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Over the last decades, light-emitting diodes (LED) have replaced common light bulbs in almost every
application, from flashlights in smartphones to automotive headlights. llluminating nightly streets
requires LEDs to emit a light spectrum that is perceived as pure white by the human eye. The power
associated with such a white light spectrum is not only distributed over the contributing wavelengths
but also over the angles of vision. For many applications, the usable light rays are required to exit

the LED in forward direction, namely under small angles to the perpendicular. In this work, we
demonstrate that a specifically designed multi-layer thin film on top of a white LED increases the
power of pure white light emitted in forward direction. Therefore, the deduced multi-objective
optimization problem is reformulated via a real-valued physics-guided objective function that
represents the hierarchical structure of our engineering problem. Variants of Bayesian optimization
are employed to maximize this non-deterministic objective function based on ray tracing simulations.
Eventually, the investigation of optical properties of suitable multi-layer thin films allowed to identify
the mechanism behind the increased directionality of white light: angle and wavelength selective
filtering causes the multi-layer thin film to play ping pong with rays of light.

For many recent applications in our everyday lives, light-emitting diodes (LED) are required to emit a light spec-
trum that features specific optical properties. Such a light spectrum explains how the (relative) power provided
by an LED is distributed over its contributing wavelengths and occurring emergent angles. A spectrum that is
perceived as white light consists of several wavelengths. Thus, the generation of pure white light using (mono-
chromatic) LEDs has a long scientific history': Beginning with additive to luminescence concepts and including
organic approaches??, the journey of white LEDs did not end yet. In this work, we elaborate on how to shift the
light distribution of white LEDs towards forward directions using a multi-layer thin film (MLTF). As illustrated in
Fig. 1a, the term white LED (package) refers to a horizontal stack of a semiconductor chip, the conversion system
and an optional multi-layer thin film. Further on, the common LED structure without an MLTF is referred to
as the reference design. By multiplication with a color matching function*™%, each light spectrum can be charac-
terized by the so-called color point, a two-dimensional vector in the color space of Fig. 1b, which describes the
color of a spectrum’. In the common case of a white LED without a MLTF, the chip emits blue light that passes
through the ensuing conversion system'. Here, two conversion materials, compounded with weight percentages
w = (w1, w2), convert a portion of the blue light to green and red light resulting in white light. The amount of
conversion materials determines the degree of conversion and is adapted such that the resulting light spectrum
corresponds to the application-specific white target color point C. Another important characteristic of an LED is
the power of its radiated spectrum. In radiometry, this power is commonly referred to as radiant flux. Hence, both
the color point ¢* (w) and the forward power P*(w) featured by an LED in a +«-angle cone are computed based
on the anisotropic radiated light spectrum. Unfortunately, such emitted spectra of LED packages are unknown
a priori for varying conversion materials and/or MLTFs. Thus, the deduction of spectrum-related measures of a
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Figure 1. An LED (a) consists of a chip, a conversion system and a multi-layer thin film that features ten layers.
The latter focuses the emitted light spectrum into a + 25°-angle cone. The spectrum is composited of light rays
(arrows) of different wavelengths. Such a spectrum is analytically associated*® with a point ¢ = (Cy, Cy% in the
color space (b). The color point, roughly speaking, encodes the perceived color of a spectrum. The Euclidean
distance between two color points (crosses) is denoted as the color point deviation d. In this work, one of these

points is the so-called white (target) color point (%, %)

particular LED like its power or color point would require expensive physical experiments; namely, to physically
fabricate and evaluate the spectra of such LED packages. An elegant and cheaper alternative is to statistically trace
a bunch of rays sampled from the light distribution of the light injecting LED chip, until they exit the LED package
and form the emitted spectrum, or vanish due to non-radiative thermal losses. Thereby, the behavior of each ray
is governed by geometrical optics®. In this framework, only the spectrum of the LED chip needs to be known and
thus is measured once. The spectrum of the LED chip in turn is assumed to remain stable over changes of both,
the conversion system and the MLTE Such still time-consuming and noisy ray tracing simulations are based on
calibrated optical models of LEDs’"1* and allow an estimation of their spectra. Specifically, for this work, a cali-
brated model of a white state-of-the-art, automotive LED architecture was used under licence. Notably, ray tracing
simulations are non-deterministic and can be considered as Monte-Carlo simulations'?: The random variables
of interest (power and color point) cannot be computed analytically and thus need to be estimated via numerous
realizations and processing (tracing) of observable random variables (rays that exit the chip). Such ray tracing
simulations replace expensive experiments and allow to conduct extensive optimization of LEDs.

Since the aforementioned so-called color point optimization problem based on w is empirically unambiguous
and convey, it is not possible to further increase the power P* (w) if

w = argmin,, {d(C, ¢ (@))},

holds based on the Euclidean distance d = || - ||2. The proposed idea of this manuscript is to modify the aniso-
tropic light spectrum so as to focus more power P*(w, t) into the forward angle cone compared to the reference
design by using an MLTF—parameterized by t—on top of the conversion system,; thus, increasing the direction-
ality of white light. In this work, directional emission or directionality of white light refers to the power that is
emitted in a particular (solid) angle of interest induced by emitted rays of light accumulated in these directions.
The corresponding inverse design problem features T' + 2 parameters that describe the modified LED: In addition
to the weight percentages of the conversion materials, the layer thicknesses t = (1, ..., t7) of T alternating layers
of titanium dioxide (TiO3) and silicon dioxide (SiO3) can be adapted. The material system is not investigated in
this paper and was chosen based on industrial producibility and reliability constraints only. However, the reported
increase of directional white light emission may motivate further research covering the impact of the material
system as well, including e.g. optically akin niobium oxide instead of titanium dioxide. Notably, increasing the
usable power may compete with achieving the application-specific white target color point. For instance, due to
the Stokes shift'*, designing an MLTF that raises the ratio of blue light in forward direction, obviously increases
the usable power but will no longer retain the desired color point. Namely, it will render the LED’s light to
appear bluish and no longer convenient for a white light application. In other words, the MLTF is required to
not only increase the number of rays that emerge in forward direction but also achieve a particular ratio between
blue, green and red rays. This constraint arises from the broad variety of wavelengths contributing to a white
LED and is aggravated by the dispersive properties. In contrary, considering a monochromatic LED without a
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conversion system only a narrow distribution of wavelengths exists. Here, an optimization could focus on the
emitted forward power only. For white LEDs however, the aforementioned challenges result in a multi-objective
optimization problem: improving the directionality of white light while preserving the color point associated
with the spectrum that exits the LED. More precisely, we aim to increase P*(w, t) while keeping the Euclidean
distance d* (w, t) = d(c%(w, t), C) low. To summarize, the contribution of this work is threefold:

® Bayesian optimization is used to adapt the layer thicknesses of an MLTF based on ray tracing simulations of
white LEDs.

e MLTFs are investigated with regard to their general ability to increase directionality of white light emission
of LEDs.

® The effect that explains the directionality increase of white LEDs in physical terms is identified.

State of the art

Although the directional emission of white light is crucial for many applications like head lamps of cars, to the
best of our knowledge, none of the aforementioned points were investigated in previous work. Traditionally, the
directionality of incoherent light sources like LEDs is increased via optical devices such as reflectors or lenses'>',
which shape the beam profile of a light source'”. Notably, such optics are often bulky and therefore cause optical
loss or limit the design. On the nanoscale, meta-'#-2° and microlenses®** have been introduced to manipulate light
by microscopic structures. In addition, scientific work has been conducted towards the development of incoherent
and directional light sources based on periodic or random gratings like dielectric**** or plasmonic? structures.
Moreover, extensive studies regarding metasurfaces?®?” have been conducted to increase the directional outcoupling
of emitters. However, all of these systems are challenging to fabricate in mass-production or apply to coherent light
sources only. Notably, they do not affect the light source itself but rather shape the light distribution over angle that
exits a light source like an LED package. In contrast, the proposed epitaxial deposition of an additional MLTF on top
of the conversion system of an LED is straightforward from an engineering viewpoint, allows compact integration
in existing LED packages, implies only low additional expenditure and is directly applicable for mass-production
of optical semiconductors. The closest investigation to ours may be the study conducted by Zheng and Stough?®:
They proposed to use an MLTF as a wavelength selective filter between the LED chip and the conversion system
to increase the global efficacy of white LEDs. This filter allows the blue light coming from the chip to pass while
simultaneously reflecting the green and red light emitted by the conversion system. Thereby, reabsorbtion effects
of non-blue photons in the chip are suppressed. In other words, the MLTF enforces the green and red light to exit
the package rather than irradiating the chip and thus increases the overall extraction efficiency. Such an MLTF is
included into the optical LED model used in this work and further considered as integral component of the LED
chip. In contrast, the contribution of our work is to improve the directional emission into an angle cone rather
than increasing the overall outcoupling efficiency. Therefore, we demonstrate that an MLTE, acting as an angle and
wavelength selective filter between the conversion system and the ambient air, can increase the directional emission
of white light. Thereby, the MLTF helps to shape the angular and spectral light distribution directly through ray
ping pong during its generation process rather than to collimate the outcoupled light.

Designing MLTFs that feature a particular target reflectivity or transmission over angle of incidence and
wavelength is a common engineering challenge and therefore many optimization methods have been developed:
Some of them are based on gradients® or biological inspirations®**!. Recently, even some approaches including
neural networks*=* or reinforcement learning®® have been implemented to efficiently scan the search space
for suitable MLTF designs. These techniques rely on fast-to-evaluate computations regarding the transfer matrix
method*”*¥ (TMM) that allow to compute the optical characteristics of an MLTF, e.g. reflectivity or transmission
over wavelength and angle of incidence. Based on e.g. a notion of reconstruction error, it takes not even a second
to measure how close a particular MLTF’s optical characteristic is to an optimal one. However, in contrast with
applications like anti-reflection coatings®, a specific optimal optical characteristic that causes an MLTF to increase
the directionality of white light is not known a priori. To circumvent this lack of information, we conduct noisy
ray tracing simulations in order to optimize the power and color point of the LED spectrum in forward direction
regarding the layer thicknesses of an MLTF. Thereby, the optical characteristic of MLTFs is implicitly optimized
towards the a priori unknown optimal one and can be investigated further a posteriori, e.g. via TMM. Due to the
strict assumption of propagating plane waves between parallel material interfaces®, the influence of an MLTF on
the spectrum of an LED can not be directly inferred via TMM. Namely, the presence of significant material interac-
tions like scattering or photon recycling renders ray tracing simulations mandatory. Notably, the noisy simulations
take about 4 min for a given MLTE, which is 420 times longer compared to computing the optical characteristics
of the MLTF itself based on TMM. Thus, ray tracing simulations are relatively expensive-to-evaluate and render
most of the aforementioned data-hungry (TMM-based) optimization methods of MLTFs impractical. Therefore,
we propose to adapt the individual MLTF layer thicknesses in order to maximize P*(w, t) while minimizing
d®(w, t) via a variant of Bayesian optimization®. Although Bayesian optimization has shown satisfying results on
many mathematical test functions as well as expensive-to-evaluate real-world problems regarding engineering,
physical and chemical sciences**, to the best of our knowledge no application towards ray tracing simulations
is reported in scientific literature. After optimizing an MLTE, its optical characteristics, like transmission, allow to
physically deduce target behaviors that an MLTF needs to fulfill in order to further increase the directionality of
white light. Hereby, an effect called ray ping pong is identified to be responsible for the improved directional emis-
sion of white light. Related effects like photon recycling®® were studied in previous work for solar GaAs cells*~,
perovskite LEDs* or thin films themselves*. In our work, depending on their wavelength and incident angle, the
rays are considered to be partially trapped in the LED package by an MLTF, enforcing interactions between rays
and LED package materials like scattering, (re-)absorbtion, (re-)emission or non-radiative effects. The MLTF can
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Figure 2. (a) Illustration of a multi-layer thin film consisting of two dielectric materials (TiO; in light grey
and SiO; in dark grey). (b) The heatmap of the Euclidean color point deviation over weight percentages of two
conversion materials for the multi-layer thin film in (a). The green arrow indicates the possible path of a local
optimizer initialized near the origin of the search space to the optimal converter weight percentages.

