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Excitonic singlet-triplet ratio in a semiconducting organic thin film
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A technique is presented to determine the spin statistics of excitons formed by electrical injection in a
semiconducting organic thin film. With the aid of selective addition of luminescent dyes, we generate either
fluorescence or phosphorescence from the archetype organic host material aluminum tris~8-hydroxyquinoline!
(Alq3). Spin statistics are calculated from the ratio of fluorescence to phosphorescence in the films under
electrical excitation. After accounting for varying photoluminescent efficiencies, we find a singlet fraction of
excitons in Alq3 of (2263)%. @S0163-1829~99!08743-3#
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I. INTRODUCTION

An assumption often employed in the study of electro
minescence~EL! in organic materials is that excitons a
formed in the ratio of one singlet to three triplets.1 However,
it is not obvious that this should be the case, especially gi
that exchange interactions reduce the triplet state energy
tive to that of the singlet. Accurate knowledge of spin sta
tics might therefore provide insight into the poorly unde
stood process of exciton formation by electrical injection
conductive organic materials. Furthermore, since only s
glets fluoresce, the singlet fraction (xs) is required to calcu-
late the efficiency limit for an increasing diversity of fluore
cent organic EL materials.2

Triplet excitons can be extracted from a semico
ducting host material using a phosphorescent dye d
ant.3–6 Since it is well known that singlets can be similar
extracted using a fluorescent dye,7 it follows that xs within
a host can be determined if efficient energy transfer is p
sible to both fluorescent and phosphorescent dyes. In
work, we measurexs of the archetype host material, alum
num tris ~8-hydroxyquinoline! (Alq3) under electrical injec-
tion by doping it with either the phosphorescent dy
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine platinum
~II ! (PtOEP)3, or the fluorescent dye7 @2-methyl-6-@2-
~2,3,6,7-tetrahydro-1H,5H-benzo@ij #quinolizin-9-yl!ethenyl#-
4H-pyran-4-ylidene# propane-dinitrile ~DCM2!. We chose
Alq3 as the host material since emission by this compo
arises from ligand-localized fluorescence8 ~i.e., no triplet
emission!. Thus undoped Alq3 devices provide a second, in
dependent, measurement of the singlet fraction without
complication of energy transfer. Furthermore, Alq3 is an im-
portant organic semiconductor commonly used in orga
light emitting devices.9

II. THEORY

In guest-host systems such as PtOEP or DCM2 doped
Alq3, excitons formed in the host are transferred to the
PRB 600163-1829/99/60~20!/14422~7!/$15.00
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minescent dye via a combination of Fo¨rster and Dexter en-
ergy transfer.10 Förster transfer is a long range~;40–100
Å!, nonradiative, dipole-dipole coupling of donor~D! and
acceptor~A! molecules. Since it requires that the transitio
from the ground to the excited states be allowed for bothD
and A species, this mechanism only transfers energy to
singlet state of the acceptor molecule. Dexter transfer
short-range process where excitons diffuse fromD to A sites
via intermolecular electron exchange. In contrast to Fo¨rster
transfer, Dexter processes require only that the total spin
the D-A pair be conserved under the Wigner-Witmer sele
tion rules.10 Consequently, Dexter transfer permits bo
singlet-singlet and triplet-triplet transfers. Singlet-triplet a
triplet-singlet transfers are also possible if the donor exci
breaks up and reforms on the acceptor via incoherent e
tron exchange.10 This latter process is considered to be re
tively unlikely as it requires the dissociation of the don
exciton, which in most molecular systems has a binding
ergy of ;1 eV.

