“Rucst )
FULL PAPER proiavery™ )]
www.advopticalmat.d‘ updates

Accurate Efficiency Measurements of Organic
Light-Emitting Diodes via Angle-Resolved Spectroscopy

Emily Archer, Sabina Hillebrandt, Changmin Keum, Caroline Murawski, Jan Murawski,
Francisco Tenopala-Carmona, and Malte C. Gather*

The accurate characterization of thin-film light emitting diodes (LEDs)—including
organic light emitting diodes (OLEDs), perovskite LEDs, and quantum dot
LEDs—is crucial to the understanding of the factors that influence their efficiency
and thus to the fabrication of LEDs with improved performance and stability. In
addition, detailed information about the angular characteristics of LED emission
is useful to assess the suitability of individual architectures, e.g., for display
applications. Here, the implementation of a goniometer-based measurement
system and corresponding protocol are described that allow to accurately
determine the current-voltage—luminance characteristics, external quantum
efficiency, and luminous efficacy of OLEDs and other emerging thin-film LEDs.
The system allows recording of angle-resolved electroluminescence spectra

and accurate efficiency measurements for devices with both Lambertian and
non-Lambertian emission characteristics. A detailed description of the setup

and a protocol for assembling and aligning the required hardware are provided.
Drawings of all custom parts and the open-source Python software required to
perform the measurement and to analyze the data are included.

1. Introduction

Organic light-emitting diodes (OLEDs) have gained much atten-
tion from both research and industry in the over 30 years since
the first device was reported.!l As solid-state light sources with
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color-tunable emission, they are particularly
attractive for applications in self-emissive
flat-panel displays.??l Due to the compat-
ibility of OLED technology with low-cost
production approaches, such as solution-
based printing methods, OLEDs are also
considered for large-area, thin, lightweight,
and glare-free ambient illumination.*”! In
the future, commercial devices may also
exploit the fact that OLEDs are compat-
ible with a range of different substrates,
including mechanically flexible ones.[®-1°
There has also been interest in adapting
OLED technology for applications beyond
the display and lighting sector, e.g., for
biomedical use or optical communica-
tions.""10] Meanwhile, a number of other
material platforms, e.g., perovskites and
quantum dots, quickly gain prominence
for thin-film LED light-sources, and each of
these have specific benefits and challenges
when compared to OLED technology."-2%]

In order to compare different materials and device architec-
tures, reliable and accurate measurements of device efficiency
are crucial. Yet, there are a number of difficulties associated
with this, which mainly arise from the extended emissive area
of OLEDs and other thin-film LEDs, from the use of trans-
parent and often light-guiding substrates, and from the fact
that the angular emission characteristics can vary drastically
between devices. Despite decades of research into OLEDs, the
community still uses a number of different measurement tech-
niques and there is no universal standard.?!) Up to this date, a
significant number of publications report efficiency estimates
from oversimplified measurements and a substantial fraction
of these appear to overestimate the real device efficiency.

Here, we describe the implementation of a goniometer-based
measurement setup that can record the electroluminescence
spectrum of an OLED or other LED with extended emissive area
under different angles to accurately determine their emission
characteristics and efficiency. We explain in detail the design,
assembly, and alignment of the goniometer and the procedure
used to extract the device efficiency from the measured data.
We provide examples that illustrate how the angle-resolved
measurement leads to a significantly more accurate efficiency
value, compared to, e.g., just recording the intensity emitted
in the forward direction. Our motivation for using an angle-
resolved method over other approaches, in particular over a
measurement based on an integrating sphere, is that it is more
flexible and less prone to calibration artefacts. In addition, the

© 2020 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202000838&domain=pdf&date_stamp=2020-11-08

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

angular emission characteristics of OLEDs are often of impor-
tance in their own right, e.g., to assess the suitability of a cer-
tain device architecture for use in a display or in general illu-
mination. We also describe a simple modification of our setup
that allows an estimate of the internal device efficiency. Finally,
we discuss modifications to record angle-resolved thin-film
photoluminescence, which can be used to determine emitter
dipole orientation.?2-24 Our description is sufficiently detailed
to readily allow replication of our system in a different lab. The
system is built almost exclusively from standard components,
with a detailed list provided. For optimal usability a few cus-
tomized parts are required, and these can be produced from the
drawings provided, e.g., in a mechanical workshop or through
use of 3D printing. The software to operate the setup and to
perform the required data analysis is made available as open
source through a repository and on GitHub for extension and
modification by others.

This paper is structured as follows: Section 2 provides a
general introduction to OLED efficiency and the approaches
described in the literature; Section 3 discusses the goniom-
eter setup, including parts, assembly, alignment, calibration,
and measurement procedures; Section 4 describes the theory
used to determine angle correction factors and thus the rele-
vant measures of device efficiency for OLEDs with Lambertian
and non-Lambertian emission characteristics; Section 5 shows
examples of measurements for different OLEDs; and Section 6
discusses modifications and further applications of the system,
including estimating internal device efficiency, recording angle-
resolved photoluminescence of thin films for characterization
of molecular orientation, and automated measurements on
multiple OLEDs on one substrate. A detailed parts list, all addi-
tional derivations, and a link to the drawings of customized
parts and the open source software to operate the system can be
found in the Supporting Information.