statistically steer the degree of such interactions for particular parts of the original spectrum emitted by the LED
package. Thus, the MLTF has a direct impact on the emitted spectrum and needs to balance the radiated spectrum
not only to appear as white in forward direction, but also to suppress radiation in non-forward direction. In other
words, the MLTF is found to play angle and wavelength selective ping pong with the rays of light to achieve an
equilibirium of emitted rays, which is of advantage regarding directionality while still holding the color point.

Hierarchical optimization as a product of weights
Since hitting a suitable color point of an LED is mandatory for production, we reformulate the problem intro-
duced in “Introduction” as a hierarchical optimization task

max {P"‘(w, t)|w = argmin, {d* (o, t)}}. (1)

Therefore, according to domain expert knowledge, we assume that the color point optimization with respect
to the conversion materials remains convex for a fixed particular MLTE, if initialized near the origin (see Fig. 2).
Equation (1) allows to separate the two sets of parameters: The convex color point optimization problem based
on the weight percentages w of conversion materials, and the non-convex power optimization problem includ-
ing the layer thicknesses t. In this work, a variant of active learning called Bayesian optimization is applied
to maximize the power P* by adapting the thicknesses of the layers of an MLTFE. Eventually, a variation of the
Downhill-simplex*® optimizer is used to customize the conversion system for each particular MLTF in order to
retain the desired color point before evaluating the power. To account for this hierarchical structure, we imple-
ment a weighted power as physics-guided real-valued objective function

fE(t) = P*(w,t) - W(do‘ (w, t)), where w = argmin  {d* (w, )} , )

and W(do‘ (w, t)) = exp (a - (d* (w, t))h), (3)

which is maximized via Thompson-sampling single-objective Bayesian optimization®® (TS-SOO) in this work.
Here, w is a solution to the nested color point optimization in problem (1). As explained, the weight percentage
parameters w are not tuneable by the Bayesian optimizer directly. However, for given thicknesses t of an MLTF,
the color point deviation d%(w, t) may be bounded from below with regard to the weight percentages w. This
means that the target color point is not reachable for a given MLTE In such cases, the comparison of power values
for different MLTFs at different color points becomes invalid due to the Stokes shift. Here, W (-) allows to guide
the course of optimization towards suitable MLTFs: The weighting punishes excessive deviations from the target
color point by decreasing the objective, although the power of an MLTF may be high. In practice, more weighting
functions may be introduced to account for various conflicting or competing effects during LED development.
We compared the TS-SOO to the Thompson-sampling efficient multi-objective optimization®* (TS-EMO).
Here, a high forward power P* and a low color point deviation d“ are considered as (competing) real-valued
objectives. Namely, TS-EMO directly searches for joint parameter vectors (w, t) to entry-wise maximize

R? x RT — R?

(w,t) > (P*(w,t), —d*(w, 1)), @
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Figure 3. (a) The weighting function (3) fora = — 634914.5425 and b = 3.3900. The dark lines emphasize the
condition W(0.01) = 0.9. (b) The ray tracing estimates for the reference design based on different numbers of
traced rays (10 x 10% 50 x 10%and 100 x 10°) is started 15 times. The conversion material weight percentages
remained unchanged. As expected, the corresponding boxplots indicate that the noise level decreases with an
increasing number of rays traced. The horizontal dashed line indicates the reference power obtained with 10
rays. This noise effect holds for the estimated color point (Cy, Cy), too.

where the aforementioned Stokes shift renders the involved objectives to be competitive in nature. The minus
sign of the second entry of Eq. (4) reflects the intention to minimize the color point deviation. Note that the
hierarchical structure of the engineering optimization problem is not longer represented in the equation.

Implementation

For applications like headlights, we set & = 25° and set d*(w, t) = 0.005 as a preliminary upper bound of the
color point deviation from the required target color point C = (%, %) of a white LED. This enables us to univer-
sally solve for the parameters (a, b) such that the empirically derived conditions

W (0.005) = 0.99

W (0.010) = 0.90, (5)

