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ABSTRACT

This paper provides novel design guidelines for highly directional emission from PhC-based AlGaInP/InGaP MQW color converters (CC) in
a thin-film geometry through an in-depth analysis of the measured azimuthal and spectrally resolved farfield emission patterns and a modal
analysis based on coupled-mode theory and a herein-developed model for quantifying the spontaneous emission distribution between guided
modes. The fabricated CC can exhibit directionality up to ~5 times higher than that of Lambertian emitters close to normal incidence. We
believe that all the novel insights set through our analyses help in properly controlling the emission directionality from photonic-crystal-based
MQW CC at the display level, which would eliminate the need for additional external optics. This could pave the way for the use of MQW CC

to achieve compact full-color microdisplays on a single wafer.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0085930

I. INTRODUCTION

Color conversion is a key-technology strategy for many appli-
cations in the field of optoelectronics, e.g., solid-state lighting,l’3
optical communication,’ and, most recently, displays.”” Particularly
in display applications, it has been foreseen as a credible alternative
to native RGB emission on the same substrate for achieving mono-
lithic full-color microdisplays.® State-of-the-art color-conversion
based microdisplays use semiconductor quantum dots (Q-dots),
which suffer from photostability issues and low light absorption in
the blue spectral range leading to color converters (CC) with thick-
nesses larger than 5 ym.”” The former makes them not compatible
with applications involving very high luminance (need for photo-
stability), while the latter may cause aspect ratio issues for pixel
lateral sizes under 5 ym, typical in microdisplays.'’ Therefore, inor-
ganic MQW semiconductor color converters (CC) could gain a lot

of ground due to their better photostability and higher blue light
absorption.”* However, their practical use for microdisplays has not
been implemented yet because of their low light extraction efficiency
(LEE) inherent to their high refractive indices, which drastically
limits their conversion efficiencies.

Besides, additional application-driven requirements have to be
taken into account, in particular for microdisplays where the res-
olution is a key-element in the product development. Indeed, in
such applications, pixel lateral sizes can be less than 5 ym, which
means that not only most of the emitted light must be extracted
out of the CC, but also the extraction length (the lateral extent
needed to extract most of the guided light) needs to be shorter than
the pixel lateral size.'" In addition, the next generation of near-eye
microdisplay applications such as virtual, augmented, and mixed
reality requires image sources with directional emission to elimi-
nate the need for additional external optics, which tends to make
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them heavy and bulky.'”'" All the aforementioned issues have to be

circumvented in order for the inorganic MQW semiconductor CC
to become credible alternatives to Q-dots in microdisplay applica-
tions involving very high luminance (need for photostability) and
compact integration schemes (need for CC with thickness <5 ym).

Photonic crystals (PhCs), which are periodic dielectric mod-
ulations at wavelength-scale, have already been widely applied to
enhance LEE in high refractive-index materials.”* " In addition,
it has also been shown that they could exhibit strong interaction
with guided Bloch modes when combined with thin-film devices,
which could lead to very short extraction lengths.'® In a recent study,
our group has reported on the first PhC based AlGaInP/InGaP
MQW CC fully optimized for blue-to-red and green-to-red color
conversions in microdisplays. The thickness of the epitaxial layer
was around 600 nm and we demonstrated that with PhCs etched
at around a third of the total thickness, quasi-complete light-
outcoupling could be achieved within very short extraction lengths
(<3 ym), far shorter than any other characteristic lengths."”

Due to the coherent nature of their diffraction processes, PhCs
are also able to directly shape farfield patterns to achieve direc-
tional emission and super-Lambertian emission (more directional
than Lambertian emission) has already been reported in various
devices, mostly light-emitting diodes (LEDs). However, the large
number of guided-modes due to their thick epitaxial structures and
metal absorption due to the presence of metallic layers for electrical
injection made the guided-mode identification very tricky and left
only a little room for achieving highly directional emission.'**’ **
AlGaInP/InGaP MQW CC, on the other hand, have different char-
acteristics than LEDs. Indeed, their epitaxial layers can be made
thinner (<1 ym, supporting a lower number of guided modes)
and they can be fabricated as stand-alone structures on transpar-
ent substrates (no metal absorption).”” In the framework of color
conversion, using PhCs could thus be an interesting route to prop-
erly engineer the directionality of the emission at the display level
through a better control of the guided-mode extraction, which is still
one of the key issues in our targeted applications.”