2. Background

An OLED typically consists of a stack of organic layers between
an anode and a cathode, at least one of which is partially trans-
parent, as shown in Figure 1. Charges are injected into the
electron transport layer (ETL) and hole transport layer when a
voltage is applied across the device. The charges then migrate
through the hole blocking layer and electron blocking layer
into the emissive layer (EML) in the center of the device. In
the EML, the charges recombine to form excitons, which then
decay radiatively, i.e., under emission of a photon.

OLED efficiency is often expressed in terms of the external
quantum efficiency (EQE), which is the proportion of charge
carriers injected into the device that are converted to photons
and then ultimately leave the device as useful emission,

Neqe =Y NsyrTer Nout (1)

The EQE depends on a combination of several factors;
namely the balance of charge carriers ¥ the spin factor 7y
(which describes the fraction of singlet or triplet excitons that
can decay radiatively in electroluminescence), and the effec-
tive radiative efficiency 7.q. Combined, these factors constitute
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Figure 1. Schematic illustration of a bottom-emitting OLED consisting
of a series of organic layers sandwiched between a transparent conduc-
tive oxide (TCO) and a metal electrode. Light generated in the emissive
layer (EML) is refracted at the different interfaces within the OLED before
leaving the structure (dashed grey lines). Approximate refractive indices of
the different layers in the visible range (n) are indicated on the right-hand
side of the stack. The lower part of the sketch illustrates different angular
characteristics of emission. Blue, ideal Lambertian; green, slightly sub-
Lambertian; orange, highly sub-Lambertian; and red, super-Lambertian.

Thqe the internal quantum efficiency (IQE). The fraction of the
internally generated photons that ultimately leaves the device
is quantified by the outcoupling efficiency, 7, Through
optimizing the balance of electron and hole injection and
developing highly efficient emitters that harvest triplet exci-
tons through phosphorescence or thermally activated delayed
fluorescence, OLEDs with IQEs approaching 100% have been
realized.?>2¢]

Despite this, the EQE of most OLEDs is limited to around
30% or less, as the majority of photons remain trapped in
the OLED, even in state-of-the-art devices.”’) These losses are
caused by mismatches in the refractive indices n leading to
trapped modes due to total internal reflection, coupling to sur-
face plasmon modes, substrate modes, and absorption within
the device.?® The low outcoupling efficiency of most OLEDs
has led to the development of strategies to enhance light extrac-
tion, such as internal outcoupling structures, external outcou-
pling structures, and horizontally orientated emitters.?>-3*l The
EQE is linked to the number of photons generated by an OLED.
However, for many applications the brightness of OLEDs as
perceived by a human observer is more important. This is
quantified by photometric quantities, like the luminous efficacy.

A common method to estimate the EQE is to perform a scan
of different voltages applied to the OLED while detecting current
density and light output in forward direction. This can be real-
ized with a luminance meter or by measuring the signal from
a photodiode facing the OLED from a distance that is much
larger than the size of the OLED and the photodiode. After
also measuring the electroluminescence spectrum, the radiant
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intensity and the luminance of the OLED in the forward direc-
tion, i.e., perpendicular to its surface, can then be calculated.
Due to the self-emissive nature of OLEDs, it is often assumed
that the angular distribution of their emission follows the ideal
Lambertian profile, i.e., that the radiant intensity has a cosine
dependency on the viewing angle 6, so I (6) = I cos 6. If the
Lambertian assumption is justified, the total emitted radiant
flux can be calculated by simply integrating cos 6 over all solid
angles. However, in many cases, the Lambertian assumption
leads to an over- or underestimation of the device efficiency as
the angular emission characteristics of OLEDs can deviate sub-
stantially from the ideal Lambertian as illustrated in Figure 1.

One way to circumvent this problem is the use of an inte-
grating sphere, a hollow cavity that is internally coated with a
diffusely reflecting material. Placing an OLED inside an inte-
grating sphere leads to integration of the light over all angles
and, thus, enables measuring in a single measurement the
total radiant flux emitted by the device.?® This measurement
requires delicate calibration of the system and any change in
the absorption or reflectivity of the OLED means that the cali-
bration needs to be updated. In addition, an integrating sphere
measurement provides no information about the angular
dependence of the OLED emission spectrum or emission
intensity. However, knowledge and optimization of the angular
emission characteristics of OLEDs are very important for many
applications, in particular for their use in displays.

An alternative to an integrating sphere is to record the rela-
tive emission intensity and the electroluminescence spectrum
of the OLED at each angle, e.g., by using a goniometer. This
information can then be employed to determine a correction
factor that converts a calibrated measurement of the amount of
light the OLED emits in forward direction into the total amount
of light emitted by the device. Thus, all relevant performance
characteristics of the OLED, including EQE and luminous effi-
cacy, can be calculated. Measuring intensity and spectrum at
each angle is much less prone to changes in the absorption or
reflectivity of the OLED but more time-consuming compared
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to using integrating spheres. In addition to yielding device effi-
ciency, the goniometer measurement provides useful further
data and is more robust to changes of sample characteristics
and thus often more precise.’”] However, as will be discussed
in Section 3, the goniometer approach requires careful design
and thorough initial alignment to obtain angular emission
characteristics with sufficient accuracy to deduce correct effi-
ciency values.

