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Pulsed excitation of low-mobility light-emitting diodes: Implication
for organic lasers
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We present a theoretical and experimental study of electrical pulsed excitation in polymer
light-emitting diodes(LEDs). We find that the low mobility results in a relatively high charge
density within an electrically pumped structure. The broad spectrum of the charge-induced
absorption and its overlap with the ground-state absorption pose a significant barrier for achieving
net gain and lasing. We suggest an approach that might circumvent this problem using suitable
emitters and an appropriate driving scheme. We also suggest methods for ultrafast modulation of
LEDs as well as direct determination of the space charge within the recombination zori€9%
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Ever since the realization of lasers in the early 1960¢hatF=1/4) and 7 is the exciton lifetimeu is the effective
organic materials have been considered as lasing mediamobility for recombination and we assumes= ue+ -
Only in the 1990s have conjugatésemiconductingpoly-  Previous modeling of LED$Refs. 8 and 9did not include
mers reached the necessary qualdypd purity to be used Eg. (2). However, in the context of lasers it is essential to
for lasers> The realization of an optically pumped organic include the gain level® The boundary conditions, E@3),
laser based on a material that could support current densitiege written assuming an Ohmic contact. Neglecting the dif-
of kA cm™? (Refs. 2 and Bshowed that these materials could fusion term in Eq.(2), it can be solved for steady state:
now be considered for electrically pumped lasing. However,

to the best of our knowledge an electrically pumped laser has —F i,unh?' (4)
not been reported yet. In this letter we highlight some of the ”e
issues relevant to eIectricaIIy pumped structures. Usmg typ|ca| values for po|ymer LEDs under cw exci-

We start by writing the equations that are considered tQation (u=10"%cm?V~1s} n,=10%cm3 7=107s),
govern the operation of an electrically pumped light-emittingwe find thatn,=6.6x10*xS. Namely, the typical low-
device (LED), assuming exciton generation is a Langevinmobility LED contains many more chargégsolarons than
process.® light-emitting (gain excitons. Moreover, if the injection/
mobility is unbalanced, them,>n.. The implication for
lasers is that the Langevin recombination is a bottleheck
for exciton generatiof? The effect on internal absorption is
—Ry(z,t)N(z,1) (1) shown in Fig. 1, whiqh describes ona logarithmic scale. the

ground-state absorptigmeasured using the photodeflection

spectra(PDS techniqué, excitonic gain(measured using an
) optical pump prob¥), and charge-induced absorptifmea-

sured in a LED(Ref. 6] for poly (p-phenylenevinylene
Nel,_,=Neos Nn,_, =Nho, Nej,_, =Nn|,_,=0, (3)  (PPV). This gain—loss balandgig. 1) shows that the broad
polaronic(charge absorption, having a cross section similar
to that of the excitonic gain (5—2010 ®cn?), will make
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Here,ne, n,, andS are the electron, hole, and singlet ‘; 10 Limmsmm, Absorption
exciton density, respectively. Equatih describes the elec- S 10°} s 1
tron dynamics and a similar equation describes the hole dy- g \ .

. . . . . . .8 104} Excited State -
namics.D is the diffusion coefficienty is the mobility; and @) Absorption
R is the Langevin recombination rate which is field depen- & jqp} Excitonic % :
dent through the field dependence of the mobilityEqua- & Gain N\ A
tion (2) describes the dynamics of the singlet exciton density, § 1021 i~ ]
which is generated through the Langevin recombination rate. < ) et
F is the fraction of singlet excitons generatesle assume 10300 400 500 600 700 S00 900 1000

Wavelength (nm)
dElectronic mail: nt202@cus.cam.ac.uk
PChemistry Dept., Imperial College, Exhibition Road, South Kensington, FIG. 1. Absorption gain and excited-state absorption coefficients. The gain

London, U.K. (produced by excitonand the absorptiofiproduced by excited stafess
9Thomson-CSF, Domaine de Corbeville, 91 404 Orsay, France. shown for an equal density of 3em™3.
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Time (s) FIG. 3. Measured time response of light and charge-induced absorption in

. . an ITO/PPV/Ca LED. The applied voltage was 27 V and the device was
FIG. 2. Calculated time response of the average exciton and charge densitygjed to—170 °C.

in a PPV LED.