hold, yielding a = — 634914.5425 and b = 3.3900. The resulting weighting function is illustrated in Fig. 3a. The
reference design refers to the special caset; = - - - = t7 = 0.0. In general, we propose to formulate hierarchical,
competing objectives as a product of weights and a central figure of merit, e.g. the power. Conceptually, this
enforces strong (AND-)conditions for all constraints explained by the weights. In other words, a high figure of
merit is only valuable if all constraints are fulfilled. On the other hand, this formulation preserves continuity of
the objective function which makes it approximable with Gaussian processes®’. As the black-box function (2)
is based on a ray tracing simulation of 25 x 10% rays that takes several minutes (= 4 min) to be evaluated and
features non-linearity and non-convexity, the maximization is conducted via an active learning appoach, the
aforementioned TS-SOO. This variant of Bayesian optimization is employed to optimize expensive-to-evaluate
engineering and chemical problems**~*2. Moreover, as illustrated in Fig. 3b, the evaluation of the objective func-
tion provides noisy samples due to the conducted ray tracing. As explained in Algorithm 1, in each optimization
iteration n a thickness vector t” is suggested using TS-SOO. For this MLTF, a variant of the Downbhill-simplex
algorithm solves the convex color point optimization nested in statement (1), yielding w”. The acquired data
point (t”, f*(t")) is added to the data set D. This data set is used to update the global surrogate model—imple-
mented as a Gaussian process—based on which the next thickness vector t"*! is derived until a predefined
stopping criterion is fulfilled, e.g. a timeout or a maximum number N > n of iterations. Basically, TS-EMO
follows the same optimization routine, but directly suggests joint parameter vectors (w”, t") to solve the multi-
objective optimization problem (4). For TS-SOO as well as TS-EMO, we set T = 12 and allow the thicknesses
to vary between 10 nm and 200 nm for each layer. Moreover, both conversion material weight percentages are
adoptable between 0 (wt)% and 25 (wt)%. After the objective function (2) or (4) was optimized via TS-SOO or
TS-EMO, a naive Downbhill-simplex algorithm* is conducted, respectively. Via not more than 25 optimizer steps
the thickness parameters and conversion material weight percentages are jointly fine-tuned. Each of these steps
takes 8 — 9 min and is based on 5 x 10° traced rays per simulation to evaluate the respective objective function.
During the local refinement, the acceptable upper bound for the color point deviation in Eq. (5) is narrowed
down from 0.005 to 0.002, which is practically required for most applications.

Algorithm 1 Hierarchical optimization approach: Pseudo-code that illustrates the proceeding during optimization. & denotes
the acquired data set of parameters and observations, & denotes the opening angle of the forward cone, and the timeout criterion
defines how long the optimization endures. Optionally, the weight percentages are stored in % for traceability.

1

. Initialize 2, #/, 0 < a < 90, and set a stopping criterion, e.g. a timeout
while stopping criterion not fulfilled do

Suggest (next) t based on 2 and TS-SOO*
Solve w = argmin, {d* (o, t)} based on Downhill-simplex algorithm
Add aquired data point to data set 2 < ZU{(t, f*(t)} and track #" + # U{w}

end while
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s 0.125

0.003

o (°) 25 45 90
Reference 0.201 0.559 1.052
PY (W) TS-SOO 0.259 0.640 0.985
TS-EMO 0.210 0.569 0.978
Reference 0.0015 0.0071 0.0146
d* (1) TS-SOO 0.0007 0.0230 0.0275
TS-EMO 0.0025 0.0262 0.0281

Table 1. Optimization results regarding color point deviation d%, and power P“ of algorithm 1, and TS-EMO
for @ = 25°, and after local refinement. The designs featuring a multi-layer thin film are compared with the
reference design, where only a color point optimization is conducted. In addition to the direct optimization
objectives regarding £25°, we also report the color point deviations and energies for +45° and +-90° observed
for the respective optimized MTLFs. For £25°, highest power and lowest color point deviations are given in
bold.
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Figure 4. Color point deviation d* over power P“ after joint (left, TS-EMO), hierarchical (middle, TS-SOO)
and local (right, Downhill simplex) optimization for « = 25°. The horizontal black lines denote the color
point deviation of 0.005 points, where W (0.005) = 0.99 holds. The vertical black lines denote the power of
the reference design without multi-layer thin film. For each sample in these plots, the color map reflects the
objective function values obtained by Eq. (2).

Results

In this section, we present the results of our investigations. First, we demonstrate that MLTFs can increase the
directionality of white LEDs, which may seem counterintuitive beforehand. Second, we give an explanation of
the underlying physical effects and discuss how we can make the latter observable in the spectra. The results are
summarized in Table 1. Here, we report the MLTFs suggested by TS-SOO and TS-EMO that provided the highest
power in +25°, while exhibiting a color point deviation lower than 0.002 points—which is an acceptable devia-
tion for the most consumer products in practice. As mentioned, a joint local optimization of both, thicknesses
and conversion material weight percentages is conducted after the global Bayesian optimization. Unsurprisingly,
the total power of the white LED decreases for all considered MLTFs due to absorption losses. However, more
power is available at particular forward angles of interest. This directionality increase is of value for applications
like automotive headlamps or projection, where non-forward light does not contribute.

Increase of directionality. The reference design provides P%(w,t = 0) = 0.201 (W) after adopt-
ing the weight percentages w, while the deviation between the LED’s and the target color point is given by
d*(w,t = 0) = 0.00151 < 0.002. After optimizing an MLTF’s thickness vector t using Algorithm 1, the forward
power of the LED is increased by 25.4% to P*(w, t # 0) = 0.252 (W). The Euclidean color point deviation for
this design is given by 0.0014 < 0.002. Notably, using TS-EMO to solve the corresponding original multi-objec-
tive optimization problem (4) achieved only almost 5% more forward power while keeping the color point devia-
tion below the required value of 0.002. This is not surprising, as TS-EMO is not supposed to be used for more
than eight parameters®. As illustrated in the very right plot in Fig. 4, the local refinement increased the power
in forward direction by an additional 3.5% relative to the reference design. Thus, yielding 0.259W or 28.9% more
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Figure 5. (a) Common angular and spectral distribution of relative power of a white LED without a multi-layer
thin film. (b) Spectrum of a white LED with a multi-layer thin film that contains 28.9% more relative power
compared to the reference design in forward direction. In each case, the blue chip wavelength (440 nm) and the
green and red wavelengths (555 nm) and 600 nm) of the conversion materials are indicated by vertical dashed
lines. The horizontal grey line indicates the £25°-forward direction. The color map for the heat maps coincides
with Fig. 6.