This paper provides novel design guidelines for highly direc-
tional emission from PhC-based AlGaIlnP/InGaP MQW CC in
thin-film geometry through an in-depth analysis of the measured
azimuthal and spectrally resolved farfield emission patterns and
a modal analysis based on coupled-mode theory and a herein-
developed model for quantifying the spontaneous emission distri-
bution between guided modes. The paper is organized as follows:
Sec. 1T outlines the fabricated structures and the measurement setup
used for farfield emission pattern measurements, while Sec. III
defines the key figure of merit (FoM) to assess the directionality of an
emitter. The experimental results are analyzed in Sec. I'V, proposing
a thorough design methodology to achieve highly directional emis-
sion from MQW CC and highlighting some novel design guidelines
for such structures.

Il. EXPERIMENTAL DETAILS
A. Fabricated structures

The AlGalnP epitaxial structure (see Table I) is transferred onto
a transparent substrate using oxide-mediated molecular bonding
with a high bonding yield** [>90% as shown in Fig. 1(a)].

scitation.org/journal/adv

The GaAs substrate and layers 1, 2, and 3 were subsequently
removed using highly selective wet etching techniques. The thick-
ness of the remaining CC is, therefore, ~600 nm, which is enough
for complete blue light absorption. The PhC patterns were subse-
quently defined using e-beam lithography followed by RIE etch-
ing techniques. A detailed flow chart of all the fabrication steps
is provided in the supplementary material (Note I) for more
information.

Square lattices with two different types of patterns have been
fabricated: a square lattice of air holes and a square lattice of nanopil-
lars. In the following, they will be referred to as holes and pillars,
respectively. Square lattices are chosen to match the square geome-
try of the mesas formed by the y-Leds in a 2D array configuration for
microdisplay applications. PhCs were etched at around one third of
the total thickness of the epitaxial structures to ensure efficient cou-
pling between the guided Bloch-modes supported by our CC and the
PhC patterns.'? Besides, the lateral extent of all PhCs were chosen to
be 100 periods so that the CC can be considered laterally “infinite.”
Indeed, their lateral extents are far longer than the extraction lengths
of the PhCs, which are less than 3 ym in the range of our lattice
periods."’

For each pattern type, different structures with different lattice
periods have been considered: lattice periods from 400 to 550 nm
with a step of 50 nm. The lower and upper limits are to ensure that
(i) each of the guided modes supported by our CC can be prone
to diffraction into air and (ii) there can be enough diffractive ele-
ments in pixels whose lateral dimensions are compatible with the
high-resolution of y-Led displays."’

In Figs. 1(b)-1(d), a cross section of the color-converter on
a transparent substrate and scanning electron microscopy (SEM)
images of some of the fabricated structures are displayed.

B. Measurement setup for back focal plane imaging

5,26

We use back focal plane (BFP) imaging””® to properly ana-
lyze the radiation pattern properties of the PhC-based CC. In this
framework, a 405 nm laser line was focused on the sample at nor-
mal incidence by a microscope objective (MO) called the excitation
objective with NA = 0.75. This numerical aperture is enough to col-
lect most of (>85%) the emitted light and evaluate the directionality
of our PhC-based CC due to the highly directional nature of their
emission (see Sec. IV and Ref. 19). The photoluminescence (PL)
signals were collected by the same excitation objective.

To evaluate the directionality of our structures, we first measure
the 2D momentum space (kx, ky) distribution of the PL signal emit-
ted from the CC and integrated over the whole emission spectrum
by directly collecting the image of the BFP with a CCD camera. This
corresponds to the so-called azimuthal farfield radiation patterns
and will be plotted in polar coordinates in the following sections,
as displayed in Fig. 2(a).

Next, to have a better insight into the guided-mode extrac-
tion, we measure the energy-momentum dispersion diagram of our
PhC-based CC by using an entrance slit [see Fig. 2(b)]. This pro-
vides the so-called spectrally resolved farfield patterns which are
collected along the I'X direction of our structures. More details about
the experimental setup can be found in the supplementary material
(Note II).
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TABLE . lll-V epitaxial growth layer structure and characteristics.

scitation.org/journal/adv

Layer Material Thickness
0: Substrate GaAs 625 ym
1: Buffer layer U-GaAs 200 nm
2: Etch-stop layer U-InGaP 300 nm
3: Sacrificial layer U-GaAs 50 nm
4: Cladding U—(Alsza1_x2)o_5zlno,48P 200 nm
5: MQW barrier U—(Alxl Gal_xl )0_5211’10_431) 70 nm
6: MQW region 4xU-InyGa;—yP/ 4.4nm/8.7 nm
5xU-(Alx1 Gai—x1)o.52In0.48P
7: MQW barrier U—(Alx1 Ga1_x1 )0_521I10,43P 70 nm
8: Cladding U—(AleGal_X2)0_521n0_4gP 200 nm
9: Bonding interface U-GaAs 20 nm

b)