For both the integrating sphere and the goniometer-based
measurement, it is important to exclude light emitted at the
edge of the OLED substrate. Edge emission originates from
light that is trapped and guided within the substrate. Due to
absorption in the substrate, the amount of edge emission
depends strongly on substrate size and geometry, with larger
substrates showing a lower fraction of edge emission relative to
the forward emission (the light is generated further away from
the edge and thus more strongly absorbed). For OLED-based
lighting, devices are typically much larger than the test pixels
used for device optimization. In OLED displays, edge emission
does not contribute to the display brightness and needs to be
blocked.

3. Measurement

3.1. Overview

Measuring the spectrum and intensity of the light emitted by
an OLED at different angles with respect to its surface orienta-
tion can generally be achieved in two ways; either by moving
the detector around a fixed OLED, or by rotating the OLED
about a central axis of rotation relative to a fixed detector.
Our method follows the latter approach as this is in practice
simpler to set up and align and is more conducive to a com-
pact system. The system is aligned along two principal per-
pendicular axes as shown in Figure 2. The OLED sample is
positioned on top of a motorized rotation stage and its axis of
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Figure 2. a) Diagram of the goniometer-based measurement system for recording angle-resolved OLED emission. The OLED (orange rectangle) is
mounted on a motorized rotation stage using a rail and an xyz-stage. The emission cone of the OLED is indicated by a yellow half circle. Two red laser
diodes mark the principal axes of the system (dotted red lines), their crossing point is set to the axis of rotation. The OLED is driven by a PC controlled
sourcemeter through a switchbox to select the active pixel on the device. A fiber-coupled spectrometer and a photodiode connected to a multimeter
detect the OLED emission as a function of the angle 6. b) Photograph of the actual setup with one pixel on the OLED substrate in operation. The
multimeter, sourcemeter, spectrometer and PC are not shown.
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rotation is aligned to the intersection of the two perpendicular
axes with the help of two laser diodes that act as their physical
representation. We use two separate detectors, a photodiode
and a fiber spectrometer. The photodiode and the end facet
of the fiber that is coupled to the spectrometer are mounted
at mutually perpendicular positions along each principal axis.
The distance between the OLED and the photodiode and the
collection fiber each must be much larger (e.g., >20-fold) than
the dimension of the OLED, the diameter of the photodiode’s
active area and of the collection fiber. This is required so that
the solid angle of the OLED emission that is subtended by
the photodiode and the collection fiber can each be approxi-
mated to be infinitesimally small. In our setup, the separation
between OLED and photodiode as well as between OLED and
collection fiber was 115 mm.

For the measurement, the OLED is first rotated to face the
photodiode. The photodiode voltage and OLED current are
measured while scanning the voltage applied to the OLED
across the range of interest. Next, the angle-dependent electro-
luminescence of the device is measured. For this, the OLED is
rotated through 90° or 180° in angular increments, usually of 1°,
and at each increment a spectrum of the device is taken by the
spectrometer. From this data, the current—voltage-luminance
(IVL) characteristics of the device, the EQE, and the power
efficacy are then computed. The measurement and calcula-
tion of all quantities is fully automated and controlled by a
custom software written in Python (see Section 3, Supporting
Information).

3.2. Parts and Assembly of the Electroluminescence
Goniometer

A detailed list of the parts required to assemble the setup
is provided in Sections 1.1 and 1.2 (Supporting Informa-
tion). The entire setup is mounted on an optical breadboard
and enclosed by black cardboard to prevent stray light from
entering the system and to minimize the risk of exposure to
the alignment lasers. The setup is centered around the rota-
tion stage which carries an optical rail with an xyz-stage and
a sample holder that provides electrical contact to the OLED
pixels. The rail is used for coarse alignment of the device to
the axis of rotation, the xyz-stage allows fine alignment, and
positioning of the sample holder to the OLED pixel of interest.
The two diode lasers used for alignment are positioned using
optical posts. Their tilt in the horizontal and vertical direction
is adjusted via kinematic mounts. The spot size of the laser
beam can be adjusted for fine calibration with iris apertures
mounted in front of each laser. The photodiode is positioned
at the back of the enclosure, again mounted via a standard
optical post, and faces toward the sample and the front laser
diode. The photodiode used has an integrated transimped-
ance amplifier and thus its own power supply and is con-
nected to a multimeter via a coaxial cable. The spectrometer
fiber is mounted on a standard optical post assembly with a
fiber adapter and is positioned on the right-hand side of the
enclosure. The fiber is oriented such that it faces the OLED
and the alignment laser on the left-hand side of the enclosure.
The other end of the fiber is connected to a spectrometer. The
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Figure 3. 3D rendering of customized sample holder for top- and bottom-
emitting OLEDs fabricated on 24 X 24 mm? substrate. The holder con-
sists of two parts, held together with magnets. The back part of the holder
contains a printed circuit board (PCB) with contact pins and cable con-
nector to make electrical contact to the OLED pixels.

OLED is driven by a sourcemeter via a switchbox that con-
nects to the sample holder. The multimeter, sourcemeter, rota-
tion stage, and spectrometer are all connected to a PC via USB
connections.

