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Abstract: Increasing the light extraction efficiency has been widely studied for highly efficient
organic light-emitting diodes (OLEDs). Among many light-extraction approaches proposed
so far, adding a corrugation layer has been considered a promising solution for its simplicity
and high effectiveness. While the working principle of periodically corrugated OLEDs can be
qualitatively explained by the diffraction theory, dipolar emission inside the OLED structure
makes its quantitative analysis challenging, making one rely on finite-element electromagnetic
simulations that could require huge computing resources. Here, we demonstrate a new simulation
method, named the diffraction matrix method (DMM), that can accurately predict the optical
characteristics of periodically corrugated OLEDs while achieving calculation speed that is a
few orders of magnitude faster. Our method decomposes the light emitted by a dipolar emitter
into plane waves with different wavevectors and tracks the diffraction behavior of waves using
diffraction matrices. Calculated optical parameters show a quantitative agreement with those
predicted by finite-difference time-domain (FDTD) method. Furthermore, the developed method
possesses a unique advantage over the conventional approaches that it naturally evaluates the
wavevector-dependent power dissipation of a dipole and is thus capable of identifying the loss
channels inside OLEDs in a quantitative manner.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Organic light-emitting diodes (OLEDs) are widely used in various display applications spanning
from mobile displays to large-area high-end televisions and also in lighting applications. They are
thinner and lighter than conventional devices and possess high color purity, making them flexible
and accessible to the true black level [1–5]. The process of light emission inside an OLED can be
divided into two steps: the injected charge carriers recombine through the emissive channel over
the non-radiative channel, and then the light escapes from the active layer to the free space. The
efficiency of the first process, the internal quantum efficiency, is close to unity [6]. However, even
with considerable research efforts, the efficiency of the latter, or the light extraction efficiency
(LEE), is still far from perfect and limits the overall power conversion efficiency of OLEDs.

The LEE of an OLED is constrained by the coupling to the bound modes such as substrate-
confined modes, waveguide modes in the organic layers, and surface plasmon polaritons (SPPs)
at the organic-metal electrode interfaces [7,8]. In a planar device, the excited bound modes can
never couple back to the radiative modes due to the wavevector mismatch between the modes,
but are dissipated as heat, which could also reduce the lifetime of the device. To extract energy
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from these bound modes to unbound radiation, researchers have investigated various strategies,
such as microlens arrays [9–11], nanoparticle-embedded scattering layers [12–14], nanoholes
[15], and low-index grids [16,17]. While these methods focus on extracting substrate-confined or
waveguide modes, periodic or quasi-periodic corrugations increase the efficiency by extracting
SPP modes as well as the waveguide modes [18–21]. Here, the periodic corrugation works as a
diffraction grating, which provides the extra crystal momentum required to match the wavevector
of a bound mode to that of free waves, allowing for the extraction of the energy that would
otherwise be lost as a waveguide mode and SPP modes.

Although the idea of using periodic corrugation for light extraction in OLEDs is straightforward
and easy to understand qualitatively, its quantitative analysis is challenging and generally requires
a large computational resource; it takes hours to days to numerically calculate LEE of a
periodically corrugated device using a typical high-performance server and conventional full-
wave electromagnetic simulation methods such as the finite-difference time-domain (FDTD)
method or the finite element method (FEM) [22–25]. This makes device geometry optimization
impractical [26]. Moreover, it is difficult to gain a quantitative understanding of how the different
modes are converted inside the device using conventional optical simulation methods. Although
there exist efficient methods to calculate the light emission inside planar devices based on plane
wave decomposition [27] and machine learning [28,29], these methods are not directly applicable
to corrugated devices.

There have been a few attempts that calculate the far-field emission patterns of corrugated
LEDs based on transfer or scattering matrices [30–34]. However, these methods lack an analysis
of the power dissipation through bound mode excitation and therefore cannot determine the LEE
of the device, as they do not calculate the Purcell effect, which eventually represents the net energy
emitted from the emitters. As a result, the calculation results cannot be quantitatively verified by
comparison with other full-field simulation methods. Wiessman devised an approximate approach
to treat periodically corrugated LEDs and verified the result using full-field simulations [35], but
this method is based on a perturbation theory and thus only applicable to a limited set of structures
such as shallow etched photonic crystals. Liu and Fan developed a rigorous coupled-wave
analysis (RCWA) software package that allows for tracking the wave diffraction behavior in
periodically corrugated structures [36], and there have also been more elaborate considerations
on the reciprocity between a light-emitting device and a solar cell [37,38]. However, these efforts
were not applied to the problem of light emission from a periodically corrugated structure.

