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High Brightness, Highly Directional Organic Light-Emitting
Diodes as Light Sources for Future Light-Amplifying
Prosthetics in the Optogenetic Management of Vision Loss
Sabina Hillebrandt, Changmin Keum, Yali Deng, Joël Chavas, Charlie Galle,
Thomas Hardin, Francesco Galluppi, and Malte C. Gather*
Optogenetic control of retinal cells transduced with light-sensitive channelrhodopsins can enable restoration of visual perception in patients with vision
loss. However, a light intensity orders of magnitude higher than ambient
light conditions is required to achieve robust cell activation. Relatively bulky
wearable light amplifiers are currently used to deliver sufficient photon flux
(>1016 photons/cm2/s in a ±10° emission cone) at a suitable wavelength
(e.g., 600 nm for channelrhodopsin ChrimsonR). Here, ultrahigh brightness
organic light-emitting diodes (OLEDs) with highly directional emission are
developed, with the ultimate aim of providing high-resolution optogenetic
control of thousands of retinal cells in parallel from a compact device. The
orange-emitting phosphorescent OLEDs use doped charge transport layers,
generate narrowband emission peaking at 600 nm, and achieve a luminance
of 684 000 cd m–2 at 15 V forward bias. In addition, tandem-stack OLEDs with
a luminance of 1 152 000 cd m–2 and doubled quantum efficiency are demonstrated, which greatly reduces electrical and thermal stress in these devices.
At the photon flux required to trigger robust neuron firing in genetically
modified retinal cells and when using heat sinking and realistic duty cycles
(20% at 12.5 Hz), the tandem-stack OLEDs therefore show a greatly improved
half-brightness lifetime of 800 h.
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1. Introduction

Human sensing and behavior are dominated by visual stimuli, thus there is a
strong demand for treatments for vision
loss, including genetic therapies and
visual implants.[1–3] Monogenetic diseases
can be treated by transducing the healthy
version of the defective gene sequence
into the affected cells.[4,5] However, for
heterogeneous diseases, genetically modifying the remaining functional cells to
add the required function may be more
beneficial. Optogenetics is an increasingly popular method in neuroscience, in
which neurons are genetically modified,
e.g., through viral transduction, to express
a light-sensitive ion channel. Exposure to
light then allows targeted stimulation or
silencing of these neurons.[6–8] For a heterogenous disease like retinitis pigmentosa,
one promising route is to use optogenetics
to modify retinal ganglion cells (RGCs)
with light-sensitive channelrhodopsins
(ChRs).[9,10] As illustrated in Figure 1a, this
approach can enable external light stimulation of RGCs in the retina and thus facilitate basic perception
of light.[2,11] Despite continuous improvements to optogenetics
and to ChRs in particular, the modified RGCs are less light sensitive than the endogenous opsins in the rods and cones of the
human retina, and consequently higher light intensities than
natural environmental conditions are required to stimulate the
modified RGCs. Therefore, visual prosthetics that act as a light
amplifier are an essential part of this approach.[12,13]
Typically, a minimum optical power density in the range of
10 to 100s of µW mm–2 is required to photostimulate neurons
through genetically introduced opsins. With the recent development of red-shifted ChRs, the delivery of such high light intensities into the eye without causing significant photodamage
has come into reach.[2,14–17] The ChR ChrimsonR is a suitable
candidate in this context due to its red-shifted action spectrum
and fast recovery kinetics.[18] Recent studies in non-human primates reported that up to 7000 RGCs mm–2 can be transfected
with ChrimsonR-tdT and that 600 nm light reliably activates
those RGCs at photon densities of 1016 photons/cm2/s, which
is three orders of magnitude higher than the stimulation provided by bright daylight.[19] Compared to electrode-based local
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Figure 1. a) Sketch of the combination of genetically modified RGCs (indicated by purple circles) and an OLED microdisplay in front of the eye generating the light required to achieve robust photostimulation. b) Architecture of the single-stack top-emitting microcavity p–i–n OLED on a silicon
substrate. Doping concentrations are given in weight percent. c) Simulated emission spectrum of the single-stack OLED in the forward direction (solid
line), intrinsic phosphorescence spectrum of the emitter Ir(MDQ)2acac used in this device (dashed line), and action spectrum of the channelrhodopsin
ChrimsonR (short dashed line).[18] d) Simulated emission intensity versus angle and wavelength for the single-stack microcavity OLED. All spectra are
normalized to maximum spectral intensity.