The switchbox and the sample holder were both fabricated
in-house. Figure 3 shows a 3D rendering of the sample holder
used; detailed drawings are provided for download (Section 1.1,
Supporting Information). The holder is designed for substrates
measuring 24 x 24 mm? and is compatible with both bottom-
and top-emitting OLEDs. It is formed by a front and a back
plate which sandwich the OLED in between and which are held
together by magnets located in all four corners. A printed cir-
cuit board (PCB) with gold-coated contact pins is attached to
the backside of the back plate to make electrical contact to the
anode and cathode contact pads on the OLED substrate. The
sample holder is mounted on the xyz-stage with holes provided
in the back plate. The front and back plate have a cut-out on one
side to allow for emission to be detected in top- and bottom-
emitting OLEDs at angles up to nearly 90°. In order to prevent
the detection of light that is guided in the substrate and emitted
at the edges and thus not contributing to the useful emission
of the measured pixel, the exposed substrate edge in the region
of the cut-out needs to be shielded, e.g., by black tape (The other
three substrate edges are masked by the sample holder itself).

The configuration of sample holder and switchbox used here
was chosen to allow addressing and measuring of all pixels on
an OLED substrate in a simple manner. The need for a custom-
made switchbox can be eliminated and the design of the sample
holder can be considerably simplified by connecting the OLED
directly to the sourcemeter, e.g., via alligator clips, provided the
connection is secure during rotation.

3.3. System Alignment
Once all components are positioned on the optical breadboard,
it is important to ensure that they are accurately aligned with

respect to the two perpendicular axes of the system and that
these two principal axes intersect exactly on the axis of rotation
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(which is located at the center of the mounting plate of the
rotation stage). Deviation of any component from these axes
distorts or skews the measured angular emission characteris-
tics and will thus lead to inaccurate efficiency measurements.
In particular, the active pixel of the OLED to be measured must
always be positioned at the center of the axis of rotation to avoid
any lateral movement during rotation. This is ensured by posi-
tioning the OLED such that the two laser beams representing
the two perpendicular axes of the system overlap at the center
of the OLED pixel.

The general principle for alignment is to initially align both
lasers to the axis of rotation. For this, we first ensure that the
spectrometer fiber and the photodiode are shielded from the
laser emission so that there can be no damage to either from
the alignment lasers. With an OLED sample mounted on the
rotation stage, it is useful to first coarsely adjust the lasers to
the height of the sample. All components on the rotation stage,
down to the alignment rail, are then removed to leave just
the bare mounting plate. The vertical tilt of the lasers is then
adjusted so that their beams are parallel to the optical bread-
board; this can be checked by measuring the height of the laser
beam close to and further away from the laser, and repeatedly
adjusting the vertical tilt until the spot height is consistent over
the entire length of the optical breadboard. It is important to
ensure that the height of both lasers is the same. An optical
post is then screwed into the center of the mounting plate on
the rotation stage to mark the axis of rotation. The horizontal
tilt of the lasers is adjusted until both lasers shine directly onto
the center of this post, thereby ensuring that the intersection
of the laser beams now marks the center of rotation. After
removing the post, the height of the photodiode and spectrom-
eter fiber adapter are adjusted until the laser spot is over the
center of each. For this step, it is important to switch off the
photodiode amplifier and the spectrometer to avoid damage. It
is furthermore important to ensure that the photodiode and the
spectrometer fiber are both oriented exactly perpendicular to
the principal axes of the system. This is done by adjusting their
tilt until the light reflected back from each overlaps with the
emission aperture of the corresponding laser.

3.4. Sample Alignment

Once the system is aligned, the alignment rail is placed back
onto the mounting plate of the rotation stage. It may be useful
to note the angle at which the rail sits with respect to the angle
graduation on the rotation stage so that the rail can be repo-
sitioned at roughly the same angle if it needs to be removed
at a later stage. The xyz-stage is then slid onto the rail and
the sample holder is fixed on the xyz-stage. A dummy sub-
strate covered with opaque tape on one side is inserted into
the sample holder. The tape should be on the same side of the
substrate as the organic layers of the actual device to be meas-
ured. This ensures that after calibration the active OLED pixel
is located exactly on the axis of rotation. Next, the position of
the xyz-stage along the rail is adjusted until the two laser spots
overlap on the surface of the tape attached to the dummy sub-
strate. This overlap should occur consistently for a range of
angles; if the spots appear to move as the stage is rotated, the
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initial alignment procedure should be repeated. The dummy
substrate is then replaced by an actual OLED and the rotation
stage is homed to the 0° position.

Next, the angle position of the rotation stage for which the
sample faces the spectrometer fiber must be found as it is
generally not possible to position the rail accurately enough
by hand. Using the software package provided in Section 3 of
the Supporting Information, the motor can be moved to var-
ying angles until the sample faces the spectrometer fiber and
the angle setting corresponding to the 0° position is found.
(We define & = 0° as the position where the sample faces the
spectrometer fiber; 8 = 90° means the sample faces the photo-
diode.) For finer calibration of the true 0° position, it is then
useful to rotate the OLED by —90° so that it faces one of the
two calibration lasers and to then fine tune the angle of the
rotation stage until the back-reflection from the laser overlaps
with the emission aperture of that laser. Finally, with the OLED
still facing one of the lasers, its position is adjusted with the
xyz-stage until the laser spot is at the center of the OLED pixel
that is to be measured. During this final step, care must be
taken to not move the OLED backward or forward along the rail
and along the laser beam, but to restrict any movement to the
direction perpendicular to the rail. This is because movement
along the rail moves the OLED away from the axis of rotation.
If the OLED is accidentally moved away from the axis of rota-
tion, the sample alignment should be repeated.