In this work, we developed a rigorous and fast optical simulation method for periodically
corrugated OLEDs. By tracking the polarization and mode conversion via diffraction inside a
device, the developed method, which we call the diffraction matrix method (DMM), provides an
efficient way to quantitatively analyze the light emission from both point sources and planarly
layered sources in corrugated OLEDs. The validity of the DMM method is checked by comparing
it with FDTD simulations, and the results show that the values predicted by the DMM method
are in close agreement with those given by FDTD, yet DMM is about 102 to 104 times faster
than FDTD at the same accuracy. Furthermore, it is demonstrated that the DMM allows for an
analysis of the loss channels in OLEDs by obtaining the power dissipation density as a function
of in-plane wavevector.

2. Methods

Before we discuss how to calculate the light extraction properties of a periodically corrugated
OLED, it would be instructive to understand the light emission in a simpler version of the device,
a planar OLED. A planar OLED consists of vertically stacked layers of different materials with
various refractive indices. Also, the light emission from an electron-hole recombination can be
treated as a dipolar emission [39]. As an example, Fig. 1(a) shows a simplified schematic of a
planar OLED, whose active layers are composed of organic semiconductors and light-emitting
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dipole is embedded inside the organic layer. For structural simplicity, we ignored the glass-
substrate layer and assumed that the OLED is top-emitting so that light cannot pass through the
bottom metallic layer. Here, if we consider a wave component with a certain in-plane wavevector
(k∥ =

√︂
k2

x + k2
y ), no matter how many times reflection or transmission happens, its in-plane

wavevector is conserved due to the planar symmetry of the device. Therefore, all the partial waves
represented as the black arrows in Fig. 1(a) occupy a single point in the in-plane k space shown
in Fig. 1(b) and do not interact with the partial waves having different in-plane wavevectors. By
leveraging this property, it is possible to efficiently compute the light emission property of a
dipolar emitter by decomposing the dipolar emission into a sum of plane waves and then tracking
the propagation of each plane wave group defined by an in-plane wavevector using simple scalar
operations [27]. This method, which was proposed by Chance, Prock, and Silbey [27], allows for
a fast simulation of light emission from a planar device that is a few orders of magnitude faster
than general-purpose full-wave electromagnetic simulation methods such as FDTD and FEM.

Fig. 1. Diffraction and reciprocal space of a corrugated OLED. (a) Schematic illustra-
tion of simplified ray propagation in a planar OLED. The arrows represent the decomposed
plane waves, as well as the reflected and transmitted plane waves. (b) Plane waves in the
organic layer of a planar OLED can be sorted into three modes: Unbound mode, waveguide
mode, and SPP mode. The black arrows in (a) are located inside the unbound region. (c)
Schematic illustration of simplified ray propagation in a periodically corrugated OLED.
Diffraction occurs at the corrugated layer boundary, and the diffracted plane waves interfere
with other plane waves (red and green arrows). Evanescent waves are also generated (yellow
and blue arrows). (d) The plane waves in (c) are represented by points in reciprocal space
with the same color-coding. Neighboring points are spaced by the crystal momentum which
is G = 2π/P in the reciprocal space. The plane wave that corresponds to the red point is the
only one inside the unbound regime, where the power can be extracted outwards. The green
arrow belongs to the waveguide mode and experiences total internal reflection at the top
boundary. The yellow and blue arrow are in the SPP mode regime.

Plane wave components inside OLEDs can be roughly sorted into three modes depending on
their in-plane wavevectors (k∥) as depicted in Fig. 1(b). Unbound mode is a plane wave inside
the light cone (k∥ ≤ k0 = ω/c) that can be extracted from the device. Waveguide mode is bound
mostly inside the organic layer and is defined by k0<k∥ ≤ norgk0, where norg is the refractive
index of the organic active layer. Finally, if k∥>norgk0, the mode can only exist in the form of a
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surface bound mode at a metal-dielectric interface and is thus called surface plasmon polariton
(SPP) mode [7,8]. It is important to note that, in a planar device, only the unbound mode can be
extracted but the waveguide and SPP modes cannot leave the device and their energy is dissipated
as heat.

