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Diffusion-Free Intramolecular Triplet–Triplet Annihilation
Contributes to the Enhanced Exciton Utilization in OLEDs

Sara Mattiello, Andrew Danos,* Kleitos Stavrou, Alessandra Ronchi, Roman Baranovski,
Domenico Florenzano, Francesco Meinardi, Luca Beverina, Andrew Monkman,
and Angelo Monguzzi*

Triplet–triplet annihilation (TTA), or triplet fusion, is a biexcitonic process in
which two triplet-excited molecules can combine their energy to promote one
into an excited singlet state. To alleviate the dependence of the TTA rate and
yield on triplet diffusion in both solid and solution environments,
intramolecular TTA (intra-TTA) has been recently proposed in conjugated
molecular systems able to hold multiple triplet excitons simultaneously.
Developing from the previous demonstration of TTA performance
enhancement in sensitized upconversion solutions, here similar
improvements in triplet harvesting in solid-state films are reported under
electrical excitation in organic light emitting diodes (OLEDs). At low dye
concentration and low current densities, the intra-TTA active OLED shows a
+40% improved external quantum efficiency with respect to the reference
device, and a TTA spin-statistical factor f 4DPA of 0.4, close to that determined
in fluid solution for the individual chromophore (0.45). These results therefore
indicate the utility of this molecular design strategy across a wider range of
TTA applications, and with particular utility in the further development of
low-power TTA-enhanced OLEDs.

1. Introduction

TTA, or triplet fusion, is a fundamentally interesting multi-
excitonic process in which two triplet-excited molecules can
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combine their energy to promote one into
an excited singlet state. In contrast to other
mechanisms of generating emission from
triplet states, such as phosphorescence or
thermally activated delayed fluorescence
(TADF),[1] the TTA and subsequent singlet
emission can be both exothermic and
spin-allowed, and remove the need for
very high triplet energy host materials
specifically for blue electroluminescence.[2]

Considering the crucial role of triplet
management in supporting advanced pho-
tonics and semiconductor applications,
this function makes TTA a center piece of
current organic electronics research, in ar-
eas as diverse as solar energy harvesting,[3]

photocatalysis,[4] biological imaging,[5]

3D printing,[6] and optogenetics.[7]

Currently, the majority of TTA research
is focused on sensitized upconversion
for photovoltaic enhancement, in which
sub-bandgap solar photons can be ab-
sorbed, combined, and re-radiated to a
photovoltaic module. Enhancement by an

upconversion layer allows circumvention of the Shockley-
Queisser limit, which otherwise caps energy conversion of a
single-bandgap device to approximately 30%.[8] Aside from pho-
tovoltaic applications, TTA is also important for triplet manage-
ment in OLEDs.[9] In this context excitons are formed from un-
correlated electron and hole pairs in a ratio of 1:3 singlet:triplet.
Without further intervention these triplet excitons are typically
non-emissive, limiting the internal quantum efficiency (IQE)
of such devices to 25%. While materials with triplet harvest-
ing properties such as organometallic phosphors or those capa-
ble of TADF certainly exist, for various reasons these classes of
materials have struggled to achieve high efficiency and device
longevity at blue color coordinates—crucial for display and light-
ing applications.[2a,10] Hence, although the pairwise conversion
of triplet excitons to singlets by TTA is only able to achieve a
lower theoretical maximum IQEs of ≈63%,[11] such materials re-
main dominant in commercial OLEDs because of their as-yet un-
matched device stability.

Despite the importance of TTA in a range of applications, only
a relatively small group of TTA-active emitters are commonly in-
vestigated in academic settings.[12] For blue emission relevant
to OLEDs, this is typically limited to derivatives of diphenyl
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Figure 1. a) Molecular structure of the conjugated fluorophores 2,2′,7,7′-tetrakis(10-phenyl-anthracen-9-yl) 9,9′-spirobifluorene (spiro-4-DPA) and 9,10-
diphenlyanthrnacene (DPA) employed to fabricate blue emitting films in polyvinylcabazole (PVK) or 4,4′-bis(N-carbazolyl)-1,1′-biphenyl (CBP). b) Ground
state electronic energies of the employed dyes. c) Sketch of the OLED emissive layer with intramolecular triplet–triplet annihilation (intra-TTA) occurring
in the spiro-4-DPA systems that produces additional blue photons, and DPA system where triplet harvesting only occurs through intermolecular TTA
(inter-TTA). Upon the generation of the same total number of excitons with a singlet to triplet ratio 1:3, the intra-TTA is enabled even at low excitons den-
sities because triplet excitons constantly migrate throughout the OLED sites, allowing double-capture processes on the same spiro-4-DPA. Conversely,
for DPA molecules inter-TTA can happen only between nearby molecules thus leading to losses for triplet excitons on isolated chromophores.

