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High Efficient Light-Emitting Diodes With
Antireflection Subwavelength Gratings

Y. Kanamori, M. Ishimori, and K. Hane

Abstract—A two-dimensional subwavelength grating (SWG) tral region including 850-nm light emission. To our knowledge,
has been fabricated on a GaAlAs light-emitting diode (LED). The the SWG is fabricated on the LED surface for the first time. The
SWG is pattemed by electron beam lithography and etched by o mission is increased by 21.6% at the normal emission angle.

fast atom beam with Ch and SFs gases. The fabricated grating . .
has 200-nm period and the tapered grating shape with aspect In the fabrication of the SWG, electron beam (EB) lithog-

ratio of 1.38 to prevent reflection in the spectral region including aphy and fast atom beam (FAB) [18] etching with, Gind
850 nm light emission. The emission is increased by 21.6% at the SF; gases were used. The LED used is a bare chip. In the FAB
normal emission angle. The total emittance is increased by 60% etching process, the alternate etching technique using the SF
with the SWG in comparison with that of the flat surface. and Cb gases was proposed for fabricating the tapered grating
Index Terms—Electron beam lithography, etching, gratings, with high aspect ratio. First, the front surface of the LED wafer
light-emitting diodes, nanotechnology, periodic structures. was coated with an EB positive resist. The EB resist was about
400 nm thick. The SWG pattern consisting of two-dimensional

IGHT-EMITTING diodes (LEDs) are used in many app"_grating Iir?es was drawn on the resist by the EB machine at the
L cations such as optical communication systems and ng.&celeratlon voltage of 3_0 kV. The resist grgtlng was used as
illuminating components. Most of such applications need tieMask for the FAB etching. In the FAB etching, the;Sfas
LEDs with high power, high luminance, and high efficiency. It i{'St useéd as the process gas at the flow rate of 6.44 sccm for
important to improve external quantum efficiency of the LEDS.0 Min at the discharge voltage of 2 kV and the discharge cur-
The external quantum efficiency of the LEDs is almost limitefeNt 0f 25 mA. Secondly, the &lgas was used as the process
by internal reflection at the boundary between the material 87 at 1.7 sccm for 1 min at the voltage of 3 kV and the cur-
LED and its surrounding medium. Due to the large difference Bt Of 20 mA. Thirdly, the Si-was used again for the etching
the refractive index at the boundary, transmittance of light froH"der the same condition as used in the first process for 4 min.
the LEDs is very low. To overcome this problem, some new affl the case of Skgas, the GaAlAs was etched mainly by phys-

proaches [1]-[3] are proposed as well as the multilayer coatifgd! SPUttering, and it generated tapered shape. In the case of
The LED with a roughened top surface and a back mirror isd? 9aS, the GaAlAs was etched chemically, and thus the ver-
promising approach to overcome this problem [1]. Propagatidf@' nole with high aspect ratio was produced. By combining
angle of light reflected at the rough surface is changed, and & tWo processes alternately, the tapered profile with high as-
light escapes from the LED after multiple reflection in the mg2€€t ratio was fabricated, which was essential for suppressing
terial. However, due to the absorption by the active layer, iffie Fresnel reflection at the boundary. After the FAB etching,
emission efficiency is not always high. the residual EB resist was removed with acetone.

A subwavelength grating (SWG) is a very fine surface struc- F19- 1(&) and (b) show the top and oblique views of the fabri-
ture with the period sufficiently smaller than the wavelength &&t€d SWG on the surface of the LED watfer, respectively. The
light. The SWG with the tapered grating shape and high Arating h.as 200-nm period and itis appr(_mmately 275-nm deep.
pect ratio, suppresses reflection drastically over a wide spectt4f 9rating shape of the SWG was designed by theoretical cal-
bandwidth and a large field of view [4]-[17]. Although the SwEUlation based on the rigorous coupled-wave analysis (RCWA)
is a grating, it does not generate diffraction beams except zerBffP0S€d by Moharam [19]. In the case of the grating with the
order. The reflected and the transmitted wave fronts are not dd@ngular sectional shape, the reflectivity calculated on the basis
graded. In addition, the two-dimensional SWG is independefk RCWA became sufficiently low with the shorter grating pe-

on the polarization direction. The SWG behaves ideally as a gfi2d than 200 nm and the grating depth from 200 to 400 nm. The
gWG is fabricated in the area of 1Q0n square. The grating

dient index layer with the effective refractive index determined™" .
by the filling factor of the grating and the groove mediums. Profile of the SWG can be controlled by changing EB expose

In this letter, the two-dimensional SWG has been fabricatdf’®: FAB etching time and the process gases. As shown in
on a GaAlAs LED with the peak wavelength of 850 nm. ThEI9. 1(_b), the SWG cpn5|sts of the conical profile grating. The
fabricated grating has 200-nm period and the tapered gratr"ﬁéleCt'V'ty of the fabricated SWG was also measured from the

shape with aspect ratio of 1.38 to prevent reflection in the spdf2nt side as a function of wavelength. The reflectivity of the
SWG was considerably reduced to be less than 10450 of

the original reflectivity) in the wavelength region from 400 to

Mﬁnuscr’:pt feceiveth?]bf“aW 20, 2002?fre‘/isf]d April 12, 2002 780 nm. At the wavelengths of 440 and 780 nm, the reflectiv-
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neering, Tohoku University, 980-8579 Sendai, Japan. flies of th-e.SWG decreased to 0.02% from 45.31% a_nd 38.1%
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Fig. 3. Normalized emission intensity as a function of emission angle.

increases to 99.6% from 69.9% of the flat surface of the LED
wafer. At all the measured angles, the emission from the SWG
is increased in comparison with that from the flat surface. Al-

Fig. 1. Scanning electron micrographs of the SWG fabricated on the surfdb®@ugh the flat surface emits little light at the angle higher than
of the LED wafer. (a) Top view. (b) Oblique view.

W i)

40, the light is emitted even 60n the SWG region. The ratio

of the emission intensity from the SWG region to that from the
flat surface is increased with increasing the emission angle. This
fact shows that the SWG works effectively as the antireflection
surface even at a large emission angle although the magnitude of
the emission is smaller than that at the low angle. Since the trans-
mitted wave front is not degraded by the SWG, smooth emission
profile is obtained as shown in Fig. 3. The total emittance is in-
creased by 60% with the SWG in comparison with that of the
flat surface.

We showed the improvement in emission efficiency and emis-
sion angle of LED by fabricating the subwavelength grating on
LED. The period and depth of the SWG were 200 and 275 nm,
respectively. For fabricating the tapered grating, which was es-
sential to suppress the Fresnel reflection at the interface, we in-
troduced three-steps FAB etching process combined with EB
patterning. The proposed technique will be powerful for im-

Fig. 2. Optical micrographs of the emission from the SWG observed at angdgoving the luminance and the emission angle of LEDs used in
6. (@6 = 0°.(b)8 = 10°.(c)® = 20°. (d) & = 40°.

displays.
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