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We examine the effects of nonradiative losses on lasing in crystalline and amorphous organic thin films. In
crystalline films, the dominant loss mechanism is singlet-singlet annihilation, and this must be avoided if lasing
is to be achieved at practical current densities. The electrically pumped crystalline-tetracene laser structure of
Scha et al. [Science289, 599 (2000] is studied in detail. Optical and electrical confinement in the bulk
structure appears unable to explain the spectral narrowing reported; consequently, we consider electron-hole
plasmas, self-focusing at interfaces, and crystal defects as possible sources of the reported phenomena. In
amorphous films, lasers are likely to have to operate at current derkiti®800 A/cnt due to a combination
of nonradiative losses. The performance of potential lasing materials is quantified by the external quantum
efficiency-current—density productyeyJ. Electrically pumped lasers requirgeyrJ~5 Alcn?; the best
amorphous devices currently possesJ~0.3 A/cn?t. However, we demonstrate that electrically pumped
lasing in amorphous materials should be possible using indirect pumping techniques.
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[. INTRODUCTION efficiency. The effect of all nonradiative processes is quanti-
fied by the external quantum efficiency-current density prod-
Recent reports of electrically pumped lasing and opticaluct, 7gxtJ. Since singlet-polaron quenching is the nonradi-
gain in organic semiconductor crystaf$,and optically ative analog of polaron absorption, an intensity-independent
pumped lasing in amorphous semiconducting thin fiifis quantum efficiency is associated with low polaron absorp-
have encouraged the pursuit of practical organic semicortion. Bimolecular nonradiative losses such as singlet-polaron
ductor lasers. Organic thin films accommodate low-cost fabannihilation increase with excitation strength, thus amor-
rication, and can exploit the wide variety of dye molecules inphous thin-film laser structures must be designed to operate
inexpensive plastic lasers tunable across the visiblgt threshold current densitids, <1000 A/cnf.
spectrunt. These properties may ultimately enable organic As a prototype crystalline laser, the tetracene device of
materials to find practical application in electrically pumpedschm;n et all is studied in detail. Although electrically
Ias_ers. Bqt despite the achievement of stimulat_ed gmissiogumped lasing has not been convincingly demonstrated, the
using optically pumped amorphous organic thin fiffns, _significant spectral narrowing reported in Ref. 1 suggests
electrical pumping has not, to date, proven successful i a1 jasing may be achievable with a slightly improved de-

v ; 010,11
acrgevmg ?aln :)r Ias_lnb‘?d tor | lently bond vice structure. The bulk tetracene crystals used in this device
onventional semiconductor 1asers use covaiently bondeg oo oo |6y optical confinement, making it difficult to ac-
crystalline materials. One reason for the success of these : .
: . ; . . —count for the observation of spectral narrowing at the re-
devices is that the photoluminescence efficiency of a direc Sorted threshold current density. Consequently. we investi-
energy-gap crystalline semiconductor such as GaAs i Y- d Y,

~100%, independent of excitation strengftOrganic light- gate the poss[ble effect; ,Qf electron-hole' pIasr(EaH'P’s)
emitting devicesOLED's) have also demonstratéch maxi- and defec’F or interface initiated self-focusing. We find that
mum internal efficiency approaching 100%. However, theth® formation of an EHP may replace the dominance of ex-
highest-efficiency organic electroluminescence is typicallycitonic effects in the optical properties of organic semicon-
realized at low current densities because nonradiative lossé4!ctors with more bandlike characteristics. This, in turn, re-
increase at higher biases. At the excitation densities requireduces or even eliminates multiexciton annihilation, which
for electrically pumped lasing, such losses might render orpresents a significant barrier to gain at lower excitation den-
ganic lasers impractical. sities.

Previously, the inability to realize electrically pumped la-  This paper is organized as follows: in Secs. Il A and 11 B,
sers using amorphous organic films was attributed to the opeurrent and field dependent nonradiative losses are analyzed,
tical absorption of injected charge, or “polaron respectively; in Sec. lll, the lasing threshold in organic ma-
absorption.”%14-18|n this work we examine singlet-singlet, terials is calculated in terms of a quantum efficiency-current
singlet-polaron, and singlet-triplet quenching, and electricdensity product; nonradiative losses in amorphous materials
field-induced exciton dissociation. Singlet-singlet annihila-are studied in Sec. IV A; the tetracene device of $obioal !
tion may prevent the achievement of lasing in crystallineis studied in Sec. IVB; we discuss self-focusing and
materials, unless it can be overcome. In amorphous filmeglectron-hole plasmas in organic materials and the relative
that employ Fester energy transfer between host and guesadvantages of crystalline and amorphous materials in Sec. V,
molecules’® singlet-polaron quenching limits the quantum and conclude in Sec. VI.
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Il. NONRADIATIVE LOSSES IN ORGANIC MATERIALS singlet annihilation. Molecular order in crystals increases the
charge transport mobility, which lowers the density of po-
larons at a given current density and increases the rate of
triplet losses, decreasing singlet-triplet annihilation. Tet-

Energy transfer to singlet excitons, triplet excitons, andracene has rates of triplet-triplet and triplet-polaron annihila-
polarons is an ubiquitous source of loss in organiction that are at least two orders of magnitude higher than in
materials’ For losses to occur, it is necessary for the absorpnaphthalene, anthracene, or pyréhand the resultant reduc-
tion spectrum of the quenching species to overlap with thejon in triplet density makes tetracene particularly well suited
fluorescence spectrum of the radiative singlet exciton. Th@mong crystalline materials for lasing. Band transport in
energy of the singlet exciton may then be transferred to therystalline materials further reduces singlet-triplet and
quenching species, either by long-rangester transfer or  singlet-polaron losses at low temperature, whereas field and
by a direct collision-mediated exchange. It is possible, forthermally assisted hopping in amorphous materials freezes
example, that singlet fluorescence in an organic moleculeut triplet diffusion and retards charge transport as the tem-
will overlap with the polaron absorption spectrum. Owing to perature is decreased.
the increased electrical polarization of a charged molecule To calculate nonradiative losses in amorphous materials
and its neighbors, the optical transitions of the ionized speusing Eq.(1), it is necessary to estimate the concentration of
cies are typically redshifted with respect to those of the neupolarons and triplets within an electrically pumped device.
tral molecule’ Therefore, in systems wher€ ister energy  The free charge within most undoped organic materials is
transfet® from host to guest molecules is prevalent, guesiegligible. Hence, current flow requires the injection of
polarons are likely to cause quenching of host singleé®  charge, and in the absence of injection barriers and charge
Sec. IVA). Similarly, the transition between the first and traps, the current is space-charge limitéd,.e., J
second triplet excited states is typically less than the energy £ ,,sV?/d®, whered is the film thicknessy is the charge
of the first singlet excited staté. Thus, exchange energy transport mobility, and: is the permittivity. In this case, the
interactions ensure that singlet fluorescence in an organigpace-charge density is
molecule will overlap with its triplet absorption.

As current density increases, these losses also increase Je |12
and are consequently expected to be significant in electri- | 2udd?

; pdq
cally pumped lasers. The rate of energy-transfer-mediated ) o ) )
singlet-exciton quenching 6 Equation(3) relates the minimum density of absorptive po-

larons(n) within an organic film to the charge transport mo-

k=47DR, (1) Dbility.