Figure 1 summarizes the energy-transfer pathways
sponsible for guest fluorescence and phosphorescence
semiconducting host. In Fig. 1~a!, we show the singlet-to-
singlet transfer responsible for fluorescence in most do
organic EL devices. Although both Fo¨rster and Dexter pro-
cesses are capable of singlet-to-singlet energy transfer,¨r-
ster transfer dominates11 at low fluorescent dye concentra
tions because of its long-range nature. Indeed, we find
.99% of the photoluminescent~PL! spectra of DCM2:Alq3
films under modest optical pump intensities (&1 mW/cm2)
is due to emission only from DCM2. Thus the energ
transfer rate is much faster than either the radiative or n
radiative rates in Alq3. Significantly, this means that single
are transferred directly after formation, without any prece
ing nonradiative losses such as intersystem crossing~ISC!.
On the other hand, a triplet state in DCM2 could be exci
by close range and possibly slower, triplet-triplet Dex
transfer from the host, as shown in Fig. 1~b!. Most fluores-
14 422 ©1999 The American Physical Society
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PRB 60 14 423EXCITONIC SINGLET-TRIPLET RATIO IN A . . .
cent dyes~including DCM2! possess short~;10 ns! radia-
tive lifetimes, and at room temperature, phosphorescenc
rarely observed from their triplet states. We assume there
that all emission from DCM2 ultimately results from singl
states initially formed within the semiconducting host. F
ure 1~c! shows singlet-singlet transfer between a host an
phosphor such as PtOEP; it is expected that Fo¨rster is still
the dominant process in this case. The singlet lifetime
PtOEP is12 &10 ps and its fluorescence efficiency is12 2
31025. Hence we assume that singlet energy transfer fr
Alq3 is followed by ISC in PtOEP with near unity efficiency
Finally, as described previously,3 Fig. 1~d! represents direc
Dexter transfer between triplet states in the host and
phosphor dopant.

To quantify xs in an organic host, we write the extern
EL quantum efficiency~photons extracted in the forward d
rection per electron injected! as13,14

Fel5@xsFflhs1x tFphh t#h rhe . ~1!

Here, x t5(12xs) is the triplet fraction of excitons. Also
Ffl andFph are the PL efficiencies of fluorescence and ph
phorescence of the acceptor,hs andh t are the transfer effi-
ciencies of singlet and triplet excitons fromD to A, h r is the
fraction of injected charge carriers that form excitons on
donor, andhe is the fraction of emitted photons that a
coupled out of the device.

By quantitatively comparing the EL efficiencies (Fel
~fl! and

Fel
~ph!) of separate devices employing either a fluorescen

phosphorescent dye, we can use Eq.~1! to determinexs and
x t provided thath r and he are identical in both devices

FIG. 1. Proposed energy-transfer mechanisms in films do
with a fluorescent dye~e.g., DCM2:Alq3) and films doped with a
phosphorescent dye~e.g., PtOEP:Alq3). For each molecule we
show the ground-state energy levelS0 , the excited-state single
level S1 and the excited-state triplet levelT1 .
is
re

-
a

f

m

e

-

e

r

Furthermore, if all singlets are transferred in both cases~i.e.,
hs

~fl!5hs
~ph!;1), we can obtainxs from the ratio of fluores-

cent and phosphorescent efficiencies (Fel
~fl! andFel

~ph!) to ob-
tain

xS5
h t

~ph!

S Fel
~ph!

Fel
~fl! •

Fpl
~fl!

Fpl
~ph!D 2~12h t

~ph!!

. ~2!

Since the ratios reflect relative measurements, the only a
lute result required is the triplet state transfer efficiency fro
the host to the phosphor~i.e., h t

~ph!).

III. EXPERIMENT

To determine the ratio of the EL efficiency of PtOEP a
DCM2 in Alq3 ~i.e., Fel

~ph!/Fel
~fl!), a series of devices9 were

made using either of these two materials doped into the A3
host~see Fig. 2!. Organic layers were deposited in a vacuu
of ,1026 Torr onto a glass substrate precoated with a 17
Å-thick layer of indium tin oxide~ITO!. A 400-Å-thick film
of the hole transport material 4,48-bis @N-~1-napthyl!-N-
phenyl-amino# biphenyl~a-NPD! was deposited on the ITO
followed by a thin~100-Å! doped Alq3 layer acting as the
emissive region. On top of the doped layer, a thin~80-Å!
layer of the hole and exciton blocking material4 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline~bathocuproine,
or BCP!15 was deposited. A 400-Å-thick cap layer of Alq3
was used as buffer between the emissive region and
Mg:Ag ~25:1! cathode. Finally, a 1000-Å-thick cap layer o
silver was deposited to protect the cathode from decomp
tion. For comparison, undoped Alq3 devices were prepare
with and without the BCP layer. Samples were mounted
rectly onto the surface of a calibrated silicon photodetecto16