stimulation, the fact that light-amplifying prosthetics can be
worn externally and do not need to be implanted still represents
a major advantage in terms of biocompatibility.
The ideal light-amplifying prosthetics are wearable, lightweight, and compact, and are able to deliver an amplified
image of the surroundings to the retina. Microprojectors based
on digital micromirror devices (DMDs) are generally used to
achieve this objective in current clinical trials.[20] However, this
strategy requires a high-power inorganic LED and an optical
system with multiple lenses and mirrors or prisms, which add
weight to the system and reduce energy efficiency. A prominent
alternative is the use of a microdisplay combined with a simple
1:1 projection system to relay the image from the microdisplay
onto the retina.
Due to its geometry, the eye only accepts light from the ±10°
cone around the optical axis. When using a 1:1 projection, this
means that only the light emanating from the central ±10°
emission cone of a light source is harvested. Therefore, 1016
photons/cm2/s must be generated within this ±10° emission
cone in order to generate reliable neuronal responses.[2,11,19,21]
Various light sources such as fiber optics, LEDs and DMDs have
been used for defined stimulation of neurons.[11,21–23] Recent
advances in LED array fabrication technology are particularly
promising for wearable devices, though major challenges still
remain, particularly related to upscaling of the technology,
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the integration of suitable backplane driver electronics, and
color-tuning.[24,25] Specifically, integrating conventional LED
technology (typically based on GaN) with the silicon based,
complementary metal-oxide-semiconductor (CMOS) backplane
driver chips required to allow addressing of each pixel in the
array remains very challenging. Lattice matching constraints
prevent monolithic integration and alternatives, like face-to-face
bonding of thinned GaN/InGaN µLEDs to the CMOS substrate,
have low yield and resolution.
Organic light-emitting diodes (OLEDs) represent a thin,
lightweight, spectrally tunable, and rapidly switchable technology that is compatible with nearly any substrate.[26–28] OLED
technology has enabled the realization of high-resolution, portable, and low power-consumption displays for mobile phones
and TVs.[29,30] Integration of top-emitting OLEDs with CMOS
backplane driver chips has allowed the production of displays
and sensors with high fill factors and micrometer-sized, direct
emissive-element pixels.[31–34] However, compared to their
inorganic counterparts, the limited stability of OLEDs at high
brightness remains an open research challenge.
In this publication, we present a feasibility study of whether
orange-emitting p–i–n OLEDs can be made that provide sufficient brightness, directionality, and stability to be useful
for integration on CMOS chips and thus for the fabrication
of microdisplays that act as light-amplifying prosthetics for
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external light stimulation of genetically modified, ChrimsonRexpressing RGCs in the retina. We fabricated top-emitting
devices on silicon substrates that act as surrogates for future
implementation on silicon CMOS chips. The optical properties
of the OLEDs and their microcavity (MC) structures were first
simulated and then experimentally optimized. Our orange phosphorescent OLEDs achieve high brightness, with an emission
spectrum adjusted to the action spectrum of ChrimsonR, while
exhibiting highly directional sub-Lambertian emission. The
number of photons the OLEDs delivered into the ±10° forward
emission cone is around 10% of the overall emission, significantly higher than what can be achieved for conventional Lambertian emission. First, we present OLEDs with a single-stack
architecture that deliver a photon flux of 3 × 1016 photons/cm2/s
at 10 V in the ±10° cone, which corresponds to the flux required
to generate reliable neuronal responses in the eye. We then
improve our design to a monocolored tandem device, which
reaches the same photon flux at less than half the current density. Using a combination of heat sinking and pulsed driving,
our OLEDs achieve a half-brightness lifetime of 21 h for the
single stack and 800 h for the tandem stack when operated at
a photon flux of 3 × 1016 photons/cm2/s. Tandem stacking significantly increased the device efficiency, and enabled a peak
luminance of 1 152 000 cd m-2 and total photon flux of over
8 × 1017 photons/cm2/s (3 mW mm–2) to be achieved, without
showing signs of immediate device failure. Therefore, our study
demonstrates how OLEDs integrated on silicon CMOS can be
specifically adjusted for the high brightness requirements of
optogenetic stimulation and light-amplifying prosthetics.

