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Supporting Information S1
Electroluminescence of GaN-based LED with and without ZnO NRAs:

Figure Sla presents the macro-EL spectra of GaN-based LED with and without ZnO NRAs
measured at room temperature. The integrated EL intensity of GaN-based LED with ZnO
NRAs is 30% larger than that without ZnO NRAs. Thus, from the confocal scanning EL
results, it can be deduced that ZnO NRAs enhance the light output power from the GaN-
based LEDs. The far-field radiation patterns of the GaN-based LED with ZnO NRAs were
measured (Figure S1b) for a chip that was not encapsulated in epoxy. The light output
pattern of the conventional GaN-based LED is also shown for comparison. As a result, the
GaN-based LED with ZnO NRAs had larger EL intensities than the conventional GaN-based
LED in all directions.
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Figure S1: (a) EL spectra and (b) light output pattern of a GaN-based blue LED with and

without ZnO NRAs. The solid and dashed lines indicate InGaN blue LED with and without
ZnO NRAs, respectively.



Supporting Information S2

Description of patterned sapphire substrate:

Figure S2 presents the optical microscopy image of the c-plane patterned sapphire substrate
(PSS) for GaN epitaxial growth. The PSS consists of two-dimensional hexagonally arranged
hemisphere patterns. The period of patterns on the sapphire substrate is 2 pm. As shown in
Figures Sa and b, such patterns make periodic interference fringes at the top of the LED

structure by Bragg’s diffraction.

Figure S2: Optical microscopy image of the patterned sapphire substrate.