Periodic corrugation has been studied as a way to extract energy from the bound modes that
have been previously dissipated as heat in planar OLEDs [18]. The dynamics of light propagation
inside a periodically corrugated OLED is much more complicated compared to that in a planar
device. When a one-dimensional corrugation along x-direction with a period of P is present, as
shown in Fig. 1(c), the in-plane wavevector of a wave is no longer conserved in x-direction but
satisfies the following relation due to diffraction:

kx,m = kx + mG, G =
2π
P

(1)

where kx is the x-component of the incident wavevector and kx,m is the x-component of the
m-th order diffracted wave. Figure 1(d) shows the corresponding wavevectors represented in
the reciprocal space with the identical color coding as in Fig. 1(c). The distance between the
neighboring two points is G as provided in Eq. (1). These plane waves form a group that is
uniquely defined for a k-point in a Brillouin zone. The energy conversion due to diffraction
occurs only between the plane waves belonging to the group. This implies that, as depicted in
Fig. 1(c), there is a chance that the waveguide modes and the SPP modes can diffract back into
the light cone and thus be extracted.

Mode conversion induced by the diffraction affects the light extraction mechanism of the device.
In this work, as an extension of the transfer matrix method (TMM), we devise a diffraction matrix
method (DMM), which enables the tracking of mode-conversion among the diffracted waves in a
periodic structure. For simplicity, here we consider an OLED example where we have a periodic
corrugation only in the bottom metallic layer and the top layers are flat as shown in Fig. 1(c).
The definitions of symbols used in this article are summarized in Table 1.

The formation of diffraction matrices is visualized in Fig. 2. Unlike the case of a flat interface
shown in Fig. 2(a), a periodically corrugated interface can change both the in-plane wavevector
and the polarization of the incident wave by diffraction, as illustrated in Fig. 2(b). We first define
an N = 2M + 1-dimensional vector Ain whose components are the complex amplitudes of the
incident plane waves belonging to the same diffraction group (see Section S1 of Supplement 1
for detailed definition of complex amplitude (ux)):

Ain =
[︂

ain(ux,−M), · · · ain(ux,−1), ain(ux,0), ain(ux,1), · · · ain(ux,M)

]︂T
(2)

Here, M determines the number of diffraction orders used in the calculation, and u = k/(norgk0)
is the normalized wavevector. The reflected waves can be similarly described by using a vector
Ar. Ar is related to Ain by the relation Ar = RAin, where R is a N × N reflection matrix whose
component, rm,n, is the diffraction-resolved complex reflection coefficient for the diffraction from
ux,n to ux,m. For notational simplicity, we define the indices of a diffraction matrix to run from -M
to M. The complex diffraction coefficients, even for the evanescent modes, are calculated using
rigorous coupled-wave analysis (RCWA) with the RETICOLO RCWA package [40].

To take polarizations into account for conical diffraction, the diffraction matrices need to be
extended [41]. Considering every possible combination of mode conversion between transverse
magnetic (TM) and transverse electric (TE) modes, the size of A should be doubled with
the first half accounting for TE and the second half belonging to the TM polarized waves,
and the diffraction matrices should also be extended as follows (see Fig. 2(b) for a schematic
representation):

A =
⎡⎢⎢⎢⎢⎣

ATE

ATM

⎤⎥⎥⎥⎥⎦ (3)

https://doi.org/10.6084/m9.figshare.22811681
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Table 1. Definition of symbols used in DMM

Symbol Definition Symbol Definition

P Period of corrugation G Crystal momentum (2π/P)

k Wavevector of a plane wave norg Refractive index of the organic layer

k0 Wavenumber of a plane wave in free space u Normalized wavevector k/(norgk0)

a (u) Complex electric field amplitude of plane
wave with a wavevector u A Diffraction group of a

M Highest diffraction order considered in
calculation N Total number of diffraction orders

considered in calculation (2M+1)

R+,−
Transfer matrix describing wave reflection
at the top (+) and the bottom (−) interface P+,−

