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Abstract
We present a method to measure the exciton diffusion length (Lp) of optically dark triplet
excitons in organic semiconductor thin films. In order to directly probe only these states, triplets
are optically injected into the material of interest via energy transfer from an adjacent
phosphorescent thin film. Injected triplets migrate through the full thickness of the material
before undergoing energy transfer to a phosphorescent sensitizer. By measuring
photoluminescence from the sensitizer as a function of active layer thickness and sensitizer
layer concentration, we are able to extract both Lp and the transfer rate to the sensitizer.
Extraction of the transfer rate is critical, as the assumption of unity quenching can lead to
incorrect measurements of Lp. We validate the method by measuring the singlet exciton
diffusion length in the fluorophores tris-(8-hydroxyquinoline)aluminum (Alqg3) and 2,3,6,7-
tetrahydro-1,1,7,7,-tetramethyl-1H,5H,11H-10(2-benzothiazolyl) quinolizine-[9,9a,1gh]
coumarin (C545T), and comparing them with values extracted from conventional
photoluminescence quenching measurements. The triplet Lp is subsequently extracted for a
series of archetypical fluorescent organic semiconductors with values falling in the range of

15-30 nm. In addition to probing the diffusion of dark triplets, this method also offers the ability
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to measure the singlet and triplet Lp with only a change in injection layer.
Introduction

Exciton spin plays a central role in the behavior of organic semiconductor thin films and
the design of associated devices. Short-lived spin singlet excitons are responsible for
fluorescence in organic light-emitting devices (OLEDs) and also form the majority of active
materials used for photoconversion in organic photovoltaic cells (OPVs). Long-lived spin
triplet excitons are frequently non-radiative, but play important roles as energetic intermediates
in OLEDs (as in delayed fluorescence),'”® and also as potential active materials in OPVs (via
singlet fission).”'* In all of these applications, exciton migration plays an important role in the
ability to spatially confine or transport energy. For singlets, the direct probing of exciton
migration is made possible through photoluminescence measurements.'>!® For non-radiative
triplet excitons, direct photoluminescence-based techniques are not applicable, and alternate
methods must be employed.!”"”

Frequently, device-based measurements are used to indirectly probe triplet diffusion via
the byproducts of their dissociation or transfer to a luminescent species. Specifically, these
include the fitting of external quantum efficiency spectra in OPVs,'420-23 photovoltage
measurements, 2?6 photoconductivity measurements,?’ microwave spectroscopy,?®? and a
variety of measurements in OLED configurations.3%® While capable of yielding a value for
the exciton diffusion length (Lp), intrinsic values of Lp can only be obtained by carefully
accounting for unknown recombination losses and interfacial energy transfer rates.?® Further,

the roles of triplet-triplet annihilation, triplet-polaron quenching, exciton formation zone
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migration, and the contribution from singlet diffusion are also difficult to evaluate.
Consequently, there is frequently disagreement among different methods of measurement for
the triplet Lp. Non-device-based methods such as delayed fluorescence spread®-" and transient
absorption spectroscopy®®-3 are capable of probing the intrinsic diffusion length of non-
radiative triplets however, their implementation often involves more involved instrumentation.
It is for these reasons that the direct probing of non-radiative triplets using a phosphorescent
sensitizer*®*! is of particular interest, due to its ability to distinguish between singlet and triplet
transport, as well as prevent bimolecular triplet quenching mechanisms. However, in this
method, the quenching efficiency of triplet excitons by the phosphorescent sensitizer is seldom
known quantitatively, and hence can cause inaccuracy in reported values. Here, we develop a
methodology to resolve this issue and apply the technique to extract the triplet Lp for a variety
of materials.

Figure 1a shows a phosphorescent sensitizer-based methodology for measuring dark triplet
excitons in organic semiconductor thin films. Singlet excitons are optically generated in a thin
phosphorescent injection layer which undergoes rapid intersystem crossing due to spin-orbit
coupling.*? The resulting triplets are injected directly into the triplet energy level (Er) of an
adjacent transport layer (i.e. the material of interest), with transfer from the injection layer to
the singlet level of the transport layer being frustrated by its endothermicity.* Triplet excitons
that diffuse through the full thickness of the transport layer may undergo energy transfer to a
low-energy phosphorescent sensitizer layer, leading to measurable photoluminescence.*'**