anthracene (DPA) and perylene, with wider innovation in the
chemical groups or structures somewhat rare.[13,14] Moreover, re-
flecting the popularity of sensitized upconversion applications,
TTA is also most commonly investigated in solutions, while
achieving and measuring TTA in the solid state is extremely chal-
lenging due to the low mobility of molecular excitons[15,16] and
difficulty in managing molecular aggregation at the necessary
high chromophore concentrations of films. In contrast, investiga-
tion of TTA in OLED contexts demands the use of solid films, but
is also somewhat simplified by the possibility of direct electrical
formation of triplet excitons—removing the need for doping with
separate triplet sensitizer species to enable optical excitation.

In both solids and in solution though, TTA relies on either
molecular or excitonic diffusion to bring together the prerequi-
site triplet pair. Pair formation can have a statistically limited
probability for successfully going on to generate singlet excitons,
and is typically rate limiting in the overall TTA process. Con-
sequently, significant research effort has gone towards develop-
ing new materials that can sidestep this limitation. For example,
confinement of both the optically active components in colloidal
nanostructures[17] or nanocrystals[18] can increase the effective
concentrations of excitons and therefore accelerate pair forming
collisions. Developing multi-chromophore materials is also a re-
cently popular approach, with covalent bonding in some cases
holding the TTA-active chromophore pair permanently in favor-
able orientations for spin conversion.[19,20]

Exploiting this approach further, recently intra-TTA in
the branched conjugated acceptor 2,2′,7,7′-tetrakis(10-phenyl-
anthracen-9-yl)-9,9′-spirobifluorene (spiro-4-DPA) was demon-
strated. As shown in Figure 1a, this emitter consists of four
chemically anchored but energetically decoupled anthracene-like
branches. Thanks to its capacity to hold up to four triplet ex-
citons simultaneously (Figure 1b), this material was shown to
undergo more efficient TTA at low concentrations and low ex-
citation densities, as it can undergo diffusion-free intra-TTA af-
ter acquiring a second triplet exciton from the sensitizer.[21] De-
veloping from this previous demonstration of performance en-
hancement in sensitized solution TTA upconversion systems,
here we report similar improvements in triplet harvesting by
solid-state films under electrical excitation in OLEDs. At low
dye concentration and low current densities when diffusion-
mediated intermolecular TTA is hindered, thanks to the intra-
TTA contribution the spiro-4-DPA based OLEDs shows +40%
improved EQE with respect to the reference DPA-based de-
vice, for which only intermolecular TTA (inter-TTA) can con-
tribute to triplet harvesting as shown in Figure 1c. By mod-
elling the relative OLED performance we arrive at a fitted spin-
statistical factor for spiro-4-DPA (f 4DPA) of 0.4, which is close to
the value for unmodified DPA in fluid solution (0.45), indicat-
ing efficient TTA events within the multi-chromophore material.
These results therefore establish the utility of this molecular de-
sign strategy across a wider range of TTA applications, and with
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Figure 2. a) Spiro-4-DPA versus DPA absorption and photoluminescence (PL) spectra in THF diluted solution (10−5 m). The inset shows the PL intensity
decay in time recorded at the PL maximum peak. b) PL of spiro-4-DPA in PVK films at different doping levels under 340 nm excitation. The inset reports
thecorresponding PL quantum yield. c) PL intensity decay in time recorded at 440 nm for the PVK:DPA (top) and PVK:4-DPA (bottom) films series under
pulsed excitation at 340 nm. Solid lines are the fit of data with single-exponential or multi-exponential decay functions.

particular utility in the further development of TTA-enhanced
OLEDs.