Although Eq.(3) gives the fundamental limit for a trap-
ree semiconducting organic film, OLED’'s are often
ectron-injection limited, leading to additional surface
harges accumulating at the interface between the organic
semiconductor layers and the injecting contdcthe most
&fficient OLED’s employ a heterostructdfdo force exciton
formation and luminescence to occur far from the electrodes.
This typically prevents charge from leaking through the de-

7
assumed. vice without first forming excitons, and provides spatial con-

. Equatlon(l) SqueSt.S that nonrad|at|ve losses aré esp&inement of the excited states. In a conventional OLED such
cially severe in crystalline materials, because the d|ffu5|orhs that of Fig. (b), the surface charge at the injection contact

const%nt of singlet excitond), increases .W'th mol_ecular is balanced by positive charge at the interface of the hole and
order:” Indeed, energy transfer between singlet excitons is Rlectron transport layer§HTL and ETL). The injection-

significant loss mechanism in crystalline materials such 3R . ;
: 2 X . mited charge is related to the applied voltage
tetracene, where the singlet diffusion constant is estimated to 9 bp gy

A. Current-density dependent limitations to electrically
pumped lasing

()

whereD is the diffusion constant of singlet excitons aRds f
the energy-transfer radius, dependent on the overlap of th
singlet emission spectrum with the absorption spectrum o
the quenching specié8. Here, « represents nonradiative
rates that depend on the concentration of the quenching sp
cies. For nonradiative rates that are not empirically deter
mined, an energy-transfer radius @&~10A is often

be D~4x102cn?/st’ as compared to D~1 sV
X 1075 cm?/s in an amorphous material such as (8is n= Gd 4
hydroxyquinoling aluminum (Alg).% This process, known 46 den
as singlet-singlet annihilation, follows: where dgr is the thickness of the electron transport layer
and the HTL/ETL interfacial charge is given hy=nd,,
- Kss sis @) \I/:v_herle(g;]is the thickness of the exciton formation zdrsee
ig. .

where the rate iscgg, and S* and S are the excited and Triplets are formed by the direct combination of electrons
ground molecular singlet states, respectively. and holes, as well as via intersystem crossing from the sin-

Although singlet-singlet annihilation is much stronger in glet state. In fluorescent materials, triplets rarely luminesce,
crystalline than in amorphous materials, singlet-triplet andand the dominant decay paths are via nonradiative coupling
singlet-polaron losses are typically weaker. Consequently, ito a vibronic excitation of the molecular ground state, triplet-
crystalline laser structures such as that of $clwall triplet annihilation, and triplet-polaron quenching. Typically,
shown in Fig. 1a), we concentrate our analysis on singlet- triplets do not participate in long-range lSter energy
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FIG. 1. (a) The structure of the tetracene device of Stkoal. (Ref. 1). Two thin-film transistors are fabricated on either side of a single
crystal of tetracene. The source and drain electrodes are formed by thermal evaporation through a shadow mas&rdiaeldhjection
and aluminum(for electron injectioin The gate insulator is a sputtered film of amorphous aluminum oxide and the gate electrodes are
transparent aluminum doped zinc oxide. By applying high voltages to the gate electrodes, charge is efficiently injected into the crystal
interfaces. Electroluminescence occurs when a slight bias is placed across the crystal. A Fabry-Perot cavity is formed perpendicular to this
cross section by cleaving the crystal. The length of the thin-film transistors in Ref. 1 jen2&nd the cavity length is=750 um. The
thickness of the crystal is=10 um (b). The architecture and energy levels of a typical high-efficiency amorphous OLED. The device is
injection limited and a large amount of negative charge is located at the cathode. A corresponding amount of positive charge is retained in
the exciton formation region, adjacent to the BCP hole-blocking layer. The positive charge quenches excitons, reducing the quantum
efficiency. Preferentially electron and hole transporting layers are represented by ETL and HTL, respectively. We also indicate the thickness
d of the organic layers separating the cathode from the hole-blocking interface. Note that we have assumed that the HOMO-LUMO gap is
equal to the optical energy gap, as determined from absorption spectra. Under this assumption, the LUMO does not necessarily serve as the
lowest conduction level for mobile electrons. Although not shown here, charge redistributions and polarization effects at the heterointerfaces
are expected to alter the relative energy-level alignments when differing materials are brought into (Eeftes).

transfer?® so triplet-polaron quenching requires a collision A typical rate, x1p, for triplet-polaron quenching in amor-
between the species, and hence is much slower than singlgthous films is % 1072 cm®/s.2%?" Intersystem crossing is

polaron quenching.

Triplet-triplet annihilation is characterized by ratg; as

follows:

’
KT

T*+T* —— T*+5,

simply

Kisc

S — T, (7

governed by the ratkgc.

Including all of these processes, the rate equation for the

triplet exciton concentratioly is

fK%T
T +T* — 5 S*+S, dNy J
_ , , ot KNrNT— ke Np— k7pNF+ KiscNs+ - 11£qd’
where T* represents the excited triplet exciton. When two qd
triplets collide, spin statistié§ determine the probability of ®)

singlet and triplet formation. It is often assumed that thewherek is the rate of nonradiative triplet decdys is the
generation rafe of singlets from uncorrelated charges is singlet densnyq is the electronic charge, and the total loss
times that of tripletd/ ie., é&=% and 8M™* —3T*+

rate of triplets is given bycrr=(3+ &) k17’.

+4s. Assuming that the rate of triplet generation from inte
Triplet-polaron {T*-P) quenching occurs as follows: ssuming tha ra riplet generation from intersys-
tem crossing is much less than the rate of electrical genera-
K1p tion of triplets, i.e.,(k;sc smal), the transient solution to Eq.
T*+P— S+P. (6) (8) is
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N t)—( > Jo=2ad (16)
0= 2qd,(k\g+ krpn) O ksg
1—ex — A(Klg+ krpn)t] is the annihilation “onset” current density at= 7/2.
>< L
(1+A)—(1-A)exd — A(kLR-I— Kkrpn)t] B. Electric-field and power dependent nonradiative losses
(9) When a potential is applied across an amorphous organic

film, the resulting hole and electron currents typically vary
whereA = {1+ 3Jk17/qd, (kir+ x1pn)% andN;=0 at time substantially in magnitude, reducing the quantum efficiency
t=0. At the low injection levels often used in OLED(se.,  of a single-layer OLED. Unbalanced hole and electron cur-

J~1 mAlcn?), A~1 and Eq.(9) may be approximated by rents may arise from differences in injection efficiency or
charge transport mobility. But by use of a heterostructure, it

3J is possible to force balanced current flow by introducing bar-
NT=4d—kT(1—eXF{— Kgt])- (100 riers to the leakage of charge carriers out of the luminescent

qdiKnr region®* A heterostructure may be fabricated from a material

. . . L that predominantly transports electrons, together with a ma-
For electrically pumped lasing, much hlghe_r injection IeV'terial that predominantly transports holes. Or, a large energy
els are expected, and we may assume that triplet losses frofy ier at the heterointerface may retard the flow of either
trlple_t-trlplet and triplet-polaron ann|hllat|on are dominant. gjectrons or holes. In this section, we examine efficiency
In this case, the steady-state solution of B).using Eq.(3)  |osses that result from the breakdown of charge confinement

IS in a heterostructure at high electric fields. Electric-field-
induced losses from exciton dissociation have been studied
KTp 6rrrudq \/ eJ previously in OLED material®® However, in a heterostruc-
NT:2KTT —l+ 1+ KZped, 2udg” (1D ture device, charge confinement should force any dissociated

charges to eventually re-form an exciton. In any case, the
The loss mechanisms for singlet excitons are singlet-triplePinding energy of most excitons in amorphous films of small

annihilation at ratecsr, molecular weight materials is'1 eV (for example, the bind-
ing energy of an Ad; singlet is 1.4 eV.?° Thus, maintenance
KsT of charge confinement is fundamental to the efficient opera-
T*+S* — = T*+S, (12)  tion of an OLED.

