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Abstract. Currently, micro-LEDs are promising optoelectronic devices. Numerical
investigation was carried out to study the influence of the GaP nanowires geometric parameters
on the light extraction efficiency to improve micro-LEDs efficiency. The nanowires diameter
has been shown to significantly alter the light extraction efficiency. The optimal nanowire
diameter for a wavelength of 650 nm is close to 200 nm.
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Annoranug. B paGore mpoBeneHO YMCIEHHOE WCCIeAOBaHME BIWSTHUS T€OMETPUUYCCKUX
nmapaMeTpOB HUTEBHUIHBIX HaHOKpuUcTauioB GaP Ha 3((eKTUBHOCTh 3KCTpaKLIMKA CBeETa.
Bbruto TOKa3aHO, 4YTO IMAMETp HHUTCBUAHBIX HAHOKPHUCTAJUIOB 3HAYUTEIBHO W3MCHSIET
3(HEKTUBHOCTh 3KCTpakumy cBeta. OnruManbHoe 3HaueHue mmamerpa HHK mnsa mmuHBr
BOJIHBI 650 HM HaxoauTcs BOaM3u 200 HM.

KioueBble clioBa: KpacHBIC CBETOIMONBI, (hochua rajuins, HUTCBUIHBIE HAHOKPUCTAJIIEI,
MOJIEKYJISIPHO-TTYYKOBAasI 3MUTAKCUsA, 3((GEKTUBHOCTh 9KCTPAKIIMKA CBETa
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Introduction

Currently, micro-LEDs are promising optoelectronic devices [1, 2]. Gallium phosphide is
advanced material for creating micro-LEDs due to its waveguide properties and the ability to
form a direct-gap solid solution with the addition of As and N. In addition, the crystal lattice
period proximity of GaP and silicon makes it possible to create optoelectronic devices based on
established silicon technologies on cheap substrates. LED efficiency is a combination of internal
quantum efficiency and light extraction efficiency (LEE). Unfortunately, when creating micro-
LEDs using the standard «top-down» method, during microdevices etching, upon reaching a
certain minimum size, the internal quantum efficiency decreases down to 1% |[1]. The radiation
generated in a planar micro-LED spreads in all directions and increases optical loss, so the light
extraction efficiency in a planar micro-LED also needs to be optimized [3]. As an alternative to
planar structures, nanowires (NWs) can be used to increase the micro-LEDs efficiency. NWs are
synthesized using «bottom-up» technology without material etching stages. This approach ensures
high crystalline perfection and when the active region is integrated inside the LED, for example,
in the form of a quantum dot [4], the active region is completely isolated from the external envi-
ronment and the internal quantum efficiency increases. In addition, the NWs geometric dimen-
sions commensurability and the radiation wavelength makes it possible to control the LEE, which
distinguishes the NWs from planar LEDs in which all radiation directions are equivalent even
when micro-LED size is 10 pm in diameter.

Unfortunately, the extraction efficiency of NW-based LEDs in the GaP/GaPNAs material
system has received insufficient attention to date, so this work aims to investigate LEE by opti-
mizing the geometric parameters of NWs.

Materials and Methods

Full-wave optical modeling of light propagation was carried out using the COMSOL
Multiphysics package to select the optimal geometric parameters of the LED. The system under
study consisted of a GaP N'W on a silicon substrate in an air environment. An optical point dipole
was used as a radiation source, the orientation and position of which varied during the calcula-
tion. The system schematic cross-sectional representation is presented in Fig. 1, a.
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Fig. 1. System under study in cross section (a), typical distribution of normalized electric field
in the system under study (b) and LEE depending graphs on dipole position on NW axis (¢)
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The length of the GaP NWs was fixed at a distance of 3 um, and the diameter ranged from
50 to 500 nm. Material properties of Si and GaP are taken from [5, 6]. The calculation was car-
ried out for a wavelength of 650 nm, which corresponds to the expected band gap for the GaPNAs
solid solution [7].

Results and Discussion

As a result of full-wave optical light distribution modeling, the LEE dependences on the NW geo-
metric parameters, as well as the normalized electric field distribution in the system under study, were
obtained. As part of the calculation, for each geometric configuration, the dipole polarization angle
was varied and the power fraction of the electromagnetic wave emitted by the dipole that went into the
upper plane of the system under study was determined. A typical electric field distribution for a fixed
dipole configuration is shown in Fig. 1,5. As a result of numerical modeling, the LEE in the vertical
direction from the position of the emitting center along the NW axis was calculated for diameters from
50 to 500 nm. Fig. 1,c shows the LEE dependences for diameters from 100 to 300 nm. It has been
established that the movement of the emission center on wavelength scales significantly affects the
extraction efficiency. This is due to the fact that the NW is a resonator with a certain mode composi-
tion. Therefore, for effective radiation extraction, it is necessary to fulfill the condition of constructive
interference for the output radiation, which will lead to modulation of the light extraction efficiency.

The LEE values were averaged over one LEE modulation period and a summary of the average
light extraction efficiency as a function of NW diameter is presented in Fig. 2, a. A monotonous
increase in the average LEE value is shown with an increase in the NW diameter to 200 nm and
a further decrease. The maximum LEE value was almost 40% for random polarization and dipole
position along the NW axis.

As part of the mode analysis, NWs with diameters equal to 100, 200 and 300 nm were studied
(Fig. 2, b, ¢, d). At small NW diameters (Fig. 2, b), the electromagnetic wave goes upward, but
diverges greatly. As the diameter increases, the NW begins to function as a resonator and the wave has
greater directivity, as can be seen in Fig. 1, b. This is also noticeable from Fig. 2, ¢ because the wave
spreads throughout the NW. A further increase in the diameter (Fig. 2, d) leads to the dominance of
higher-order modes, which are shifted from the NW axis and the point dipole does not emit in them.
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Fig. 2 Dependence of average LEE value on NW diameter (¢) and eigenmodes
for NW diameters equal to 100 nm (b), 200 nm (c) and 300 nm (d)

Conclusion

We demonstrated a numerical study of GaP NWs with a point-emitting center in various
geometric configurations. The NWs diameter has been shown to significantly modify the light
extraction efficiency. The optimal value of the NW diameter for a wavelength of 650 nm is close
to 200 nm. The results of this simulation can be used to synthesize NWs with specified optimal
geometric parameters and create highly efficient red micro-LEDs based on them.
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