Transfer matrix describing wave
propagation within the organic layer above

(+) and below (−) the emission plane

C+,− P+P−R+,− T+(u) Transmittance at the top interface

p0 Electric dipole moment of an emitter F∞

Net power emitted from an emitter (or
emitting plane) in a bulk material with

refractive index norg

K(u)
Power dissipation density by an emitter (or
emitting plane) through wave emission with

a wavevector u in a device
F Net power emitted from an emitter (or

emitting plane) in a device

Kout(u)
Radiative power density escaping from a

device through plane waves with a
wavevector u

Fout Net radiative power escaping from a device

LEE Light extraction efficiency (Fout/F) η Purcell factor (F/F∞)

nRCWA
Number of Fourier orders considered in

RCWA nBZ
Number of sampled k points in the

Brillouin zone

Fig. 2. The diffraction matrix formalism. Diffraction matrix formation for the planar
boundary (a) and the periodically corrugated boundary (b) At the planar boundary, the
magnitude of in-plane wavevector and the polarization are conserved upon reflection.
Therefore, the diffraction matrix will be a diagonal matrix. However, at the periodically
corrugated boundary, power is transferred to planewaves with different in-plane wavevector
and polarization. Therefore, non-diagonal elements may have non-zero values.
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R =
⎡⎢⎢⎢⎢⎣

RTE→TE RTM→TE

RTE→TM RTM→TM

⎤⎥⎥⎥⎥⎦ (4)

As illustrated in Fig. 2, the diffraction matrix for a planar interface only has diagonal components,
whereas the diffraction matrix for a corrugated interface has off-diagonal components with
non-zero values due to the coupling among the diffraction channels and polarization conversion
(see Supplement 1, Fig. S1, for the calculated diffraction matrices for actual structures).

The propagation inside the organic material above and below the emission plane can be
described by using diagonal matrices P+ and P−, respectively. The polarization-independent
m-th diagonal element of the propagation matrices is defined as PTE,TM

± m,m = eikz,mh± , where
kz,m = (n2

orgk2
0 − (kx + mG)2 − k2

y )
1/2 is the out-of-plane wavevector and h+ and h− are the

thickness of the organic layer above (h+ = horg − hdip) and below (h− = hdip − 1/2 · hcorr) the
emitter, respectively. We note that, to get an accurate result, it is important to take into account
evanescent waves with imaginary kz,m.

To characterize the light emission from an emitter inside an OLED, two important quantities
should be obtained: the total power emitted by the emitter inside the device (F) and the outcoupled
light power that eventually escapes the device (Fout). Their ratio, Fout/F, determines the light
extraction efficiency (LEE) for the emitter [42,43]. The total emitted power by an oscillating
electric dipole with frequency ω and dipole moment p0p̂, where p̂ is a unit vector specifying the
dipole orientation, can be obtained from the electric field Eemit at the dipole position r0 [44],

F = −
1
2

Re
{︃∫

E(r) · j∗(r)d3r
}︃

=
1
2
ωp0p̂ · Im{Eemit(r0)}

=
1
2
ωp0p̂ · Im

{︄
n2

orgk2
0

4π2

∫∫ ∞

−∞

Eemit(u)eik·r0duxduy

}︄
=

n2
orgk2

0

4π2

∫∫ ∞

−∞

K(u)duxduy,

(5)

where j is the current density associated with the dipole. K(u) determines the emitted power
density as a function of in-plane wavevector as follows [44]:

K(u) =
1
2
ωp0p̂ · Im{Eemit(u) · eik·r0 }. (6)

It is important to note that, even with the same dipole moment, the emitted power from a dipole
can be significantly different depending on its optical environment; Eemit is not only affected
by the electric field produced by the dipole itself but also depends on the electric field of the
additional waves formed by multiple reflections inside the device. Therefore, Eemit can be written
as the sum of three components,

Eemit = E0 + Eup + Edown, (7)

where E0 is the contribution of the plane waves initially emitted from the dipole and Eup and
Edown are from the secondary waves propagating upward and downward after reflections. The
complex electric amplitude A0, Aup, and Adown are obtained by using the following relation (the
conversion between the complex amplitude a and the electric field E are provided in Supplement

https://doi.org/10.6084/m9.figshare.22811681
https://doi.org/10.6084/m9.figshare.22811681
https://doi.org/10.6084/m9.figshare.22811681