) ) o ) First, we examine the effect of high fields in structures
singlet-singlet annihilatiofsee Eq(2)], and singlet-polaron  that confine charges with a mobility gap. We consider a Iu-
annihilation at ratecsp, minescent layer in a heterostructure OLED that preferentially

transports majority carriers with density, and mobility
Ksp mw - Preferential hole or electron transport is a property of
S'+P StP. 13 materials with widely varying charge transport mobilities,
The rate equation for singlet excitons is, therefore, i.e., a predominantly electron transporting material h@s
> upn, Whereu, anduy, are the electron and hole mobilities,
dNg < respectively. The he'gero_structurg co_nfines Fhe mg:ljority carri-
i KeNs—kRrNs— kiscNg— ks iNgNt— ks Ng ers but allows the injection of minority carriers with density
n, and mobility . An example is the archetypical
¢ & J Algz/ N, N’ -diphenyl-N, N’ - bis(3 -methylphenyl- (1,1'-
(14) biphenyl)-4,4-diamine (TPD) heterostructure OLED. TPD
preferentially transports holes, and its small electron mobil-
. L . ity forces exciton formation to occur in 4}. Electrons are
wherekg is the radiative rate of singlet fluorescence &R _ nr/eferentially transported in Ak, but holﬁg can be injected
is the intrinsic nonradiative rate of_smglets. The coup[ed pa"?rom TPD, although they are in turn confined by the rela-
o_f Egs.(8) ar_1d(14) can be_ solved in stead_y sta_te to give thetively small hole mobility of Abs.
singlet density as a function df At very high singlet den- To calculate losses within the heterostructure shown sche-
sities, Eq.(14) is dominated by singlet-singlet annihilation. matically in Fig. 2, we describe the dynamics of the minority
Equations(3) and(11) demonstrate that triplets and polarons carriers using
should increase with/J in electrically pumped lasers, and
Eq. (14) indicates that singlet losses from singlet-singlet an- dﬂ _ _ E i

N : : i == K Ny Nyt ——, (17)
nihilation also increase witR'J. Under these conditions, the dt d qad,
steady-state quantum efficiency may be express€d as  \yhere the rate of electron-hole combination is commonly

described by Langevin theoty® viz., « =q(uy
7 Jo | J +um)/e, andF is the electric field. The luminescent layer
%: 4] 1+83_0_ 1/. (15 (thicknessd, ) extends from the heterostructure interface to
the injecting contact. We assume that because of energy
where, is the quantum efficiency in the absence of singlet-transfer to surface polaritons and other nonradiative lo¥ses,
singlet annihilation, and all luminescence is quenched in a region of thicknass

_1 2, > 2, > 7
3 ks Nt 1+2§KTTNT+ 11 £qd,’
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LUMO Levels
FIG. 2. A schematic hetero-
barvierts electron A quenched structure with parameters shown
A e : Ax_ region for the determination of field-
_'nlecnon from Luminescent layer / induced exciton losses. Majority
luminescent layer 3' carriers are confined within the lu-
Injection minescent layer by a combination
n,, minority carriers| n,, majority carriers contact of energy barriers(A, and Aj)
* iz R < o and mobility steps gnm>u))-
mobiltty mobility 1, s Minority carriers are injected from

the organic transport material,
where they combine with majority
carriers to form excitons. Close to
the injecting contact, however, the
excitons are quenched by energy

n,, majority carriers | n, minority carriers

mobility 1, mobility 1, \
barrier to hole &

transfer. The fraction of charges
injection from A - » that form excitons outside this re-
luminescent layer —h d gion is defined as the efficiency of
L charge confinementyc; see Eq.
\ (20) in text.
HOMO Levels

adjacent to the injecting contact. The second term in(Ef.  Thus, field-induced nonradiative losses are not likely to
is the residence time of a minority carrier, and the last terndominate in a well-designed organic heterostructure.
accounts for the flow of minority carriers into the lumines-
cent layer under bias. Ill. THEORY OF NONRADIATIVE LOSSES AND LASING

We find in Sec. IV A that current flow is space-charge
limited at the very high injection levels required in organic ~ We now determine the impact of the nonradiative losses

lasers. Thus, under this model, considered in Sec. Il on the threshold of an electrically
pumped organic laser. The internal quantum efficiency of
an, _ O(pumt MmN 18 fluorescence in the laser cavity is
dx &mmF fm. (18)
kRNS kR
wherex is the distance from the injecting contact. Assuming INTZ 3700 Kot Kao(T.J)’ (21)
- Y . qaa rTKnr(T,J)
that the electric field close to the injecting contact is deter-
mined by the majority carriers, i.e., wherekyg(T,J) is the aggregate rate of nonradiative singlet
decay dependent on temperatiirand current density. Typi-
F=2qnyx/e, (19 cally, only a fractiony of the fluorescence is emitted exter-

nally, i.e., 7ext=x 77 - FOr example, in surface emitting
OLED'’s fabricated on flat glass substrates, ont20% of
ne=1—[Nn(AX)/Ny(d)]=1—[Ax/d ] Hm*mm2mm photons are emitted in the forward or viewing directfdn.
(200  The remainder is lost to waveguiding in the substrate, or by

) o ] ) nonradiative coupling to surface plasmons at the metal/
where 7 is the efficiency of charge confinement in the het'organic contact interfaced:32

erostructure, defined as the fraction of injected charges that N, the population density of singlets at the threshold of
form excitons. Sinceuy>um, 7c~1 in most heterostruc- lasing i$3
ture OLED’s. At high electric fieldsu,— uy, then ¢

the solution to Eq(18) is

—(1—Ax/d,). The thickness of the nonradiative region ad- 87n? 1 87n?

. . TH r r
jacent to the cathode i§x~100 A, thus for a typical lumi- Ng “TgnZke| %0 In(R) | = Fg( ks &7
nescent layer of thicknest ~600 A, the minimum possible R R (22)

charge confinement efficiency i8.=80%. This suggests
that single-layer OLED's are potentially very efficient if both where g(\) is the normalized fluorescent spectrum of the
carriers can be injected into organic layers with similar effi-laser dyen, is the cavity refractive indexy, is the optical
ciencies. absorption coefficient of the cavity at the lasing wavelength
Energy barriers may also be used to confine charge carrixy, L is the length of the cavityR is the reflectivity of each
ers. However, since the interfacial energy barrier is typicallymirror (both assumed equal for simplicityl” is the optical
A~1 eV, the electric field required to break charge confine-confinement factor within the active layer, and is the total
ment isF =A/5~10" V/cm, where we have taken the width cavity absorption coefficient. In organic electroluminescent
of the interface =10 A. This is similar to that required for devices, the thickness of the exciton formation zodg,
dielectric breakdown and catastrophic failure of the device~100 A, is expected to be much less than the diameter of
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FIG. 3. To test the potential of an electroluminescent film for use in an electrically pumped laser, it can be incorporated in an OLED.
Then, by measuring the external quantum efficiency of an OLED, these charts allow the material and device architecture to be evaluated. In
(a), the quantum efficiency-current—density thresholds are shown as a function of current density for several values of the total cavity loss,
which comprises mirror losses, optical absorption, and polaron absorptitl), lme show the minimum quantum efficiency-current density
as a function of total cavity loss.

the optical modé® Hence, we can approximate the optical surface emitting OLED’s, the output coupling fractignis
confinement factor aE=Aqd, , allowing for the elimination ~0.2!® The minimum external quantum efficiency-
of d, from the expression for the threshold current densitythreshold-current—density product is themygxtJry
[see Eq(24) below]. To a first approximation, therefore, the >40 A/cn?, allowing us to define the performance required
confinement factor is independent of the charge transpoif an electroluminescent material if it is to be considered for
properties of the organic materials. Improvement$'imay  yse in an electrically pumped laser; i.e., for a typical external
be achigved by in.cr'easing the refractive inde_x of the lasefj orescent quantum efficiency ofexr=2%, the required
waveguide. Combining Eq21) and(22) then gives threshold current density for a Fabry-Perot laserJig,
a4 =2 kA/cn?. To our knowledge, this value afyy is some-
(23)  what higher than has been obtained in the amorphous organic
electroluminescent devices studied to date,although it is
achievable in high-mobility crystalline materials such as

_ 7inTd
qd, 8mn’cA\’