3.5. Measurement Procedure

Before starting the measurement, the sample is rotated to
6 = 90° so that it faces the photodiode. The data for the IVL
characteristics is then recorded by measuring the OLED cur-
rent and photodiode voltage for a range of voltages applied
to the OLED. For this voltage scan we normally use coarser
steps at lower voltages, i.e., below the OLED turn-on voltage,
and finer steps at higher voltages. The sourcemeter applies the
desired voltage to the designated OLED pixel via the switchbox
and reads back the OLED current, while the multimeter simul-
taneously reads the voltage from the photodiode. The data are
then saved in a text file.

Next, the software moves on to record emission spectra of
the OLED at different angles of observation. First, a background
spectrum is taken by the spectrometer with the OLED turned
off. Next, the sample is rotated to each of the angles specified,
i.e., typically going through a 0...90° or —90...90° sector in steps
of 1°. Once the motor has reached each designated angle, the
OLED is turned on and the spectrometer records a spectrum.
The OLED is then turned off again and the motor moves to the
next angle. During this measurement, the OLED is typically
driven at a constant current (rather than at a fixed voltage) to
minimize changes in OLED brightness due to temperature drift
and possible device degradation during the measurement. For
each angle position, our analysis software subtracts the back-
ground spectrum, and smoothens the spectrum, typically by
applying a 10 nm sliding average filter. This filters out thermal
and shot noise that inevitably occurs due to the requirement for
a narrow collection angle and the resulting low light collection
efficiency.
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The spectra obtained in this way are in raw CCD counts
and are therefore still skewed due to the wavelength
dependent detection efficiency of the spectrometer and the
wavelength dependent transmission of the fiber. To con-
vert the spectra into a measure proportional to the spectral
radiant intensity (which has units of W nm™ sr7), the soft-
ware multiplies them by a calibration spectrum of the system
that contains the energy per count and per nm at each wave-
length. We note that it is not necessary to obtain an absolute
measurement of spectral radiant intensity as we always take
ratios of spectra at different angles and measure the abso-
lute intensity in forward direction using the photodiode to
obtain a reference point for absolute photon number and
luminance as discussed below.

The calibration spectrum is specific to each spectrometer and
fiber and thus the combination of spectrometer and fiber used
must be carefully calibrated as specified by the manufacturer
of the spectrometer prior to taking any data. The calibration
generally involves measuring the dark counts from the spec-
trometer and the spectrum of a calibration lamp with known
emission spectrum to correct for the response of the spectrom-
eter and the fiber at different wavelengths. However, again it is
not necessary to obtain an absolute calibration. It is instead suf-
ficient to ensure that the relative calibration between different
wavelengths is accurate.

4. Theory

The theoretical description given in the following is based on
and derived from the literature®®* and explained in more
detail in Section 2 of the Supporting Information.

The EQE is defined as

_ ‘ph

Neqe = N. (2)
where Ny is the total number of photons per second leaving
the device and N, = Ioigp(V) ¢ is the number of electrons
per second injected into the device, with Ip;gp(V) denoting the
OLED current at voltage V and q the elementary charge. N,
can be obtained from the number of photons emitted in for-
ward direction and the relative photon number at each angle,
expressed through a correction factor Fg(6)

3
Ny = 27 [F.(0)sin6 do (3)
0

where I, is the radiant intensity and E,, is the average photon
energy of light emitted by the OLED in forward direction. For a
Lambertian emitter, by definition, Fg (6) = cos 6. However, the
majority of OLEDs do not follow perfect Lambertian emission
characteristics, with some designs deviating substantially from
ideal Lambertian. We thus explicitly calculate Fg(6) from the
experimentally determined spectral radiant intensity S(A, 6) as

[S(1,6) A dA
5 (6)= Is(2,0) A dA “
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We can find I, from the measured photodiode voltage Vpp

r* Ve [S(2,0)d2

[[=—————~ 1~ _
" Ap Ryp IS(2,0)R(2)dA

®)

where r is the distance between the OLED and the photodiode,
and App, Rpp, and R(A) are the effective area, the resistance and
the spectral responsivity of the photodiode, respectively (see
Section 1.2 in the Supporting Information). The average photon
energy E, in forward direction is given by

Is(1,0)dA

Epn = ho otk dA
* =T 5(2,0) 2 dA

(©)

Combining the above leads to the following expression for
the EQE (in %)

2z r Veo (V) g
V)=100— e
nEQE( ) he APD Rep  Towep (V)
z (7)
2
SR O
[S(2,0)R(2)dA

Unlike the EQE, the luminous efficacy 7p is a photometric
quantity. It has units of Im W' and is given by the ratio of the
emitted luminous flux @, to the consumed electrical power