light compared to the reference design, while maintaining an acceptable color point deviation of 0.0007 < 0.002.
Notably, starting a local refinement with the joint parameters provided by the TS-EMO implementation, either
the color point deviation could not be reduced under 0.002 or the forward power increase remained below10.0%.
Due to the high computational effort associated with ray tracing simulations, we restarted each optimization
procedure—based on TS-SOO and TS-EMO—only three times for 48 h each. The reported data corresponds to
the best run regarding the objective function for TS-SOO and TS-EMO, respectively. Because the relative and
absolute trends of the results of these experiments appeared to be consistent and showed no unexpected anoma-
lies, they were not evaluated in detail. The Pareto fronts illustrated in Fig. 4 plot the (forward) power against the
color point deviation for both, joint optimization using TS-EMO and hierarchical optimization using TS-SOO.
As the time horizont was fixed, the different numbers of samples are explained by the implementation of the
joint (719 samples) and hierarchical (143 samples) optimization approach: For each thickness vector t suggested
by TS-SOO, the solving of the nested color point optimization (2) based on ray tracing simulations takes about
20 min. Contrariwise, the evaluation of a joint parameter vector (t, w) requires only one ray tracing simulation
and thus takes about 4 min. The comparison between the left and middle Pareto fronts in Fig. 4 indicate that
TS-SOO circumvents MLTFs that lead to high color point deviations, as those are punished via multiplicative
weights (3). In contrast, TS-EMO is not implicitly informed about the engineering structure of the problem via
the objective function (4). Namely, an increase in forward power at the cost of color point deviation is of no
value for specific LED applications. Therefore, most MLTFs suggested by TS-EMO indeed achieve the same or
even higher forward power values compared to TS-SOO, but bring along an unacceptable color point deviation
significantly above 0.005.

Ping pong with light rays. The results of the previous section allow to deduce an explanation of the mech-
anism of white light directionality using an MLTE. We can deduce a hypothetical effective spectrum which
irradiates the MLTF. Therefore, we conduct pixel-wise division of the observed spectrum in Fig. 5b through the
spectral and directional transmission of the optimized MLTF in Fig. 6a. This hypothetical spectrum is illustrated
in Fig. 6b and indicates how much relative power is required to impinge on the MLTF from the conversion
system for each angle and wavelength, in order to explain the physically detected spectrum that irradiates the
ambient air after traversing the MLTE. The transmission describes the probability of a light ray to pass the MLTF,
depending on its wavelength and angle of incidence. It was computed by a parallelized version of the TMM
package® provided by Luce et al.”’. Here, the light-injecting substrate (conversion system) is represented as sili-
cone (Si0,) of infinite thickness. Air of infinite thickness defines the ambient environment. Aside from the rela-
tive power peak around the chip wavelength of 440 nm, another two contributions of relative power at 555 nm
and 600 nm appear as a single broad peak in the spectra of Fig. 5. These green and red wavelength contributions
correspond to the conversion material emissions, respectively. As expected, the transmission of the MLTF for
all of these wavelengths is low for inconvenient, large beam angles. Thus, non-forward light rays are trapped
in the LED package until physical interactions change their directional properties such that they are likely to
escape or the light rays vanish optically due to non-radiative thermal effects. We suppose that this phenomenon
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Transmission of the MLTF Effective spectrum irradiating the MLTF
over wavelength and angle over wavelength and angle
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(a) Transmission (b) Ray ping pong

Figure 6. (a) Transmission of a multi-layer thin film that exhibits 28.9% more light compared to the reference
design in forward direction. (b) The hypothetical, effective spectrum of light, which exits the conversion
system and irradiates the multi-layer thin film. In both cases, the vertical dashed lines indicate the wavelengths
contributing to the LED spectrum and the horizontal lines denote the separation between forward and non-
forward direction.

causes the directionality enhancement and refer to it as ray ping pong. Here, the MLTF on top of the conversion
system directly influences the emitted spectrum over angle and wavelength of the LED. The MLTF does not
only function as an angle selective filter that reflects non-forward light rays back into the LED package, but also
balances the statistics of emitted blue, green and red rays in order to appear as white light of a specific color. In
other words, the MLTF exploits the process of ray ping pong to reach a statistical equilibrium of emitted rays
that is advantageous regarding directionality and color point of the outcoupled light. Notably, the characteristic
transmission pattern of an MLTF over wavelength and angle of incidence (see Fig. 6) not only depends on the
layer thicknesses, but also the constituent materials. Due to in-house manufacturing limitations and preferences,
the default and well-known material system of TiO, and SiO; remains unchanged in this work. However, a men-
tionable characteristic of the used material system is their relatively high difference in the complex, dispersive
refractive indices for wavelengths of the visible spectrum. Studying Table 1 implies that the MLTF decreases the
total efficacy of a white LED corresponding to o« = 90°: Rays are trapped in the LED package and are thus more
likely to further interact with the LED materials instead of escaping into the ambient air. Such interactions may
include photon recycling or scattering, but also non-radiative effects like thermal losses of rays absorbed by the
conversion materials. As mentioned, for applications like head lamps only power emitted in forward direction
(¢ < 90°)is usable. In this case, any increase in directionality obviously outweighs a (moderate) drop of global
efficacy.

Limits of directionality increase. The previous section allows us to understand the constraints of our
approach. Although no explicit optimizations for angles different from the application-specific 25° were con-
ducted for this work, our investigations regarding the cumulated intensity difference of Fig. 7 indicate that an
increase in forward power is possible up to almost 60°. Namely, for angles o > 58.4°, the MLTF would need to
re-direct light rays of unsuitable angles between « and 90°. Due to the Lambertian radiation characteristics of
LEDs, the quantity of such rays may be too low to outweigh non-radiative effects like thermal losses, which are
statistically enforced by the MLTF for each ray. Thus, the deposition of an MLTF may not be suitable for applica-
tions that leverage light with a broad range of incidence angles, here larger than 58.4°.