8mn?qcAXN

1 tetracené
>Y——7— | a— — . NG . .
TexTITH= X Ao\? (ao Lln(R)) @49 Figure 3 summarizes the analysis of the quantum

efficiency-threshold current density product: the upper bound
to efficiency is the output coupling fractigp—~ 0.2, since an
aﬁxternal efficiency ofpext~20% corresponds to a device

wherey is the maximum optical gaifi.e., in the absence of
absorption and mirror losseandJyy is the threshold current

?heenTlaPs/in\g/:]virggl\J/gnispgt;g)?To?t:isgi An ;3 rmHaellrzeeZ)\sri)Se ct;[]rgm with 100% internal quantum efficiendy.We must also con-

spectral width of the laser dy&. sider the additional polaron absorption induced by electrical
Values of the laser operating parameters for a moleculafXcitation, although we note that lasing materials that pos-
solid are typified by the dye DCM¥, with Ao~ 650 nm, sess.efflmenmes that. are relatlv_ely |r_1de_pendent of current
AN~70 nm, andkg~2x 168 s™L. Thus, from Eq(22) elec- dens!ty are also not likely to exhlblt significant po!a_ron_ ab?
trically pumped lasing typically requires NgH>4 sorption, since the process of smglet—polaron annihilation is
X 10%(a7/T) cm™3. Kozlov etall have measuredy, closely related. At a current dens!ty 8f=100 A/cnt, Ko-
—(27+4) cm L in an electrically pumped structure consist- ZI0V et al!! found that the absorption of a DCM2:dy de-
ing of 200-A-thick ITO cathodes and anodes, enclosing orVice increased taer=400 cni *, increasing the threshold to
ganic layers with a total thickness of 1000 A. For a cavity 7extJt+=300 A/cnf. It is shown in Sec. IV A that DCM2
length ofL=1 mm, and using the organic/air interface as aalso exhibits strong singlet-polaron annihilation, in agree-
reflecting surface (giving R~7%), a mirror loss of ment with the expected link with polaron absorption.
—(1/L)In(R)=27 cm ! is obtained, resulting in a total loss  Alternately, it is possible to design a distributed feedback
of ar=(54+4) cm *. This does not include nonradiative laser where the mirror loss is nearly zéta@nd for a material
losses; these are included in the quantum efficiepgyEqgs.  system without polaron absorption, it is conceivable that the
(23) and (24). For a typical laser structure with a 1000-A- cavity loss may be as low ast~5cm . Indeed, in an
thick organic layer of refractive inder,=1.72 and a 2% optically pumped laser, cavity losses as lowags-1 cm !
DCM2:Alq; active region of refractive inder,=1.78, the  have been demonstrat&dThus, in Fig. 3a) we showJyy
confinement factor within the organic structure'tid’ for several values of cavity loss betweery=5 and 500

=40%, givingA,=4x10* cm 1. Furthermore, for typical cm . In Fig. 3b), the minimum quantum efficiency-
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threshold current density product is plotted as a function oficated OLED's using three different cathode materials: LiF/
cavity loss. Under the most favorable conditions of low loss,Al, Mg:Ag, and Al. The LiF/Al cathode possesses the most
high optical confinement, and high quantum efficiency,efficient electron-injecting characteristics, consisting of a
next— 5%, threshold currents as low as 50 Afcmay be  5-A-thick layer of LiF capped with a 1000-A-thick layer of

sufficient for electrically pumped lasing in small-molecule Al deposited through a shadow mask with 1-mm-diameter

polymeric and crystalline films. openings. Magnesium-silver cathodes are the next most effi-
cient electron injectors; they consisted of a 1000-A-thick
IV. ANALYSIS OF AMORPHOUS AND CRYSTALLINE layer of 25:1 Mg:Ag, with a 500-A-thick Ag cap. We also
LASER STRUCTURES used cathodes consisting of only a single 1000-A-thick layer

of Al. These required the largest voltage to achieve a given
A. Measurements of nonradiative losses in amorphous films  cyrrent density, and consequently they maximize the density
To understand the effects of nonradiative losses in electriof charge at the CBP/BCP interface. Due to injection-limited
cally pumped amorphous thin films, we studied an archetyp&ansport and the large density of charge in the emissive
guest-host system consisting of 2% DCM2 inlayer, we expect singlet-polaron quenching to be much
4.4 -N,N’-dicarbazole-biphenyICBP). As discussed above, 9reater than singlet-triplet quenching and singlet-singlet an-
the rate of singlet-polaron quenching is determined by thehilation. Thus, we can neglect té and triplet terms in
overlap between the singlet fluorescence and polaron absorpd. (14), and fit the quantum efficiency to
tion spectra. In a film of DCM2:CBP, there is overlap be-
tween CBP fluorescence and DCM2 absorption, and tite Fo _ 770
ster radius for singlet transfer R~30 A.3> Consequently, TEXT ™ kprelqd,(Videry) |
there is likely to be strong absorption and quenching of CBP
singlets by DCM2 polarons, which may preferentially accu-where 7 is the exciton lifetime ¢~ '=kg+kjg+kisc) and
mulate on DCM2 rather than CBP because of the narrowethe unquenched quantum efficiency 4g= xkr/(kr+kyr
energy gap of DCM2. +Kiso). As Ve —0, the quantum efficiencti.e., 7o) may
Electrical pumping of DCM2:CBP is achieved by incor- not be meaningful, rather it should be used as a scaling pa-
porating it as the emissive layer of an OLED, and in Fig.rameter.
1(b) we show the proposed energy-level diagram for the de- In Fig. 4, the quantum efficiencies of DCM2:CBP fluores-
vice. The electron energy levels are indicated by the lowestent devices employing different cathodes are plotted versus
unoccupied molecular orbitalt UMO’s) and those of holes current and voltage. To confirm the expected dependence of
are given by the highest occupied molecular orbitalsquenching on the thicknesk, , an additional device was
(HOMO's). The HOMO is determined from the ionization made with 600 A of Adj; instead of the 300 A shown in Fig.
potential for each material referenced to vaculimand the 1. With the addition of the 200-A-thick BCP hole-blocking
LUMO position is approximated by the difference of the layer, this device hadg =800 A. Since the emission zone
ionization potential and the optical energy gap. in this case is 300 A further from the metal cathode, the
Organic layers were deposited by high-vacuumOLED quantum efficiency was reduced by 20% due to the
(10°® Torr) thermal evaporation onto a cleaned glass subinfluence of the optical microcavit.
strate precoated with transparent, conductive ITO. A 400-A- When the quantum efficiency of these devices is plotted
thick layer of 4,4-big N-(1-napthyl)N-phenyl-aming bi-  againstJ in Fig. 4a we find no consistency between the
phenyl was used to transport holes to the luminescent laygrerformance of the various devices. But when quantum effi-
consisting of either CBP or 2% DCM2 in CBP. A 300-A- ciency is plotted against voltage in Fig(b}, there is good
thick layer of Alg; was used to transport electrons into the agreement with Eq25), as indicated by the solid line. Since
emissive layer and to reduce DCM2 luminescence absorptiothe quenching rate is expected to be proportionaf/ier, ,
at the cathode. We use a thiB00-A) barrier layer of 2,9- in Fig. 4b) we adjust the abscissa for the thicker device
dimethyl-4,7-diphenyl-1,10-phenanthrolingbathocuproine  (der, =800 A) so that it can be compared to the three de-
or BCP to confine holes and excitons within the luminescentvices with der, =500 A. Indeed, this enables us to fit the
DCM2:CBP layer’ data from all four devices to obtairkgpre/qder, d,
From an analysis of the behavior ofghl/metal contacts, =0.42 V1, corresponding to a singlet-polaron quenching
it has been determined that transport ingAlis injection  rate of~ kgp=3x 10 1% cm®/s. From Eq(1), and assuming
limited by electron trapping at the A4 /metal interfacé>To  a Faster radius for singlet-polaron quenchingRf 30 A, *
maintain charge neutrality, the corresponding positive chargere obtain a singlet diffusion constant oD~1
is constrained by the hole-blocking layer of BCP at the CBP/x 10~ * cm?/s, about two orders of magnitude lower than the
BCP interface. Thus, the OLED structure of Figbjlmaxi-  singlet diffusion coefficient in a crystalline material such as
mizes singlet-polaron quenching within the luminescenttetracené’ Thus, the rate of singlet quenching in amorphous
layer. For simplicity, we neglect both the potential requiredmaterials should be less than that in crystalline materials by
to inject and transport holes, and the built-in potential of thisa similar factor. Since the optical transitions of singlet exci-
device, and assume that the distadgg separating the two tons conserve spin, Tster energy transfer of singlets is typi-
charged layers determines the total voltage across the deviceally faster than triplet energy transfer, so we expect singlet-
The density of the interfacial charge is adjusted by vary-polaron quenching to be larger than triplet-polaron
ing the injection properties of the cathotfeHence, we fab- quenching. Transient studies of electrophosphorescent de-

