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We present a new method to measure the triplet exciton diffusion length in organic semiconductors.

N,N0-di-[(1-naphthyl)-N,N0-diphenyl]-1,10-biphenyl)-4,40-diamine (NPD) has been used as a model

system. Triplet excitons are injected into a thin film of NPD by a phosphorescent thin film, which is

optically excited and forms a sharp interface with the NPD layer. The penetration profile of the triplet

excitons density is recorded by measuring the emission intensity of another phosphorescent material

(detector), which is doped into the NPD film at variable distances from the injecting interface. From the

obtained triplet penetration profile we extracted a triplet exciton diffusion length of 87� 2:7 nm. For

excitation power densities >1 mW=mm2 triplet-triplet annihilation processes can significantly limit the

triplet penetration depth into organic semiconductor. The proposed sample structure can be further used to

study excitonic spin degree of freedom.

DOI: 10.1103/PhysRevLett.108.137401 PACS numbers: 78.66.Qn, 71.35.�y, 78.55.Kz, 81.05.Fb

Triplet excitons in organic semiconductors are strongly
bound and localized electron-hole pairs that have total
electronic spin of one. Diffusion of triplet excitons plays
a key role in organic optoelectronic devices: generation of
triplet excitons in solar cells using phosphorescent dopants
or the process of exciton fission may double the internal
quantum efficiency [1,2]. Manipulation of triplet excitons
toward phosphorescent emission in light emitting diodes
leads to a fourfold increase in the device efficiency [3–5].
In many organic semiconductors the singlet exciton diffu-
sion length is of the order of 10 nm [6], while the triplet
diffusion length has been reported in a wide range from 10
to 5000 nm [7–24]. The triplet diffusion length can be
measured in a multilayer LED [10–15]. However, in this
method the triplet-polaron interactions are neglected in the
modeling and it is difficult to evaluate the effect of triplet-
triplet annihilation on the resulting values [25]. Other
methods include photocurrent modeling [8,16], remote
triplet detection in bilayer structures [17,18], variation of
exciton profile due to the light penetration depth [19,20],
triplet quenching [21], etc. In all of these methods the
effect of triplet-triplet annihilation is often neglected.

Even for the same materials quite different triplet diffu-
sion lengths have been published. For instance, in N,N0-di-
[(1-naphthyl)-N,N0-diphenyl]-1,10-biphenyl)-4,40-diamine
(NPD) values of 12 and 87 nm have been measured
(Ref. [8] and this Letter), in N,N0-di-1-naphthalenyl–N,N0
diphenyl-[1,10: 40,100: 400,1000-quaterphenyl]-4,4000-diamine
(4P-NPD) of 11 and 54 nm (Refs. [11,13]), in
4,40-bis(N-carbazolyl)biphenyl (CBP) of 16, 25, and
250 nm (Refs. [12,16,17]). Differences in film morphology
in these studies may partially be responsible for different
values of exciton diffusion length. However, it has been
shown for singlet excitons that different film morphologies

are characterized by exciton diffusion length within the
same order of magnitude [26,27]. Thus the large spread of
values for the triplet exciton diffusion length cannot only
be justified with the different nature of the molecules
studied, but also with the different measurement technique
employed.
Here we present a new method to probe triplet exciton

diffusion in a prototypical organic semiconductor N,N0-di-
[(1-naphthyl)-N,N0-diphenyl]-1,10-biphenyl)-4,40-diamine
(NPD). The proposed multilayer heterostructure has des-
ignated triplet injector and triplet detector layers and al-
lows recording the triplet penetration profile into the
semiconductor layer. From the obtained profile we ex-
tracted a triplet exciton diffusion length of 87� 2:7 nm.
NPD, iridium(III)bis(2-(4,6-difluorephenyl)pyridinato-

N,C2) (FIrPic) and meso-tetratolylporphyrin-Pd (PdTPP)
were purchased from Sigma-Aldrich, American Dye
Source, and Porphyrin Systems, respectively. The materi-
als were used without further purification. Multilayer
heterostructures were prepared on quartz substrates
by thermal sublimation in high vacuum of less than
2� 10�7 mbar. The deposition rates of NPD and the

metal-organic complexes were kept at �1 �A=s and

0:04 �A=s, respectively. The film thickness was monitored
during growth with a quartz microbalance, thickness and
surface roughness were controlled after deposition by
atomic force microscopy. The root mean square rough-
nesses of quartz substrates and deposited films were less
than 1 nm on an area of 100 �m2. The samples were
handled and stored in a nitrogen atmosphere.
The setup for photoluminescence measurements con-