and the forward-scattered luminescence was measured.
In Fig. 3 we observe that the efficiency of the Alq3 /BCP

device has a slight upward trend but that the efficiency
both doped devices decreases with increasing current; a p

d

FIG. 2. Proposed energy level diagram of the electroluminesc
devices. The luminescent region is sandwiched between elec
blocking a-NPD and hole blocking BCP. Three different lumine
cent regions were employed: undoped Alq3, which is fluorescent,
2% DCM2 in Alq3, which is also fluorescent, and 8% PtOEP
Alq3, which is phosphorescent. Also shown are the chemical st
tures of~a! Alq3, ~b! DCM2, ~c! PtOEP, and~d! BCP.
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14 424 PRB 60BALDO, O’BRIEN, THOMPSON, AND FORREST
that we will return to in Sec. IV. The efficiency data ther
fore were obtained at current densities&1025 A/cm2, where
both efficiency curves are relatively flat and there is a l
density of excited states. In this regime, using the data
Fig. 3, we get Fel

~DCM2!/Fel
~PtOEP!50.5660.06 and

Fel
~Alq3!/Fel

~PtOEP!50.2060.02.

The values of Fpl
~PtOEP!/Fpl

~DCM2! , Fpl
~PtOEP!/Fpl

~Alq3! ,
hs

~DCM2! , and hs
~PtOEP! were obtained by optically pumpin

doped films near the absorption peak of Alq3 at a
wavelength16 of l5400 nm using a broad-spectrum mercu
xenon lamp and monochromator. Photoluminescence f
the sample was coupled into a fiber bundle after being
tered to remove interference from the pump and then a
lyzed using a second spectrometer. As in the case of ele
cal pumping, low optical pump intensities of&0.2 mW/cm2

were used to minimize bimolecular quenching due to d
exciton interactions.3 Equating the number of photons a
sorbed with the number of carriers injected in the EL devi
and assumingh r51, yields an equivalent current density
;1025 A/cm22 for these optical pump intensities. The int
grated PL efficiency ratios wereFpl

~PtOEP!/Fpl
~DCM2!5(0.37

60.03) andFpl
~PtOEP!/Fpl

~Alq3!
5(1.260.2). The relative PL

quantum efficiencies as a function of pump intensity
shown in Fig. 4 and the spectra at a pump power of;10
mW/cm2 are shown in Fig. 5. The trends in the relative P
data of Fig. 4 match those observed in the EL data of Fig
indicating that similar quenching phenomena occur in b
cases. However, the rapid decrease seen, for example i
PtOEP:Alq3 EL efficiency as the current density increases
not observed in PL. As discussed in Sec. IV, there are
ferences between PL and EL processes; and in this work
attempt to minimize these discrepancies by taking our m
surements at very low excitation densities.

No Alq3 emission was observed in the doped films, hen
we conclude thaths

~fl!5hs
~ph!51. Note that direct absorption

at the pump wavelength ofl5400 nm by DCM2 and PtOEP
molecules is less than 1% and 8% of the total absorpt
respectively.11,16,17

FIG. 3. EL quantum efficiency of the DCM2, PtOEP, an
Alq3-only devices. All curves are constant in the low current regi
where multiexciton interactions leading to quenching are negligi
The structure of the devices is shown in Fig. 2. All devices cont
a BCP blocking layer.
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To determineh t
~ph! , we assume that Alq3 triplets either

nonradiatively decay or are transferred to PtOEP. The rat
nonradiative decay is a function of the triplet diffusion leng
Ld . Similarly, the rate of triplet transfer to PtOEP is propo
tional to the transfer lengthLt , which depends on dopan
concentration. For example, low doping densities result i
reduced likelihood of transfer, and we expect this to be
flected in a largerLt . If AT* is the concentration of Alq3
triplet excited states andx is the distance from the excito
formation zone7 at the interface between Alq3 and the
a-NPD hole transport layer~i.e., atx50), then

dAT*

dx
52

AT*

Lt
2

AT*

Ld
52

AT*

L
. ~3!