Conclusions

Increasing the (forward) power of a white LED while still maintaining its color point is a hierarchical multi-
objective optimization problem: The Stokes shift renders these objectives to be competitive by nature, because a
naive increase in power may turn the emitted light bluish instead of pure white. Since the color point is a strict
requirement for many applications, a higher forward power of an LED at the cost of color changes is utterly unde-
sired. In this work, we enter into the competition between color point and power with a Bayesian optimization
approach that optimizes a physics-guided, weighted objective function. Hereby, weights continuously implement
hard constraints and thus preserve approximability via Gaussian processes. The reported results indicate that
multi-layer thin films on top of white LEDs can increase the light directionality. The epitaxial deposition of such
multi-layer thin films is only implying low additional expenditure and directly applicable for mass-production
of many optical semiconductors. Our analyses reveal that a carefully designed multi-layer thin film functions as
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Figure 7. The normalized intensity of an LED with and without a multi-layer thin film (MLTF) is denoted
on the left axis. The sinus-weighted integral over the intensity difference (grey area)—the so-called cumulated
intensity difference—on the right axis indicates that a directionality increase can be achieved up to 58.4°.
However, the peak of directionality increase is observed between 35° and 40°.

an angle and wavelength sensitive filter: The filter statistically balances emitted rays of different wavelengths to
meet the color point. In addition, it traps rays that would exit the LED at large angles in order to implicitly enforce
their forward (re-)emission. To summarize, the proposed objective function guides the optimization towards a
multi-layer thin film that leverages statistical ray ping pong to enforce favorable properties of the spectrum radi-
ated by the LED. Thus, we shine a light on the previously enigmatic effect causing the counterintuitive increase
of white light directionality using a multi-layer thin film.

Data availability

The optical models and related (commercial) software that support the findings of this study are available from
OSRAM Opto Semiconductors GmbH but restrictions apply to the availability of these items, which were used
under license for the current study, and so are not publicly available. The generated and analysed data as well as
any code-related information is included in this manuscript or already published by third parties.

Received: 9 December 2021; Accepted: 14 March 2022
Published online: 28 March 2022

References
1. Cho,J., Park, J. H.,, Kim, J. K. & Schubert, E. E. White light-emitting diodes: History, progress, and future. Laser Photonics Rev. 11,
1600147. https://doi.org/10.1002/1por.201600147 (2017).
2. Liu, B. et al. Blue molecular emitter-free and doping-free white organic light-emitting diodes with high color rendering. IEEE
Electron Device Lett. 42, 387-390. https://doi.org/10.1109/LED.2021.3054467 (2021).
3. Luo, D. et al. Regulating charge and exciton distribution in high-performance hybrid white organic light-emitting diodes with
n-type interlayer switch. Nano-Micro Lett. 9, 1-8. https://doi.org/10.1007/s40820-017-0138-4 (2017).
4. Guild, J. & Petavel, J. E. The colorimetric properties of the spectrum. Philos. Trans. R. Soc. Lond. Ser. A 230, 149-187. https://doi.
0rg/10.1098/rsta.1932.0005 (1931).
5. Wright, W. D. A re-determination of the trichromatic coefficients of the spectral colours. Trans. Opt. Soc. 30, 141-164. https://doi.
0rg/10.1088/1475-4878/30/4/301 (1929).
6. Schanda, J. Colorimetry: Understanding the CIE System (Wiley, 2007).
7. Ding, C., Gu, J., Ma, X., Gao, F. & Li, Y. Target recognition in different color spaces. In 2013 IEEE International Conference on
Information and Automation (ICIA), 151-155. https://doi.org/10.1109/ICInfA.2013.6720287 (2013).
8. Lahiri, A. Chapter 2—Foundations of ray optics. In Basic Optics (ed. Lahiri, A.) 141-202 (Elsevier, 2016). https://doi.org/10.1016/
B978-0-12-805357-7.00002-2.
9. Godo, K. Investigation of new transfer standard for luminance by means of ray tracing simulation. J. Sci. Technol. Light. 41, 165-170.
https://doi.org/10.2150/jstl.IEIJ160000588 (2018).
10. Liu, Z., Wang, K., Luo, X. & Liu, S. Precise optical modeling of blue light-emitting diodes by Monte Carlo ray-tracing. Opt. Express
18, 9398-9412. https://doi.org/10.1364/OE.18.009398 (2010).
11. Sun, C.-C. et al. Precise optical modeling for silicate-based white leds. Opt. Express 16, 20060-20066. https://doi.org/10.1364/OE.
16.020060 (2008).
12. Lee, S.J. Analysis of light-emitting diodes by Monte Carlo photon simulation. Appl. Opt. 40, 1427-1437. https://doi.org/10.1364/
A0.40.001427 (2001).
13. Sun, C.-C,, Lee, T.-X., Ma, S.-H,, Lee, Y.-L. & Huang, S.-M. Precise optical modeling for led lighting verified by cross correlation
in the midfield region. Opt. Lett. 31, 2193-2195. https://doi.org/10.1364/OL.31.002193 (2006).
14. Stokes, G. G. On the change of refrangibility of light. Philos. Trans. R. Soc. 142, 463-562. https://doi.org/10.1098/rstl.1852.0022
(1852).
15. Lorenzo, E. & Luque, A. Comparison of fresnel lenses and parabolic mirrors as solar energy concentrators. Appl. Opt. 21, 1851
1853. https://doi.org/10.1364/A0.21.001851 (1982).
16. Ma, D., Feng, Z. & Liang, R. Freeform illumination lens design using composite ray mapping. Appl. Opt. 54, 498-503. https://doi.
org/10.1364/A0.54.000498 (2015).
17. Fournier, E R. A review of beam shaping strategies for LED lighting. In Illumination Optics II Vol. 8170 (eds Kidger, T. E. & David,
S.) 55-65 (International Society for Optics and Photonics, 2011).
18. Su, V.-C. & Gao, C.-C. Remote gan metalens applied to white light-emitting diodes. Opt. Express 28, 38883-38891. https://doi.
org/10.1364/0E.411525 (2020).
19. Lalanne, P. & Chavel, P. Metalenses at visible wavelengths: Past, present, perspectives. Laser Photonics Rev. 11, 1600295. https://
doi.org/10.1002/1por.201600295 (2017).