(25
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FIG. 4. (a) The characteristics of four fluorescent devices with general structure given by(BigFar the three devices with varying
electron-injection contacts, the quantum efficiency at a given current density also varigs,. however, it is found that the quantum
efficiencies of these three devices at a given voltage are approximately identical. The fourth device has a tijdkgeAlin order to test
the thickness dependence of EB5). Thus, for comparison, the quantum efficiency of this device has been plotted against the same electric
field (F=V/d) as the other three devices. Good agreement is found between the behavior of these four devices and the exciton-polaron
quenching theorysolid line) of Eq. (25), where no=7.5% andkgpre/qder d,=0.42 V1.

vices have yieldedp=1x10"*? cm’/s.2% Because current device temperature increases with tirheas AT[1—exp
transport in the device is limited by electron injection, the(—t/7)], with a characteristic time=1s, and wheréT is
field in the HTL is<1C® V/cm, and is not expected to cause the temperature increase in steady state. Fopg@ulses,
significant dissociation of DCM2 excitorisf. Sec. 11 B. we expect an insignificant temperature increase. Charge
Finally, we examine the current-voltage characteristics otransport and injection are sensitive to temperatéifé and
the OLED at high injection levels. The structure used differsthe absence of heating is confirmed by the current-voltage
from that of Fig. 1b) by the omission of DCM2 from the characteristics of the OLED’s, which show no change as the
CBP layer. To prevent damage due to device hedfiig, pulse width is reduced to 700 ns.
pulses of between 700 ns and @8 duration at a duty cycle Injection-limited transport in OLED’s is characterized by
of <0.02% are applied at current densities abo¥e a current density that increases superlinearly with voltage
~1 Alcn?. The expected temperature increase is calculated.e., J~V™, m=8).2% But the pulsed current-voltage char-
using values for the heat capacity, thermal conductivity, andicteristic shown in Fig. 5 demonstrates that the power-law
density of the 1-mm-thick glass substrate of 710 J/kg K, 1.3%lope m is reduced at the highest current densities as the
W/K m, and 2200 kg/ry respectively’® For a maximum ap- interfacial states are filled, and transport approaches the bulk
plied bias of 40 V and)=40 A/cn?, we calculate that the space-charge limit'*° (dotted line, Fig. & Thus, at the high-

10° g ™3
10'F 1
10° f 1
g 102 '_ -, FIG. 5. The current-voltage characteristics of
< the OLED shown in Fig. (), with a neat film of
= 10° - g CBP rather than the emissive layer of
s L E 3 DCM2:CBP. At high current densities, pulsed
'q:, 10 E 1 bias was applied. The change in power-law slope
e 10° - . is indicative of a transition from injection-limited
e 3 to bulk-limited transport. The bulk limit is shown
g 10° r 3 by the dotte_q line, calculated for angfy charge-
o E 3 carrier mobility of ~10 * cn?/V s (Ref. 58.
7T
10 F 3
10° f 1
-9 E - :
Ll 10 100

Voltage (V)
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&AO } FIG. 6. The emissive optical power of the
A CBP/BCP OLED's is linear with respect to the
applied current density fordJ<3 Alcn?. The
power eventually saturates, demonstrating that
losses increase significantly at high excitation
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est current densities required for lasing, the polaron densit¢yrements at low intensity. The response is linear ug to
is ultimately determined by the bulk transport properties~3 A/cn?, in contrast to the data of Fig(i. However, at
(e.g., the mobility of the emissive organic filfsee Eq(3)].  higher injection levels, the devices begin to degrade, most

If the DCM2 is removed from the device shown in Fig. probably due to the destruction of the BCP layer, a failure
1(b), fluorescence is observed from the BCP/CBP interfacemechanism that also occurs slowly at much lower current
Singlet-polaron losses are reduced due to the weak overlagensities’> At ~J=40 A/cn¥, the cathodes fail catastrophi-
between fluorescence and the absorption of CBP and BCe&ally via a separate mechanism, ultimately limiting the maxi-
polarons. In Fig. 6 we show the luminescent output power ofmum external quantum efficiency-current—density product to
the OLED as a function of current density. For this measure«gyrJ=0.06 A/cnt (see Fig. J. This is approximately two
ment, light was collected by a silicon detectéiThe pulsed orders of magnitude below that required for lasing in an op-
measurements of luminescence are consistent with CW meémized structure.

1 F T S e Ty
' ]
3
c 1 FIG. 7. The quantum efficiency of CBP/BCP
-g OLED’s as a function of applied current density
= i for three different excitation conditions: steady
w state, 70us pulses, 7us and 700-ns pulses. The
g devices fail atJ=40 Alcn?. The peak external
€ o quantum efficiency-current—density product is
§ A 700 ns A 7]EXTJ:0.O6.
v 7us
© 70us
0.1 st 3l s gl el 2l
1E-3 0.01 0.1 1 10

Current Density (A/lem?)
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(a) {b) FIG. 8. (Color) (a) A photo-
graph showing a typical tetracene

;11uu; [ 4 720 pulfom? crystal used in the measurement
E1000¢ I-' | : of quantum yield in(b). The crys-
gggg[ I | tal is ~10 mm long and 1Qum
£ 700t I i thick. The crystals surfaces are
§ 600 1 terraced, with smooth areas of up
- " ; 2Egi | ! i to ~1 mn?. For optical pumping
4 B a0l f % 1 experiments, the crystals were cut
”Ii II” ”” I“I ” E 200} PN 1 to form parallel facets(b) The
- 100f e ] photolumlnesce_nt spectra _of tet-
7 8L ! . , L J racene under increasing intensi-
£ 500 550 600 650 2ToO 7SO

Wavelength {nm) ties. No significant narrowing is
observed foNg<10' cm 2.

B. The crystalline tetracene of Scha et al. In the remainder of this section, the operation of the tet-
t.racene device is analyzed in detail. First, we consider nonra-

To our knowledge, the crystalline organic material tet-'<~* . , ) ;
racene is the first organic material to show gain under elecdiative losses in Sec. IVB2 and find that singlet-singlet an-

trical pumping® In Sec. IVB 1 we examine the published nihilation leads to significant reductions in efficiency at high

characteristics of the structure used to demonstrate gain. THAIECtion levels. Tetracene also has a relatively po?(;; photo-
nonradiative losses in crystalline tetracene are examined ifyminescent efficiency of-0.15 at room temperatureand
Sec. IVB 2, and the optics and relevant physics in the buldN® maximum quantum efficiency-current—density product

and at interfaces are discussed in Secs. VB3 and IV B 4achieved al =5 K is 7gxrJ=0.3 A/cm?.. Even if a consid-
respectively. eration is made for incomplete collection of the electrolumi-

nescence in the reported results, this appears to be consider-
ably less than that required for lasing in a practical structure
. (see Sec. I Finally, the tetracene device of Figal lacks

