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To obtain the maximum luminous efficiency from an organic
material, it is necessary to harness both the spin-symmetric and
anti-symmetric molecular excitations (bound electron–hole
pairs, or excitons) that result from electrical pumping. This is
possible if the material is phosphorescent, and high efficiencies
have been observed in phosphorescent1,2 organic light-emitting
devices3. However, phosphorescence in organic molecules is rare
at room temperature. The alternative radiative process of fluor-

escence is more common, but it is approximately 75% less
efficient, due to the requirement of spin-symmetry conservation4.
Here, we demonstrate that this deficiency can be overcome by
using a phosphorescent sensitizer to excite a fluorescent dye. The
mechanism for energetic coupling between phosphorescent and
fluorescent molecular species is a long-range, non-radiative
energy transfer: the internal efficiency of fluorescence can be as
high as 100%. As an example, we use this approach to nearly
quadruple the efficiency of a fluorescent red organic light-emit-
ting device.

Light is generated in organic materials from the decay of
molecular excited states, also known as excitons. Understanding
the properties and interactions of excitons is crucial to the design of
efficient organic devices for use in displays, lasers and other
illumination applications. For example, the spin-symmetry of an
exciton determines its probability of radiative recombination and
also its multiplicity. Spin-symmetric excitons with a total spin of S =
1 have a multiplicity of three and are known as triplets. Spin-
antisymmetric excitons (S = 0) have a multiplicity of one and are
known as singlets. During electrical excitation approximately one
singlet exciton is created for every three triplet excitons4, but
because the ground state is typically also spin-antisymmetric, only
relaxations of singlet excitons conserve spin and generate fluores-
cence. Usually the energy in triplet excitons is wasted; however,
given some perturbation in symmetry, triplets may slowly radia-
tively decay, producing the delayed luminescence known as phos-
phorescence. Although it is often inefficient, phosphorescence may
be enhanced if spin–orbit coupling mixes the singlet and triplet
states, an effect often promoted by the presence of a heavy metal
atom5. Indeed, phosphorescent dyes with these properties have
demonstrated very high-efficiency electroluminescence1,2.

Very few organic materials have been found to be capable of
efficient room-temperature phosphorescence from triplets1,2,6. In
contrast, many organic molecules exhibit fluorescence7,8 and fluor-
escence is also unaffected by triplet–triplet annihilation, which
degrades phosphorescent emission efficiency at high excitation
densities1. Consequently, fluorescent materials are suited to many
electroluminescent applications, particularly those such as passive
matrix displays that require high excitation densities.

It is desirable therefore to find a process whereby triplets that are
formed after electrical excitation are not wasted, but are instead
transferred to the singlet excited state of a fluorescent dye. There are
two mechanisms for triplet–singlet energy transfer from a donor
molecule (D) to an acceptor (A). In Dexter transport5, the exciton
hops directly between molecules. This is a short-range process
dependent on the overlap of molecular orbitals of neighbouring
molecules. It also preserves the symmetry of the donor and acceptor
pair5. Thus, a triplet–singlet energy transfer is not possible by a
Dexter mechanism. A change in spin-symmetry is possible if the
donor exciton breaks up and reforms on the acceptor by incoherent
electron exchange5. However, this process is considered to be
relatively unlikely as it requires the dissociation of the donor
exciton, which in most molecular systems has a binding energy of
,1 eV.

The alternative mechanism is Förster energy transfer5. Here,
molecular transition dipoles couple and exchange energy. The
efficiency of energy transfer (hET) is:

hET ¼
kET

kET þ kR þ kNR

ð1Þ

Here kET is the rate of Förster energy transfer from D to A and kR

and kNR are the radiative and non-radiative rates on the donor,
respectively. From equation (1), energy transfer is efficient if
kET . kR þ kNR; however, in Förster’s theory kET is proportional to
the oscillator strength of the donor transition5, as is kR. Thus, hET is
approximately independent of oscillator strength if kR q kNR, that
is, if the donor is efficiently phosphorescent then it is possible to
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obtain triplet–singlet energy transfer by the Förster mechanism. We
note that a ‘pure’ triplet has an infinite lifetime and no probability of
Förster energy transfer because the oscillator strength of its decay is
zero. However, the slightest perturbation (that is, some overlap
between the triplet and ground state on the donor) can counteract
the presence of non-radiative modes and yield efficient energy
transfer. Such triplet–singlet energy transfers were predicted by
Förster9 and confirmed by Ermolaev and Sveshnikova10, who
detected the energy transfer using a range of phosphorescent
donors and fluorescent acceptors in rigid media at 77 K or 90 K.
Large transfer distances were observed; for example with tripheny-
lamine as the donor and chrysoidine as the acceptor, the interaction
range is 52 Å.