Research Article Vol. 31, No. 12 / 5 Jun 2023 / Optics Express 20416

1):
A0 = XA± (8)

Aup = P−R−(I − C+C−)
−1(P−XA− + C+P+XA+) (9)

Adown = P+R+(I − C−C+)−1(P+XA+ + C−P−XA−). (10)

A+ and A− are the complex amplitudes of the waves emitted upward and downward, respectively,
from a dipole with the same dipole moment located at the origin. The values of the decomposed
electric amplitude A± are specified in Table 2 [33,45]. X is a diagonal matrix, XTE,TM

m,m = e−ikm ·r0 ,
takes into account the actual position (r = r0) of the dipole in Fourier transformation. R+ and
R− are the reflection matrices for the top and bottom interface of the organic layer, respectively.
(I − C+C−)

−1 accounts for the infinite reflection in the organic layer, where C± = P+P−R±.
When the dipole is located in an infinite bulk material with the index norg, only the direct emission
term, A0, survives and the secondary contributions, Aup and Adown, vanish since there is no
reflection. In this case, the total emitted power by the dipole is F∞ = norgcp2

0k4
0/(12πϵ0). The

Purcell factor, η, which describes the enhancement of a spontaneous emission rate, is defined as
the ratio of F in the device to F∞ , η = F/F∞ [42].

Table 2. Electric amplitude of a plane wave for different dipole
orientations and polarizations.

a±
(︂

ip0k0
2norgϵ0

)︂−1
TE TM

x-oriented dipole uy/uzu∥ ±ux/u∥
y-oriented dipole −ux/uzu∥ ±uy/u∥
z-oriented dipole 0 u∥/uz

The outcoupled light power, Fout, can be obtained from the electric amplitude of the waves at
the top surface of the organic layer, Atop, which can be obtained from the following relation:

Atop = (I − C−C+)−1(P+XA+ + C−P−XA−) (11)

The interpretation of this relation is evident: the waves at the top surface consist of the
infinite reflections ((I − C−C+)−1) of (1) the waves that are initially emitted upward from a dipole
at r = r0 and propagate to the top surface (P+XA+), (2) the waves that are initially emitted
downward, propagate to and reflect from the bottom surface, and then propagate to the top surface
(C−P−XA− = P+P−R−P−XA−). The outcoupled power density at a given wavevector u can be
obtained from the electric amplitude at the top surface using the following relation [33]:

Kout(u) =
1
2

norgcϵ0 |atop(u)|2Re(uz)T+(u) (12)

where T+(u) is the transmittance of the top surface for the normalized wavevector u and Re(uz)

accounts for the vertical energy flow. The net outcoupled light power is obtained by summing up
Kout over the reciprocal space [33].

Fout =
n2

orgk2
0

4π2

∫ ∞

−∞

∫ ∞

−∞

Kout(u)duxduy (13)

The simulation time and accuracy of the developed DMM method are affected by two
factors: the number of Fourier orders considered in RCWA calculation (−nRCWA : nRCWA)
and the reciprocal space resolution (∆k). nRCWA determines the accuracy of the reflection
and transmission coefficients calculated in RCWA, since the shape of a periodic corrugation
can be represented more accurately in the reciprocal space with more Fourier harmonics. ∆k

https://doi.org/10.6084/m9.figshare.22811681
https://doi.org/10.6084/m9.figshare.22811681
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determines the distance between two nearest sampling points in the reciprocal space, and the
number of sampling points in the Brillouin zone is given by nBZ = G/∆k. As nBZ increases, the
numerical integration of LEE and Purcell factor becomes more accurate. The computation time
is roughly proportional to the square of nRCWA and nBZ for devices with one-dimensional periodic
corrugation (see Supplement 1 for more details). In most cases, the size of the diffraction matrix
(N = 2M + 1) has a lower impact on the accuracy of the calculation compared to nRCWA or nBZ
as long as N is large enough to cover surface plasmons at metal-dielectric interfaces since the
power fraction of the dipole emission becomes almost negligible beyond that point. Here, we set
N to cover |u∥ | ≤ 2.5 in the reciprocal space.