Lateral extent =100 periods

m IDepmz N

Transparent substrate

FIG. 1. (a) Scanning acoustic microscopy (SAM) image of the bonded epi-layer before substrate removal. (b) Cross section of the color-converter on the transparent
substrate. Scanning electron microscopy (SEM) images of (c) holes and (d) pillars with a lattice period of 400 nm.

b)

Image
of the back

focal plane
k

Entrance g);,

Diffraction
grating
of the
spectrometer

Image on the
camera sensor

FIG. 2. (a) Image of the BFP (azimuthal
farfield patterns). (b) Acquisition setup
for the spectrally resolved farfield mea-
surements.
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I1l. ASSESSMENT OF THE DIRECTIONALITY
OF A LIGHT EMITTER

As mentioned in Sec. I, directionality is a key FoM for some
applications such as microdisplays.

The integrated intensity within the acceptance angle 0 is
calculated as

0'=0 =21
p6)= [ [" 710 9) sin(6)d6'do, (1)
6'=0 ¢=0
where I is the emitted intensity (integrated over the whole emission
spectrum), 0 is the acceptance angle [apex angle of the acceptance
cone related to the numerical aperture (NA) by NA = sin (0)], and ¢
is the azimuthal angle.
In this framework, directionality reads as

P(9)
P(90°)"

D(0) = )

For a Lambertian emitter, the directionality is D (0) = (sin (0)% In
particular, it means that only 25% of the emitted light is concentrated
into a cone with an apex angle of 30°."

In the following, we will use the measured azimuthal farfield
radiation patterns to evaluate directionality enhancement as the
ratio between directionality of the PhC structures and directionality

of a Lambertian emitter used as a reference. It reads as

Dpyc(8)

— 3)
Dlumhertian(e)

np(0) =

IV. RESULTS AND DISCUSSIONS

This section is organized as follows: we first deal with the
azimuthal farfield emission patterns of our fabricated structures and
their directionality, then the diffractive properties of the PhC are fur-
ther investigated using spectrally resolved farfield patterns. Next, we
take a closer look on the origin of highly directional emission using
a model based on the standard transfer-matrix method with dipole
source terms and the vectorial Bragg’s law.

A. Azimuthal farfield radiation patterns
and directionality of the CC

Figure 3 shows the measured azimuthal farfield radiation pat-
terns of the fabricated structures, each of them normalized with its
maximum value.

The farfield shapes of unpatterned CC display concentric rings
with the highest emitted intensities at the periphery of the farfield
shape (6 ~ 45°). Indeed, only directly emitted light inside the air
cone, which exhibits a circular symmetry in the planar case,'””
appears in the farfield pattern.

However, for the patterned CC, the farfield shapes are more
intricate. Indeed, both pattern types exhibit emission shapes where
bands corresponding to the diffraction of guided Bloch-modes by
the PhC are superimposed on a homogeneous background corre-
sponding to the directly emitted light.'*” The previous circular

scitation.org/journal/adv

symmetry is broken into a four-fold symmetry, which is inherent
to the square symmetry of the PhC lattice.

For the hole-type PhC configuration, the radiation patterns
strongly depend on the lattice period. For instance, while the struc-
tures with lattice periods of 400 and 450 nm reveal highly directional
emission patterns with most of the diffracted light inside a cone
with an apex angle of ~9° for a = 450 nm, the radiation pattern for
a = 500 nm exhibits almost no diffraction close to normal incidence.
For a = 550 nm, the radiation pattern is more intricate with emission
close to normal incidence and at the periphery of the farfield shape.

For pillar-type structures on the other hand, there is light
diffraction close to normal incidence for all lattice periods with
farfield shapes different from those of hole-type PhC patterns. Par-
ticularly, for a = 500 nm, the emission pattern exhibits two sets of
four diffraction bands rotated by an angle of 45°, yielding a four-
branch-star-shaped pattern. This matches with the azimuthal angle
difference between the I'X- and I'M-directions of the square lattice
and, therefore, suggests that both first and second order diffraction
(first and second nearest sets of four neighbors in the reciprocal
lattice) contribute to the light extraction processes at this lattice
period."””’ The same behavior can also be observed for pillars with
lattice periods of 450 and 550 nm and for holes with a lattice period
of 550 nm.