LED, shown in Fig. 3. Figure 3 shows that the light intensity
it impossible to observe net gain in the cw-driven LED de-drops instantaneouslyvithin experimental resolutioras the
scribed here. These features are not unique to PPV and broggitage is turned off. On a longer time scale, both the carrier
charge-induced absorption has been reported for othefensity and light intensity show similar time dependence.
materials:* Namely, in this type of LED the situation at turn-off is not

There could be several approaches for avoiding the protweneficial with respect to Eq4).
lem associated with Ed4). First, use a material with high A closer examination of the turn-off of the exciton den-
mobility so that the exciton density would be enhanced. Secsity (Fig. 2) shows that the decay is not instantaneous but
ond, find a material system where the absorption is neglireflects the radiative lifetime of the excitons. Therefore, we
gible, at least in a small spectral range, so that the method @onclude that by using a long-lived emitter the situation at
shifting the emissiol? (gain) to a desired spectral position turn-off is much improved, and that it is possible to over-
may prove useful. Third, operate the device in non-cw concome the charge-induced losses by regarding the device op-
ditions. In the following, we explore the potential advantageseration as a two-step procesd) Charge injection and a
of using a pulsed operation. A pulsed operation has severgluildup of high exciton density2) Charge extraction in re-
advantages: avoiding heatffigand allowing current density verse bias. In this case at the end of the cycle the structure is
of kAcm™2° For the present discussion the most relevantree of charges but still contains high exciton density capable
results, reported in Ref. 6, are that under pulsed excitationsf producing gain. To demonstrate this idea we have made
mobility values reach 10°-10 'cn?V 's™* and the a LED with a long-lived emitter[platinum octaethyl-
charge density can be as high ax $0'’cm 2. Inserting  porphyrin (PtOEB],X"!8 blended into a polymer host
these values into Ed4) we find thatn,=S at the high ex-  (poly [4-(N-4 vinylbenzyloxyethyl,N-methylaming-N-(2,5-
citation regime. di-tertbutylphenyl naphthalimid@PNP.” Figure 4 shows

To check if further improvement can be reached throughhe response of such a LED to a 500 ns, 22 V pulse super-
the use of non-steady-state conditidméhere Eq.(4) does  imposed on a-8 V dc bias. The response shows an initial
not hold], we simulate the response of a LED to a short-pulséast (<us) rise, as in any LED, followed by a long>us)
excitation focusing on the turn-on and turn-off of the device.rise. This long rise was shown to be indicative of the capture
We solve Eqgs(1) and (2) coupled to the Poisson equation. of triplets generated in the polymer host by the PtGEPhe
We assume hemggo=nho=10""cm 2, and ue=0.1uy. most important point here is that the emissiemciton life-

Figure 2 shows the calculated time response of the excitime can be made much long@ts us) than the time charges
ton density( light), and the average charge dendite-  reside in the structuréhis 75 us lifetime is similar to the
glecting the diffusion in Eq(2)]. Focusing on the turn-on, photoexcited lifetimg The nature of the emitteisinglet or
we note that the rise time is composed of two time constantsriplet; molecule or atomis irrelevant to the concept we
Based on the simulation, we attribute the first to the holesyish to illustrate, which relies on the interplay between loss
moving towards the slow electrons and the second to effectgharge and gain(exciton lifetime.
due to transport of electrons away from the contact. If the  To conclude, we have analyzed the operation of polymer
excitons are first generated close to the quenching electrode,
the magnitude of the first time constant may be suppressed.
Since the exciton density rises slower than the charge den-

sity, we conclude that during the turn-on, the charge-induced it

absorption is relatively higher, and hence, this part of the ’; 08

pulse is not useful. Examining the turn-off of the device, the N

exciton density shows an instantaneous drop. When the volt- %D 0.6

age is turned off, the field-dependent mobility drops instan- 3 0.4f

taneously, which results in almost a complete switch off of 0.2}

the Langevin recombination rate. The size of the drop is 0 T
determined by the remaining space charge, and will be ad- 0 40 80 120
dressed elsewhere. To verify experimentally the effect of the Time (us)

field-dependent Langevin rate we measured both the carriegg. 4. Time response of the light in a polymer LED doped with a long-

induced absorption and the light intensity in a Ca/PPV/ITCOlived emitter(PtOEP emitting at~640 nm.
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