3. Results and discussion

The DMM developed in this work is demonstrated using a simplified OLED structure at a fixed
emission wavelength of λ0 = 520 nm throughout the article, assuming a green phosphorescent
light. As shown in Fig. 3(a), the structure consists of three layers: a periodically corrugated
semi-infinite Al electrode with the period P = 340 nm and the peak-to-peak corrugation amplitude
hcorr = 20 nm, an organic layer with the refractive index norg = 1.8 and the height horg = 225 nm,
and a thin Ag electrode of the thickness hAg = 15 nm. The complex permittivities of the Al and
Ag electrodes at λ0 = 520 nm are taken from Palik et al. [46]. The corrugation is set to have a
square profile with 50% duty cycle. The emission layer of the device is located hdip = 65 nm
above the center of the corrugation.

Fig. 3. Far-field computation results of DMM. (a) A simplified schematic of a corrugated
OLED with a point emission source. (b) and (c) show the far-field intensity of the corrugated
OLED with a point source simulated by DMM and FDTD, respectively. Both images show
the same far-field intensity pattern, ignoring the ripples in the FDTD simulation result.
(d) A simplified schematic of a corrugated OLED with planar inhomogeneous emission.
The structure parameters are the same as described in (a). Subfigures (e) and (f) show the
calculated far-field intensity of the corrugated OLED with planar inhomogeneous source
analytically integrated by DMM and the average of multiple dipole positions simulated by
FDTD, respectively.

https://doi.org/10.6084/m9.figshare.22811681
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We first compare DMM with the conventional FDTD method for a single emitter illustrated in
Fig. 3(a). The emitter is assumed to be isotropic, whose optical properties can be obtained by
averaging the optical responses of x, y, and z-oriented dipoles. The horizontal position of the
single emitter is the center of the two neighboring metallic grating. The converged value of the
overall LEE (and Purcell factor) obtained by using DMM and FDTD are 15.89% (1.268) and
15.96% (1.243), respectively, confirming that the two methods quantitatively agree within 2%
(see Section S4 of Supplement 1 for detailed results). The extracted light from an OLED can
be decomposed according to its wavevector or direction of propagation. The far-field emission
patterns of the model device calculated using DMM and FDTD are displayed in Fig. 3(b) and 3(c),
respectively, which also show good agreement with the diffraction arcs and the emission peaks
appearing at the same position in the reciprocal space. However, a high-frequency ripple-like
feature is observed only in the FDTD result (Fig. 3(c)) due to the finite simulation space, as
shown in Figure S4. On the other hand, the result from DMM does not suffer from such an
artifact since DMM intrinsically deals with an infinite real-space by formulating problem in the
reciprocal space.

To evaluate the overall light emission properties of an OLED device, it is necessary to integrate
the responses of numerous incoherent emitters in the emission plane, as depicted in Fig. 3(d).
Since both the orientation of a dipole and its position relative to the corrugation affect the
emission properties of the dipole [26,47], the conventional way to solve this problem is to run
multiple single-dipole simulations with various dipole orientations and positions, and average
the resulting responses. For our example device with one-dimensional corrugation, more than 12
simulations (4 positions× 3 orientations each) are required to ensure convergence (see Section
S6 of Supplement 1 for a detailed analysis).

Unlike conventional methods, DMM can accurately calculate the averaged emission properties
of an emission plane at the same computational cost as a single dipole simulation. Since the
diffraction matrices are unaffected by dipole orientation, and the information of the dipole position
r0 is encoded only in X, it is possible to analytically perform integration over the dipole position
and orientation without the effort of running multiple simulations (see Section S7 of Supplement
1 for mathematical formulation). As shown in Fig. 3(e) and 3(f), the calculated far-field intensity
patterns from an emission plane using DMM and FDTD (averaged over 7 dipole positions and 3
dipole orientations) match with a 1.19% difference in LEE. The overall LEE of the corrugated
OLED is estimated to be 14.49%, which is a 26% enhancement compared to the flat device with
the same layer thicknesses.

We then compared the simulation speed of DMM and FDTD for various light emission
problems. Here, we used a server computer equipped with two Intel Xeon Gold 5220 CPUs @
2.20 GHz and 256GB of RAM for both simulation methods. In order to make a fair comparison
between the methods, we chose the parameters of each calculation method - nRCWA, ∆k, and
N for DMM, and the mesh size and the simulation volume for FDTD - as they minimize the
calculation time while ensuring convergence within 1% of ground truth value based on Section
S8 of Supplement 1. As summarized in Fig. 4(a), for the point emitter presented in Fig. 3(a)-(c),
DMM (185 s) is about 60 times faster than FDTD (11,200 s). For the planar emission shown
in Fig. 3(d)-(f), DMM achieves an additional speedup factor of twelve accounting for various
dipole positions and orientations, making it 780 times faster than FDTD.

