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Abstract The spatial coherence of organic light-emitting diodes
(OLEDs) is an important parameter that has gained little atten-
tion to date. Here, we present a method for making quantitative
measurements of the spatial coherence of OLEDs using a
Young’s double-slit experiment. The usefulness of the method
is demonstrated by making measurements on a range of OLEDs
with different emitters (iridium and europium complexes) and
architectures (bottom and top emitting) and the fringe visibil-
ity is further manipulated by gratings embedded in external
diffractive optical elements. Based on the experiments and
simulation of the results, we quantitatively determine the spatial
coherence lengths of several OLEDs and find them to be a few
micrometers. A 60% increase in the spatial coherence length
was observed when using a narrow bandwidth emitter and a
metal-coated grating.
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1. Introduction

Organic light-emitting diode (OLED) technology has at-
tracted great attention due to its promising applications
in lighting and displays [1-14]. Recently, new applica-
tions of this technology in visible-light communication
and biomedical instruments suggest that OLEDs will be
universal in the next generation of photonic devices [
15-18]. For such emerging applications, the coherence of
the beam and the ability to make it directional are of in-
terest. OLEDs are compact, versatile, potentially low-cost
and visible sources. Though many aspects of the electri-
cal and optical properties of OLEDs have been studied
in the last 25 years [7, 19-21], the spatial coherence has
received very little attention. The microcavity-like struc-
tures used in OLEDs pave the way for optical manage-
ment and manipulation [22-27]. This makes them ideal
alternative light sources for portable and disposable instru-
ments for biomedical applications such as photodynamic

therapy for skin-cancer treatment [18]. In this context, the
spatial coherence of a light source is important for being
able to shape and direct the emission beam — for example
the wavefront of a beam of sufficient spatial coherence can
be shaped by a spatial light modulator. The coherence also
plays a large role in the penetration of light into living
tissues [28-30].

Duarte et al. reported an investigation of the spatial co-
herence of an electrically driven OLED containing the laser
dye 10-(2-benzothiazolyl)-1,1,7,7-tetramethyl-2,3,6,7-
tetrahydro-1H,5H, 11H-benzo[/]-pyrano[6,7,8-ij]quinolizin-
11-one (C545T) as the emitting layer (EML), using a
Young’s double-slit experiment [31]. In their work, an
additional single-slit was inserted between the OLED and
the double slit. Therefore, the spatial distribution of the
light beam after two spatial filters (two single slits) was
modified dramatically, which contributed to a small beam
divergence of 2.53 mrad and similar fringes to those from
a He-Ne laser were observed. These are interesting results
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Fourier Transform

SCHEME 1 The optical setup used to mea-
sure fringe visibility and hence determine
spatial coherence. The route to extracting
the spatial coherence length, I, is also il-
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showing that after spatial filtering of an OLED, clear
fringes can be obtained, but they do not directly measure
the spatial coherence of the OLED. Similarly, Saxena et al.
followed this method to investigate the spatial coherence
from a tris-(8-hydroxyquinoline) aluminum (Alqs)-based
OLED. However, a limitation of these studies is that they
measured the spatial coherence properties of a spatially
filtered OLED, rather than the light source itself.

In this paper, we report measurements of the intrinsic
spatial coherence length of a range of OLEDs by introduc-
ing a Fourier transform imaging system, i.e. a 4f system. To
improve the low visibility of the fringe from the OLEDs,
we laterally integrated the OLEDs with external diffractive
optical elements (DOEs) that consisted of submicrometer-
scale gratings fabricated by UV-nanoimprint lithography
(UV-NIL).

2. Methods and devices

2.1. The optical setup and the method to extract
the spatial coherence length

Scheme 1 illustrates the optical setup for measuring the
spatial coherence of a light source. The light source was
located in the focal plane of the objective lens. In order to
have the best detection system for light of low coherence,
we combined a double slit (125 pum separation) with a
telescope with 40x magnification factor that will be able
to detect the interference fringes of a light source having a
spatial coherence length on the several-pum scale. A cooled
CCD camera (SBIG, 3326 x 2504 pixelsand 5.4 x 5.4 um?

lustrated.

each pixel) was used to capture the fringes. We performed
tests to verify the response of our experiment to a wide
range of degrees of spatial coherence. To do this we replaced
the OLED (see Scheme 1) by a He-Ne laser illuminating
a rotating diffuser coated with varying numbers of layers
of layers of scattering films (sticky tape). The beam of
the He-Ne laser was expanded by a 60x objective lens
and then collimated by incorporating another lens with a
focal length of 150 mm. A variable single slit was inserted
between the rotating diffuser and the collimating lens to
control the beam size. Figure 1a shows the fringes of the
light beam passing through a rotating diffuser that consists
of 2 outer sticky films (tesafilm) /glass/2 inner sticky films.
No clear interference pattern can be observed in Fig. 1a as
the phase of the laser beam was completely scrambled by
the rotating diffuser. In contrast, the light beam from the
He-Ne laser without passing through the diffuser exhibits
very clear interference patterns. We used a two-dimensional
fast Fourier transform (2D-FFT) to determine and average
the visibility of the fringes from our low-coherence light
sources. In Fig. Ic, the fringe visibility was plotted by
changing the number of sticky films attached to the glass
and adjusting the opening of the variable single slit. Using
this apparatus, very low visibility (defined in section 2.4)
down to 0.02 can be measured.