sisted of an Argon ion laser operating at 466 nm, a mono-
chromator and a photomultiplier tube. The signal was
further amplified with a phase sensitive detector. The
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samples were mounted in a cryostat and kept under
dynamic vacuum at a pressure of 5� 105 mbar or less,
at room temperature. The sample position was varied by
shifting the cryostat relative to the optical path using a
micrometer actuator. The dependence of the phosphores-
cence emission on the incident power density was mea-
sured using a circular variable neutral density filter and a
power meter, which was connected with a computer to
record the light intensity directly during the measurements.
The Argon laser was detuned from the absorption bands of
each material. For instance, the absorption coefficient of
NPD is only 2:17� 10�3 nm�1 at the excitation wave-
length of 466 nm. Consequently, variations of the exciton
density due to optical absorption can be safely neglected in
the studied NPD thickness range up to 120 nm. Absorption
spectra were measured by a Perkin-Elmer spectrometer
under ambient conditions.

Figure 1(a) schematically illustrates the sample structure
that we use to measure the triplet exciton diffusion length.
An NPD layer of variable thickness L is sandwiched
between small amounts of phosphorescent molecules
FIrPic and PdTPP; for full names and chemical structures
we refer to Fig. 1(c). This 3 layer heterostructure is placed
on top of a 50 nm NPD layer that was deposited on a quartz
substrate. Accordingly, the NPD-substrate interface does
not influence the triplet population in the vicinity of the
PdTPP layer. Both phosphorescent materials are sublimed
by setting the thickness to 0.4 nm in the vacuum deposition
system and they do not form closed layers, as atomic force
microscopy reveals (see Supplemental Material [28]). The
top layer of FIrPic was applied to only half of the sample
area using a shadow mask. We will refer to the two halves
of a sample as ‘‘FIrPic’’ and ‘‘Reference’’ sides, indicating
whether that side has the FIrPic layer or not.

Figure 1(b) shows the triplet energy levels of FIrPic
(Ref. [29]), NPD (Ref. [13]), and PdTPP (deduced from
the phosphoresce spectrum). The triplet energy level of
NPD is in between that of FIrPic and PdTPP. Therefore it is
energetically favorable that triplet excitons get transferred
from FIrPic to NPD and subsequently from NPD to PdTPP.
As a result, optically excited triplets in the FIrPic can be
injected into the NPD layer with thickness L, followed by
their diffusion through this layer toward the PdTPP layer,
where they are transferred to PdTPP leading to phosphor-
escent emission.
The PL spectra of the Reference and FIrPic sides of a

typical sample are presented in Fig. 2(a). Both spectra
feature emission of PdTPP that is identified as pronounced
prompt photoluminescence at 620 nm and strong phos-
phorescence at �700 and at �800 nm. The emission at
shorter wavelengths is associated with the photolumines-
cence of NPD. The phosphorescence of the FIrPic layer is
too weak to be detected with these measurements. The
phosphorescence emission at �700 nm of the FIrPic side
appears to be considerably stronger than that of the
Reference side of the sample. The arithmetical difference
between these spectra reveals a peak at �700 nm. The
noisy signal at above 750 nm is due to the limitation of
the sensitivity range of the photomultiplier tube. For the
same reason the enhancement of phosphorescence inten-
sity of the PdTPP emission peak at �800 nm was difficult
to resolve.
The phosphorescence intensity measured at 700 nm of

the Reference and FIrPic sides of a typical sample is shown
in Fig. 2(b). These spatially resolved data were recorded by
scanning through the sample in the direction that is normal
to the FIrPic–no FIrPic boundary. The average intensities
of I0 and I1 correspond to the Reference and FIrPic sides of

FIG. 1 (color online). Sample structure for triplet exciton
diffusion length measurements (a); energy levels of triplet
excited states (b); and (c) chemical structures of iridium(III)bis
(2-(4 6-difluorephenyl)pyridinato-N,C2) (FIrPic), N,N0-di-[(1-
naphthyl)-N,N0-diphenyl]-1,10-biphenyl)-4,40-diamine (NPD),
and meso-tetratolylporphyrin-Pd (PdTPP).