It is important to note that DMM can be much more efficient in case the diffraction matrices
can be reused, since the determination of the diffraction coefficients using RCWA consumes
95% of the computation time (see Section S9 of Supplement 1 for detailed process flow). As
the diffraction coefficients are only dependent on the structural parameters for the periodic
corrugation, changing other parameters, such as dipole position, dipole orientation, and the
thicknesses of the composing layers, leaves the diffraction matrices unchanged. Consequently,
DMM has a strong advantage at performing optimizations or parametric sweeps, or even applying

https://doi.org/10.6084/m9.figshare.22811681
https://doi.org/10.6084/m9.figshare.22811681
https://doi.org/10.6084/m9.figshare.22811681
https://doi.org/10.6084/m9.figshare.22811681
https://doi.org/10.6084/m9.figshare.22811681
https://doi.org/10.6084/m9.figshare.22811681
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Fig. 4. Speedup in structure optimization using DMM. (a) Histogram comparing the
computational time of DMM and FDTD for calculating the LEE of a single dipole emission,
planar inhomogeneous emission, and planar inhomogeneous emission in 225 different
conditions (varying organic layer thicknesses and dipole heights). The histogram shows that
DMM is faster than FDTD for all cases. (b) LEE distribution for 15 different organic layer
thicknesses (ranging from 140 nm to 280 nm with 10 nm increments) and 15 different dipole
heights (ranging from 50 nm to 120 nm with 5 nm increments) for the structure shown in
Fig. 3. The diffraction matrices can be reused because the corrugation structure parameters
remain unchanged.

machine learning techniques to these parameters by methods, as are done for planar OLEDs
[28,48]. As an example, the LEE calculation of planar emission in a corrugated OLED with 225
different combinations of hdip and horg using DMM is shown in Fig. 4(b). We could easily find
the optimal parameters hdip and horg. Since the diffraction matrices are reused after the initial
calculation, the measured additional time required to simulate a different structure is only 5%.
The optimized parameters are slightly different as hcorr increases (see Section S10 of Supplement
1 for detailed information). The overall calculation time of 225 different OLED devices using
DMM is 2536 s, which is over 104 times faster than FDTD and even shorter than the time of a
single FDTD simulation, as shown in Fig. 4(a). As a final remark, we note that DMM discretizes
the light emission problem in the reciprocal space and thus it is possible to significantly reduce
the simulation time in case one needs the light emission properties at a small set of in-plane
wavevectors or emission angles.

DMM is not only faster than conventional full-wave simulation methods but is also advantageous
in quantitative mode analyses. Since DMM is formulated in reciprocal space, it naturally enables
a quantitative analysis of power dissipation channels of the device according to their wavevectors.
Figure 5(a) and 5(b) compare the reciprocal space distribution of the power dissipation density,
K(u), in planar and corrugated OLED devices. In the device without corrugation, K(u) is
distributed isotropically, exhibiting a few concentric rings associated with the characteristic
eigenmodes residing in the device. As seen in Fig. 5(c), obtained by azimuthal integration of
Fig. 5(a) and 5(b), a large fraction of power is dissipated into three distinct modes peaked at u =
0.61, 0.85, and 1.02, of which the former two are the fundamental and second-order waveguide
modes (WG1, WG2) and the latter is the surface plasmon polariton mode (SPP) at the interface
between the organic layer and the bottom electrode. When x-directional periodic corrugation
with ∆u = 0.85 is applied, strong diffraction arcs appear, and two WG2 modes are diffracted
to the Γ point by 1st and -1st diffraction, overlapping each other as shown in Fig. 5(b). Due to
mode conversion from the WG2 mode, normal directional outcoupled power in the corrugated
device is enhanced by more than threefold compared to the planar device, as seen in the angular
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emission pattern in Fig. 5(d). WG1 mode and SPP mode can also be diffracted into the light
cone and achieve some chance to escape the device with non-zero in-plane wavevectors as seen
in Fig. 5(b). As a result, the corrugated device emits better than its planar counterpart even at
off-normal angles (Fig. 5(d)).