Sinceh t is the ratio of triplets transferred to the total numb
of Alq3 triplets formed at thea-NPD interface, then

e
.

n
FIG. 4. PL efficiencies of Alq3 and DCM2:Alq3 relative to

PtOEP:Alq3. The efficiencies are plotted versus pump power~at
400 nm! and also, for comparison with the EL data, versus
estimation of the current density equivalent to the pump power.
lines are guides to the eye only.

FIG. 5. The PL spectra of Alq3, DCM2:Alq3, and PtOEP:Alq3
at a pump (l5400 nm) intensity of 10mW/cm2.
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h t~d!5
1

A* ~0!
E

0

d A* ~x!

Lt
dx5

Ld

Lt1Ld
~12e2d/L!, ~4!

whered is the thickness of the doped layer.
To measureLd , a 100-Å-thick layer of DCM2 doped a

2% molar concentration in Alq3 was deposited in a vacuum
of ,1026 Torr onto the surface of a previously deposit
a-NPD1copper phthalocyanine hole transport layer on
indium tin oxide~ITO! coated glass substrate@see inset, Fig.
5~a!#. The DCM2 placed in the exciton formation zone
this otherwise conventional9 organic light emitting device
serves to remove singlets through Fo¨rster transfer.3 The dif-
fusion length of the remaining triplet states is determined
depositing an Alq3 spacer layer between the DCM2 singl
‘‘filter’’ and a 100-Å-thick layer of PtOEP(10%):Alq3. A
second, 300-Å-thick Alq3 layer located between the cathod
and the PtOEP layer reduces exciton quenching at the e
trode. As the thickness of the spacer between the singlet fi
and the PtOEP is increased, triplets must diffuse farthe
reach the PtOEP layer, and its luminescence should decr
accordingly. Within experimental error, however, no app
ciable decrease in PtOEP emission was observed even a
maximum spacer thickness of 600 Å. From the data in F
6~a!, we estimate therefore that the triplet diffusion length
Alq3 must beLd>1400 Å.

The triplet transfer distance in PtOEP is independen
obtained by inserting layers of varying thickness
PtOEP(8%):Alq3 separated from the DCM2 singlet filter b
a 100-Å-thick Alq3 spacer layer@inset, Fig. 6~b!#. As the
thickness of PtOEP increases, the total phosphorescenc
tensity increases until all Alq3 triplets are either transferre
or else nonradiatively decay. Note that extending the PtO
layer and, consequently, the proximity of PtOEP sites to
cathode, increases the effect of cathode absorption. Howe
because most luminescence occurs in the first 100 Å of
PtOEP layer at a distance of over 400 Å from the catho
cathode quenching effects are small. Figure 5~b! shows the
spectral intensity as a function of the phosphorescent la
width. From these data, we obtainLt5(140630) Å and thus
L5(1/Lt11/Ld)215(125625) Å. Solving Eq.~4! for the
triplet transfer efficiency in a 400-Å-thick PtOEP(8%):Alq3

layer, we geth t
~PtOEP!(400 Å, 8%)50.9060.05.