Exciton diffusion in the transport material is therefore characterized by a transport efficiency
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(n7), defined as the ratio of the exciton collection rate by the sensitizer and the exciton injection
rate into the transport layer. Experimentally, n; 1is calculated based on the reduction (increase)
of photoluminescence (PL) from the injector (sensitizer) in the presence of the transport layer
versus a wide energy gap exciton blocking layer (APL™€¢toT and APLSemSitizer respectively)

as:

_ ApLSensitizer Nijector (1)

nr = Injector PL
APLT™ Nsensitizer

In EQ. (1), Minjector @Nd Négnsirizer are the outcoupled PL efficiencies of the injector and

sensitizer layers. The outcoupled PL efficiencies are determined experimentally as discussed
in the Supplementary Information and Fig. S1.

In Eq. (1), the assumption is made that any changes in PL from the injector and sensitizer
layers come from the transport of excitons through the material of interest. For this to be
accurate, the short-range quenching of excitons in the material of interest by the sensitizer must
be efficient. Without knowledge of the quenching efficiency, the extracted Lp may not reflect
the intrinsic behavior of the material. Here, we extract the transfer rate (kg) from the transport
layer to the phosphorescent sensitizer by varying the concentration of the sensitizer in a non-
guenching host. In this way, the number of quenching sites (and the quenching efficiency) at
the interface is also varied in a predictable manner. Increasing the sensitizer concentration leads
to a concomitant increase in np until the quenching efficiency reaches unity.

In this work, n4 is measured as function of thickness in order to track the injected triplet
exciton density reaching the sensitizer layer. In parallel, measurements of n, as a function of

sensitizer concentration are used to extract ko, and determine an appropriate boundary
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condition for the exciton density. A previously published kinetic Monte Carlo (KMC)
formalism is used to model the dependence of n; and extract the triplet diffusion length of
the transport layer.*>*® The injected triplet exciton density in the transport layer is kept small
(~10% cm) to avoid triplet-triplet annihilation.*” The triplet diffusion length is probed in thin
films of the archetypical organic semiconductors N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1'-
biphenyl)-4,4'-diamine (NPD), tris-(8-hydroxyquinoline)aluminum (Algs) and bis-(8-hydroxy-
2-methylquinoline)-(4-phenylphenoxy)aluminum (BAlq). The method is validated against
thickness dependent photoluminescence quenching measurements for singlet exciton diffusion
in both Algz and 2,3,6,7-tetrahydro-1,1,7,7,-tetramethyl-1H,5H,11H-10(2-benzothiazolyl)

quinolizine[9,9a,1gh] coumarin (C545T).
Experimental

All thin films were deposited using vacuum thermal sublimation (base pressure <7x107
Torr) at a total rate of 0.1 nm s™! on glass substrates. Substrates were pre-cleaned by sequentially
sonicating in tergitol solution, deionized water, and acetone, followed by rinsing in isopropanol.
Material optical constants and film thicknesses were measuring using a J. A. Woollam variable-
angle spectroscopic ellipsometer (Cauchy model). Active materials of N, N’-di-1-
naphthalenyl-N,N’-diphenyl  [1,1°:4°,17":4”,1>’-quaterphenyl]-4,4’-diamine  (4P-NPB),
tris[2-phenylpyridinato-C2,N]iridium(lll)  (Ir(ppy)s),  tris(4-carbazoyl-9-ylphenyl)amine
(TCTA), 1,3-Bis(N-carbazolyl)benzene (mCP), NPD, C545T and Alqgs were purchased from
Luminescence Technology Corporation; BAlq was purchased from Sigma Aldrich, and
platinum octaethylporphyrin (PtOEP) and platinum tetra-phenyl-tetra-benzo-porphyrin

(PtTPTBP)**° were purchased from Frontier Scientific. The 1,4,5,8,9,11-hexaazatriphenylene
5
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hexacarbonitrile (HATCN)> used as a quencher for measuring the singlet Lp of Algs and
C545T was purchased from Luminescence Technology Corporation. In this work, the
quenching efficiency of HATCN is assumed to unity, due to its favorable energy offset for
electron transfer.’! Photoluminescence spectra were measured under N> purge using a Photon
Technology International QuantaMaster 400 Fluorometer equipped with a photomultiplier
detection system. Samples were excited at an angle of 70° to sample normal using a
monochromatic Xe lamp. The incident light intensity was measured using a S2281 silicon
photodiode with a mask of 0.36 cm? area. To check for the presence of triplet-triplet
annihilation in our measurements, PL spectra were collected at two different pump intensities
using a neutral density filter (OD = 0.5). The experimental data was fit using a non-linear least
squares methodology where fit error in the calculation of Lp represents a 95% confidence
interval. To detect any crystallinity in the transport layers, X-ray diffraction measurements were
carried out at an incident angle of 8 degrees, while samples were scanned using a 2D detector
which spans from 20 =1 degree to 53 degrees. Triplet energy levels for Ir(ppy)s and the
sensitizer molecules were determined from room temperature phosphorescence spectra. All
other triplet energy levels referenced in this work were determined using the first peak of the
phosphorescence taken from literature.?*-2-34
Results and Discussion