2. Results and Discussion

The conjugated fluorophore spiro-4-DPA has been synthesized
by a micellar catalyzed Suzuki−Miyaura coupling.[21] The sys-
tem has been designed to allow the simultaneous coexistence
of more than one independent triplet molecular exciton. When
one of the equivalent triplets is populated, the remaining chro-
mophores can host a second exciton, thus accommodating si-
multaneously two triplets on the same molecule in close prox-
imity, and enabling their localized interaction and fast annihi-
lation by intra-TTA (Figure S1, Supporting Information). No-
tably, this is possible because the center-to center distance be-
tween anthracene branches in the spiro-4-DPA system is as
large as 1.1 nm, thus allowing short-range interactions such
as Dexter transfer between the conjugated branches as well as
TTA.[21] The system shows a remarkable stability, with no sign
of thermal degradation upon heating up to 500 °C (Figure S2,
Supporting Information). Figure 2a shows the photolumines-
cence properties of the spiro-4-DPA versus the reference DPA
fluorophore in dilute THF. The spiro-4-DPA shows a slightly
red-shifted absorption spectrum onset, peaked at 397 nm, in-
dicating limited direct conjugation of chromophores across the
spiro bridge.[22] The emission properties are also very simi-
lar between both materials, with spiro-4-DPA showing a bright
blue photoluminescence peaked at 424 nm, high photolumi-
nescence quantum yield 𝜙4DPA

pl of 0.79, and rapid fluorescence
with lifetime of 3.2 ns (compared to 440 nm, 0.96, and 6.9 ns
for DPA). The energy of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) elec-

tronic levels of the spiro-4-DPA and DPA dyes have been es-
timated by combining cyclic voltammetry and optical absorp-
tion experiments (Section S3, Supporting Information), which
gives again very similar results (Figures S3 and S4, Supporting
Information).

Moving towards OLED applications, Figure 2 shows the pho-
toluminescence spectra of solid films of polyvinylcabazole (PVK)
loaded with 0.5, 1, or 5 wt% of spiro-4-DPA or DPA. PVK
is a conductive polymer with good film-forming properties,
which is sometimes used directly as a host material in solution-
processed devices. PVK also provides a chemical environment for
dopants analogous to evaporable OLED hosts such as 4,4′-bis(N-
carbazolyl) 1,1′-biphenyl (CBP). At the higher concentrations em-
ployed, the emission spectrum from the PVK:DPA films shows
some redshift. Considering the almost constant 𝜙DPA

pl = 0.76 ±
0.06 (Figure 2b, inset) and fluorescence lifetime 𝜏 ≈ 7 ns (Table
S1, Supporting Information), we can ascribe the redshift to a triv-
ial inner filter effect. The PVK:spiro-4-DPA series also shows a
redshift in the photoluminescence spectrum as the dye concen-
tration increases. In this case, we observe a corresponding slight
decrease in the 𝜙4DPA

pl = 0.61 ± 0.08 and acceleration of the emis-
sion lifetime (with an additional ≈10 ns component) that sug-
gests some aggregation formation in this material. While this ev-
idence of enhanced aggregate formation in spiro-4-DPA films is
surprising considering the similar chemical structures and four-
fold lower molar concentration in the comparable films (deter-
mined from equal wt% doping, but different molecular masses),
the ϕpl remain similar and assist in later interpretation of OLED
performance.

Moving to actual OLEDs, evaporated devices were exclusively
pursued in order to limit the deleterious effects of molecular
aggregation that are commonly observed in TTA films,[23] and
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Figure 3. a) Electroluminescence (EL) spectra of the spiro-4-DPA and DPA (5 vol% in CBP) OLED devices at 5.5 V applied voltage. b) Current density
and luminance of the investigated devices as a function of the applied voltage. OLED external quantum efficiency (EQE) as a function of c) the injected
current density and d) OLED luminance.

which can be exacerbated during solvent evaporation in solution
processing techniques.

Following other reports of TTA-active devices using
anthracene-based emitters,[24] host-free (non-doped) OLEDs
were prepared using DPA emissive layers, but were found to
crystalize before the devices could be measured.[24] Instead,
4,4′-bis(N-carbazolyl)-1,1′-biphenyl (CBP) was chosen as the
host material due to its hole-transporting properties (comple-
mentary to the electron conductivity of anthracenes), its suitably
high triplet energy compared to DPA (2.7 and 1.8 eV),[25] and
in continuity with the above preliminary investigations in PVK
films. Additional DPA devices using DPEPO hole-blocking or
mCP electron-blocking layers (or thicker emissive layers) were
found to have no appreciable impacts on performance or color,
indicating recombination within the emissive layer rather than at
either interface. Instead, consistently with the identified emitter
aggregation in the more highly doped PVK films, we observe
dramatic redshifts of the spiro-4-DPA device emission using 20
vol% or 80 vol% emissive layers, while DPA devices are entirely
unimpacted (Figures S5 and S6, Supporting Information). The
green emission in the 80% spiro-4-DPA devices was confirmed
not to be a thermal decomposition product—initially suspected
as the evaporation temperature of the spiro-4-DPA (≈400 °C)
was much higher than lighter DPA (≈100 °C)—as subsequent