2.2. OLED fabrication and characterization

OLEDs with an iridium (Ir) complex were fabri-
cated by thermal evaporation on glass substrates and
with a europium (Eu) complex were processed by
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Figure 1 Fringes captured by the
CCD camera (a) with 2 outer
films/glass/2 inner fiims as the ro-
tating diffuser and (b) without the
diffuser. (c) Fringe visibility changes
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Figure 2 The architectures of bottom- (a) and top-emitting (b)
OLEDs.

spin coating of the organic layers and evaporation of
the electrodes. The structure of our bottom-emitting
OLED (shown in Fig. 2a) with an Ir emitter was
glass/ITO p-doped HTL(30 nm)/N,N’-di(naphthalene-
2-y1)-N,N’-diphenyl-benzidine («¢-NPD, 10 nm)/x-NPD
doped with 10wt% iridium(IIl) bis(2-methyldibenzo-
[f,h]chinoxalin)(acetylacetonate) (Ir(MDQ);(acac), 20 nm)
/bis-(2-methyl-8-quinolinolato)-4-(phenyl-phenolato) alu-
minum(II) (BAlgqy, 10 nm)/n-doped ETL (40 nm)/Al
(100 nm). HTL and ETL denote hole- and electron-
transporting layers, respectively. The architecture of the
top-emitting OLED (shown in Fig. 2b) with the Ir emitter
was glass/Al (40 nm)/Ag (40 nm)/p-doped HTL (50 nm)/cc-
NPD doped with 10 wt% Ir(MDQ);(acac) (10 nm)/BAlq,
(10 nm) /n-doped ETL (40 nm)/Al (1 nm)/Ag (18 nm).
The structure of the bottom-emitting Eu emitter was
similar to that of the devices with an Ir emitter, i.e. glass/
ITO/poly(3,4-ethylenedioxythiophene):poly(styrenesulfo-
nate) (PEDOT:PSS, 30 nm)/poly(N-vinylcarbazole) (PVK,
30 nm)/4,4’-N,N’-dicarbazole-biphenyl (CBP):2-(tert-
butylphenyl)-5-biphenylyl-1,3,4-oxadiazole (PBD):tris(di-
benzoylmethane)mono (4,7-diphenylphenanthroline)euro-
pium(IIl) (Eu(DBM);Bphen) (65:30:5, 30 nm)/1,3,5-
tris(2-N-phenylbenzimidazolyl)benzene (TPBi, 40 nm)/
Ca (20 nm)/Al (100 nm). The top-emitting OLED stack
with the Eu emitter was glass/Ag (80 nm)/ PEDOT:PSS

Sticky film number and single-slit size combination

5 6 8 diffuser’s position (see the inset) and
the opening size of the single slit are

also indicated.

(30 nm)/PVK(30 nm)/CBP:PBD:Eu(DBM);Bphen (65:30:
5, 30 nm)/TPBi (40 nm)/Ca (2 nm)/Ag (18 nm).

All the devices were encapsulated with UV-curable
epoxy glue before being taken out of the glove-box for
measurement. Luminance—current—voltage measurements
were carried out using a Keithley 2400 source measure
unit, a Keithley 2000 multimeter and a calibrated silicon
photodiode. The spectrum was collected by a fiber-coupled
Andor DV420-BV CCD spectrometer.

2.3. UV-Nanoimprint lithography (UV-NIL)

UV-NIL was used to make large-area micrometer
and nanometer scale patterns [33]. Before transfer-
ring a thick layer of perfluoropolyether(PFPE)-urethane
dimethacrylate (Fluorolink MD700) as a compliant mate-
rial onto a clean and bare silicon substrate, an adhesive layer
of (3-Trimethoxysilyl)propyl acrylate (Sigma-Aldrich) was
spin coated directly onto the glass substrate after oxygen
plasma treatment. Another layer of MD700 was spin coated
on the glass substrate after UV exposure for 220 s. Through
the second UV exposure, the 1D grating pattern with a pe-
riod of 350 nm on a Si master was transferred onto this
glass substrate (daughter stamp) by adding some droplets
of perfluoroalkylpolyether (Fluorolink MD500) mixed with
1-2% of the photoinitiator DURACOUR.