This result is supported by a comparison of the peak
quantum efficiency of PtOEP(8%):Alq3 devices with and
without the BCP confinement layer as shown in Fig. 7. T
peak efficiencies are 3.6% and 3.2%, respectively, and
sumingh t51 in the device employing BCP~circles!, then
for the device without BCP~squares! h t

~PtOEP!(400 Å, 8%)
53.2/3.650.9, in agreement with the above calculatio
More lightly doped films possess lower transfer efficienci
for example in Ref. 4 we observedh t

~PtOEP!(400 Å, 4%)
;0.7 ~Fig. 7, triangles!. The complete energy transfer se
in devices employing the blocking layer supports the hypo
esis that the principal action of BCP in Alq3-based devices is
as a barrier to the diffusion of Alq3 triplet excitons. This
finding is also supported by the results in Ref. 5, where ph
phorescent efficiencies were observed to increase by an o
of magnitude when blocking layers are employed. Hence,
employ BCP in our devices to achieveh t

~ph!;1.
Given the previous results for the relative EL and P
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quantum efficiencies of the devices containing BCP and
calculation of the triplet energy transfer efficiency, we app
Eq. ~2! to obtain the spin multiplet fractions ofxs5(21
63)% for the DCM2/PtOEP system, andxs5(2464)% for
the Alq3 /PtOEP system. Here, the error quoted is the quad
ture sum of all measurement errors used in the determina
of xs , which is justified given that the sources of uncertain
in these measurements are uncorrelated. Taking the weig
average of these results, we obtain an overall value for
singlet fraction in Alq3 of xs5(2263)%.

IV. SIGNIFICANCE OF THE RECOMBINATION ZONE

The proposed energy level diagram in Fig. 2 shows t
the Alq3 exciton formation region is surrounded by wid

FIG. 6. ~a! To determine the triplet diffusion length of Alq3, we
employ the device structure shown in the inset and remove sin
excitons with a 100-Å-thick layer of DCM2(2%):Alq3. The re-
maining triplets are forced to diffuse through an Alq3 spacer layer
before reaching a luminescent PtOEP layer. As the thickness o
spacer layer increases, the rate of decrease in PtOEP lumines
gives a triplet diffusion length of>1400 Å.~b! The thickness of the
luminescent PtOEP layer is increased until all triplets diffusi
through the layer either nonradiatively decay or are transferre
PtOEP. By fitting the measured PtOEP emission intensity to
~6!, the combined diffusion and transfer length of triplets in Alq3 is
calculated to be (125625) Å. From Eq.~5!, the transfer length is
calculated to be (140630) Å. The total device thickness was ke
constant by adjusting the thickness of the Alq3 cap layer adjacent to
the cathode. Both the transfer and diffusion measurements w
made at 6.5 mA/cm2.
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14 426 PRB 60BALDO, O’BRIEN, THOMPSON, AND FORREST
energy-gap materials. Thus the presence of the BCP l
creates a double-heterostructure,18 enforcing identical narrow
emission zones in each device, thereby making unbalan
injection unlikely. The disadvantage of employing a hete
structure is that some excitons, notably singlets with th
capability for Förster transfer, may be formed in thea-NPD
hole transport layer within the energy transfer radius of A3
~;32 Å!.19 However, we consider this possibility to b
highly unlikely in our experiments, since even at extrem
high injection densities, emission froma-NPD is not ob-
served. Thus the recombination zone, if it exists ina-NPD,
must be no wider than a few monolayers.

In principal, it would be preferable to employ single lay
Alq3 devices to eliminate the possibility for recombinatio
outside the desired region. However, the location of the
combination zone is uncertain in single layer structures,
experiments such as those by Cao,et al.20 employing single
layer polymer structures do not maintain adequate con
over the location of the recombination zone. Hence s
measurements must be treated with caution.