We use those farfield emission patterns to assess the direction-
ality enhancement of our CC over Lambertian emission within dif-
ferent acceptance angles [see Eq. (3)]. The results are given in Fig. 4
on a semi-log scale. For the sake of comparison, the directionality
enhancement of the unpatterned CC is also displayed.

As expected from the azimuthal farfields, directionality
enhancement depends on the pattern type and the lattice period.

For holes, directionality enhancement depends only weakly on
the lattice period at high acceptance angles. However, direction-
ality enhancement becomes lattice-period dependent for decreas-
ing acceptance angles, as a result of the strong variations of the
azimuthal farfield patterns observed in Fig. 3. Although almost
all lattice periods exhibit a substantial increase in directionality
enhancement for decreasing acceptance angles, the optimum for
holes are a = 400 nm and a = 450 nm, offering the highest direc-
tionality enhancement factors from ~2 at 49° to ~4.25 and ~4.75
close to normal incidence, respectively, as expected from their highly
directional emission patterns in Fig. 3(b). The lattice period a = 500
nm, on the other hand, exhibits the lowest directionality enhance-
ment for holes, even lower than that of the unpatterned CC, with
a decrease from ~2 at 49° to less than ~1.5 at ~5° before reaching
~2.7 close to normal incidence. This is a result of the quasi-absence
of light diffraction close to normal incidence in the corresponding
farfield pattern (see Fig. 3). The lattice period 550 nm, on the other
hand, exhibits an intermediate value of ~3.25 close to normal inci-
dence (still higher than the unpatterned CC), as a result of the light
diffraction close to normal incidence and the periphery of its farfield
shape.

For pillars, directionality enhancement depends similarly on
the acceptance angles with lower values for some lattice periods.
However, contrary to holes, it only weakly depends on the lattice
period: e.g., close to normal incidence, directionality enhancement
is between ~3.4 for a = 500 nm and ~3.6 for a = 450 nm. Besides,
we can note that all lattice periods exhibit higher directionality
enhancement than the unpatterned reference CC.

AIP Advances 12, 045122 (2022); doi: 10.1063/5.0085930
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1 a) Unpatterned structures

a=450nm

¢) Square lattice of nanopillars
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45°

rm

FIG. 3. Normalized azimuthal farfield radiation patterns for the (a) unpatterned CC, (b) holes, and (c) pillars.

It thus appears that by correctly choosing the pattern type and
the lattice period, directionality can be significantly enhanced over
Lambertian emission. For our structures, holes with lattice peri-
ods of 400 and 450 nm are the optimum, exhibiting sizable gains
in directionality in the range of the measured acceptance angles
(up to x4.75), particularly close to normal incidence, which can be
of major interest for applications such as microdisplays.'

We can also note a peculiar behavior of holes with a lattice
period of 500 nm whose directionality enhancement is even lower
than that of the unpatterned reference for low acceptance angles as
a result of the quasi-absence of light diffraction close to normal inci-
dence. For the same lattice type and the same lattice period, pillars
did not exhibit this type of behavior. This latter point will be further
analyzed in Subsection IV B.

B. Spectrally resolved farfields

To further investigate the diffractive properties of the PhC
structures and their impact on the directionality of our CC, we use
spectrally resolved farfields.”® The experimental setup is described in
Sec. 1. A polarizer was used to selectively detect s- and p-polarized
light.z(’ For the sake of comparison, similar measurements were also
performed on the unpatterned CC.

Figure 5 displays the results from the unpatterned CC for both
light polarizations in a A-8 representation, 8 being the acceptance
angle as described in Fig. 2, each of them being normalized with its
maximum value. As expected, the farfield shapes are polarization-
dependent as a result of the polarization dependency of the directly
emitted light inside the air cone.””"!
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b) pillars e 2=400NM
4,0 - e 2=450NM
= a=500nm
= a=550NM

3,5 —— unpatterned reference

3,0-

2,5+

2,0

1,5

1 10
acceptance angle (°)

FIG. 4. Directionality enhancement for PhC-based CC over Lambertian emission for (a) holes and (b) pillars.

From the p-polarized light, a quite homogeneous farfield shape
arises except for high intensity broad lobes around 6 = +45°. These
lobes become more visible for s-polarized light and correspond to
angular modulations of the internal emission inside the air cone due
to interference effects inside the CC cavity.”