2. Results

with better stability, as previously reported.[35,38,39] MoO3 was
used as an interface layer to improve the thermal stability of the
device, which is required for compatibility with thin film encapsulation and for operation at high power.[40]
Transfer matrix (TM) simulations were performed to optimize the emission wavelength of the MC OLED and determine the device architecture.[41] The emission wavelength can
be tuned by changing the thickness—and thus the resonance
wavelength—of the MC to achieve the most efficient overlap
conditions between the Ir(MDQ)2acac emission spectrum and
the action spectrum of ChrimsonR.[19] On one hand, to achieve
the highest possible EQE, the MC resonance should coincide
with the peak of the Ir(MDQ)2acac emission spectrum (dashed
line in Figure 1c). On the other hand, the response of the lightsensitive ChR is generated by the overlap between the OLED
emission spectrum and ChR action spectrum. Thus, blueshifting the MC resonance too far will increase the overlap with
the action spectrum and photon efficiency but significantly
decrease the outcoupling efficiency, and vice versa. Here, we
found that tuning the OLED stack for emission at 600 nm provides the optimum overlap between the emitter spectrum of
Ir(MDQ)2acac and the action spectrum of the ChR (Figure S1
and Table S3, Supporting Information, for further details). The
simulated emission spectra in Figure 1d show that highly forward directed emission can be achieved for this case. This
comes at the cost of some angular dependency on the emission
wavelength, which is typical for MC OLEDs, but is not considered to cause an issue for the intended application.
To reduce complexity and allow future transfer of our
device architecture to the widest possible range of substrates,
we decided not to use additional outcoupling structures, even
though these may potentially further increase the outcoupling
efficiency and directionality.[42,43]

2.1. Concept and Optical Simulations
The implementation of OLEDs on silicon substrates requires
the use of top-emitting architectures, which result in a MC
structure, as illustrated in Figure 1b. The structure of our
orange phosphorescent OLEDs consists of a thick silver layer as
a bottom anode contact, followed by a 1 nm thick MoO3 interlayer, and a p-doped hole transport layer (HTL, 190 nm) of SpiroTTB:F6TNAP. NPB serves as an electron blocking layer (EBL,
10 nm) and as a host material for the emitter Ir(MDQ)2acac
in the emission layer (EML, 40 nm). The hole blocking layer
(HBL, 10 nm) is BAlq2, with the subsequent electron transport
layer (ETL, 60 nm) consisting of Cs-doped BPhen. The device
is completed with a semitransparent, 30 nm thick, silver top
cathode, and a dielectric capping layer (NPB, 80 nm) on top of
the silver cathode to increase the outcoupling efficiency.[35]
To facilitate high-brightness operation, the OLEDs contain
doped transport layers (HTL and ETL), which allow ohmic
charge injection and help to reduce ohmic losses across the
charge transport layers of the devices.[36,37] The thicknesses of
the HTL and ETL were optimized such that the EML lies in the
second maximum of the electric field distribution relative to
the anode layer. This leads to a loss in external quantum efficiency (EQE) for the orange phosphorescent OLED stack, while
bringing the benefits of a higher forward luminance and narrower emission cone (see Figure S1b, Supporting Information)
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2.2. High Power and High Brightness
Next, OLEDs with an active area of 2 × 2 mm2 were produced
using the optimized stack architecture obtained from our optical
simulations. As expected from the simulations, the measured
emission spectra of these OLEDs exhibit a peak emission wavelength of 600 nm and a spectral full width at half maximum
(FWHM) of 18 nm (Figure 2a). The MC resonance exhibits
highly forward-directed sub-Lambertian emission (Figure 2b,
black line, and Figure 2d) with around 10% of the total generated light emitted into the ±10° forward emission cone, which
represents a threefold increase in directionality compared to
Lambertian emission (compare Table S2, Supporting Information). Increasing the thickness of the Ag top contact improves
the conductivity and strengthens the MC effect and thus directs
more light in the forward direction, which is beneficial for the
application of our OLED in light-amplifying prosthetics. However, the loss in transparency on increasing the thickness of
Ag also reduces the outcoupling efficiency. The device with a
30 nm thick semitransparent top cathode exhibits the optimal
current efficiency and brightness, while still providing high
directionality (see Figure S3, Supporting Information).
Ultimately, for excitation of single RGCs in the retina, much
smaller pixels (than tested here) will be necessary, thus it is
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Figure 2. Experimental data of second-order devices with a 190 nm thick HTL, 60 nm thick ETL and 30 nm thick Ag top contact. a) Electroluminescence
spectrum in the forward direction for the device (black), compared to the intrinsic phosphorescence spectrum of Ir(MDQ)2acac (gray dashed line) and
the action spectrum of ChrimsonR (gray dotted line). b) Spectrally integrated radiant intensity of a 2 × 2 mm2 device (black line) and a 0.5 × 0.5 mm2
device (orange line) as a function of angle, normalized to the intensity in the forward direction. The dashed line indicates Lambertian emission. c) Current density (solid lines) and forward luminance (dashed lines) as a function of the applied voltage for the 2 × 2 mm2 and 0.5 × 0.5 mm2 devices.
d) Angle-resolved electroluminescence emission intensity measured across all angles and wavelengths for the optimized stack. All spectra are normalized to the maximum spectral intensity. e) Left axis: power density emitted into the forward half sphere (solid lines) and the forward ±10° emission
cone (dashed lines), considering the actual device emission profile of the devices shown in b. Right axis: the corresponding photon density is shown
for comparison. The gray box marks the threshold above which stable optical stimulation of the genetically modified RGCs is expected. f) External
quantum efficiency plotted against power density (in the ±10° emission cone). All device characteristics are calculated by taking their non-Lambertian
emission profile into account.[44]