The importance of a well-controlled recombination zo
is demonstrated by comparing Alq3-only devices with and
without BCP. We find that addition of the BCP blockin
layer makes little difference to the doped devices but it s
nificantly reduces the slope of the quantum efficiency of
Alq3-only devices~see Fig. 8!. Furthermore, in the absenc
of BCP we find that the Alq3-only devices cannot be com
pared to the doped devices. For example, from the rela
PL data of DCM2:Alq3 and neat Alq3 we should be able to
predict the EL efficiency of an Alq3-only device from the EL
efficiency of a DCM2:Alq3 device. Comparing efficiencies a

FIG. 7. Electroluminescent~EL! quantum efficiency of
PtOEP:Alq3 devices demonstrating the effect of PtOEP doping d
sity and the BCP exciton blocking layer. The quantum efficiency
a double-heterostructure EL device containing a 100-Å-thick em
sive layer of PtOEP(8%):Alq3 and a 80-Å-thick BCP layer is
shown~circles!. For comparison, the quantum efficiency of a sing
heterostructure EL device containing a 400-Å-thick emissive la
of PtOEP(8%):Alq3 is also plotted~squares!. This later device is
predicted to have a triplet transfer efficiency of 0.9060.05. Hence
we expect that the double-heterostructure device has a transfe
ficiency of ;100%. Also shown~triangles! is the efficiency of a
single heterostructure EL device containing a 400-Å-thick emiss
layer of PtOEP(4%):Alq3. The reduction in efficiency may be du
to poorer energy transfer in a more diffusely doped device.
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J;1025 A/cm2, we have Fel
Alq35Fel

DCM2
•Fpl

Alq3/Fpl
DCM2

5(0.6260.1)%. As seen in Fig. 8, the efficiency of th
Alq3-only device without BCP is significantly lower tha
predicted~solid square! by the relative PL efficiencies. In
contrast, there is much better agreement when the emis
zone is restricted by a BCP layer. Calculations for Alq3 het-
erostructures predict21 a recombination zone width of;120
Å. However, the emission zone, as detected by a DC
doped layer,7 is considerably larger~;400 Å!. The differ-
ence between the widths of emission and recombina
zones is due to exciton diffusion. Hence the discrepancy
efficiency in Fig. 8 is due to the diffusion of Alq3 excitons to
nonradiative sites near the cathode in the absence of a
exciton-blocking layer.4 It is known that doped devices pos
sess a narrow emission zone~;50 Å!,7 with or without a
hole blocking layer. Thus relative intensity experiments a
justified only when all devices possess emission regions
similar extent.

V. DISCUSSION

Since absolute PL and EL measurements require acco
ing for every photon20 and hence are subject to significa
systematic error, the technique used here employs rela
measurements where possible. For accurate comparison
tween different devices, the charge transport layers, injec
interfaces and contacts of all devices were fabricated du
a single deposition run and hence are identical. In contr
the measurements of the singlet fraction of excitons
DCM2:Alq3 and Alq3-only devices differ fundamentally by
the presence of energy transfer in the DCM2:Alq3 device.
For example, the PL efficiency of Alq3 is 0.3260.2,16 giving
a nonradiative rate approximately twice the radiative r
(knr;2kr). Yet, in a DCM2:Alq3 film, less than 1% of the
total emitted photons are observed from Alq3, therefore,
given a DCM2:Alq3 PL efficiency of ;80%, we infer an
energy transfer ratekt;50 knr . Hence energy transfe
avoids host quenching processes.

Nevertheless, in relative measurements with PtOEP:A3,

-
f
-

r

ef-

e

FIG. 8. EL quantum efficiency of the Alq3-only devices with
and without the BCP blocking layer. AtJ;1025 A/cm2 the effi-
ciency of the device without BCP is only;0.2%, which is much
less than the expected value of (0.6260.1)% calculated from the
relative PL efficiencies of Alq3 and DCM2:Alq3.
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both Alq3-only and DCM2:Alq3 systems yield approximatel
the same value for spin statistics. This is because quenc
effects are minimized by measuringrelative efficiencies at
low current densities, with the remaining differences in t
nonradiative efficiencies quantified by the PL intensities. F
example, intersystem crossing8 in Alq3 should not influence
the measurement of spin statistics, since it should equ
affect both the EL and PL efficiencies. By taking the ratio
the EL and the PL efficiencies as in Eq.~2!, the effects of
intersystem crossing cancel out.