Unfortunately, when a fluorescent acceptor is doped directly into
a phosphorescent donor material, the close proximity of the donor
and acceptor increases the likelihood of Dexter transfer between the
donor and the acceptor triplets. Once excitons reach the acceptor
triplet state, they are effectively lost since these fluorescent dyes
typically exhibit extremely inefficient phosphorescence (that is,
kNR q kR).

Another technique is to dope both the phosphorescent material
and the fluorescent acceptor into a conductive organic host. Ideally,
the phosphor then sensitizes the energy transfer from the host, now
acting as the donor, to the fluorescent acceptor. Cascade Förster
energy transfer of singlets has been demonstrated for fluorescent
materials11; however, here all energy is ideally transferred into the

triplet state of the sensitizer, where it is then transferred to the
singlet state of the fluorescent dye, that is:

1D* þ1 X →1 D þ1 X*
1X* →3 X*

3X* þ1 A →1 X þ1 A*
1A* →1 A þ hv

ð2Þ

and
3D* þ1 X →1 D þ3 X*
3X* þ1 A →1 X þ1 A*

1A* →1 A þ hv

ð3Þ

Here, the photon energy is hv, and the donor, sensitizer and
fluorescent acceptor are represented by D, X and A, respectively.
Triplet and singlet states are signified by a superscript 3 or 1,
respectively, and excited states are marked by asterisks. The multi-
ple-stage energy transfer is described schematically in Fig. 1. Dexter
transfers are indicated by dotted arrows and Förster transfers by
solid arrows. Processes resulting in a loss in efficiency are marked
with a cross. In addition to the energy transfer paths shown in Fig. 1,
direct electron–hole recombination is possible on the phosphor-
escent and fluorescent dopants as well as the host. Triplet exciton
formation after charge recombination on the fluorescent dye is
another potential loss mechanism.
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Figure 1 Proposed energy transfer mechanisms in the sensitized system. In principle, all
excitons are transferred to the singlet state of the fluorescent dye, as triplets in the dye
non-radiatively recombine. Förster transfers are represented by solid lines and Dexter
transfers by dotted lines. Electron–hole recombination creates singlet (S) and triplet (T)
excitons in the host material, although as indicated, charge trapping may be responsible
for exciton formation in the other materials as well. There is a probability of direct transfer
into the singlet state of the fluorescent dye by a Förster process, or Dexter transfer into the
triplet state. This is a source of loss and is indicated by a cross. Singlet excitons in the
phosphor are subject to intersystem crossing (ISC) and transfer to the triplet state. From
this state, the triplets may either dipole–dipole couple with the singlet state of the
fluorescent dye or, in another loss mechanism, they may Dexter transfer to the triplet
state. Direct formation of triplets on the fluorescent dye is an additional path to loss. Inset,
the structure of the principal materials and electroluminescent devices fabricated in this
work. We use the green emitting phosphor2 fac tris(2-phenylpyridine) iridium (Ir(ppy)3) and
the red fluorescent dye17 [2-methyl-6-[2-(2,3,6,7-tetrahydro-1H,5H-benzo[ij]quinolizin-
9-yl) ethenyl]-4H-pyran-4-ylidene] propane-dinitrile (DCM2). DCM2 absorbs in the green

and it emits at wavelengths between l = 570nm and l = 650nm (ref. 14). To
demonstrate the multiple-stage transfer, we used 4,49-N,N9-dicarbazole-biphenyl (CBP)
as the donor and host material18. Organic layers were deposited by high vacuum (10−6

Torr) thermal evaporation onto a clean glass substrate pre-coated with a layer 1,400 Å in
thickness of transparent and conductive indium tin oxide. A layer 600 Å in thickness of
N,N9-diphenyl-N,N9-bis(3-methylphenyl)-[1,19-biphenyl]-4,49-diamine (TPD) is used for
hole transport. We used an alternating series of layers 10 Å in thickness of 10% Ir(ppy)3/
CBP and 1% DCM2/CBP. In total, 10 doped layers were grown with a total thickness of
100 Å. Excitons were confined within the luminescent region by a layer 200 Å in thickness
of the wide-energy-gap material 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (bath-
ocuproine, or BCP). A layer 300 Å in thickness of tris-(8-hydroxyquinoline) aluminium
(Alq3) is used to transport electrons to the luminescent region and to reduce absorption at
the cathode. Metal deposition through a shadow mask with openings 1 mm in diameter
defined cathodes consisting of a layer 1000 Å in thickness of 25:1 Mg/Ag, with an Ag cap
500 Å in thickness.
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The structure of the organic devices and the principal materials
used to demonstrate the sensitized energy transfer are shown in the
inset of Fig. 1. We used CBP as the host and exciton donor, the green
phosphor Ir(ppy)3 as the sensitizer and the red fluorescent dye
DCM2 as the acceptor. As a control, two other organic light-
emitting device (OLED) structures were made. In the first,
Ir(ppy)3 was replaced by Alq3, which has similar emission and
absorption spectra, but no observable phosphorescence at room
temperature. From the spectral overlap with DCM2 and the
photoluminescent efficiencies12,13 of Alq3 and Ir(ppy)3, the Förster
transfer radii for Alq3 to DCM2 and Ir(ppy)3 to DCM2 are both
calculated to be , 40 Å (ref. 14). In the second device, the sensitizer
was completely omitted in order to examine direct energy transfer
from the donor, CBP, to the acceptor, DCM2.