important to investigate if the characteristics—especially the
angular emission of the OLED—change when the pixel size is
reduced. Therefore, 0.5 × 0.5 mm2 pixels were also fabricated;
their angle-dependent emission spectrum (Figure 2b, orange
lines) coincides with the data for the 2 × 2 mm2 devices.
In order to achieve robust activation of genetically modified RGCs while minimizing photodamage to the surrounding
retinal tissue, the OLEDs would ultimately be operated at high
power, yet in pulsed mode.[45–47] However, the dissipation of
parasitic heat produced during device operation, even in pulsed
operating mode, can be problematic. Therefore, a copper heat
sink was attached to the backside of the OLED to improve
device stability. With this modification, the 2 × 2 mm2 devices
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exhibit a luminance of 368 000 and 684 000 cd m–2 at 10 V and
15 V, respectively (Figure 2c). The emission spectra do not show
any significant changes at different voltages and luminance
levels (Figure S4, Supporting Information) and the peak emission within the ±10° cone experiences a minimal shift of less
than 2 nm (Figure S7, Supporting Information).
While quoting luminance in cd m–2 is useful for comparison
with the existing literature on OLEDs, these values take the
photopic response of the healthy human eye into account. To
compare the amount of light produced by different OLEDs in
the context of their use in optogenetics, it is more useful to look
at their optical power density and their photon efficiency with
respect to the action spectrum of ChrimsonR, which deviates
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substantially from the photopic response spectrum of the
healthy human eye. The optical power densities of both devices
for emission into the entire half sphere and into the ±10° emission cone are shown in Figure 2e. While optical power density
values of around 1.0 mW mm–2 are reached when considering
emission into the entire half sphere, restricting light collection to the relevant ±10° emission cone reduces this value by
about 10-fold to an effective optical power density of around
0.1 mW mm–2. The photon flux produced by each device can
be calculated based on the average photon energy and is plotted
as a guide on the right y-axis of Figure 2e. At 10 V, our devices
reach a photon flux of 3 × 1016 ph/cm2/s in the ±10° cone,
which is sufficient to provoke robust neuronal stimulation in
genetically modified RGCs. The voltage required to reach these
levels of photon flux is considerably higher than voltages typically used in CMOS circuitry. However, recent advances in the
CMOS and lateral diffusion MOS (LDMOS) design[48–50] allow
the creation of integrated submicron dimensions and circuits
with sufficient voltage and power to realize high-resolution,
ultrahigh brightness OLED microdisplays.
2.3. Monocolored Tandem Stack
The high current and charge carrier density in our phosphorescent OLEDs under the conditions required for robust neural