Figures 6 and 7 on the other hand show the normalized spec-
trally resolved farfield patterns along the I'’X-direction of holes and
pillars, respectively. Contrary to the unpatterned CC, oblique bands
are superimposed on top of the directly emitted light. Each of them

Unpatterned

structures
p-polarization

s-polarization

1
600 0.9 600
0.8
620 o 620
2640 :Z:: Ee4o
~ 660 o4 ~660
0.3
680 02 680
700 01 700
0

FIG. 5. Normalized spectrally resolved farfields from the unpatterned CC for s- and
p-polarized light.

corresponds to the diffraction of a guided Bloch-mode into air by
the PhC patterns according to Bragg’s law; therefore, their angular
position shifts with the wavelength.”’

Let us recall that the CC acts as a multimode waveguide
(~600 nm-thick). Due to the thin nature of the epitaxial film, all
those guided modes are prone to efficient interaction with the PhC
patterns and diffraction into air,'” resulting into intricate spectrally
resolved farfield patterns.

For holes, the farfield patterns are strongly lattice-period
dependent. The lattice period a = 400 nm, for instance, can exhibit
farfield shapes with a strong light diffraction close to normal inci-
dence, particularly for the p-polarization. We can see that this
arises from the most intense diffraction band crossing the I'-point
close to the peak emission wavelength. Similar conclusions hold
for a = 450 nm, which resulted in the large directionality enhance-
ment factors obtained previously for those two lattice periods. For
a = 500 nm, on the other hand, there is a quasi-absence of guided
light diffraction close to normal incidence for both polarizations.
Looking closely at the most intense bands of the farfield patterns at
this lattice period, we can note that this low light diffraction close to
normal incidence arises from a slight detuning between those bands
at the I'-point and the emission spectrum. Therefore, they cross
the I'-point at the short-wavelength edge of the emission spectrum
(near A = 634 nm, with low PL intensity), resulting in the low-
est directionality enhancement factors. The lattice period 550 nm
exhibits farfield shapes with most intense bands overlapping the
emission spectrum away from the I'-point, near 6 = +20°, which
is consistent with the azimuthal farfield shapes in Fig. 3(b). Still, it
results in intermediate values of directionality enhancement factors
since some of the less intense bands cross the I'-point close to the
peak emission wavelength.

For pillar-type structures, on the other hand, there is light
diffraction close to normal incidence for all lattice periods and light
polarizations with farfield shapes different from those of holes. Par-
ticularly, for a = 500 nm, there can be a strong light diffraction

AIP Advances 12, 045122 (2022); doi: 10.1063/5.0085930
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FIG. 6. Normalized spectrally resolved farfields for the square lattice of air holes with lattice periods from a = 400 nm to a = 550 nm and in the I'X-direction. Both s- and

p-polarized light are measured.

close to normal incidence as opposed to holes with a lattice period
of 500 nm, which exhibited an absence of light diffraction near
the I'-point close to the peak emission wavelength. The fact that
at the same lattice period some of the diffracted bands of pillars
can cross the I'-point close to the peak emission wavelength sug-
gests that pillar-based CC and hole-based CC have different effective
index distribution inside their cavity, as we will see in Sec. IV C.
Besides, we notice that the diffraction bands for pillars are broader

in the kj/-space (corresponding to the 8-axis in Figs. 6 and 7) than
those of holes, which makes them trickier to distinguish. Indeed,
the stronger coupling between the guided Bloch-modes and the air
radiated modes for pillars results in shorter extraction lengths.'”

Since for a given guided Bloch mode the broadening in the
kj-space is inversely proportional to its extraction length®

[Akyy~ (Lextraction) ], the latter yields broader diffraction bands for
pillars. Due to those broader bands, the farfield shapes of pillars
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FIG. 7. Normalized spectrally resolved farfields for the square lattice of nanopillars with lattice periods from a = 400 nm to a = 550 nm and in the T'X-direction. Both s- and
p-polarized light are measured.

can exhibit strong light diffraction within a broader angular range,
resulting in lower directionality than for holes close to normal
incidence as previously observed.

So far, it appears that the emission directionality is ultimately
not only determined by light diffraction according to Bragg’s law,
but also depends on the relative intensities of the diffracted bands
arising from each mode. The highest directionality is achieved when
the lattice period is tuned so that the most intense diffraction bands

cross the T'-point close the peak emission wavelength. This latter
point will be further investigated in Sec. IV C.