The external quantum efficiency (photons per electron) of the
DCM2 portion of the emission spectrum of these three devices is
shown as a function of injected current density in Fig. 2. The DCM2
emission efficiency of the device containing the phosphorescent
sensitizer is significantly higher than its fluorescent analogue.
Indeed, the peak efficiency of (3.360.1)% is significantly higher
than the best result of ,2% observed for DCM2-based OLEDs in

previous studies15, suggesting that host triplets are transferred to the
fluorescent singlet state. We also note that addition of Alq3 to the
unsensitized CBP/DCM2 device makes no significant difference to
the maximum efficiency of (0.960.1)% of DCM2 emission.

The emission spectra of the OLEDs are shown in Fig. 3. All
devices show energy transfer to the fluorescent dye. By calculating
the area under the various spectral peaks, we find that approxi-
mately 80% of photons are emitted by DCM2 in the device contain-
ing the Ir(ppy)3 sensitizer. The remainder contribute to CBP
luminescence at l < 400 nm, TPD luminescence at l < 430 nm
and Ir(ppy)3 luminescence at l < 500 nm. In the device doped with
10% Alq3, an emission peak is also observed at l < 490 nm. This is
consistent with earlier observations16 of Alq3 emission in a non-
polar host such as CBP.

Conclusive evidence of the energy transfer of equations (2) and
(3) is provided by examining the transient behaviour of the DCM2
and Ir(ppy)3 components of the emission spectra. These data are
shown in Fig. 4, and were obtained by applying a ,100 ns electrical
pulse to the electroluminescent device. The resulting emission was
measured using a streak camera. If a fraction of the DCM2 emission
originates by transfer from Ir(ppy)3 triplets, then the proposed
energy transfer must yield delayed DCM2 fluorescence. Further-
more, since the radiative lifetime of DCM2 is much shorter than
that of Ir(ppy)3, the transient decay of DCM2 should match that of
Ir(ppy)3. After an initial peak, most probably due to CBP/DCM2
singlet–singlet transfer and exciton formation on DCM2, the
DCM2 decay does indeed trace the Ir(ppy)3 decay. The transient
lifetime of Ir(ppy)3 in this system is ,100 ns, compared to a lifetime
of ,500 ns in the absence of DCM2. Since these lifetimes are
inversely proportional to the rates of exciton transfer and relaxation,
respectively, this confirms an energy transfer of ,80%. The decrease
in the triplet lifetime as a result of energy transfer to the fluorescent
acceptor is advantageous. Not only does it increase the transient
response of the system, but it should also reduce the probability of
triplet–triplet annihilation. Thus, it is expected that this multi-stage
energy transfer will reduce the quenching of triplet states, thereby
further enhancing the potential efficiency of sensitized fluorescence.