stimulation result in a high triplet state density, and thus induce
strong efficiency roll-off due to triplet-triplet and triplet-polaron
annihilation.[36,37,51] At 10 V, the EQE reduces to about 1.0% for
the 2 × 2 mm2 device and 1.2% for the 0.5 × 0.5 mm2 device.
In addition to reducing the efficiency, nonradiative processes
stress the device and accelerate degradation.[52,53] To reduce the
efficiency roll-off, we designed monocolored tandem devices, in
which each injected electron generates two photons, thus theoretically halving the stress on each emission layer and doubling
the quantum efficiency.
The structure of our monocolored tandem device is
shown in Figure 3a. The center piece of the tandem OLED
is the charge generation layer, which is required to ensure
charge carrier injection into both EML layers. Charge generation layers usually consist of a high and a low work
function material, including (electrically doped) organic
semiconductors and ultrathin metals or transition metal
oxides.[54,55] In this study, we implemented a 10 nm thick
MoO3 layer to generate charges at the interface with the
Spiro-TTB:F6TNAP due to band alignment of the HOMO
and LUMO levels. The individual stacks are designed as
symmetrical first-order devices (HTL/ETL 40 nm/50 nm).
Thus, the overall thickness of the tandem device is comparable with that of the second-order single structure, which
reduces the risk of thermal degradation due to insufficient
vertical heat dissipation.

Figure 3. a) Schematic of the tandem-stack architecture on the silicon substrate. Doping concentrations are given in weight percent. Internal charge generation occurs at the interface of the 10 nm thick MoO3 layer and Spiro-TTB:F6TNAP. b) Current density (solid lines) and forward luminance (dashed lines)
as a function of the applied voltage for the 0.5 × 0.5 mm2 single (orange) and tandem (red) devices. c) Left axis: power density emitted into the forward
half sphere (solid lines) and the ±10° emission cone (dashed lines), considering the actual emission profiles of the devices. Right axis: corresponding
photon flux. The gray box marks the threshold above which stable optical stimulation of genetically modified RGCs is expected. d) External quantum
efficiency plotted against the optical power density emitted into the forward half sphere (bottom axis) and within the ±10° emission cone (top axis).
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Figure 3b–d compares the characteristics of the
0.5 × 0.5 mm2 single-stack and tandem-stack devices. The characteristics of the 2 × 2 mm2 devices are shown in Figure S6
(Supporting Information). The current density–voltage–luminance (JVL) characteristics in Figure 3b show that, as expected,
the tandem cells need a higher voltage but lower current density to generate a similar brightness as the single device. A
luminance of 368 000 cd m–2 can be generated at 10 V and
4.2 A cm–2 by the single stack, while the tandem stack reaches
this luminance at 17 V and 1.4 A cm–2. A luminance of over
1152 000 cd m–2 can be achieved by the tandem OLEDs at 27 V
and 19 A cm–2, without causing acute device degradation.
The power density emitted into the entire half sphere
reaches a maximum of 3 mW mm–2 at 27 V, which corresponds
to a total photon flux of 8 × 1017 photons/cm2/s and a flux of
8 × 1016 photons/cm2/s in the ±10° cone (Figure 3c, angleresolved emission Figure S6e, Supporting Information). The
power density needed to evoke a signal in genetically modified RGCs through the restricted acceptance angle of the eye
(0.1 mW mm-2 and >1016 photons/cm2/s in the ±10° emission
cone) is reached at 17.5 V. At this forward bias, the device EQE
is still 3.6%. Compared to the single device, the EQE at high
brightness is more than doubled (Figure 3d and Figure S6 and
Table S2, Supporting Information), which confirms that the
charge generation interface is working and that both cells in
the tandem stack efficiently contribute to the emission generated by the tandem OLED.
2.4. Stability
Apart from delivering sufficient photon flux to the retina to
trigger a robust response in genetically modified RGCs, OLEDs
must also exhibit sufficient stability under high brightness
operation to enable their use in a light-amplifying prosthetic.
Our use of p–i–n stacks, small pixel areas, silicon substrates
with excellent heat conductivity, and application of an external