VIOLED

o,
1% IOLED

= (®)

In order to obtain any photometric quantity X, from its radi-
ometric counterpart Xg, one has to convolve with the normal-
ized sensitivity function of the human eye v(A) and scale with
the photopic constant K,

X, =Ky [Xe v(2)dA ®)
A
Using this and the derivation of @, in Section 2.2 of the
Supporting Information, leads to

2
M (V)zzﬂ-r_VPD—(V) K

APD RPD V IOLED (V)
(10)
Z
st jF () sin6 d6
[s(2 .

where the relative photopic response at each angle is given by

Is(2,0)v(4)dA

B O)=Tshoyv(n)

(11
5. Exemplary Analysis

In the following, we discuss exemplary measurement results
taken with our measurement setup for three different OLEDs.
Device 1 (Figure 4a) is a blue, bottom-emitting device with an
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Figure 4. Stack architecture of the three different OLEDs used to illustrate
device characterization with our measurement system. a) Bottom-emitting
fluorescent blue OLED (Device 1). b) Bottom-emitting phosphorescent
red OLED (Device 2). c) Top-emitting phosphorescent red microcavity
OLED (Device 3). Doping concentrations given are in wt%.

active area of 16 mm?. Device 2 (Figure 4D) is a red, bottom-
emitting device, with an active area of 4 mm? Device 3
(Figure 4c) is a red, top-emitting microcavity OLED also with an
active area of 4 mm?.

As explained in Section 3.5, in practice it is usually most con-
venient to record the IVL characteristics first and then record
angle-resolved spectra. However, for the sake of our discussion,
it is easier to begin by considering the spectral characteristics.
Figure 5a—c shows a false color representation of the spectral
data for the three OLEDs discussed here across all measured
angles, i.e., —90...90°, and for the relevant wavelength range
of each OLED. The spectra have been corrected as described
in Section 3.5 to provide the relative spectral radiant inten-
sity (here normalized to the maximum). The OLEDs show
an angular dispersion due to the used materials and their

-
g
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°
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30 0
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30
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geometry as can also be seen in Figure 5d-f. As expected, the
emission from Devices 1 and 2 covers a relatively broad spectral
and angular range, when compared to the microcavity-based
Device 3. Device 3 shows a blueshift in the peak emission wave-
length with increasing emission angle, which is commonly
observed for a microcavity device architecture. In addition, for
Device 1, the emission spectrum clearly shows the vibronic
substructure of the fluorescent blue emitter material used in
this OLED; the intensity of the emission also exhibits a clear
angular dependency. This demonstrates again the importance
of recording the complete angular variation of the spectrum to
characterize OLEDs accurately.

The difference in the spectral shape of the three OLEDs
becomes more apparent when directly comparing the spectra
recorded in forward direction (6 = 0°, Figure 6a). Figure 6b
shows the spectrally integrated emission intensity as a function
of emission angle. The angular distribution of the emission
from the microcavity OLED (Device 3) is substantially narrower
than the emission from the other two devices. The emission
from the blue OLED (Device 1) is super-Lambertian (i.e., higher
intensity than an ideal Lambertian emitter when normalized to
the emission in forward direction). By contrast, the emission
from the red OLED (Device 2) is sub-Lambertian (i.e., lower
intensity than Lambertian when normalized in forward direc-
tion). As discussed below, this difference leads to significant
corrections to the device efficiency that one would estimate
when assuming Lambertian emission.

To record the IVL characteristics of our devices, the voltage
applied to the devices was scanned from —2.0 to 2.0 V in 0.5 V
steps and then from 2.0 to 4.0 V in 0.1 V steps. Figure 6¢ shows
the current density, i.e., the current recorded by the sourcem-
eter divided by the active area of the device, as a function of
voltage for each OLED. (Current density is calculated automati-
cally by our software if the user provides the active area of the

—_
g
£
=
B0
=
)
°
>
E:

30 0 30
Angle (degrees)

60 90 -60 60

T T T 1 T
450 500 550 600 550 600

Wavelength (nm)

T
650
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550 600 650
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T 1
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Figure 5. Measured device emission intensity across all angles and wavelengths for a) Device 1, b) Device 2, and c) Device 3. Emission spectra at
varying angles normalized to peak in forward direction for d) Device 1, e) Device 2 and f) Device 3. Spectra were recorded in constant-current driving
mode, at a current of 1.0 mA, and using a spectrometer integration time of 300 ms.
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Figure 6. Representative characterization of Device 1 (blue squares), Device 2 (red circles), and Device 3 (grey triangles). a) Electroluminescence
spectra in forward direction, each normalized to the maximum. b) Spectrally integrated radiant intensity as a function of the angle, normalized to the

intensity in forward direction. Dashed line indicates Lambertian emission.

c) IVL characteristics with dashed lines showing current density and solid

lines showing forward luminance. d) EQE versus forward luminance with solid lines showing EQE after correcting for non-Lambertian emission and

dashed lines showing EQE under Lambertian assumption.

device.) The plot also shows the forward luminance versus
voltage. Here, the luminance is computed from the photodiode
voltage as described in Section 2 in the Supporting Informa-
tion. Note that determination of the luminance only requires
knowledge of the photodiode voltage and the electrolumines-
cence spectrum in forward direction; it does not depend on the
angular emission characteristics. The same applies for the cur-
rent efficiency (Section 2.3, Supporting Information).