The structure given by Schet al." is shown in Fig. 18).  charge and optical confinement, two important requirements
Charge is injected using dual thin-film transistors that a”OWfor achieving |asing in semiconducting materi]éagfhusi the
both hole and electron currents to be individually tuned.report of spectral narrowing in tetracene is remarkable, as it
When a small potential is placed across the device, hole angliggests that lasing could be achievable in an optimized
electron currents are injected into the bulk, forming excitonsstructure. The origins of the spectral narrowing must, there-
A Fabry-Perot cavity is formed perpendicular to the crossore, be resolved. Our analysis suggests that while lasing in
section of Fig. 1a) by cleaving the crystal. The gate length pylk tetracene is unlikely, electrical confinement at interfaces
of the thin-film transistors in Ref. 1 is 28m and the cavity ~may promote nonlinear effects such as self-focusing, or the
length is ~750um. The thickness of the crystal i52-10  formation of an electron-hole plasma. These processes might

pm. . o .  lead to substantial optical gain, or even lasing in optimized
The five unambiguous characteristics of lasing accordinggtryctures.

to Kozlov et al® are (1) a clear indication of a threshold in
output energy as a function of input energy, with a high
lasing efficiency above threshol(®) strong output beam po-
larization in confined cavitie$3) spatial coherencéas indi- For optical characterization, tetracene crystals were
cated by a diffraction-limited output beam or spe¢ki@) grown at atmospheric pressure in argon following the tech-
significant spectral line narrowing, arif) the existence of nique of Kloc et al*® A photograph of a typical crystal is
laser cavity resonances, or modes. The device of iBchoshown in Fig. 8a); it is ~10-um thick and 1-cm long. To

et all shows strong evidence for optical gain, as demondetermine the effect of nonradiative losses, we measured the
strated by significant spectral line narrowitg\~2.5 A at  relative quantum yield by optically exciting a single crystal
J=2000 A/cnf and T=5K). There is also evidence of with a nitrogen laser. The pump laser generated 1-ns pulses
Fabry-Perot resonances in the tetracene spectrum, althougha wavelength ok =337 nm with a peak energy density of
such weak resonances are frequently observed below thresfi20 wJ/cn? when focused on to a 1-mm-diameter circular
old in conventional semiconductor lasérsHowever, the spot. Given 90% absorption within the crystal, we estimate
threshold in Ref. 1 is not well defined, no evidence of a beanthat singlet densities as high as'4@m 2 are generated at

is presented, the spectral line continues to decrease abotle highest pump-laser fluence. For a circular pump beam, a
threshold uncharacteristic of lasing, and the slope efficiencgavity is formed between the parallel top and bottom crystal
is only ~10~ 4, apparently confirming that the device is op- facets. The beam was also shaped in 20X 0.5 mn¥ stripe
erating below threshold at bofh=5 and 300 K. The poor using a cylindrical lens, forming a continuous gain-guided
slope efficiency indicates that an extremely small fraction ofcavity across the length of a crystal with two parallel facets
the injected charge is contributing to electroluminescenc®riented normal to the beam direction. The facet reflectivities
emerging from the facets. These observations suggest that both geometries were 8%, similar to that in the structure
the device of Ref. 1 is possibly a superluminescent OEED. of Ref. 1. The spectra in both orientations were identical, and

1. Characteristics of the tetracene device

2. Nonradiative losses in tetracene
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Kgs= 3x108 cm¥s ]
fit
FIG. 9. The normalized quantum vyield of tet-
racene under photoexcitation. Strong singlet-
singlet annihilation is observed for densities of
photoexcited singletd\s> 10" cm™3. The fit to
the quantum efficiency vyields kgs=3
X 1078 cn/s, consistent with previous studies
of this phenomenon.
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Normalized photoluminescent efficiency

as shown in Fig. &), no significant narrowing or threshold efficiency-current—density product, calculated from Eg88)
in intensity was observed in the photoluminescent spectrurand (24). At low temperature we assume that the internal
of tetracene for estimated singlet densities ofg  quantum efficiency is limited only by spin statisticé/(1
<10% cm 3, +£)=0.25], but at room temperature we also include the
The normalized photoluminescent efficiency as a functiorphotoluminescent efficiency of tetracénieyp, =0.15), i.e.,
of Ng is shown in Fig. 9. In agreement with previous in Eq. (15), 7= np &/(1+ £). The optical gain is then cal-
studies!’ the efficiency is found to decrease at high excita-culated as a function of singlet densiig and current den-
tion densities. This has been attributedo singlet-singlet sity J, as shown in Fig. 10 for a crystal thickness of 4.
annihilation[see Eqs(2) and(14)], and from a fit to these At inversion densities oNs~10' cm™3, singlet-singlet an-
data(solid line), we findkss=3%x 10 8 cm®/s, also in agree- nihilation reduces the expected optical gain tg
ment with previous studies. ~0.8cnmi . It is likely, therefore, that the lack of spectral
The impact of singlet-singlet annihilation-on the optical narrowing observed in Fig. 8 is due to waveguide and other
gain in tetracene is described by the external quantumesidual absorption losses exceeding the relatively small

Excitation density (cm)
ool 01 10" 10%3 104 10%° 10" 1017 1078

101 onset|of singlet- P>
— sl 1g|et aﬂnmh"dtlon // FIG. 10. Calculated optical gain in tetracene
- 100 at room temperature as a function of applied cur-
E / rent density(bottom axi$ and photoexcited sin-
8 1 0_1 p glet populationtop axig. The crystal thickness is

10 um and the optical confinement is assumed to
E 5 // approach unity. The inflection is due to the onset
c 10 of singlet-singlet annihilation. For the maximum
‘© / pump intensity in Fig. &) the optical gain is
O) 10-3 A only y=0.8 cm %, This corresponds to an ap-
/ plied current density o~ 1 kA/cn?.
104 /’

1055
102 10" 100 10' 102 103 104 10°

Current density (A/cm?)
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gate (zinc oxide)

gate insulator,
(aluminum oxide)

tetracene

FIG. 11. (a) For a tetracene re-
fractive index of n=1.85, opti-
mum optical confinement is
achieved for the fundamental
mode shown. The corresponding
current density at lasing threshold
is shown in (b) for low-
temperature tetracene. The thresh-
old is calculated with and without
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region [d,] (nm) lasing is at leasfi=10 kA/cn?.

maximum optical gain. For a tetracene crystal of A  the optical gain observed by Sohet all However, it is
thickness, the current density corresponding to an inversiopossible that singlet-singlet annihilation may be overcome by
density required for an optical gain of<lcm ! is J trapping the excitationfi.e., D—0 in Eqg.(1)] at crystalline
~1000 A/cnt. Given the expected mirror losses in the de-defects.
vice of Schm et al! of «~30cn?, the lasing in the bulk Crystalline tetracene, like all polyacenes, possesses mo-
tetracene crystal requires at ledst,~ 100 kA/cnt. lecular vacancies that disrupt crystalline ortfeBince the
energy of vacancy formation is expected to be similar to the
3. Optical confinement and laser physics in bulk tetracene  lattice energy, these vacancies cannot be removed simply by
Figure 10 gives the threshold currentJyy annealing'’ Vacanc_ies cause a decrease in the polarization
~100 kA/cn?, demonstrating that bulk lasing is unlikely, energy of surround_mg carriers, and hgnce are expected'to act
given the relatively poor charge-carrier mobility of molecu- as charge scattering centé_FsCrystallme dislocations, in
lar organic crystals. This simple calculation assumes an opcontrast, are thermodynamically unstable and may be re-
tical confinement factol' =1 and an exciton formation zone 'T?O"ed _by annea!lnb..E.xcnons are k”O.W” o be trc_appeq at
thickness off, = 10 m. In the structure of Schet al. the dlslqcatlons, strain minima, and other mhomogenmes_m or-
dual thin-film transistor injecting contacts allow both hole ganic crystals, where they may have slow rates of singlet-