heat sink all reduce Joule heating, even when relatively large
amounts of power are dissipated in our devices. However,
the high charge carrier density and highly confined recombination zone are still expected to cause stress on the organic
materials and may result in rapid degradation of device
performance.[52,56–59]
We performed stability measurements for both the singleand tandem-stack devices by recording their optical power
density and current density during extended pulsed operation
(12.5 Hz, 20% duty cycle), with the preset voltage chosen such
that the photon flux emitted by the devices into the ±10° cone
at the start of the test was 3 × 1016 photons/cm2/s (Figure 4 and
Figure S8, Supporting Information). Ultimately, in a microdisplay-type array of high-brightness OLEDs, it is estimated that
only a fraction—approximately 20%—of the OLEDs will be
operated at the same time, thus we chose a duty cycle of 20%.
These driving conditions were further informed by existing
studies on light-triggering of ChrimsonR-tdT-expressing RGCs
and their recovery kinetics, and are comparable to the conditions used in the LED-DMD-based prosthetics employed in current clinical trials.[14,19]
To analyze our data, the following stretched exponential
function was fitted to the decay of the optical power density
over time
 t β
I
= exp  −   
I0
 τ  

(1)

with the time constant τ and the dispersion factor β expressing
the shape of the curve. Stretched exponential fits are widely
used to account for defects in devices, including luminescent
quenchers, non-radiative recombination centers, and deep
charge traps.[60–62] To further quantify the useful device lifetime,
we quote T50, i.e., the time after which the optical power density
has decayed to half of its original value.
For the single-stack 2 × 2 mm2 device, the optical power
density initially increases, reaching a maximum after 20 min

Figure 4. Stability measurements for the single-stack 2 × 2 mm2 (black) and 0.5 × 0.5 mm2 (orange) devices and the 0.5 × 0.5 mm2 tandem device (red)
under operation with fixed voltage pulses (12.5 Hz, 20% duty cycle) at an initial photon density of 3 × 1016 photons/cm2/s in the ±10° cone. Fits with a
stretched exponential decay function (bright colors) reveal a T50 of 1246 min (≈21 h) for the single 0.5 × 0.5 mm2 device and 800 h for the 0.5 × 0.5 mm2
tandem device. The inset shows an image of the silicon substrate with the differently sized OLED devices and copper heat sink.
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of pulsed operation, followed by a relatively rapid decay in
device brightness (T50 < 500 min). The optical power density
of the smaller 0.5 × 0.5 mm2 device can be fully described by
the stretched exponential, i.e., an initial increase in brightness is not observed for the 2 × 2 mm2 device. Extrapolation of
the brightness decay for this device predicts a T50 of 1246 min
(≈21 h) with τ = 1792 min and β ≈ 1. The difference between
the 2 × 2 mm2 and the 0.5 × 0.5 mm2 is most likely due to
an improved lateral heat dissipation as indicated by Figure S9
(Supporting Information).
The tandem-stack device exhibits a steep reduction in brightness within the first 100 min; however, the brightness of this
device subsequently decays much more slowly than the singlestack design. T50 was calculated to be 48114 min (≈800 h), with
τ = 152511 and β = 0.32, for this device. We assume that this
very substantially improved stability relative to the single-stack
device results from the two-fold higher EQE of the tandem
stack at low current levels and the substantially reduced EQE
roll-off. In combination, these two factors lead to a more than
twofold reduction in the current density when operating at the
required photon density of 3 × 1016 photons/cm2/s in the ±10°
cone, and therefore likely confer a significant reduction in Joule
heating.
The use of a small pixel area and pulsed operation result in
promising device stability, especially when considering exceptionally high brightness operation (for our orange-emitting
OLED, an optical power density of 0.1 mW mm–2 emitted into
the ±10° cone corresponds to a luminance of approximately
368 000 cd m–2). Without the use of a heat sink and when
applying constant-current driving conditions, one would expect
lifetimes of less than 1 h for such high brightness based on
previous literature reports (Figure S10, Supporting Information).[59,61,63] Driving the OLEDs at an even higher frequency
could further enhance the stability of the devices, and still
evoke a signal in genetically modified RGCs.[64] In addition
to the advantage of pulsed operation in terms of improving
device lifetime, the size of each pixel in the array will be much
smaller than for our test devices, which means less power is
required and their lifetime is potentially prolonged. In this
context, it is important to remember that a visual prosthetic is
likely to be operated for only a few hours per day to avoid risk
of photodamage to the retina.[19,20]