re-fabrication of the 5% devices from the same crucible and
material batch gave the same blue emission with no indication
of contamination by a green-emissive component. Recovered
evaporated material from inside the deposition chamber was
also identical to the pristine material in NMR analysis (Figure
S6, Supporting Information) and in powder and solution pho-
toluminescence. Thus we ascribe the shift from blue to green
electroluminescence to the spiro-4-DPA aggregate species, facil-
itated by higher deposition temperatures and as was observed
to a lesser extent in PVK films and in powder (Figure S8, Sup-
porting Information). Ultimately only for 5% doped devices the
emission color was comparable for spiro-4-DPA and DPA, so
although the external quantum efficiencies (EQE) retained the
same trends at different concentrations as well, we consider only
this composition in further analysis.

Figure 3 shows comparisons between the 5 vol% doped DPA
and spiro-4-DPA devices. The electroluminescence spectra re-
flect the dye photoluminescence features (Figure 3a). The EQE
performance of the spiro-4-DPA OLEDs is consistently better
than that of the DPA devices, measured both with respect to
current density (Figure 3c) and with respect to total bright-
ness (Figure 3d). Having established that neither differences
in device conductivity (Figure 3b) nor emitter ϕpl (from PVK
films, Figure 2b) can explain the differences in device EQEs, we
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Figure 4. a) Sketch of the intra-TTA process active in the spiro-4-DPA and of the double excitation process of a single DPA molecule. f 4DPA and f1DPA are
the statistical probability to form an emissive singlet for the two processes, respectively. b) Measured (𝜂) and predicted (𝜂th.) relative EQE as a function
of j for the spiro-4-DPA 5% and DPA 5% blue emitting OLEDs. The 𝜂th . curve is calculated from the fit of the experimental EQEs data (Figure 3c) with
Equation 2.

instead considered the possible contributions of inter- and intra-
molecular TTA.

In order to analyze the effect of intramolecular mechanisms,
we propose a model to describe the bi-excitonic processes’ contri-
bution to OLED luminescence as a function of the injected cur-
rent density j. We define the yield of the formation of the triplet-
triplet pair state from injected charges, ϕ2T, as

𝜙2T

(
j
)
= P

(
2 | 𝜒T, 𝜙e−h, 𝜏T, j

)
(1)

where𝜒T is the statistical probability of forming the triplet molec-
ular exciton upon charge recombination, with a specific value of
0.75. The function P(2|𝜒T, ϕe − h, 𝜏T, j) is the cumulative probabil-
ity of a site in the OLED emissive layer to hold two or more triplet
excitons simultaneously, which are distributed following Pois-
son statistics (Section S5, Supporting Information). Practically,
triplet excitons (proportional to j) are distributed into the OLED
emissive layer sites (proportional to the dye concentrations, four
times higher for DPA given the equal vol% loadings but differ-
ently sized dopants), and modulated by two contributions. On
hand the exciton decay governed by the triplet lifetime 𝜏T, on the
other hand their generation through charge capture and recombi-
nation to form molecular excitons ϕe − h. Notably, the coexistence
of two excitons is the minimum condition where i) intra-TTA be-
comes active in the spiro-4-DPA, or ii) a DPA molecule in the
triplet state T1 can move up to a higher excited state through se-
quential absorption of a second T1 exciton (Figure 4a).