Thus our measurement of spin statistics cancels the
fects of all quenching processes that occur in both EL
PL. However, EL quenching processes which may not
reflected in the PL measurements must also be conside
For example, as shown in Fig. 9, there is a 0.5-V increas
the operating voltage of devices containing DCM2 relative
those containing PtOEP. Analysis of energy transfer
shown that charge trapping and direct exciton formation
not a major effect in PtOEP:Alq3 films.3 Thus the discrep-
ancy between the DCM2 and PtOEP device current cond
tion may imply that a significant fraction of excitons emitte
by the DCM2:Alq3 device originated from trapping of carr
ers on DCM2, rather than transfer from Alq3. But previous
work has shown11 that EL in DCM2:Alq3 is consistent with
complete Fo¨rster transfer. In addition, we analyzed char
trapping on DCM2 in double heterostructure devices follo
ing Tang, VanSlyke, and Tang.7 That is, the spatial distribu
tion of excitons is probed by moving a DCM2 doped lay
within the Alq3 luminescent layer of the double heterostru
ture. The EL spectra for different DCM2 layer positions a
shown in Fig. 10. The emission from DCM2 ideally shou
reflect the density of excitons in that region of the undop
double heterostructure. However, if trapping on the dye
significant, the recombination zone should follow the po
tion of the DCM2 layer.22 In our experiment, we find tha
significant Alq3 emission is observed unless the DCM2 lay
is positioned immediately adjacent to thea-NPD interface,
suggesting that direct charge trapping and exciton forma
on DCM2 molecules is probably not significant. This is su

FIG. 9. The current-voltage characteristics of the devices c
taining BCP. Devices containing PtOEP overlap the character
of the Alq3-only devices, however, DCM2 devices possess a 0.
voltage increase, possibly due to trapping on DCM2 molecules
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ported by the equivalence in the singlet fraction obtain
from both DCM2:Alq3 and Alq3-only devices.

A final point is the influence of the electric field and p
laron formation in EL. Measurements23 of the magnitude of
electric-field quenching of Alq3 luminescence confirm tha
an external field does indeed lead to exciton dissociat
although the effect is probably not significant at the oper
ing voltages used here. For example, calculations ofmE,
wherem is the exciton dipole moment andE is the external
field, give energies of;10 meV, much less than the bindin
energies~;1 eV! typical of excitons in these materials.

Polaron induced quenching of excitons is also possib
and has been found to have a large effect in some org
materials.24 However, if polaron quenching were significa
in the materials studied here, it is difficult to understand h
the Alq3 quantum efficiency could increase with curren
Even with a BCP blocking layer and a restricted recombi
tion zone, there remains a slight upward trend in quant
efficiency. Thus we conclude that quenching due to the e
tric field or polarons has a negligible effect on the calculat
of spin statistics.

VI. CONCLUSION

An accurate determination of exciton spin statistics
quires a thorough understanding of exciton formation a
energy transfer. Although we cannot definitively rule o
quenching due to polarons or direct exciton formation on
dye molecules, this work has presented a consistent se
data yielding a singlet fraction that agrees within error w
the expected value of 25%. Both the Alq3 /PtOEP:Alq3 and
the DCM2:Alq3 /PtOEP:Alq3 systems yield similar results in
dicating that direct exciton formation on DCM2 molecules
probably not significant. While further work is required to

-
ic
V

FIG. 10. A demonstration of the effect of BCP on the location
the recombination zone. Dashed lines indicate the spectra of
devices without a BCP blocking layer. Relative to devices conta
ing BCP, we observe that the bulk of recombination remains at
a-NPD interface, however, BCP is responsible for a compressio
the zone and possibly also a slight shift towards the Alq3 /BCP
interface. The spectra were recorded at a current density o
mA/cm2. For clarity the spectra have been normalized at the pea
the DCM2 emission~610 nm!.
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understand exciton formation in doped materials, the te
niques presented in this work offer an precise method for
determination of spin statistics. Indeed, it should be poss
to extend the techniques introduced in this study to differ
hosts and different temperatures.
.
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