnt! in the tions from the facets, or by employing Bragg reflections from a
550-750-nm spectral range) are used. grating etched in the SiJayer.

The waveguide OLED’s shown in Fig. 6 were fabricated on a The composition of the organic layers was designed to
(100) Si-SiQ substrate consisting of a 100-nm-thick organiprovide for efficient injection of both electrons and holes into
film sandwiched between 20-nm-thick ITO contacts. The othe active layer. Metal-free OLED’s with ITO contacts to
ganic layers were grown in vacuurh ¥ 10~7 torr) by sequen- both the electron and hole transporting layers were recently
tial deposition of a 500-A layer of 4,/bis[N-(1-napthyl)?V demonstrated [32] employing CuPc as an electron injecting
-phenyl-amino] bephenyhNPD), 350 A of Alg;: DCM, 100 interface layer between the ITO and AJgproviding for an
A of Algs, and 50 A of bathocuproine (BCP) which serves ashmic contact. In the waveguide OLED structures, we used
an electron injecting layer into Algq The ITO layers were radio BCP instead of CuPc, which also provides for good injection
frequency sputtered at room temperature, with a resistivity of electrons and is highly transparent in the600—700-nm
300€2/00. Gold and silver leads were used on the bottom amectral range (in contrast to CuPc which is strongly absorbing
top ITO contacts, respectively, in order to reduce series resisrer those wavelengths). The current—voltage characteristic
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Fig. 8. Electroluminescence measured from the edge (squares) and surfageg. Ratio between edge and surface electroluminescence of a waveguide
(circles) of a waveguide OLED plotted as a function of current density. Inse| ED as a function of current density. Solid line shows the results of
current-voltage characteristic measured for a waveguide OLED. calculations made using the equation shown in the inset and assuming
Aa = &7, wherej is the current density anfl = 1.2 cm/A. Inset: edge
. . . . . emission spectra measured at different injection currents.
of the waveguide OLED'’s is shown in the inset of Fig. 8. A

current density of 35 A/cihis achieved under dc excitation, Alg;:DCM2
comparable to currents observed in OLED’s with metal Mg—Ag Arion faser
contact to Alg.

In Fig. 8, we show the relative electroluminescence emitted
from the surface and the edge of the waveguide structures as a
function of current density. At high currents, edge emission is Balanced
less than that from the surface, an effect that is emphasized in detector
Fig. 9, where the emission intensity ratio is plotted as a function
of current density. The attenuation of the edge emission may be

| =) DCM2 dye faser F

L= R6G dye laser

T ITO  Mg/Ag

glass

related to changes in optical transparency of organic materials Digital Pulse generator

under current injection. The edge emission propagating through oscloscope

a 200-100Qm-long waveguide is more sensitive to such

changes, as compared to the surface emission, which passes

through less than 0.4am of material. Fig. 10. Experimental setup of the electrooptical pump and probe

The edge electroluminescence intensifyf.) is related to Measurements.

the surface electroluminescendeg,(;) via . ]
respectively. The structures were fabricated on prepatterned

(1 — e~ (ataaDLy ITO/glass substrates and sealed into a package in an argon

Leage = Lsurt - (o +Aa-T)L ®) ambient. The OLED’s were subjected to pulsed=f 10 us)
electrical excitation, and current densities as high as 300 A/cm
where were achieved. As an optical probe, we used two tunable dye
L length of the waveguide; lasers pumped by an Ar-ion laser. The dye lasers utilized
a waveguide loss; solutions of Rhodamine-6G and DCM2, providing for spectral
Aa;  pump-induced change in the absorption of the organignability from 570 to 710 nm. The probe beam was focused
materials. on the OLED through the transparent ITO contact and re-

The solid line in Fig. 9 shows a fit of the data to (3), assumingected back from the Mg/Ag contact. The probe intensity was
that Aa = &j, whereg is a constant. The best fit was ob-measured by a balanced detector placed >1 m away from the
tained using=1.2 cm/A. The pump-induced absorption shouleb ED in order to minimize the effects of electroluminescence
be spectrally broad since no changes in the spectrum of the edgeprobe-induced photoluminescence. The detector output
emission were observed at increasing currents (see the inse;a§ analyzed with a digital oscilloscope, with a total system
Fig. 9). The origin of these effects is discussed below. response time of Jus.
Fig. 11(a) shows spectral dependence of pump-induced
V. OPTICAL PROPERTIES OFORGANIC SEMICONDUCTORS changes in absorption of the organic materials calculated from
UNDER INTENSE ELECTRICAL EXCITATION the changes in the probe laser intensity via