C. Coupling mechanisms near the I'-point

We have previously seen that the highest directionality is
achieved when the lattice period is tuned so that the most intense
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diffraction bands cross the T-point close to the peak emission wave-
length. In this section, we will further investigate what mostly sets
the intensity of the diffracted bands, before coming back to how to
properly tune the lattice period to achieve highly directional emis-
sion. Subsequently, we identify the most intense bands of some of
the farfield patterns in Fig. 6 and highlight novel design guidelines
for highly directional emission from the color converters (CC).

1. Impact of spontaneous emission distribution
on the directionality

As previously mentioned, directionality depends on the rela-
tive intensities of the diffraction bands arising from each mode. This
latter quantity will ultimately depend on the fraction of the guided
energy carried by the mode as compared to the other modes.*

To investigate how the emitted light is distributed among the
guided modes in our CC, we performed numerical simulations using
a well-established model based on the standard transfer-matrix
method with dipole source terms.”* " This model takes as entries
structural and optical parameters and provides us with the internal
distribution of the light emission as a function of the effective indices
of the modes.

Figure 8 depicts the schematics of the model used for our CC
with the corresponding optical and structural parameters for each
layer taken from the literature.” "' The PhC patterns are treated as
a homogeneous layer with a filling-factor-weighted average refrac-
tive index, which holds for weakly corrugated gratings.” ** More
details about the aforementioned model can be found in Refs. 30, 31,
and 35.

Figure 9 displays the internal distribution of light emission as
a function of the effective index for a CC based on holes with a lat-
tice of 400 nm (see Ref. 19 for the corresponding optogeometrical
parameters).

As can be seen in Fig. 9, the radiation dynamics depends on the
light polarization, which explains the polarization-dependency of
the farfield shapes in Figs. 5-7. Light emitted inside the CC can cou-
ple to different types of modes.””* A fraction of the emitted light,
which is in the air cone (nef < 1), directly radiates in the air or toward
the substrate. This is the so-called directly emitted light and features

188nm

U — (AL1Gay_r1)o52m048P =70nm/n=3.44

U — (Aly16ay—x1)o52In048P =70nm/n=3.44

/\_’/
/‘\_//——

Tranparent substrate Nt = 14>

scitation.org/journal/adv

the background farfield observed in Figs. 6 and 7. Another fraction
of the emitted light is propagative in the transparent substrate but
not in air (1 < neg < 1.45). Most of the emitted light excite the avail-
able guided modes supported by the CC, which are represented by
sharp peaks outside the air and substrate cones (ng > 1.45).

The intensity of those peaks sets the fraction of the guided
energy carried by each mode, which we will refer to as the photonic
weight of the mode. If we note the peak intensity of the guided mode
labeled i, P;, and its angular position, 6;, then by taking into account
the solid angle, the fraction of the guided energy carried by the mode
(its photonic weight) can be evaluated by P; sin(6;)/3;P; sin(6}).
In Fig. 9, the corresponding photonic weights of each of the guided
modes are given in the bar plot on the bottom. For instance, for p-
polarization, the guided mode with neg = 1.6 carries more half of the
guided energy. Therefore, if the lattice period is tuned so that the
band arising from this mode crosses the I'-point close to the peak
emission wavelength, then the resulting spectrally resolved farfield
patterns should be highly directional.

Let us note that, since pillars have far higher air filling fac-
tor than holes," their guided mode distribution is different from
that of holes, which explains the different farfield shapes previously
observed for the same lattice period when we change the lattice
pattern from holes to pillars.

It thus appears that the relative intensity of the diffracted
bands depends on the spontaneous emission distribution between
the guided modes supported by the CC. Each guided mode has a
photonic weight, which corresponds to the fraction of the guided
energy carried by this mode and can be quantified. In the following,
we will discuss how to properly tune the lattice period so that those
modes with high photonic weights give rise to diffraction bands that
cross the I'-point close to the peak emission wavelength to achieve
highly directional emission.

2. Tuning the lattice period for highly
directional emission

We have seen that directionality close to normal incidence
depends on how the lattice period is tuned to target the suitable

U-— (AlnGal_xi)o.szI no.“P =70nm/n=3.44

U — (AL Gay_,1)os52Im0 48P h=70nm/n=3.44

|

Tranparent substrate Ngypstrate = 1-45

FIG. 8. Schematics of the model used for the numerical simulations.
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FIG. 9. Internal emission per unit solid angle as a function of the effective index for PhC-based CC with holes with a = 400 nm and the corresponding photonic weights of

each mode for both s- and p-polarization.