The transient response of the sensitized system may be further
examined to determine the relative efficiencies of the singlet-to-
singlet and triplet-to-singlet energy transfer pathways. By subtracting
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Figure 2 The external quantum efficiencies of DCM2 emission in the three devices. The
sensitizing action of Ir(ppy)3 improves the efficiency. We also note that the presence of
Alq3 in the all-fluorescent devices makes little or no difference. The CBP/10% Ir(ppy)3/1%
DCM2 device reaches a brightness of 100 cd m−2 at 9.9 V (3 lm W−1).
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Figure 3 The spectra of the three electroluminescent devices fabricated in this work.
Characteristic peaks are observed for CBP (at wavelength l < 400 nm), TPD (l < 430
nm), Alq3 (l < 490 nm), Ir(ppy)3 (l < 500 nm) and DCM2 (l < 590 nm). Approximately
80% of the photons in the Ir(ppy)3 device are emitted by DCM2. All spectra were recorded
at a current density of ,1mA cm−2. Note that the peak intensities of each of the spectra
are normalized for comparison.
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Figure 4 The transient response of the DCM2 and Ir(ppy)3 spectral components in the
CBP/10% Ir(ppy)3/1% DCM2 device. The transient lifetime of DCM2 is ,1 ns, thus in the
case of energy transfer from Ir(ppy)3, the response of DCM2 should be governed by the
transient lifetime of Ir(ppy)3. After the initial 100-ns-wide electrical excitation pulse, this is
clearly the case, demonstrating that energy is transferred from the triplet state in Ir(ppy)3
to the singlet state in DCM2. However, during the excitation pulse, singlet transfer to
DCM2 is observed, resulting in the ripples in the transient response. These ripples are due
to fluctuations in the current density and the discharge of traps at the falling edge of the
pulse. We note that the trends in the DCM2 and Ir(ppy)3 transient responses eventually
diverge. This is caused by charge trapped on DCM2 molecules recombining and causing
luminescence.
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the transient decay of Ir(ppy)3 from the DCM2 transient, the ratio
of instantaneous to delayed DCM2 fluorescence is found to be , 1:2.
Consequently, we expect that the sensitized OLED should have a
quantum efficiency roughly triple that of an OLED that does not
exhibit delayed fluorescence. Indeed, from the data in Fig. 2, the
improvement in peak quantum efficiencies is (3.760.5)%. Ideally
the ratio of instantaneous to delayed fluorescence should reflect the
ratio of singlets to triplets (1:3), or even be weighted towards triplets
if intersystem crossing on Ir(ppy)3 is significant. It is likely that
direct triplet exciton formation on DCM2 contributes to some loss.
In addition, the likelihood of triplet transfer from CBP to DCM2,
CBP to Ir(ppy)3, or even Ir(ppy)3 to CBP is unknown, so it is
possible that some triplets are transferred directly to DCM2,
bypassing the sensitizer.

In conclusion, we have demonstrated a general technique for
improving the efficiency of fluorescence in OLEDs. Further
improvement in energy transfer efficiency could be expected by
mixing the host, phosphorescent sensitizer and fluorescent dye
rather than doping in alternating thin layers as was done here.
However, a mixture may possess increased losses from Dexter
transfer from the sensitizer to the triplet state of the fluorescent
dye. To reduce this loss, an ideal system may incorporate low
concentrations of a sterically hindered fluorescent dye. For example,
adding spacer groups to the DCM2 molecule could decrease the
probability of Dexter transfer to the dye while minimally affecting its
participation in Förster transfer or its luminescence efficiency. As
Dexter transfer can be understood as the simultaneous transfer of an
electron and a hole, steric hindrance may also reduce the likelihood of
charge trapping on the fluorescent dye. Similar efforts have already
reduced non-radiative excimer formation in a DCM2 variant15. M
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The spacing of opening-mode fractures in layered materials—
such as certain sedimentary rocks and laminated engineering
materials—is often proportional to the thickness of the fractured
layer1–4. Experimental studies of this phenomenon1,5 show that the
spacing initially decreases as extensional strain increases in the
direction perpendicular to the fractures. But at a certain ratio of
spacing to layer thickness, no new fractures form and the
additional strain is accommodated by further opening of existing
fractures: the spacing then simply scales with layer thickness,
which is called fracture saturation5,6. This is in marked contrast to
existing theories of fracture, such as the stress-transfer theory7,8,
which predict that spacing should decrease with increasing strain
ad infinitum. Recently9,10, two of us (T.B. and D.D.P.) have used a
combination of numerical simulations and laboratory experi-
ments to show that, with increasing applied stress, the normal
stress acting between such fractures undergoes a transition
from tensile to compressive, suggesting a cause for fracture
saturation. Here we investigate the full stress distribution
between such fractures, from which we derive an intuitive
physical model of the process of fracture saturation. Such a
model should find wide applicability, from geosciences11–13,14 to
engineering1,2,6,15,16.

Spacing of opening-mode fractures in layered materials is important
to engineers and geoscientists. Mechanical engineers, civil engineers
and materials scientists have studied the spacing of fractures in
composite materials for structural safety and service life1,2,6,15,16.
Geoscientists have investigated fracture density in layered rocks
because of its impact on the flow of groundwater and hydro-
carbons11–13, and the safety of mines14. Experimental results using

10 cm

a

10 mm
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b

Figure 1 Examples of opening-mode fractures in layered materials. a, In a glass-fibre-
reinforced polyester (modified from ref. 1). b, In the limestone layers of the Carmel
Formation, Chimney Rock, Utah.
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