To demonstrate the validity of the phosphorescent sensitizer-based technique, the method

was first applied to measure the singlet diffusion length of Alqs and the result compared to

well-established thickness-dependent PL quenching-methods.'> In the generalized scheme of
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Fig. 1a, singlet excitons are injected from fluorescent 4P-NPB into Alqgs by optical pumping at
a wavelength of A=380 nm, where absorption occurs mainly in 4P-NPB (Fig. S2a). An injector
layer of 4P-NPB is chosen due to its favorable spectral overlap with the absorption spectrum
of Alqs (see Fig. S2 for active material emission and absorption spectra), enabling efficient
FoOrster energy transfer. Excitons migrate through Alqs and are detected by monitoring
phosphorescence from a sensitizer layer of PtTPTBP at A=770 nm. The exciton transport
efficiency is extracted by comparing changes in PL from PtTPTBP and 4P-NPB (Fig. 2a) in
the case when the injector layer of 4P-NPB is present, and where it is replaced by a non-
absorbing, wide energy gap spacer layer of mCP. In this way, the increase in photoluminescence
from PtTPTBP due to energy transfer from 4P-NPB can be isolated from direct optical
excitation (i.e. where the injection layer of 4P-NPB is replaced with mCP). The nr is calculated
using Eq. (1) and the associated architecture for measurement is shown in Fig. S1b. The KMC
modelling of experimentally measured nr as a function of Alqs thickness results in a single
Lp of (5.9 + 0.6) nm (Fig. 2b).

The architecture for comparing the phosphorescent sensitizer technique against thickness-
dependent PL quenching for Alqs singlets is shown in Fig. S2b. This method requires the
measurement of PL from the material of interest both with and without an adjacent quenching
layer, with the ratio of these two quantities fit as a function of thickness for Lp. Here, the
sensitizer layer is replaced by a top quenching layer of HATCN or an exciton blocking layer of
mCP for the quenched and unquenched samples, respectively. Singlets are generated in Alqs

by optical pumping at a wavelength of A=440 nm, where absorption occurs mainly in Alqs (Fig.
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S2a). A PL ratio is calculated as a function of Alqs layer thickness as the ratio of the integrated
PL spectrum with and without an adjacent quenching layer (Fig. 2¢). The analytical modelling
of the experimentally measured PL ratio also yields a singlet Lp of (5.6 + 0.4) nm (Fig. 2d),*
validating the sensitizer-based technique. The method was also verified for the organic
fluorescent dye C545T which results in a Lp of (12.2 + 0.7) nm as discussed in the
Supplementary Information (Fig. S3).

Triplet exciton diffusion is examined for three archetypical organic molecules: NPD, Alqs3
and BAlqg. Thin films of these materials show no scattering peaks in X-ray diffraction,
consistent with previous reports showing that as-grown films of these materials are
amorphous.’*>7 All three of these materials are used frequently as transport layers in OLEDs
and there is disagreement among the reported Lp values for both NPD and Algs.!” Here, the
case of NPD is considered first to demonstrate the methodology in detail using the architecture
of Fig. 3a. Using a phosphorescent injector layer of Ir(ppy)s (Er= 2.4 eV),>® the system is
pumped at a wavelength of A=470 nm, where absorption only occurs in Ir(ppy)s and no singlet
excitons are generated in NPD (Fig. 3b). Triplets are injected into NPD and those that migrate
through the layer may undergo energy transfer to a sensitizer layer of PtOEP (Er= 1.9 eV)*
doped in a wide energy gap host of TCTA (Et= 2.8 eV).’? The n is extracted by comparing
the photoluminescence from PtOEP and Ir(ppy)s in the case when the transport layer of NPD
is present, and where it is replaced by a wide gap spacer layer of TCTA (Fig. 3c). The
photoluminescence spectra in Fig. 3c are deconvoluted using the separately measured