FIG. 2 (color online). (a) Solid lines are photoluminescence
spectra of Reference and FIrPic sides of a typical sample used
for triplet exciton diffusion measurements. The arithmetical
difference between these spectra is also presented. (b) Typical
dependence of the phosphorescence emission of PdTPP (de-
tected at 700 nm) depending on the sample spatial position.
The average intensities of I0 and I1 correspond to the Reference
and FIrPic sides of the sample, respectively.
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the sample, respectively. The constancy of this signal
demonstrates the homogeneity of the sample. Generally,
the light outcoupling efficiency of PdTPP emission de-
pends on the NPD layer thickness L. Therefore in order
to compare different samples it is convenient to consider
the normalized intensity variation:

�i ¼ I1 � I0
I0

: (1)

Figure 3 shows the dependence of�i on the NPD thickness
L. At an excitation power density of 1 mW=mm2 �i shows
a monoexponential decrease with NPD thickness, while at
higher excitation densities the dependence is more
complex.

We attribute the increase of the emission intensity �i to
the triplet excitons, which are injected into NPD by FIrPic,
diffuse through the layer of thickness L, and are then
detected by PdTPP. This increase of intensity cannot be
due to the emission of FIrPic, because the two spectra are
energetically well separated. Moreover, the small amount
of applied FIrPic molecules cannot significantly modify
the light outcoupling efficiency or optical interference
effects because the refractive indices of NPD and FIrPic
are similar and FIrPic form islands of few nanometers
that are much smaller than the emission wavelength.
Additionally, the intensity increase at 700 nm depends on
the NPD thickness L that is consistent with the diffusion of
triplet excitons through the NPD layer.

In order to accurately model the process of triplet
diffusion in our samples it is important to understand
how PdTPP molecules influence the triplet density.
Previously, we have studied in detail the detection of triplet
excitons using PdTPP as phosphorescent dopant in a ma-
terial with a band gap similar to NPD [30]. According to
the energy gap law, materials of similar band gaps are
expected to have a similar triplet lifetime, which is about

0.1 ms for compounds such as NPD at room temperature
[30–32]. The phosphorescence decay time of PdTPP is
0.9 ms (Ref. [30]); thus, it takes at least 10 generations of
triplet excitons between possible energy transfer events to
a PdTPP molecule under continuous wave excitation.
Therefore we and others [33] did not detect reduction of
triplet lifetime in the host material when doping with
PdTPP and similar metal-coordinated porphyrins.
Moreover, in our samples PdTPP does not even form a
closed layer ensuring a minimal impact on the triplet
population and energetic profile in NPD. In this respect
PdTPP can be regarded as a triplet detector that does not
perturb the density of triplet excitons in the material under
investigation.
Because PdTPP behaves as a nonperturbing triplet

detector, triplet-triplet annihilation (TTA) can be observed
by detecting the phosphorescence of PdTPP. TTA is the
bimolecular recombination of two triplet excitons (T1) that
yields singlet ground (S0) and singlet excited (S1) states:

T1 þ T1 ! S0 þ S1: (2)

The efficiency of TTA is only significant if the probability
that two triplet excitons meet each other during their life-
time is high. This probability becomes considerable when
the triplet density overcomes a certain value. Since the
TTA introduces an additional decay path for triplets, their
density scales as square root of the generation rate at high
excitation powers, while at low triplet generation rates the
TTA is inefficient and the scaling is linear [3,34].
Figure 4 shows the dependence of the PdTPP phosphor-

escence emission intensity on the excitation power density
(circles). In this case the 0.4 nm PdTPP layer was sand-
wiched between two 50 nm thick layers of NPD. The
dependence shows slopes of 1 and 0.54 on the log-log
scale at low and high excitation densities, respectively. In

FIG. 3 (color online). Normalized variation of the phosphor-
escence intensity at 700 nm (�i) vs NPD layer thickness L.
Samples were excited at 466 nm; various excitation power
densities are presented. The dashed lines serve as guides to the
eye; the solid line is a fit with Eq. (4).

FIG. 4 (color online). The dependence of the emission inten-
sity on the incident power density in a NPD-PdTPP-NPD heter-
ostructure at 700 nm (circles) and at 550 nm (triangles); in
PdTPP-polystyrene blend at 700 nm (squares). Laser excitation
was at 466 nm.
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contrast, the prompt photoluminescence of NPD scales
linearly within the whole studied range of the excitation
densities (triangles). As a further check we measured the
phosphorescence emission of PdTPP molecules in the inert
matrix of polystyrene and also this sample shows a nearly
linear dependence on the excitation power (squares in
Fig. 4). Thus the sublinear growth with the scaling expo-
nent of 0.54 measured at high excitation power is specific
to the PdTPP-NPD heterojunction. In our previous
work we associated such square root dependence to the
detection of triplet excitons under TTA conditions [30].
Consequently, the phosphorescence emission of PdTPP is
mainly determined by the triplet excitons, which were
created via intersystem crossing in NPD layers and trans-
ferred to PdTPP.