mode at the I'-point. To better understand how the lattice period
impacts the diffracted effective indices, we use the 2D grating equa-
tion derived from the vectorial Bragg’s law,”™** which, applied to
the case of square lattices diffracting light into air, reads as

4

Sin(emn) COS((Pmn) = Neffi COS(‘P!’) + m&’
a

Sin(Omn) Sin(@mn) = negri sin(@;) + n%, (5)
where Hefs 18 the effective index of the incident guided mode, 0
and @, are the polar and azimuthal angles of the diffracted wave
with m and n corresponding to the diffracted orders, and a is
the lattice period. In this framework, we can find after some cal-
culations (see Note III in the supplementary material for more
details) that the effective indices coupled to the I-point (Bmn = 0°)

satisfy the following equations (for odd and even diffraction orders,
respectively):

a=m A , (6)
Neffi
a=m A V2. (7)
Meffi

It thus appears that for a given effective index corresponding
to a mode with a high photonic weight and at a given peak emis-
sion wavelength, the lattice period has to be properly tuned so that it
matches Eqs. (6) and (7) based on the simple band folding mech-
anisms. We have also seen in the previous sections that a slight
detuning between the most intense bands at the I'-point and the
emission spectrum can lead to a large decrease in the directionality
(see holes with a = 500 nm).
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In the following, we will use all the previous considerations
to further investigate the origins of the highly directional emission
observed for holes with a = 400 nm.

3. Photonic band-structure analysis

We wish to further investigate the origins of the highly direc-
tional emission for holes with a = 400 nm using the previous
considerations. The measured photonic band structure is directly
obtained from the spectrally resolved farfield patterns in Fig. 6
by converting the wavelength and angle into the normalized fre-
quency and in-plane wave vectors, respectively.'”"’ The resulting
photonic band structure for p- and s-polarized light from holes with
a =400 nm is displayed in Fig. 10.

For p- and s-polarized light, we have identified the intense
band crossing the I'-point at a/A ~ 0.62 to be the guided mode with
N = 1.6 arising from the first diffraction order (see Note IV in
the supplementary material for more details on the identification
procedure). The corresponding calculated band using the plane-
wave expansion (PWE) algorithm in the free-photon approxima-
tion regime (the white dashed line in Fig. 10) is superimposed on
the measured band structures. The calculated bands are in good
agreement with the measured ones, which confirms our previous
considerations.

We can also note the presence of a second closely spaced
parallel band arising for both s- and p-polarized light. Indeed,
despite the weakly corrugated regime, the PhC pattern will induce
for each guided mode a slight modal index-contrast’"*’ giving
rise to two different modes with very close effective indices. This
slight index-contrast will result in a mini-band-splitting that can

p-polarization

scitation.org/journal/adv

be modeled using the standard coupled-mode theory. In this

framewqu, the spectral width between the two resulting bands
reads as™”'!

Auab = i X 74;66)“ .

2 Neffa + Meffb

(8)

Here, u is the normalized frequency, Au,, accounts for the spectral
width between the two bands, «ex is the modal coupling constant
between the Bloch mode and the air radiated modes, and neg, and
nef, are the effective indices of the two modes. The previous free-
photon approximation needs then to be corrected using coupled-
mode theory. For p-polarization, we found that the second diffracted
band (labeled “b”) crosses the I'-point at u, = 0.61, which gives
Nef, = 1.64 using Eq. (6) and Au,p, = 0.01. The corresponding cal-
culated bands using PWE (the black dashed line in Fig. 10) are
superimposed on the measured ones showing very good agreement,
which supports our analysis. Similar treatments are also performed
for s-polarization as displayed in Fig. 10.

We can note that using the values extracted from the mea-
sured band structure, we obtain a modal coupling constant of
Kext & 0.1 um ™', which is consistent with the values found in Ref.
19 using another approach.

Thus, we have noted that the spectrally resolved farfield pat-
terns in Fig. 6 for holes with a = 400 nm are dominated at the I'-point
by the guided mode with n. ~ 1.6 arising from the first diffraction
order. For p-polarization, we have evaluated that this mode can carry
more than half of the guided energy (see Fig. 9). Since the lattice
period is properly tuned so that the corresponding band crosses the
I'-point close to the peak emission wavelength, we obtain a highly
directional emission with a strong light diffraction at the I'-point.

s-polarization

1
0.9
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0.8
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0.7
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106 FIG. 10. Measured photonic band struc-
0.63 tures for holes with a = 400 nm for p-
= 10.5 and s-polarized light. Calculated band
© structures for modes with ngr, = 1.6
0.625 10.4 (white dashed lines) and with neg, = 1.64
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We have found that the guided energy for s-polarized light on the
other hand is shared among more modes, which tends to mitigate
the previously mentioned effect. This results in a less directional
emission close to normal incidence than for p-polarization, as evi-
denced by some very intense bands away from the I'-point, near
0 = +30° (see Fig. 6). This highlights the major role played by the
spontaneous emission distribution between the guided modes on the
directionality.