_ We studie_d the effects of elegtrigal excitatioq on the op- AL =1, - (exp(—Aa - 2d) — 1) (4)

tical properties of Alg:DCM2 thin films employing pump

and probe spectroscopy [33]. Fig. 10 is a schematic of tiderel, is the probe laser intensity antlis the thickness of
experimental setup. The 350-A-thick AlgpDCM2 films were organic layers. The pump-induced transparendy: (< 0)
incorporated into OLED’s using 500-A-thicki-NPD and observed between 570-610 nm is due to partial bleaching
100-A-thick Alg as hole and electron transporting layersf Algs: DCM2 absorption [see Fig. 11(b)]. However, even
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Fig. 11. (a) Spectrum of pump-induced changes in the absorption #k current in the OLED, and (c), (d) the probe laser intensity at different
Alg; : DCM2/o-NPD incorporated in an OLED at a current density ofwavelengths. Here, positive transients correspond to induced transparency (i.e.,
J = 65 Alem?. (b) Absorption spectrum of Alg: DCM2, where the DCM2 A« < 0) and negative to induced absorption (i&g > 0).

concentration is 5%.

respectively. Since the polaron diffusion time (or lifetime) is an
in the presence oAa < 0, the Algg: DCM2 layer remains exponential function of its energy with respect to the LUMO,
absorptive sinceAa is smaller than the total film absorptionpolarons trapped on DCM2 molecules are expected to have even
(i.e., &« + A« > 0). The pump-induced absorptiothé > 0) longer lifetimes, contributing to the slowly decaying nonexpo-
observed in the spectral range of 620-705 nm, where optic&ntial transient response of the OLED. This argument is also
gain was demonstrated in AAgDCM2 under optical excitation supported by the results of the optical pump—probe experiments
[15], [19], implies the presence of absorbing molecular specigection Ill), where long decay times of pump-induced absorp-
formed under carrier injection. In contrast to optical excitatiotion were observed in Alg: DCM films, in contrast to relatively
where an electron and a hole in a bound state (or excitdapt decay observed in undoped Algms.
are formed directly on the same molecule, electrons andThe decay of pump-induced transparency [see Fig. 12(d)] is
holes in electrically pumped OLED’s are delivered separatedyso nonexponential. We attribute the initial fast decay to DCM2
into the active region near the interface betweeNPD and singlet excitons which recombine radiatively with, = 5 ns
Algs: DCM2 where they combine to form excitons. As a resulfwell below our experimental resolution). The slow decay is due
the electron (hole) transporting layer in an OLED contairts long-lived DCM2 polarons. Polarons may contribute to in-
Algz and DCM2 anions (-NPD cations)—molecules with duced transparency since an extra electron inthe LUMO reduces
an extra electron (hole). Compared to a neutral moleculetree optical cross section and changes the energy of a highest
charged molecule (or polaron) has additional allowed opticatcupied molecular orbital (HOMO)-LUMO transition due to
transitions leading to so-called polaron absorption. This effdtte Frank—Condon effect [14]. The contribution of the fast de-
has been studied recently in thin films of conjugated polymecaying (exciton) component to the induced transparency is al-
[34], [35] and small molecular weight organic semiconductoraost negligible compared to the slowly decaying (polaron) con-
[33], [36]. Alternatively, the pump-induced absorption may bgibution. This originates from the difference in the exciton and
due to optical transitions related to triplet excitons also formgmblaron lifetimes resulting in a higher concentration of polarons.
under electrical excitation. We estimate the density of Adgpolarons agp,, = 5 x 10*®

Fig. 12 shows the transient response of both the electricah— atj = 100 A/cm?. Here,p,, = jt,/ed, whered is Alqs

pump as well as the optical probe signaldab80 nm and 680 layer thickness (400 A). Alsat, = d?/uV = 30 ns is the
nm measured at = 65 A/lcm?. The decay of induced absorp-time of flight of an electron through a 400-A-thick AJdayer
tion [see Fig. 12(c)] is nonexponential and has fast and slavV' = 30 V. In contrast, the density of singlet excitons is
decaying components$10-100us), suggesting that observedp., = 2 x 10'7 cm™2 < p, atj = 100 Alcm?, calculated
effects are primarily related to polarons rather than to triplesingpe. = jt.,/4ed, wheret,, = 5 ns is the exciton sponta-
excitons. We calculate an Adgolaron diffusion coefficient at neous radiative decay time, and the factor of 1/4 approximates
room temperature oD, = 1.25 x 10-% cm?/s, compared the fraction of excitons in radiative singlet states using simple
10 Doy ~ 1073-10"* cnm?/s [17], usingD = pkT/c, where spin statistical arguments.
=5 x 1072 cm?/V-s is the Algg mobility ande is the elec-  Both pump-induced transparency and absorption are linear
tron charge. We then estimate the diffusion time of Afp- functions of current density (see Fig. 13), as expected for ef-
larons and excitons through a 500-A-thick film (half of the totdlects related to single charge excitations. The pump-induced
Algs layer thickness) of;,.1 ~ 10 ps andre; ~ 10-100 ns, transparency measured#570 nm reacheao=—350 cnrt
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from the electroluminescence response of waveguide OLED's shown in Fi§ay be achieved in such structures, at least under pulsed
6. excitation. The problem is to deliver this excitation to the