Scientific Reports |

(2022) 12:5226 | https://doi.org/10.1038/s41598-022-08997-1 nature portfolio


https://doi.org/10.1002/lpor.201600147
https://doi.org/10.1109/LED.2021.3054467
https://doi.org/10.1007/s40820-017-0138-4
https://doi.org/10.1098/rsta.1932.0005
https://doi.org/10.1098/rsta.1932.0005
https://doi.org/10.1088/1475-4878/30/4/301
https://doi.org/10.1088/1475-4878/30/4/301
https://doi.org/10.1109/ICInfA.2013.6720287
https://doi.org/10.1016/B978-0-12-805357-7.00002-2
https://doi.org/10.1016/B978-0-12-805357-7.00002-2
https://doi.org/10.2150/jstl.IEIJ160000588
https://doi.org/10.1364/OE.18.009398
https://doi.org/10.1364/OE.16.020060
https://doi.org/10.1364/OE.16.020060
https://doi.org/10.1364/AO.40.001427
https://doi.org/10.1364/AO.40.001427
https://doi.org/10.1364/OL.31.002193
https://doi.org/10.1098/rstl.1852.0022
https://doi.org/10.1364/AO.21.001851
https://doi.org/10.1364/AO.54.000498
https://doi.org/10.1364/AO.54.000498
https://doi.org/10.1364/OE.411525
https://doi.org/10.1364/OE.411525
https://doi.org/10.1002/lpor.201600295
https://doi.org/10.1002/lpor.201600295

www.nature.com/scientificreports/

20.

Schreiber, P, Kudaev, S., Dannberg, P. & Zeitner, U. D. Homogeneous LED-illumination using microlens arrays. In Nonimaging
Optics and Efficient Illumination Systems II Vol. 5942 (eds Winston, R. & Koshel, R. J.) 188-196 (International Society for Optics
and Photonics, 2005).

21. Lee, X.-H., Moreno, I. & Sun, C.-C. High-performance led street lighting using microlens arrays. Opt. Express 21, 10612-10621.
https://doi.org/10.1364/OE.21.010612 (2013).

22. Chen, X. et al. Light extraction enhancement and directional control of scintillator by using microlens arrays. Opt. Express 26,
23132-23141. https://doi.org/10.1364/OE.26.023132 (2018).

23. Yang, L. et al. Sandwich-structure-modulated photoluminescence enhancement of wide bandgap semiconductors capping with
dielectric microsphere arrays. Opt. Express 25, 6000-6014. https://doi.org/10.1364/OE.25.006000 (2017).

24. Yan, Y. et al. Ten-fold enhancement of zno thin film ultraviolet-luminescence by dielectric microsphere arrays. Opt. Express 22,
23552-23564. https://doi.org/10.1364/OE.22.023552 (2014).

25. Kamakura, R. et al. Enhanced photoluminescence and directional white-light generation by plasmonic array. J. Appl. Phys. 124,
213105. https://doi.org/10.1063/1.5050993 (2018).

26. Agata, K., Murai, S. & Tanaka, K. Stick-and-play metasurfaces for directional light outcoupling. Appl. Phys. Lett. 118, 021110.
https://doi.org/10.1063/5.0034115 (2021).

27. Murai, S., Agata, K. & Tanaka, K. Photoluminescence from an emitter layer sandwiched between the stack of metasurfaces. J. Appl.
Phys. 129, 183101. https://doi.org/10.1063/5.0047352 (2021).

28. Zheng, Y. & Stough, M. White Led with High Package Extraction Efficiency (Osram Sylvania Incorporated, 2008).

29. Sullivan, B. T. & Dobrowolski, J. A. Implementation of a numerical needle method for thin-film design. Appl. Opt. 35, 5484-5492.
https://doi.org/10.1364/A0.35.005484 (1996).

30. Rabady, R. I. & Ababneh, A. Global optimal design of optical multilayer thin-film filters using particle swarm optimization. Optik
125, 548-553. https://doi.org/10.1016/j.ijleo.2013.07.028 (2014).

31. Guo, X. et al. Design of broadband omnidirectional antireflection coatings using ant colony algorithm. Opt. Express 22, A1137-
A1144. https://doi.org/10.1364/OE.22.0A1137 (2014).

32. Roberts, J. & Wang, E. Modeling and Optimization of Thin-film Optical Devices Using a Variational Autoencoder (University of
Stanford, 2018).

33. Liu, D, Tan, Y., Khoram, E. & Yu, Z. Training deep neural networks for the inverse design of nanophotonic structures. ACS Pho-
tonics 5, 1365. https://doi.org/10.1021/acsphotonics.7b01377 (2018).

34. Hedge, R. S. Accelerating optics design optimizations with deep learning. Opt. Eng. 58, 065103. https://doi.org/10.1117/1.0E.58.6.
065103 (2019).

35. Wankerl, H., Stern, M. L., Mahdavi, A., Eichler, C. & Lang, E. W. Parameterized reinforcement learning for optical system opti-
mization. J. Phys. D Appl. Phys. 54, 305104 (2021).

36. Jiang, A., Osamu, Y. & Chen, L. Multilayer optical thin film design with deep q learning. Sci. Rep. 10, 1-7. https://doi.org/10.1038/
$41598-020-69754-w (2020).

37. Luce, A., Mahdavi, A., Marquardt, F. & Wankerl, H. Tmm-fast: A transfer matrix computation package for multilayer thin-film
optimization. Preprint at http://arXiv.org/2111.13667 (2021)

38. Byrnes, S. ]. Multilayer optical calculations. Preprint at http://arXiv.org/1603.02720 (2020).

39. Bradford, E., Schweidtmann, A. M. & Lapkin, A. Efficient multiobjective optimization employing gaussian processes, spectral
sampling and a genetic algorithm. J. Glob. Optim. 71, 407-438. https://doi.org/10.1007/s10898-018-0609-2 (2018).