photoluminescence spectra of PtOEP and Ir(ppy)s (Fig. 3b). The decrease in
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photoluminescence from Ir(ppy)s when adjacent to NPD reflects triplet exciton injection into
NPD. Similarly, the corresponding increase in photoluminescence from PtOEP reflects triplet
excitons that diffuse through NPD and undergo energy transfer into the sensitizer layer. The
boundary condition at the interface between NPD and the sensitizer layer is determined by
increasing the concentration of PtOEP molecules from 0.5 wt.% to 30 wt.%. In Fig. 3d, the
experimentally measured values of 1t as a function of NPD thickness are similar for PtOEP
concentrations >5 wt.%, signifying that all excitons reaching the interface are quenched. The
boundary condition is implemented in the KMC model by varying kq to the sensitizer layer
with respect to energy transfer (k1) within the layer. The kr can linked to the exciton diffusivity
(D) and Lp as:
D= %ZN dsz(d): % (2)

where d is the intermolecular spacing assuming a cubic lattice, 1 is the exciton lifetime and N
is the number of molecular hopping sites.'®*® The KMC modelling of the experimentally
measured dependence of 1t on NPD thickness yields Lp = (29.8 + 1.1) nm for the triplet of
NPD (Fig. 3b). The measured Lp is larger than that previously obtained by fitting device
photocurrent, likely reflecting device specific recombination losses.?’ The measured Lp for
NPD is smaller than the previous related work which has doped a discontinuous sensitizer layer
into the transport layer and assumed that the sensitizer does not significantly perturb the
underlying triplet density.*! The current work suggests that accurate determination of the triplet

Lp depends upon both the sensitizer concentration and boundary condition assumptions.

Inaccurate assumptions for a given sensitizer concentration can lead to either overestimation
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or underestimation of Lp. For example, in the current work, the incorrect assumption of perfect
quenching by 0.5 wt.% PtOEP would yield an underestimated triplet Lp = 12 nm. Similarly,
assuming here that the sensitizer does not perturb the exciton density in the case of quenching
by 15 wt.% PtOEP yields an overestimated triplet Lp = 52 nm.

The triplet exciton diffusion lengths of Alqs and BAlq are similarly determined using a
sensitizer of PtTPTBP (Et= 1.6 eV) doped in mCP (Er= 2.9 eV)*. The triplets are injected by
optically pumping Ir(ppy)s at a wavelength of A=470 nm (Fig. S2a). Triplets diffusing through
the transport layer are probed for two different concentration of sensitizer (5 wt.% and 15 wt.%
PtTPTBP) in order to check the quenching efficiency of excitons reaching the sensitizer
interface. The nt is calculated using Eq. (1) from the measured photoluminescence of
PtTPTBP and Ir(ppy)s for the case when the transport layer of BAlq or Alqs is present, and
when it is replaced by a wide gap spacer layer of mCP. The KMC modelling of the
experimentally determined nr as a function of BAlq and Alqs thickness yield Lp values of
(16.6 £ 1.0) nm and (15.2 + 0.9) nm, respectively (Fig. 4). The agreement in 1t for two
different sensitizer concentrations suggests efficient quenching at the transport layer and
sensitizer interface. The measured Lp for Alqs is consistent with the value of (14 + 9) nm

previously reported by Baldo et al.*

using transient analysis of phosphorescence in an OLED.

In addition to offering a means to accurately probe the diffusion of dark triplet excitons,
the phosphor sensitized methodology is attractive for its ability to separately probe singlet or
triplet exciton transport. Indeed, by simply varying the injecting layer, either the singlet or

triplet of the material of interest can be excited. For example, in Algs we find here a singlet