The daughter stamp was used as a mold for replicat-
ing the grating structures onto a photoresist (Micro Resist
Technology UVCur06) that was spin coated atop another
bare glass substrate with an additional adhesion promoter
(Micro Resist Technology mr-APS1). The UV nanoimprint
lithography (UV-NIL) processes were performed using an
EVG®620 automated mask alignment system. The grating
profile was imaged by a Hitachi S-4800 scanning electron
microscope (SEM).

2.4. Simulation of the spatial coherence length

In the literature, the spatial coherence length of a light
source can usually be estimated qualitatively by the well-
known Young’s double-slit experiment. The measured
fringe visibility of a light source lies from zero to one
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Figure 3 Simulated spatial coherence length as a function of
the fringe visibility, considering different separation (S in um) and
width (W in um) of the double slit used in the setup shown in
Scheme 1.

corresponding to a light source being incoherent to fully
coherent. In order to relate the spatial coherence length
to the fringe visibility quantitatively, we used a numerical
simulation. A partially coherent beam can be described by
the Gaussian—Schell model correlator,

wGr oy =exp (=16 = ol [L2). ()

where p; and p, are the vectors denoting two different
points on the transverse plane that is perpendicular to the
beam propagation direction, and L. is the transverse coher-
ence length [34]. We then simulate the passage of such a
partially coherent beam through any optical system, such as
a telescope or a double slit, by propagating the beam with
the method of ABCD ray matrices [35]. With this numeri-
cal method, we can purposely simulate our optical system
as shown in Scheme 1. From the interference pattern, we
can calculate the fringe visibility as,

Imax - Imin (2)
Imax + Imin '

where I,,x and I, are the peak intensities of the upper and
lower envelopes of the measured fringes. For our particular
application, we need to modify this equation to calculate
the modified fringe visibility due to the high noise level
and low visibility. In a similar way to other fringe-analysis
techniques, a Fourier transform was applied to the original
fringe pattern, and the visibility calculated in the Fourier
domain as,

P
Verr = -, 3
= 5 3)

where Py is the area under the zeroth order peak, and P;
is the sum of the areas under the two first-order peaks in
the Fourier domain. The results of the simulation relating

spatial coherence length to fringe visibility are shown in
Fig. 3. This figure therefore allows us to deduce the spatial
coherence length of an OLED from a measurement of the
visibility of fringes in the double-slit experiment.

3. Results and discussion

3.1. The electrical and optical properties of the
OLEDs

The iridium complex-based bottom-emitting OLED (Ir-
BEOLED) exhibited a very low turn-on voltage of 2.1 V
at a luminance of 1 cd/m? and a high luminance of
10 000 cd/m? at 4.0V (see Figs. 4a and b). From Fig. 4c, a
full width at half-maximum (FWHM) of the EL spectrum
at 1 mA was determined to be 79.4 nm and the peak wave-
length was 609 nm. Similarly, the iridium complex-based
top-emitting OLED (Ir-TEOLED) has a turn-on voltage of
2.3V contributed to the use of the electrically doped charge
transporting layers [36]. However, the luminance reached
10 000 cd/m? at around 4.8 V ascribed to the different op-
tical cavity effect and outcoupling property, which led to a
FWHM of 72.5 nm and peak emission at 625 nm.

Unlike the iridium complex-based devices, the Eu
complex-based devices (Eu-BEOLED and Eu-TEOLED)
showed much higher driving voltages and lower luminance
resulted from less conductive charge transporting layer used
(Figs. 5a and b). Nevertheless, this Eu complex exhibited a
very narrow emissive bandwidth as a result of the charac-
teristic emission from the Eu** ion based on the "Dy—"F,
transition, which makes it an ideal candidate for the pure
red devices [37]. Therefore, we observed small FWHMs
of 5.6 nm and 5.5 nm and peak emission both at 611 nm
(shown in Fig. 5¢), corresponding to Eu-BEOLED and Eu-
TEOLED, respectively.