From the angle-resolved data, we can then calculate the EQE
and luminous efficacy. Using the example of EQE, Figure 6d
compares the OLED efficiency obtained assuming Lambertian
emission to the values obtained with the corrections from the
angle-resolved spectra. The EQE at 1000 cd m~2 of forward lumi-
nance for Device 1 was 3.2% assuming Lambertian emission but
3.9%, i.e., over 1.2-fold higher, when accounting for the super-
Lambertian emission. For Device 2, the EQE at 1000 cd m~2 was
15.4% assuming Lambertian emission but reduces to 12.2%, i.e.,
to less than 0.8-fold of the original value, once the sub-Lamber-
tian emission characteristics of this device are considered. For
both OLEDs, one would expect that the emission profile can
be optimized to match the Lambertian characteristics more
closely if the thickness of the charge transport layers, in par-
ticular the ETL, is optimized. For Device 3, the EQE was 18.9%
when assuming Lambertian emission but this reduces by
more than half, to 8.3% when correcting for the actual, highly
sub-Lambertian emission characteristics, illustrating that, as

Adv. Optical Mater. 2020, 2000838 2000838 (8 of 11)

expected, for microcavity OLEDs it is crucial to account for the
emission characteristics when determining EQE.

6. Modifications and Further Applications

This section describes three optional modifications of our meas-
urement system, which extend its function to (1) providing an
approximate measurement of the IQE of OLEDs, (2) recording
angular emission characteristics of the photoluminescence
from thin films, which can be used to derive the mean orien-
tation of the emissive transition dipole moment, and (3) rap-
idly recording IVL characteristics from multiple OLEDs on a
common substrate using an experimental setup that ensures
highly reproducible positioning of samples.

6.1. Estimate of IQE: Substrate Mode Measurement

To estimate the IQE, one needs to obtain an estimate of the
total amount of light generated within the OLED, including
the fraction that normally remains trapped within the glass
substrate due to total internal reflection. For relatively small
OLED npixels, this can be achieved by optically coupling to the
emissive surface of the OLED a semi-cylindrical glass lens with
a radius substantially larger than the size of the OLED pixel.

© 2020 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Our setup uses a custom semi-cylindrical lens made from
BK-7 glass as cylindrical lenses of sufficient size are not a list
item with most optics providers. The lens is placed on top of
a lens holder made in-house (see parts list and CAD drawings
of holder in Supplementary Information, Section 1). A drop of
immersion oil is put on the front of the OLED and the OLED
is then pressed onto the flat surface of the lens to ensure index
matching. Care should be taken that the immersion oil covers
the entire interface between sample and lens and that there are
no air bubbles. The device characterization is then repeated fol-
lowing the procedure described in Section 3. The radiant and
luminous flux obtained in this way represent the total amount
of light that is coupled to the OLED substrate but do not include
any light that is trapped within the device stack itself, either in
waveguided or plasmon modes. As such, the measured IQE
generally underestimates the true IQE of the device. Optical
modelling can help to determine the fraction of light trapped
within the device stack and thus the true IQE of an OLED.

6.2. Photoluminescence Measurement and Dipole Orientation

The semi-cylindrical glass lens extension can also be used to
record angle-resolved and polarized photoluminescence spectra
of thin fluorescent films. These spectra can be used to estimate
the average orientation of the transition dipole of the emissive
molecules within the EML by following the procedure described
in the literature.?23040-#] For this measurement, a 40 nm film
of the same composition as the EML to be investigated is depos-
ited on a glass or quartz substrate. Prior to the measurement, the
film should be encapsulated by a cavity glass to prevent photo-
oxidation or oxygen-induced quenching of photoluminescence.
The measurement system is extended by a UV excitation light
source. Here, we use an LED with a peak emission wavelength
of 365 nm. The LED was mounted at a fixed angle to the sample
(e.g., 30° to the normal), using the same rail as the xyz-stage and
the OLED (Figure 7). The light from the UV LED is conditioned

a Sourcemeter
LED driver
Thin film .
Motor
|
K% N 1

(| - i

Laser diode % i’ i » 3 Fiber coupling
UV LED
|:| Laser diode Spectrometer

www.advopticalmat.de

by a dielectric short-pass filter to block any residual emission
more than 10 nm above the 365 nm emission peak of the LED.
In addition, a dielectric long-pass filter (cut on wavelength,
425 nm) is placed in front of the spectrometer fiber to avoid any
bleed-through of the UV excitation light. Finally, a polarizer on
a rotation mount is placed in front of the spectrometer fiber to
allow to distinguish photoluminescence with transverse mag-
netic and transverse electric polarization as required to enhance
the accuracy of measurements of transition dipole orientation.

In general, the choice of UV excitation light source will
depend on the excitation spectrum of the EML to be studied. A
365 nm LED is useful in many cases because this wavelength
is short enough to generate photoluminescence in most EML
materials, yet long enough to still penetrate a conventional
encapsulation glass. In addition, 365 nm LEDs with high power
are available at moderate cost. The selection of the most suit-
able long-pass and short-pass filters then depends on the LED
wavelength and EML emission spectrum.