3. Discussion
In this study, OLEDs were adjusted to meet the requirements
for optical stimulation of genetically modified RGCs through
a front-of-eye device. Due to geometric constraints, only the
emission into the ±10° forward cone of the OLED is usable
for this application. Through careful optimization of its MC
structure, an orange top-emitting phosphorescent p–i–n OLED
stack was optimized to maximize the emission into this cone
and to tune the peak emission wavelength to around 600 nm.
Driving single-stack OLEDs at 10 V resulted in luminance of
368 000 cd m–2 and a corresponding total optical power density of 1.0 mW mm–2. Due to the optimized emission profile,
10% of this optical power, i.e., 0.1 mW mm–2, corresponding to
a photon flux of 3 × 1016 photons/cm2/s, is available in the ±10°
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emission cone. These values have previously been reported to
enable robust optical stimulation of genetically modified RGCs,
without reaching the threshold for tissue damage in the human
eye.[2,11,16,19]
In a further optimization, we demonstrated tandem-stack
OLEDs that achieved a maximum luminance of 1 152 000 cd m–2
in pulsed operation mode; to the best of our knowledge, this
is the highest reported luminance for orange phosphorescent
p–i–n OLEDs.[65] The tandem-stack OLEDs exhibit an increased
EQE and reduced EQE roll-off, and require lower current densities but higher driving voltages to achieve the same brightness as single-stack OLEDs. We then compared the stability of
the single- and tandem-stack devices in pulsed operation mode
at the high photon flux of 3 × 1016 photons/cm2/s required for
optical stimulation of RGCs. This test revealed that the reduced
current density and the presence of two EMLs in the tandem
devices very significantly increase the operational lifetime compared to the single-stack architecture, with the tandem stack
achieving a T50 of 800 h at an initial optical power density
of 0.1 mW mm–2 in the ±10° cone. Thus, our tandem design
meets both the stability and brightness requirements for frontof-eye prosthetics to optically stimulate genetically modified
RGCs in the retina. Compared to devices based on LEDs and
DMDs, OLEDs exhibit the potential for color tuning, allow a
more straightforward and more highly integrated fabrication
process, and possess a planar structure that requires fewer
bulky optical components.

4. Experimental Section
Device Fabrication: The OLEDs were fabricated on <111> silicon
substrates with a thickness of 500 µm, which were cleaned in ultrasonic
baths with acetone and isopropanol. The substrates were dried with
nitrogen, subjected to ultraviolet ozone plasma treatment (3 min), and
then placed into a high-vacuum chamber for deposition of the OLEDs
via thermal evaporation (base pressure ≈10−7 mbar). Evaporation rates
and thicknesses were monitored using a quartz crystal balance, and
various shadow masks were used for deposition of the organic layers
and the metal electrodes to define the structure and geometry of the
active area. The organic materials 2,2′,7,7′-tetra(N,N-di-p-tolyl)amino9,9-spirobifluorene (Spiro-TTB), 2,2′-(perfluoronaphthalene-2,6-diylidene)
dimalononitrile (F6TNAP), N,N′-bis(naphthalen-1-yl)-N,N′-bis(phenyl)benzidine (NPB), bis(2-methyldibenzo-[f,h]quinoxaline)(acetylacetonate)
iridium(III)
(Ir(MDQ)2acac),
bis(2-methyl-8-quinolinolate)-4(phenylphenolato)aluminum (BAlq), and 4,7-diphenyl-1,10-phenanthroline
(BPhen) were purchased from Lumtec and used without further
purification. After thermal evaporation, the 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 using a UV-curable epoxy glue. Alphacool GPU RAM Copper
heatsinks (14 × 14 mm) were attached onto the backside of the silicon
substrates using Alphacool Eisfrost Xtreme fluid metal paste.
Device Characterization: Characterization of the OLEDs was
performed as described by Archer et al.,[44] measuring angular emission
characteristics of the devices with a goniometer and taking deviations
from Lambertian characteristics into account when computing optical
power density and EQE.
For the voltage–current/voltage–luminance scans in pulsed mode
without a heat sink, 10 pulses were applied at each voltage with a 10%
duty cycle at 10 Hz (i.e.,10 ms ON every 100 ms), starting from 5 V for
the single stack and starting from 10 V for the tandem stack devices. The
stability measurements were conducted at 12.5 Hz and 20% duty (16 ms
ON every 80 ms).
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