laser material without inducing significant absorption in the

atj = 100 Alcm?. NeverthelessAa| remains well below the charge transporting layers. Similar problems exist in inorganic
absorption ofe = 10* cm~? for Algs: DCM2 at this wave- semiconductor lasers, where doping of charge transporting

length [see Fig. 10(b)], and, therefore, no net optical gain is ogvers leads to optica_l losses due to_free carrier gbsorptio_n.
served. Current densities as high as 300 A/evere achieved Howeyer, _absorptlon induced by carriers trapped in organic
in the OLED's with an additional 50-A-thick layer of cupcMaterials is a much stronger effect compared to absorption by

placed between the ITO aratNPD. However, the pump-in- free carriers, at least in the visible and near-infrared spectral

duced changes measured for these OLED's are primarily relaf@goe- This is due to the higher oscillator strength of molecular
H@nsitions and the low charge carrier mobility in organic films,

to polarons formed in CuPc which has a strong absorption in t e _
spectral range dk=560—-720 nm [33]. Wher_e the transmission of even a modes_t electrical current
requires a high spatial concentration of carriers.

In order to reduce polaron effects, organic double- het-
erostructures, shown schematically in Fig. 14, can provide
the benefit of separating the functions of charge transport

The results of pump and probe experiments explain tla@d light emission to different materials. The light-emitting
observed attenuation of the waveguided OLED emissioayer, composed of Alg DCM2, for example, is confined
discussed in Section IV. The DCM2 emission spectrum [sbetween electron and hole barrier layers. This provides for a
Fig. 1(e)] overlaps primarily with the polaron absorptiomigh concentration of both electrons and holes (or excitons) in
spectrum rather than with the induced transparency [stwe Algs: DCM2 layer, leaving the polarons (or single-carrier
Fig. 11(a)]. This leads to effective attenuation of that fractioexcitations) in the charge transporting layers. The charge
of electroluminescence coupled to the waveguide modes. Tthensporting materials are selected according to the spectral
linear dependence of pump-induced absorption calculated frohmaracteristics of polarons in these materials in order to
the ratio of surface and edge electroluminescence, shownmiimimize the overlap between the charge-induced absorption
Fig. 13 as the solid line, agrees qualitatively with our pump arahd the optical gain spectrum. Unfortunately, experimental
probe measurements. The quantitative discrepancy (by a facttudies of polaron absorption have thus far been limited to a
of 3) may be due to the electroluminescence radiated at sneafiall number of materials, and theoretical models are not yet
angles to the OLED surface, which is difficult to discern froncapable of accurately predicting the polaron absorption spectra.
the waveguided electroluminescence. It is expected, however, that optical properties of polarons

These results also provide insight into the origin of inducestrongly depend on the structure of organic molecules, leaving
absorption in Alg: DCM observed under quasi-CW optical ex-opportunities for suitable materials to be eventually identified.
citation (Section IIl). As we have shown in Section V, the aliHowever, finding such materials will require a systematic study
sorption induced by the electrical current is primarily due to p@f polaron effects in a variety of charge transporting organic
larons, which are most likely a source of optically induced alfitms.
sorption as well. If the contribution of triplet excitons to the in- Another potential approach to OSL design is to employ
duced absorption were significant, we would expect to see slwrster energy transfer of excitons between inorganic and
stantially decreased transient decay times observed in the pusnganic semiconductors [37]. In such hybrid organic—inorganic
and probe experiments (Fig. 12). systems, the inorganic material can be used for charge transport

From all these experiments, it becomes clear that the O8hd the organic material for light emission. In this case, no
waveguide structures can be fabricated using thin orgamiolarons are induced in the organic material, since excitons are

VI. DISCUSSION
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formed in the inorganic regions of the structure. This type ofi28]
energy transfer remains, so far, only a theoretical prediction.
: : 29]
In conclusion, we have demonstrated that waveguides conﬁ—
posed of thin organic films and ITO electrodes provide for low[30]
optical losses=27+4 cnT!) and efficient current injection 31]
(Jmax = 35 Alcm?), making them feasible for eventual use in
thin-film organic semiconductor lasers. The main challenges 2]
realizing OSL'’s is primarily related to absorption induced by 3
the injection of charge carriers in the organic films. The spectra[l3
characteristics of these effects have to be considered in the selggs]
tion of materials and structures used in OSL's. Induced absorp-
. ) . 35]
tion can be also reduced employing organic double heterostru&-
tures or hybrid organic—inorganic systems. [36]
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