In our OLEDs, the experimental EQE can be therefore ex-
pressed as the sum of singlet (S) and triplet (T) contributions as

EQE
(
j
)
= 𝛽𝜙pl [S + T] = 𝛽𝜙pl

[
𝜙e−h𝜒s + 0.5f 𝜙2T

(
j
)]

(2)

where 𝛽 is the efficiency of emission outcoupling and 𝜒S =
0.25 is the statistical probability of forming singlet excited states

upon charge recombination. The term ϕe − h𝜒 s governs fluores-
cent OLEDs with no contribution from TTA or sequential triplet
absorption. The emission generated by bi-excitonic processes is
instead regulated by f, a parameter between 0 and 1 that repre-
sent the statistical probability that a singlet is generated upon
interaction of two triplets, and by the formation of triplet pairs
described by ϕ2T. Upon the formation of a correlated triplet pair,
the output state can be a singlet (with probability 1:9) or higher
triplet (3:9) or a quintet (5:9). The output depends on several fac-
tors, among which the most relevant is energetic accessibility.
For the system considered, the quintet state is not available en-
ergetically, while the energy of the T2 state is only barely higher
than 2×T1. This implies that thermal energy can allow the con-
version of the collisional complex T1+T1 to a T2 state, with the
loss of T1 exciton. This implies the statistical intrinsic probabil-
ity to have a singlet upconverted state upon TTA, i.e., the fac-
tor f, to have a maximum limit between 0.4 and 0.5.[19a,26–30] The
factor 0.5 represents the pairwise conversion of two triplet ex-
citons into a singlet.[31] Apart from ϕ2T(j) and f, the factors in
Equation 2 are either measured constants (ϕpl), or constants rea-
sonably considered equal for both DPA and spiro-4-DPA devices
(𝛽, ϕe − h, 𝜒S,𝜒T, Figures S3 and S4 (Supporting Information)
for electrochemical properties). The ϕ2T(j) yield is therefore the
only factor that changes with the current density, and so we in-
fer that this term alone controls the shape of the EQE curve
as it rises to its maximum EQE. Beyond this maximum value
we assume that multiexcitonic decay mechanisms (e.g., charge-
exciton quenching) begin to dominate,[32] causing the EQE to
fall (Figure 3c,d) for reasons unrelated to TTA. We also note
that inter-TTA is mostly inactive in these devices considering
the average inter-chromophore distances (≈3 vs ≈5 nm for DPA
and spiro-4-DPA each at 5% loading, Section S5, Supporting
Information).[33]

Fitting the EQE data to Equation 2 allows us to evaluate the
shape of ϕ2T(j) in the two devices (Figures S9 and S10, Supporting
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Information). Moreover, to directly compare the two OLEDs we
analyze therelative efficiency 𝜂 defined as

𝜂
(
f 4DPA, f 1DPA

)
=

EQE4DPA

EQEDPA
(3)

where f1DPA and f 4DPA are the statistical parameters for DPA and
spiro-4-DPA respectively. This is due to the fact that the abso-
lute values of f for the two devices cannot be independently deter-
mined without exact knowledge of 𝛽 and ϕe − h. Nonetheless, fit-
ting the experimental data with Equation 2 along with the known
ϕpl values allows the f1DPA and f 4DPA to be estimated.

Figure 4b shows how the experimental behavior of 𝜂 (black
squares) is nicely reproduced with the proposed model above
(𝜂th, red solid line). Notably, fitting of the EQE curves for both
systems yields very similar ϕe − h (Table S2, Supporting Informa-
tion), in agreement with the comparable electronic properties of
the two molecular systems (Figures S3 and S4, Supporting In-
formation), and 𝜏T values in the milliseconds time scale as al-
ready demonstrated for DPA embedded in rigid polymeric ma-
trixes (Figures S3 and S4 and Table S2, Supporting Information),
but much slower decaying than in fluid solution.[19b,34]

For j values below 0.1 mA cm−2 the ϕ2T(j) is low, thus the
contribution of bi-excitonic processes to the OLED’s emission is
negligible. Between 1 and 80 mA cm−2 ϕ2T(j) quickly reaches its
maximum for both the spiro-4-DPA and DPA systems (Figure
S10, Supporting Information). Notably, at the currents where the
maximum EQEs, and therefore the maximum value of 𝜂, are ob-
served, ϕ2T(j) is unitary for both devices. We propose that in this
regime it is the efficient intra-TTA channel that helps the spiro-
4-DPA OLEDs to achieve a higher overall efficiency. The pro-
posed modeling also affords a fitted f 4DPA = 0.40 for the spiro-
4-DPA and f1DPA = 0.15 for DPA, thus f 4DPA ≈ 2.7 × f1DPA. This
finding suggests that the fixed relative orientation of the spiro-
4-DPA anthracene-like branches in the solid matrix is reason-
ably favorable for the formation of singlet molecular excitons
upon TTA.[19b,28] Conversely, a subsequent double excitation of
the DPA (or weak inter-TTA) seems to have a quite poor prob-
ability to relax to the emissive excited singlet configuration. In-
deed in freely diffusing solution f ≈ 0.45 is observed for the inter-
TTA process when randomly oriented spiro-4-DPA and DPA
molecules collide, which suggests that the performance of spiro-
4-DPA in solid films is limited by the intrinsic properties of the
anthracene chromophore rather than the geometry of the multi-
chromophore scaffold.[21]