At the excitation power density of 1 mW=mm2 the
phosphorescence intensity at 700 nm is in the linear regime
(Fig. 4). Thus the TTA process is not efficient at this
excitation power and diffusion of triplets that are injected
by FIrPic can be modeled by a linear differential equation.
At room temperature the triplet exciton diffusion can be
described in terms of normal diffusion [35]. Because of the
sample symmetry, the density n of injected triplet excitons
depends only on one spatial coordinate L that is the
distance from the FIrPic-NPD interface:

@n

@t
¼ D

@2n

@L2
� n

�
þGðLÞ; (3)

where n / �i, D is the diffusion coefficient, and � is the
triplet lifetime. Upon continuous wave laser excitation the
triplet generation rate GðLÞ can be replaced by a boundary
condition nð0; tÞ ¼ G0 at the FIrPic-NPD interface. Then
the thickness profile of the triplet penetration into NPD
layer is the steady state solution of Eq. (3) and can be easily
found by setting @n=@t ¼ 0:

nðLÞ ¼ G0e
�L=LD; (4)

where LD ¼ ffiffiffiffiffiffiffi

�D
p

is the exciton diffusion length—the only
fitting parameter. The solid line in Fig. 3 is the fitting with
Eq. (4) that yields to the exciton diffusion length of 86:8�
2:7 nm; the error is the standard error of the fitting
parameter. The triplet exciton diffusion coefficient D can
be estimated by setting � ¼ 0:1 ms resulting in the value of
7:5� 10�7 cm2=s.

Under intense laser excitation TTA becomes significant
(see Fig. 4) and the profile of triplet penetration cannot be
described with Eq. (4). In this case the triplet density
within the FIrPic side of the sample is given by

@n

@t
¼ D

@2n

@L2
� n

�
� �n2 þGðLÞ; (5)

where � is the triplet-triplet annihilation rate [3,34]. Here it
is important to account also for the triplet excitons that are

generated via intersystem crossing within the NPD layer.
Thus the triplet generation rate can be written as

GðLÞ ¼ G0�ðLÞ þ gðLÞ; (6)

where �ðLÞ is a delta function, gðLÞ is the triplet generation
rate within the NPD layer due to intersystem crossing.
Generally speaking, gðLÞ depends on the optical interfer-
ence effects due to the variation of the NPD thickness.
For this reason it is not straightforward to solve Eq. (5).
Nevertheless, we expect that under intense excitation
the triplet penetration profile nðLÞ will be a steeper func-
tion in the vicinity of the injector layer. Indeed, Fig. 3
shows this effect at excitation powers of 10 mW=mm2 and
higher.
In order to compare the different profiles in Fig. 3 we

define the penetration depth � as the distance from the
FIrPic-NPD interface at which the concentration of injected
triplets is attenuated by a value of e�1. The value of �
systematically decreases from 87 nm to 67, to 39, and
to 24 nm when the excitation power densities is increased
from 1 mW=mm2 to 10, to 100, and to 1000 mW=mm2

in accordance with TTA [17]. Thus it is important to make
sure that TTA is absent or it is taken into account in the
measurement of triplet exciton diffusion length, because
the penetration length� can bemistakenly interpreted as the
diffusion length LD. Presumably, this may be the reason of
the large spread in LD values that were reported in the
literature for the same materials; in those experiments the
effect of TTAwas usually neglected [8,11–13,16].
The proposed sample structure with distinct triplet in-

jector and detector layers can be further developed to
explore the spin degree of freedom of triplet excitons. In
particular, the influence of the magnetic field on the triplet
diffusion length and triplet-triplet annihilation can be ob-
served. The magnetic field may significantly decrease the
efficiency of the triplet-triplet annihilation and conse-
quently increase the triplet penetration depth at high exci-
tation densities. New types of devices may emerge by
using the spins of triplet excitons.
In summary, we presented a new direct method to accu-

rately measure triplet exciton diffusion lengths in organic
semiconductors. A triplet exciton diffusion length of
86:8� 2:7 nm was extracted for NPD. Our method can
be applied to a wide selection of materials that are relevant
for applications as OLEDs and solar cells. We have also
shown that triplet-triplet annihilation effects can signifi-
cantly reduce the penetration depth of triplet excitons,
being detrimental for the eventual use of triplet excitons
in optoelectronic devices.
The authors thank Dr. V. Krasnikov for the useful

discussions; F. v.d. Horst, A. Kamp, J. Harkema, and
H.M.M. Hesp for the technical support. The work of
O.V.M. is a part of the research program of the Dutch
Polymer Institute (Project No. 518). The sample prepara-
tion has been performed at NanoLab Groningen.
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