For the measurement, the semi-cylindrical glass lens is opti-
cally coupled to the substrate with immersion oil to extract all
light from the glass substrate and thus collect as much infor-
mation about dipole orientation as possible. The sample can be
fixed to the semi-cylindrical lens either with a sample holder or
with tape, provided that in either case there is sufficient pres-
sure to the substrate to ensure optical contact between sample
and lens. The sample is then illuminated by the UV light
source through an aperture in the tape or sample holder. For
consistent results, the sample needs to be illuminated evenly
across the entire aperture. An aperture size of 5 X 5 mm? pro-
vides a good compromise between generating strong photolu-
minescence and providing homogeneous illumination when
using a close by LED light source for excitation.[**!

Similar to the procedure for recording angle-resolved emis-
sion spectra from OLEDs, a scan across all angles is performed
while the UV light source excites the sample. For the LED and
LED driver listed in the parts list, the LED driver can be readily
controlled from the computer via the sourcemeter. Alternatively,

Laser diode Thingfilm

-

- Fibér coupling

Figure 7. a) Schematic illustration of a modified goniometer setup for measuring angle-resolved photoluminescence. The OLED sample is replaced
by a thin film sample on a glass substrate. A cylindrical lens (light blue semi-circle) is index-matched to the front of the glass substrate. A UV LED is
mounted on the rotation stage to illuminate the sample at roughly a 30° angle and thus excite photoluminescence. A short-pass filter 1) is mounted
in front of the UV LED. A long-pass filter 2) and a polarizer 3) are mounted in front of the fiber coupled to the spectrometer to reject excitation light
and allow selection of photoluminescence with a specific polarization. Compare with Figure 2 for a description of the other components of the setup.
b) Photograph of the actual setup.
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the driver can be controlled by manually setting the drive cur-
rent on the driver itself. Controlling the LED with the sourcem-
eter means that it can be turned off between recording spectra
at different angles and thus does not illuminate the sample
continuously for the entire duration of the measurement. This
is only of relevance for samples that degrade very quickly and
where a short exposure time is thus preferred.

6.3. Tube for Automated Measurement of Multiple Pixels

It is often desirable to test different OLED pixels that are situ-
ated on the same substrate. In most cases, the different pixels
are nominally identical and are measured to test pixel-to-pixel
variability in device performance. Such variability mostly origi-
nates from electrical differences and point defects, and the
angle-resolved spectra are usually comparable for all pixels on
the same substrate. In many cases, one can thus perform the
time-consuming angle-resolved emission measurement only for
one of the OLED pixels on the substrate and perform relatively
quick IVL scans for the remaining pixels. A measurement setup
for such quick IVL scans on multiple pixels is described in the
Supplementary Information, Section 1.2. Data recorded from
quick IVL scans is then combined with the angle-resolved spec-
tral data as described in Section 5 to determine the luminance,
EQE and luminous efficacy for all pixels on one substrate.

7. Conclusion

We described a system and measurement procedure to accu-
rately measure the EQE and other key efficiency metrics of
OLEDs and other thin-film LEDs. We have shown that EQE
measurements can be significantly inaccurate when only
recording the forward luminance and assuming Lamber-
tian emission. For top-emitting microcavity OLEDs where
the angular emission characteristics differ significantly from
the ideal Lambertian profile, this simplification can lead to a
>50% error in the EQE estimate, and even for conventional,
bottom-emitting OLEDs, the Lambertian assumption can
readily cause relative errors on the order of 20%. Our goniom-
eter-based characterization system represents an alternative
to the integrating sphere measurement and provides angular
characteristics of device emission alongside an accurate EQE
value. We have also presented modifications to our system that
allow to estimate IQE, provide the data to determine transition
dipole orientation and facilitate rapid and automated IVL meas-
urements of multiple OLED pixels on the same substrate. With
the parts list and software provided, the system can be easily
replicated and adapted by other research groups.

8. Experimental Section

The OLEDs characterized in Section 5 were fabricated on either
prepatterned ITO substrates with a thickness of =90 nm or neat glass
substrates (1.1 mm) which were cleaned in ultrasonic baths with acetone
and isopropanol. The substrates were dried with nitrogen, followed
by ultraviolet ozone plasma treatment (3 min), and then placed into
an evaporator chamber for high-vacuum thermal evaporation (at a
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base pressure of =107 mbar). Evaporation rates and thicknesses were
monitored by a quartz crystal balance and different shadow masks were
used for the deposition of the organic layers and the metal electrode to
define the structure and geometry of the active area. All organic materials
were purchased from Lumtec and used without further purification. After
thermal evaporation, devices were transferred from the vacuum chamber
into a nitrogen-filled glovebox without intermittent exposure to air and
then encapsulated with getter-embedded cavity glass lids attached by a
UV-curable epoxy glue.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author. The software and CAD drawings required to
reproduce the system described here can be accessed at https://doi.
org/10.17630/022e4feb-029c-4082-9518-a9dalae3a937.  The  software
can also be accessed via GitHub at https://github.com/GatherLab/
Goniometer.
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