3. Conclusion

In summary, the intra-TTA active annihilator/emitter spiro-4-
DPA is shown to outcompete isolated-chromophore reference
material DPA in solid-state OLED applications. The efficiency en-
hancement of spiro-4-DPA is particularly evident a low injected
current densities where intra-TTA dominates, and reaches a max-
imum enhancement ratio of +40% at 50 mA cm−2. The obtained
results suggest that this enhancement can be ascribed to the four-
fold degenerate triplet states of the spiro-4-DPA system which,
with respect to DPA, allow it to exploit an effective intra-TTA
process to recover the energy stored in optically dark triplet ex-
citon states especially at low injected current densities. Analysis

of the OLED performance indicates that the intra-TTA process
on the spiro-4-DPA in solid films has a similar spin-statistical
probability to form singlets as the DPA molecule in fluid solu-
tion, with the later suffering significantly in dilute solid films.
Ultimately the obtained results demonstrate that the use of intra-
TTA active molecular designs is a very promising strategy to im-
prove the performance of TTA OLEDs, but also for all TTA-based
applications[6,35,36] by alleviating the requirements for triplet ex-
citons to diffuse and form intermolecular pairs in the solid state.

4. Experimental Section
Optical Absorption and Photoluminescence Studies: UV–vis absorption

spectra were recorded on a Cary Varian 50 spectrometer. Steady-state PL
spectra were acquired with a with a nitrogen cooled charge coupled de-
vice (Spex ≈2000) coupled to a polychromator Triax 190 from J-Horiba.
Steady-state fluorescence spectra were recorded using a 355 nm UV laser.
Fluorescence emission intensity decay were recorded using a pulsed LED
at 340 nm (3.65 eV, EP-LED 340 Edinburgh Instruments, pulse width
of 700 ps). All spectra were corrected for the instrumental optical re-
sponse. Solution photoluminescence quantum yield was obtained by rela-
tive methods (see Supporting Information), while the PVK film photolumi-
nescence quantum yield has been measured using an integrating sphere
with the de Mello method.[37]

Fabrication of PVK Dye Doped Films: The dye-loaded PVK films have
been fabricated by drop casting on a quartz substrate a solution of PVK
and dyes in dichloromethane.

OLED Fabrication: OLEDs were fabricated on patterned indium tin
oxide (ITO) coated glass (VisionTek Systems) with a sheet resistance
of 15 Ω per sq. Acetone and isopropanol sonicated substrates were
oxygen-plasma cleaned and loaded into a Kurt J. Lesker Super Spec-
tros deposition chamber, and both the small molecule and cathode
layers were thermally evaporated at a pressure of below 10–7 mbar.
The materials used for the transport and blocking layers were N,N-
bis(naphthalen-1-yl)-N,N-bis(phenyl)benzidine (NPB, 40 nm) and 4,4′-
(diphenylsilanediyl)bis(N,N-diphenylaniline) (TSBPA, 10 nm) as the hole
injection/transport layers (HIL/HTL), CBP with codoped DPA or spiro-
4-DPA as emissive layer (20 nm), followed by (1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBi, 40 nm) as the ETL, lithium fluoride (LiF,
1 nm) as the EIL, and Al (100 nm) cathode through a shadow mask that
defined 2 × 2, 2 × 4, and 4 × 4 mm pixels with the patterned ITO. Freshly
evaporated devices were transferred into a calibrated 10 in. integrating
sphere under ambient conditions. Electrical properties were measured us-
ing a source meter (Keithley 2400) simultaneously with emission spectrum
and intensity with a calibrated fiber-coupled spectrometer (Ocean optics
USB4000) sampling the inner surface of the sphere.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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