D. Design guidelines and light extraction
efficiency enhancement

On a device point of view, there are two major design rules that
can be set from the previous analyses.

On the one hand, we have seen that despite multimode light
extraction, large directionality enhancement factors over Lamber-
tian emission can be achieved when the lattice period is properly
tuned so that the most intense diffraction bands cross the I'-point
close to the peak emission wavelength. This requires simultane-
ously a control of the spontaneous emission distribution between the
guided modes to identify the guided modes with the highest pho-
tonic weights (carrying a large fraction of the guided energy) and
an optimized choice of the lattice period based on the band-folding
mechanism in a 2D configuration as explained in the previous
sections.

On the other hand, we have seen that with lattice periods of
400 and 450 nm, directionality can be enhanced by factors up to
four times over a Lambertian emission. This could eliminate the
need to reach very low lattice periods to target low order modes
with the first diffraction order.”””* This is of particular interest
because by choosing lattice periods higher than 400 nm, we also
allow all the guided modes supported by the CC to be prone to
light extraction.'” Thus, directionality can be properly tuned fol-
lowing the methodology described above while maintaining high
LEE.
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FIG. 11. Light extraction efficiency enhancement as a function of the lattice periods
for holes and pillars.

scitation.org/journal/adv

Figure 11 displays the measured LEE enhancement factors
over the unpatterned reference, which have been evaluated using
the micro-photoluminescence setup described in Ref. 19 with
NA = 0.9. It shows that LEE enhancement only slightly varies
as a function of the lattice period for both holes and pillars. We
can note that the highest enhancement factors are obtained for
pillars (up to x9) because hole-type structures tend to diffract
more light toward the transparent substrate than pillar-type
structures.'” Besides, the possibility of using higher lattice peri-
ods can be of major interest on a technological point of view
since they are more reachable by standard deep-UV lithogra-
phy processes than lower ones. These considerations could give
novel insights regarding the design of highly directional emission
from MQW color converters for microdisplay applications and
others.

Thus, it appears that in our structures, the radiation pat-
terns can be properly shaped to achieve highly directional emis-
sion following the methodology described above, while main-
taining high LEE. The coupling to external optical systems with
very limited numerical apertures can, therefore, be optimized,
which is of major interest for applications such as microdisplays.

V. CONCLUSION

We have provided novel design guidelines for highly direc-
tional emission from PhC-based AlGaInP/InGaP MQW color con-
verters (CC) in a thin-film geometry through an in-depth anal-
ysis of the measured azimuthal and spectrally resolved farfield
emission patterns and a modal analysis based on a herein-
developed model for quantifying the spontaneous emission distri-
bution between guided modes. PhCs with different optogeometrical
parameters were etched into stand-alone CC bonded on a transpar-
ent substrate using a high-bonding-yield oxide-mediated molecular
bonding.

Analyses of spectrally resolved farfield patterns coupled to the
herein-developed model help us in conducting a modal analysis near
the I'-point and highlighting a fundamental condition necessary to
achieve highly directional emission in such color converters: the
lattice period needs to be properly tuned so that the most intense
diffraction bands cross the I-point close to the peak emission wave-
length. This requires simultaneously a control of the spontaneous
emission distribution between the guided modes (which has been
quantified) to identify the guided modes with the highest photonic
weights (carrying a large fraction of the guided energy) and an
optimized choice of the lattice period based on the band-folding
mechanism in a 2D configuration.

The fabricated color-converters can exhibit directionality up to
~5 times higher than that of Lambertian emitters close to normal
incidence.

We believe that all the novel insights set through our analyses
could eliminate the need for additional external optics and, there-
fore, pave the way for the use of MQW CC to achieve compact
full-color microdisplays on a single wafer.

Current and future studies are mainly focused on inves-
tigating all the steps required for the implementation of the
herein fabricated color converters on blue or green micro-LED
arrays.
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SUPPLEMENTARY MATERIAL

Details about the fabrication process, the experimental setup,
Bragg’s law for coupling to the I'-point, and the modal identification
process are provided in the supplementary material.
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