. o . ’17 . . _
and electron currents to be tuned individually, and conse§!nglet anmhﬂgﬂ_qr?. Alternatively, in Sec. VA We con
quently it is necessary to consider possible differences pesider the possibility of electron-hol_e pl_asmas, which are not
tween the crystal thickness ang. To estimate the confine- e_xpecteq fo be e_lff.ect.ed by excitonic _processes such as
ment factor, we calculate the optical modes assuming aﬁlnglet—smglet annihilation. Accordingly, we plot the thresh-

electrode(zinc oxide thickness of 100 nm with a refractive O.Id current.d_en_sny in Fig. xb). in the absence of singlet-
index of 2.0, a gate insulatgaluminum oxidé thickness of singlet annihilation. But even in the absence of these non-

150 nm and refractive index of 1.75, and a tetracene thick["’l.diaﬁve IO.SSGS’ th? threshold current remains high._ Indeed,
ness of 10um with a refractive index of 1.85. Approxi- yvrghogt qpt|ca| confinement, gain 1S propably not ach|ev_a_ble
mately 55 optical modes are supported in this thick cavity: ofh intrinsic, bulk tetracene at practical drive current densities.
these, the lowest-order mode typically has the maximum
overlap with the gain region, as shown in Fig.(d1 Only
~0.01% of this mode is confined within the gate electrodes, The actual location of the recombination zone in the de-
the remainder is confined in the gate insulator and tetracengdce of Ref. 1 is unclear. Since the injection efficiencies of
crystal. We estimate that absorption losses in zinc oxide majgoth positive and negative carriers are independently tuned
be as low as 1 cm-' In any case, the lasing threshold by adjusting the gate voltages, a misalignment in charge
current for this optical mode is determined primarily by thetransport or injection can swing the exciton formation region
mirror losses; using a length &f=750m and reflectivity to either of the tetracene/aluminum oxide interfaces. These
at the organic/air interface ofR~0.08, we get a; interfaces provide two-dimensional carrier confinement, pos-
=(1/L)In(R~30 cm 1. sibly reducing the rate of singlet-singlet annihilation. Fur-
In Fig. 11(b), we show the threshold current density for thermore, the high densities of interfacial charge
various values ofl, between 0.1 nm and 1@m. The con- (~10% cm ?) (Ref. 1) should locally reduce the refractive
finement factor scales approximately linearly wih, but index of tetracene, and in Fig. (@ we find that a single
singlet-singlet annihilation increases the lasing threshold cureptical mode may be confined within the high index gate
rent ford;<1 um. The minimum threshold current density oxide if the tetracene refractive index is reduced o
is Jty~6x10* A/lcm? for d,~5 um. This is significantly —~1.80. Thus, rather than causing antiguiding, it is possible
greater than the reportedhreshold current density ofyy  that high charge densities at the tetracene interface may help
=500 A/cnt at T=5 K. Electrical pumping of bulk, intrin- to establish optical confinement near a gate electrode. Be-
sic tetracene, therefore, is very unlikely to be the source o€ause this mode leaks significantly into the organic gain me-

4. Optical confinement and laser physics at tetracene interfaces

035321-12



PROSPECTS FOR ELECTRICALLY PUMPED ORGANIC LASERS PHYSICAL REVIEW6B, 035321 (2002

(a) (b) &~
&
: o i
o| gat gate insulator 12 8 —= ,
9 aluminum oxide g 51 o7 Keg= 3x10% s
) tet =
-g 1.5 etracene 15 g = 106
£ g8 £
_qz) 1 1 3108
© 2 E Keg= 0 CM¥s
: s B U A
) e 5
t" ® 2 EHP
0 : 0 c <£10?
-0.5 0 0.5 1 15 ~ § o1 1 10 100 1000
Distance (um) = Thickness of exciton formation

region [d;] (hm)

FIG. 12. (a) A leaky mode is supported in the transparent gate electrode for an interfacial tetracene refractive iadex1080. Optical
confinement is superior to that found in Fig. 11, and the corresponding current density at lasing threshold, shpustirereby reduced.
The threshold is calculated with and without the effects of singlet-singlet annihilation, and the current density required for lasing is found to
be at leastl;y=2 kA/cn?. By assuming the formation of an electron-hole plasma and the absence of both singlet-singlet annihilation
and spin-selective radiative recombination, the threshold current density is found to be atleaS00 A/cn?, similar to that reported by
Scha et al. (Ref. 1).

dium, the combination of a higher confinement fadioand  been measured to be betweenmi0and 20n, using cyclo-
localized reduction of singlet-singlet annihilation may lower tron resonanc&>° Schm et al>! have measured the effec-
the threshold current density required for lasing. Such a situtive mass of holes in a two-dimensional gas in tetracene to be
ation is shown in Fig. 1®), where we have assumed com- (1.3=0.3)my. Even this latter value is~20 times higher
bined mirror and absorption losses @§=60 cn 1.** The  than, for example, GaAs, whera.s=0.067 (electron$ and
minimum threshold current density &> 2 kA/cn?. Al- me#=0.34 (holeg. Assuming that the effective masses of
though this result is obtained in the absence of singlet-singletlectrons and holes in tetracene are roughly similar, the con-
annihilation, it is too high to explain the spectral narrowing stant of proportionality betweeén, and the carrier density
reported in Ref. 1. in tetracene is~ —2x10 22¢cm® at A=570 nm; an effect

If optical confinement at an interface is not provided by significantly reduced relative to that found in inorganic semi-
the structure itself, then extrinsic effects must be consideredconductor lasers.
It is possible that the injection transistors are biased into In a tetracene TFT, the interfacial charge may approach
ambipolar operation, i.e\ps~2Vg, such as more recently 10" cm 2 atVg~50 V, enough to reduce the refractive in-
reported for the light-emitting thin-film transistor of Scho dex by as much as 10% in the interfacial lajeft Eq. (26)].
et al*® Under these conditions, an approximately triangularThus, under ambipolar operation, which may also occur in
interfacial charge distribution is formed. These polarons inRef. 1, the interfacial charge density will form a weak opti-
teract with the optical field of an electromagnetic wave, re-cal waveguide in the channel. However, the interfacial layer
ducing the dielectric constant if the optical field has a highelis extremely thin and changes in its refractive index are not
frequencyw than that of the polaron resonaneg,* In this  expected to significantly alter the overall optical confinement
case, the resultant change in the refractive indeis given  in the structure.
by*?

V. DISCUSSION
1 ng? vivg—1

=" 162 NZeqMeiMo (AV/2)%+ (v—1g)*’

(26) A. High excitation effects

In Sec. IVB, it was determined that there is insufficient
wheren is the carrier densityme is the effective mass of structural, electrical, and optical confinement in the tetracene
carriers in the organic Crysta‘lmo is the free-electron mass, device of REfl to eXpIaIn the Obse.rved S[:_)ec_tral narrowing.
andAv is the half-width of the polaron absorption. We now consider two other potential extrinsic effects that

The change in refractive index described in E26) de- ~ May contribute to this phenomenon. The first effect is the
pends on intermolecular overlap, and is much stronger ifiormation of an electron-hole plasffa(EHP), which is
organic crystals than in thin amorphous films. This is be-caused by the extremely high densities of charges and exci-
But the effect is expected to be weaker in organic crystal$titical density of electron-hole pairsy;, required for for-
than in some conventional inorganic semiconductors, whergation of an EHP is given approximately by
it may be used to tune the frequency of semiconductor lasers. 3 .

For example, the effective mass of holes in anthracene has agn,~1, (27)
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whereag is the Bohr radius of the charge pairs. For organicThus, the refractive index increases with the laser intensity,
materials, the exciton is often no larger than the moleculaand given sufficient light intensity, tetracene spontaneous
diameter. emission may form its own waveguide.