10
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diffusion length of Lp = (5.9+ 0.6) nm and a triplet diffusion length of Lp = (15.2 + 0.9) nmin
the same architecture, simply by changing the injection layer from 4P-NPB to Ir(ppy)s.
Certainly, the Algs triplets have long Lp as compared to its singlets due to an increased
lifetime."1° However, the corresponding increase in Lo is likely throttled by slow short-range
Dexter energy transfer for amorphous organic semiconductor thin films.>® By coupling
measurements of this type with additional time-domain investigations, additional insight can
be gained into the factors that impact singlet and triplet migration. Further, the ability to
selective pump the singlet and triplet states should have great utility in decoupling the more
complex exciton transport that exists in materials exhibiting singlet fission or TADF.® The tri-
layer stack used in current work may also be extended to solution-processed active materials.
For example, the use of orthogonal solvents is increasingly being demonstrated to prevent re-
dissolving in multilayer stacks.®2% Further, the combination of a solution-processed bottom
layer and vapor-processed top layer would reduce the issue of re-dissolving to only the bottom

interface.
Conclusions

We present a phosphorescent sensitizer-based methodology to accurately extract the
exciton diffusion length of non-radiative triplet excitons in organic semiconductor thin films.
In order to confirm the validity of the technique, we first extract the Lp of luminescent singlet
excitons in thin films of Algqz and C545T, comparing the result to conventional
photoluminescence measurements. For measurement of non-radiative triplet excitons, excitons

are injected by energy transfer from an adjacent phosphorescent layer. By measuring the

11
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transport efficiency of excitons across the material of interest, triplet Lp values in the range of
15-30 nm are obtained. The method is also attractive in that values for the singlet and triplet
Lp be extracted for a given material in a common architecture by varying only the exciton
injecting material.
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Figure 1: (a) A generalized scheme for probing the diffusion length of non-radiative triplet
excitons in organic semiconductor thin films. Excitons are injected into the transport layer by
energy transfer from an adjacent phosphorescent injection layer. Excitons diffuse through the
material of interest (transport layer) before undergoing energy transfer to the phosphorescent
sensitizer layer. The triplet energy levels of the three layers are selected to ensure downhill
energy transfer from the injection layer to the sensitizer layer. (b) Molecular structure and
triplet energy (Et) of three archetypical fluorescent semiconductors investigated in this study.
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Figure 2: (a) Photoluminescence spectra collected for the multilayer structures (4P-NPB/mCP
(x nm)/mCP or 4P-NPB/Alqgs (x nm)/10 wt.% PtTPTBP:mCP and mCP/Algsz (x nm)/10 wt.%
PtTPTBP:mCP) used to extract the singlet diffusion length of Algs using the phosphorescent
sensitizer-based approach. The structure is pumped at a wavelength of A=380 nm where a
majority of excitons are generated in the 4P-NPB injection layer. The excitons that diffuse
through Alqgz are detected using 10 wt.% PtTPTBP doped in mCP. (b) Experimental and
simulated (lines) transport efficiency as a function of transport layer thickness. The Lp is
extracted from a KMC simulation. (c) Photoluminescence spectra used to extract the singlet
diffusion length of Algz using thickness dependent PL quenching. The structure (4P-NPB/AIQs
(x nm)/mCP and 4P-NPB/Algz (x nm)/HATCN) is pumped at a wavelength of A=440 nm where
all the excitons are generated in Algs. (d) Photoluminescence ratio versus thickness for
determination of the singlet exciton diffusion length of Algs.
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Figure 3: (a) Architectures used to extract the transport efficiency and triplet Lp for NPD as a
function of thickness. The structure is pumped at a wavelength of A=470 nm where the majority
of excitons are generated in Ir(ppy)s injection layer. (b) Absorption coefficient (open symbols)
and normalized photoluminescence (solid symbols) for the materials of interest. Spectra for
PtOEP are collected for films of 15 wt% PtOEP in TCTA. (c) Representative
photoluminescence spectra for multilayer structures (15 wt.% PtOEP:TCTA/NPD (30
nm)/Ir(ppy)s and 15 wt.% PtOEP:TCTA/NPD (20 nm)/TCTA (10 nm)/Ir(ppy)s) used to probe
the triplet diffusion length of NPD using the phosphorescent sensitizer-based approach. (d)
Experimental (symbols) and simulated (line) transport efficiency as a function of transport
layer thickness. The nr versus thickness is plotted for various values of transfer rate (kq) to the
sensitizer relative to bulk energy transfer (kt) for a fixed NPD triplet Lo=30 nm.
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Figure 4: Experimental (symbols) and simulated (lines) transport efficiency as a function of
BAIlg (a) and Algs (b) thickness for different values of the triplet Lp. Multiple sensitizer

concentrations are considered to ensure unity quenching at transport layer and sensitizer
interface.
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We develop a methodology to measure the diffusion of dark triplet excitons in organic
semiconductor thin films using a phosphorescent sensitizer-based approach that explicitly

quantifies quenching efficiency by varying sensitizer concentration.
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