40. Schweidtmann, A. M. et al. Machine learning meets continuous flow chemistry: Automated optimization towards the pareto front
of multiple objectives. Chem. Eng. J. 352, 277-282. https://doi.org/10.1016/j.cej.2018.07.031 (2018).

41. Amar, Y., Schweidtmann, A. M., Deutsch, P.,, Cao, L. & Lapkin, A. Machine learning and molecular descriptors enable rational
solvent selection in asymmetric catalysis. Chem. Sci. 10, 6697-6706. https://doi.org/10.1039/C9SC01844A (2019).

42. Clayton, A. D. et al. Automated self-optimisation of multi-step reaction and separation processes using machine learning. Chem.
Eng. ]. 384, 123340. https://doi.org/10.1016/j.cej.2019.123340 (2020).

43. Cheng, Z. & O'Carroll, D. M. Photon recycling in semiconductor thin films and devices. Adv. Sci. 8, 2004076. https://doi.org/10.
1002/advs.202004076 (2021).

44. Kosten, E. D., Kayes, B. M. & Atwater, H. A. Experimental demonstration of enhanced photon recycling in angle-restricted gaas
solar cells. Energy Environ. Sci. 7, 1907-1912. https://doi.org/10.1039/C3EE43584A (2014).

45. Raja, W. et al. Photon recycling in perovskite solar cells and its impact on device design. Nanophotonics 10, 2023-2042. https://
doi.org/10.1515/nanoph-2021-0067 (2020).

46. Walker, A. W. et al. Impact of photon recycling on gaas solar cell designs. IEEE J. Photovolt. 5, 1636-1645. https://doi.org/10.1109/
JPHOTOV.2015.2479463 (2015).

47. Cho, C. et al. The role of photon recycling in perovskite light-emitting diodes. Nat. Commun. 11, 1-8. https://doi.org/10.1038/
$41467-020-14401-1 (2020).

48. Fu, X. et al. Directional polarized light emission from thin-film light-emitting diodes. Adv. Mater. 33, 2006801. https://doi.org/10.
1002/adma.202006801 (2021).

49. Nelder, J. A. & Mead, R. A simplex method for function minimization. Comput. J. 7, 308-313. https://doi.org/10.1093/comjnl/7.4.
308 (1965).

50. Rasmussen, C. E. & Williams, C. K. I. Gaussian Processes for Machine Learning (MIT Press, 2005).

Acknowledgements

The authors would like to thank the engineers and scientists, especially Daniel Griinbaum, at OSRAM Opto
Semiconductors GmbH in Regensburg for their exhaustive assistance and for providing the required optical
models and computational resources.

Author contributions

H.W. developed the physics-guided objective function, wrote and ran the code, devised the experiments and
edited the manuscript. C.W. and L.K. interpreted the acquired data in terms of the ray ping pong and contributed
application-specific knowledge about white light. R.B. analysed the results and advised how to avoid the Stokes
shift. A.L. provided code to evaluate and discuss multi-layer thin films. S.S. provided the calibrated optical model
of a white LED to conduct ray tracing simulations. M.L.S. and E.W.L. made substantial conceptional and edito-
rial contributions to this manuscript. All authors reviewed the manuscript and played a round of ray ping pong.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2022) 12:5226 | https://doi.org/10.1038/s41598-022-08997-1 nature portfolio


https://doi.org/10.1364/OE.21.010612
https://doi.org/10.1364/OE.26.023132
https://doi.org/10.1364/OE.25.006000
https://doi.org/10.1364/OE.22.023552
https://doi.org/10.1063/1.5050993
https://doi.org/10.1063/5.0034115
https://doi.org/10.1063/5.0047352
https://doi.org/10.1364/AO.35.005484
https://doi.org/10.1016/j.ijleo.2013.07.028
https://doi.org/10.1364/OE.22.0A1137
https://doi.org/10.1021/acsphotonics.7b01377
https://doi.org/10.1117/1.OE.58.6.065103
https://doi.org/10.1117/1.OE.58.6.065103
https://doi.org/10.1038/s41598-020-69754-w
https://doi.org/10.1038/s41598-020-69754-w
http://arXiv.org/2111.13667
http://arXiv.org/1603.02720
https://doi.org/10.1007/s10898-018-0609-2
https://doi.org/10.1016/j.cej.2018.07.031
https://doi.org/10.1039/C9SC01844A
https://doi.org/10.1016/j.cej.2019.123340
https://doi.org/10.1002/advs.202004076
https://doi.org/10.1002/advs.202004076
https://doi.org/10.1039/C3EE43584A
https://doi.org/10.1515/nanoph-2021-0067
https://doi.org/10.1515/nanoph-2021-0067
https://doi.org/10.1109/JPHOTOV.2015.2479463
https://doi.org/10.1109/JPHOTOV.2015.2479463
https://doi.org/10.1038/s41467-020-14401-1
https://doi.org/10.1038/s41467-020-14401-1
https://doi.org/10.1002/adma.202006801
https://doi.org/10.1002/adma.202006801
https://doi.org/10.1093/comjnl/7.4.308
https://doi.org/10.1093/comjnl/7.4.308

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to H.-W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:5226 | https://doi.org/10.1038/s41598-022-08997-1 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Directional emission of white light via selective amplification of photon recycling and Bayesian optimization of multi-layer thin films
	State of the art
	Hierarchical optimization as a product of weights
	Implementation
	Results
	Increase of directionality. 
	Ping pong with light rays. 
	Limits of directionality increase. 

	Conclusions
	References
	Acknowledgements