At Vg~50V, the interfacial charge density in the exciton  In conventional semiconductor lasers, saturation depen-
formation zone is 18 cm 2, and we estimate that the den- dent self-focusing below threshold is usually overwhelmed
sity of charges may approach the density of molecular sitegy the plasma effedisee Eq.(26)]. The lack of carrier con-
Under these conditions, free carriers screen the Coulomb ifinement in the tetracene bulk should minimize antiguiding
teractions within the excitons themselésin addition,  pecause the carrier density within the crystal may be quite
phase-space filling of the bands at the interface excludegniform. In any case, as discussed earlier, the plasma effect

some electronic states required to complete excitonic Wavgy expected to be weaker in organic materials than in conven-
functions?* Phase-space filling is generally marked by 3ional semiconductor laser materials.

ransitons n the ibronic mantfold and it may acéount for _FroM EC: (29, the saturation intensity in tetracene is
Y ~3.3 MW/cm 2, well above the expected intensity within

the appearance of gain from the 1-0 transition in tetra&ene,the laser cavity if the excitons are uniformly distributed. But

Both, screening by free carriers and phase-space filling pre- o i . : ; o
vent exciton formation, and lead to the creation of an BHP. ethe saturation intensity may be reallze_d at dllslocatlons within
the tetracene crystal. For example, if excitons are trapped

One consequence of the formation of an EHP is the dis= "~ =" ¢ ) )
appearance of the quasiparticle nature of discrete exciton¥/ithin dislocations of area-10x100 nnt, the saturation
This, in turn, eliminates many excitonic processes such aBower is reduced to 33W. If optical confinement
singlet-singlet annihilation and spin-selective radiative re-—0-1, occurs within an exciton formation region of thick-
combination in favor of direct band-to-band recombination atessd;~10 nm, then the current density at the lasing thresh-
the interface, or other regionsuch as that surrounding a old is ~J;= 1000 A/cn?.
defec) where excitons and carriers would localize at high The agreement of the expected threshold current with the
densities. Indeed, the absence of laser emission at even thesult of Scha et al! suggests that high-density EHP’s and
highest exciton densities generated by optical pumpseg  optical confinement aided, in part, by self-focusing at defects
Fig. 8(b),wheren<n,‘§] suggests that free carriers rather thanor at the strained AlD;/tetracene interface, may be the
excitons are the source of the spectral narrowing in Ref. 1.source of the reported gain and spectral narrowing. However,
We expect that singlet-singlet annihilation will be re- we stress that while substantial optical gain is reported in
placed by nonradiative Auger processes in the EHP, but thghese structures, lasing in tetracene has not yet been convinc-
latter loss mechanisms may have a lower probability due tghgly achieved, as noted in Sec. IV. In any case, further in-
phase-space filling. Thus, in Fig. (1, we plot the expected yestigation of the possible role of both self-focusing and

threshold current density given thags=0, and that the ratio  EHP's in organic semiconductor crystals is needed to fully
of radiative states to free electrons is equal to unity, characnderstand the results of Ref. 1.

teristic of free carriers occupying bandlike states. The mini-
mum threshold current density for lasing is found to closely
g l .
app(;gé&c/h mghat reported by Schoetal,” ie., Jmy B. Crystalline versus amorphous organic lasers
=5 cnft. ) ) )

The effects of the high-density EHP may be reinforced by Both crystalline and amorphous organic devices suffer
optical confinement introduced by a second nonlinear effectfom nonradiative losses. The physical deterioration of the
self-focusing due to_intensity-dependent saturation of thémorphous CBP/BCP device in Sec. IV A limits the maxi-
anomalous dispersiotl.To estimate the strength of this ef- mum quantum efficiency-current density productzigxrJ.
fect, we note that the refractive index in a homogeneously =0.06 A/cn?. Itis likely that this can be corrected by using
broadened system such as tetracene is related to the opti@alcombination of more stable materials. A reasonable esti-

gain by mate is 7exr=0.02 at J=40A/cn?, giving 7exrd
~1 Alcn?, corresponding to a peak output power of 1
N wo—w 7y Wi/cn?, and similar to that required for lasing in an opti-

5”f”‘?ﬁ 1+ mized structure(i.e., wherear=1cm !). The maximum

quantum efficiency-current density product of the crystalline
tetracene device is similar, apexrJ=0.3 A/cn?. Conse-
W quently, it is not immediately obvious that crystalline mate-
— /g, (28 : oo
rials offer any significant advantages over amorphous or-
ganic semiconductors as lasing materials, and considering
wherew, is the angular frequency of the radiative transitionthe processing advantages of amorphous materials, electri-
of tetraceneAw is the spectral width, anik is the saturation ~ cally pumped amorphous materials may deserve further at-

optical intensity® tention.
However, as noted in Sec. VA, an intriguing possibility
8mn2hc? raised by the work of Schoetall is the formation of
mnyhc AN . X : .
= —. (29 electron-hole plasmas in crystalline materials under suffi-
7pLA o cient pumping densities. As described in Sec. IV, it is diffi-
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cult to account for the observation of spectral narrowing intum efficiency that is relatively independent of current den-
tetracene without explaining the apparent absence of singlesity and electric field. The external quantum efficiency-
singlet annihilation. Phase-space filling in an EHP may recurrent—density product must be at leggiJ=5 A/cn?.

duce this loss pathway, and ionization of excitons will elimi-  (ji) Although OLED’s are highly efficient at low current
nate the formation of nonradiative triplet states. This appeargensities, increases in nonradiative losses with excitation
to be the most likely explanation for the results of Seho strength are a serious obstacle to obtaining an electrically
etal.” Although both crystalline and amorphous materialspymped laser. Crystalline materials are particularly suscep-
could conceivably host an EHP, the excitation strength regjne 1o nonradiative losses caused by bimolecular reactions

quired for its formation is related to the size of an exciton by, apyeen singlet excitons. Losses in amorphous organic ma-
Eq. (27). Amorphous materials possess the most highly Io'terials are caused by high densities of triplets and polarons.

calized Frenkel excitons that may ultimately discourage the (iii) We have been unable to reconcile the characteristics

formation of an EHP. . L .. of the device in Ref. 1 with the known properties of tet-
In the absence of a technique for minimizing nonradiative

losses in amorphous materials, a potential thin-film IasingLacene’ notably it; excitonic losses. Eurthermorg, lasing has
structure must be designed for very low cavity losses, i.e. ot been convincingly demonstrated in _the_: device repc_)rted
ar—1 cm L. Thicker, doped transport layers can be used t?Y Schonetal. Nevertheless, one possibility for reducing
separate the luminescent region from absorptive injectiof®SS€S IS operation with extreme densities of charge in the
contact$? Or, the transport layers in a double heterostructuréciton formation zone, which may result in the formation of
might be fabricated from crystalline or polycrystalline mate-an electron-hole plasma, thereby avoiding excitonic loss pro-
rials for improved charge transport mobility. Injection- cesses such as singlet-singlet annihilation and spin-selective
limited transport can be overcome by thin-film transistor in-radiative recombination.
jection contacts such as those employed by"ﬁcé‘[qaj_l (iv) At present, it is unclear whether an electron-hole
But the fabrication of such a cavity is challenging to cur- plasma can be formed in an organic material. If nonradiative
rent organic technologies, and in any case, it is possible thdosses at high excitation strengths cannot be avoided in thin-
polaron absorption will increase at high current densittes. film materials, then a significant step toward an electrically
Thus, alternative strategies may need to be developed for gsumped laser may be a hybrid flashlamp structure, with an
all-organic, amorphous, electrically pumped laser. For exelectroluminescent pump separated from an optical gain re-
ample, an optimal threshold current might be obtained bygion. This techniqu&®® can isolate the gain region from
separating the pump and gain regions altogether, using aglectrically induced losses.
OLED to optically pump a low loss organic laser. This ap-
proach minimizes nonradiative losses and increases flexibil-
ity in the design of the laser cavity. Given current OLED
guantum efficiency-current density products, some focusing
of the pump will be required by the structure. But the fabri-
cation of a “flashlamp” organic laser would be a significant
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