3.2. The spatial coherence measurements
of OLEDs

To assess the spatial coherence of the OLEDs, we fixed the
OLED:s at the focal plane of the objective lens and captured
the fringe with the CCD camera placed at the focal plane
of Lens 3 illustrated in Scheme 1. Figures 6a and b show
the fringes and 2D-FFT patterns of a reference He-Ne laser
without using the rotating diffuser. Very high visibility (~1)
was observed as the laser has a much higher degree of spatial
coherence than the partially coherent light sources. As the
normal OLEDs have low coherence, it is somewhat difficult
to precisely define the first-order peaks after 2D-FFT. The
clear 2D-FFT patterns of the He-Ne laser were therefore
used to identify the boundaries of the peaks of the 2D-FFT
patterns, using the fact that the peaks have no position shift
once the optical setup is fixed. We then calculated the fringe
visibility from the ratio of the first order to the zeroth order
peak areas after 2D-FFT (Figs. 6d and f) and found it to be
0.05 £0.01 for the Ir-BEOLED and 0.06 £0.01 for the Eu-
BEOLED. For the double slit geometry used (width 40 um,
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separation 125 pm) the spatial coherence lengths of Ir- and
Eu-BEOLEDs can be deduced from Fig. 3 to be 1.6 0.1
and 1.7 £0.1 pwm.

For the top-emitting OLEDs, we obtained visibilities
of the fringes (see Figs. 7a and c¢) of 0.07 £0.01 and 0.11
40.02 for the Ir and Eu emitter-based devices, respectively
(Figs. 7b and d). Therefore, the top-emitting Ir and Eu
emitter-based devices exhibited slightly enhanced spatial
coherence lengths of 1.73 £0.06 and 1.9 £0.1 um, com-
pared to the bottom-emitting counterparts. The lower vis-
ibility of the Ir complex-based devices arises from their
broader emission spectrum, which leads to overlapping
fringe patterns for different wavelengths.

3.3. Structuring the spatial coherence
of BEOLEDs with a DOE

To manipulate the light beams from OLEDs for phase con-
trol, we need to increase the spatial coherence. Theoretical

BEOLED and Eu-TEOLED).

studies have established that under certain conditions metal-
lic gratings may improve the spatial coherence through the
excitation of surface plasmon polaritons [38]. Other studies
have shown that gratings can be embedded into the emit-
ting layer of an OLED and lead to a strongly modified
angular emission pattern [39]. However, it is challenging to
produce uniform and stable devices with the gratings inside
an OLED. Figure 8a shows the average mode contributions
of the BEOLED and TEOLED calculated using standard
methods [40,41]. It is clear that a large portion (~18%) of
the light is trapped in the glass substrate of the BEOLED.
On the contrary, there is no substrate mode in a TEOLED
as a metallic anode is used as the bottom contact. Here, we
constructed a simple scheme to extract the substrate modes
from the BEOLED by laterally integrating a DOE adja-
cent to the glass substrate (thickness 1 mm) (see Fig. 8b)
following the approach in reference 39. The grating-based
DOE scatters out substrate modes, and was fabricated by
UV-NIL with an additional 20-nm thick Ag layer deposited
on top of the NIL resist to enhance the scattering efficiency.

© 2015 The Authors. Laser & Photonics Reviews published by WILEY-VCH Verlag GmbH & Co. KGaA Weinheim.
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To characterize the spatial coherence, the emission from
the DOE was coupled into the telescope (see Scheme
1) and the fringes of iridium and europium complex-
based devices captured by the CCD camera are plot-
ted in Figs. 9a and c. This gave by far the clearest in-
terference patterns of the devices studied in this paper.
The fringe visibility of Ir and Eu complex-based BE-
OLEDs were 0.20 4+0.03 and 0.34 £0.04, respectively.

Using the 2D-FFT (shown in Figs. 9b and d) and com-
bining the numerical simulation, we extract spatial coher-
ence lengths of 2.28 +0.06 um and 2.8 +0.1 pum for
the Ir and Eu complexes, respectively. A detailed study
of this effect is outside the scope of this paper but it
is encouraging that the corresponding devices with DOE
gave more than 60% improvement of the spatial coherence
length.
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4. Conclusion and outlook

We have constructed an optical setup composed of a tele-
scope and a Young’s double slit to determine the spatial
coherence of OLEDs. This was used to perform a guan-

titative investigation of the spatial coherence lengths of
OLEDs. We showed that by integrating diffractive op-
tical elements with bottom-emitting OLEDs, we could
manipulate the spatial coherence from the organic light

sources. As shown in Fig. 10, we observed that the fringe
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Figure 10  Summary of the spatial coherence lengths of OLEDs
measured using the double slit experiment.

visibility was gradually improved from 0.05 to 0.34. Due
to the broad emission of the Ir complex, the devices exhib-
ited relatively low fringe visibility and thus small spatial
coherence lengths with weak microcavity effect. The spa-
tial coherence lengths of a europium complex-based OLED

was improved from ~1.7 to ~1.9 um by changing the stack
architecture from bottom emitting to top emitting. Another
44% improvement can be achieved by employing an ex-
ternal DOE. In the future it should be possible to achieve
higher spatial coherence by deliberately coupling out an
individual optical mode with a suitable grating structure.
Our results pave a novel path for optical management in
organic light sources for visible-light communication and
biomedical applications.
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