Fig. 5. Power dissipation mode analysis. (a), (b) Power dissipation density pattern for
(a) a planar OLED and (b) a corrugated OLED (hcorr = 20 nm). The corrugation induces
diffraction which leads to the shift of dissipation density pattern by the crystal momentum
(G). (c) Circular integration of power dissipation density pattern. High power dissipation
peaks in the SPP mode is broadened. (d) Angular dependence of outcoupled power of planar
and corrugated OLED. Outcoupled power of corrugated OLED outperforms that of planar
OLED, especially in normal direction. The values in (a), (b) are normalized so that the
integration of the color plot leads to the Purcell factor.

The presented method can be readily extended to devices with two-dimensional corrugation.
An OLED device with a two-dimensional corrugation is considered as shown in Fig. 6(a). It
shares the same structural parameters as 1D corrugation, and for simplicity, we assume the
corrugation to be a square grating with Px = 340 nm, Py = 340 nm. The horizontal position of
the single emitter is at the center of the four metallic slabs which form a square. In this case,
the in-plane wavevectors of the diffracted waves also form a square lattice in reciprocal space as
shown in Fig. 6(b). The trivial representation of the diffraction coefficients for a two-dimensional
corrugation would be a rank 2 matrix, but in order to use the identical formalism used for
one-dimensional corrugation, we flatten the matrix representing the diffraction coefficient into a
column vector. As the diffracted waves from a single plane wave are represented by a vector as in
1D corrugation, implementation of DMM for a 2D corrugated OLED can be done without further
complication (see Section S11 of Supplement 1 for the detailed description of the method). As
shown in Fig. 6(c), the resulting power dissipation density shows the distinctive diffraction arcs
associated with the crystal momentum and the C4 symmetry of the square corrugation. Due
to the power conversion from the second-order waveguide mode to the outcoupled modes, the
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overall LEE of the device is enhanced by 44.5% and 17.1% compared to the flat device and the
1D corrugated device with the same periodicity, respectively.

Fig. 6. DMM method for OLED with 2D corrugation. (a) A simplified schematic 2D
corrugated OLED with the point emission source. (b) In-plane wavevectors of the diffracted
planewaves are represented as dots in the reciprocal space. The distance between the two
neighboring dots is equal to Gx = 2π/Px or Gy = 2π/Py. (c) Power dissipation pattern of a
2D corrugated OLED calculated by DMM. The white and red concentric rings represent
the boundaries between the unbound and the waveguide, the waveguide and the SPP mode,
respectively.

4. Conclusion

In this work, we have developed a computational method, DMM, that enables the calculation
of the dipole emission and its outcoupling in a periodically corrugated OLED device. The
effectiveness of DMM was examined by making a direct comparison with FDTD. The LEE
and Purcell factor calculation results using DMM and FDTD agrees within an error smaller
than 2%, while DMM runs ∼60 times faster. DMM achieved ∼104 speedup for performing
optimizations of grating-unrelated parameters by reusing the diffraction matrices. Additionally,
DMM is capable of conducting power dissipation analysis, which is impossible in FDTD. Power
dissipation analysis resolves power dissipation channels into an unbound mode, a waveguide
mode, and an SPP mode. Such analysis helps identify energy loss channels. We successfully
extended DMM to OLEDs with 2D corrugation and demonstrated good agreement with FDTD
results within a 3% error. Code 1 for DMM is available on GitHub [49], and further development
will be pursued.

It should be noted that DMM provides accurate solutions only for devices with perfect
periodic corrugations, since it reduces the complexity of electromagnetic simulations by using
discrete bases defined by the crystal momentum. However, we anticipate that DMM, with some
modification, could also handle problems with a non-perfect or quasi periodicity by decomposing
the problem into a linear combination of periodic devices with different periodicities and
orientations.

We envision that DMM would enable the search for an optimal corrugated LED structure that
provides higher LEE than that of an optimal planar device. Moreover, DMM can be utilized for
characterizing the optical properties of any photonic device that involves a wide-angle incidence
within periodic geometry such as perovskite LEDs and quantum dot (QD) displays.
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