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Enhanced Vertical Extraction Efficiency From
a Thin-Film InGaN-GaN Light-Emitting
Diode Using a 2-D Photonic Crystal and an
Omnidirectional Reflector

C. H. Lin, H. H. Yen, C. F. Lai, H. W. Huang, C. H. Chao, H. C. Kuo, Senior Member, IEEE, T. C. Lu,
S. C. Wang, Life Member, IEEE, and K. M. Leung

Abstract—An InGaN-GaN thin-film vertical-type light-emitting
diode with a two-dimensional photonic crystal (PC) on the emitting
surface and a TiO>-SiO, omnidirectional reflector on the bottom
was fabricated. The device was investigated by performing a series
of experiments and numerical computations. Electroluminescence
measurement revealed a strong extraction enhancement in the ver-
tical direction at 433-nm wavelength. The emission spectrum of the
light was found to be strongly modified by the PC to have a signifi-
cantly narrow linewidth of 5 nm. Our experimental results were in
accord with those obtained from our numerical findings.

Index Terms—Light-emitting diode (LED), omnidirectional re-
flector (ODR), photonic crystal (PC).

1. INTRODUCTION

MPROVED understanding of the physics of high-brightness

GaN-based light-emitting diodes (LEDs) coupled with ad-
vances in their processing and fabrication have led to their
successful use in flat-panel displays and many other display
technologies [1]. To address the next generation of applications
of LEDs on projectors and automobile headlights, further
improvements of optical power and light extraction efficiency
are required. First of all, in the absence of a suitable reflector
at the bottom of the LED, a significant fraction of the emitted
light would either escape or absorbed at the bottom of the
device. In our previous work, we have demonstrated significant
enhancement in the extraction efficiency for a vertical flip-chip
GaN-based LED incorporated with an omnidirectional reflector
(ODR) composed of alternate layers of TiO, and SiO2 [2]. A
second source of degradation of extraction efficiency is due to
the fact a large portion of the light emitting from InGaN-GaN
multiple-quantum-well (MQW) is captured within the GaN and
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Fig. 1. (a) Schematic diagram of the GaN-based thin-film LED with com-
posite PCs. An ODR was formed on the bottom of microcavity and the 2-D PC
was fabricated on the surface of thin-film LED with the etch depth of 170 nm.
(b) Top-view SEM image of 2-D PC with the lattice constant ¢ = 209 nm and
the diameter of air holes d = 110 nm.

sapphire layers in the form of propagating guided modes. Thus,
the light extraction efficiency can be substantially improved by
reducing the LED thickness thereby reducing the number of
guided modes. For a thin-film LED within the “microcavity”
regime, the effective cavity length must be short enough to
support just a few modes so that some modes lying within the
extraction cone are leaky [3]. The greater the fraction of power
emitting into the leaky modes, the larger the light extraction
efficiency. Nevertheless, a fraction of the power is still carried
away by light guided in the material.

To further extract the guided light out of the semiconductor
material, a properly designed two-dimensional photonic crystal
(2-D PC) has been utilized to enhance extraction efficiency of
light in the vertical direction from LEDs [4]. Therefore, an LED
operating within the microcavity regime and incorporated with
2-D PC on the light-emitting surface and an ODR at the bottom
surface is expected to have a significantly improvement on the
extraction efficiency compared to without PC. In this letter, we
report our fabrication and measurements on such an LED. Nu-
merical modeling is used to aide in the design of the device as
well as in the understanding of the experimental findings.

II. SAMPLE STRUCTURE
The schematic diagram representation of the structure of
thin-film InGaN-GaN LED with a 2-D PC and an ODR is
shown in Fig. 1(a). The structure consists of a 50-nm-thick
low-temperature GaN buffer layer, a 3-pm-thick GaN undoped
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layer, a 60-nm-thick Al 15Gag gsN etch stop layer [5], a
230-nm-thick Si-doped n-GaN layer, an unintentionally doped
InGaN-GaN MQW active layer, and a 230-nm-thick Mg-doped
p-GaN contact layer. The MQW active region is composed of
five periods of 3-nm/7-nm-thick InGaN-GaN quantum well
and barrier layers. A transparent conducting layer composed
of a 300-nm-thick indium—tin—oxide (ITO) was first deposited
onto the p-GaN surface of the wafer sample by electron beam
evaporation for current spreading. Since the ODR is noncon-
ducting, in order for our device to be of the vertical injection
type, we need to integrate a couple of conducing channels in-
side the ODR to make contact with the ITO for vertical current
spreading. Our ODR was composed of 14 pairs of TiO2-SiO4
and the refractive indexes of TiOs and SiO» are measured to
be 2.52 and 1.48, respectively, at 430-nm wavelength. Our
numerical modeling yielded thicknesses for the TiO, and
SiO, that resulted in a complete one-dimensional PC bandgap
between 417 and 450 nm. The detailed geometrical parameters
as well as our band structure calculation can be found in one of
our previous studies [2]. The detail wafer process of thin-film
ITO LEDs coated TiO2—SiO5 ODR was fabricated the same as
in [2]. To fabricate our 2-D PC on the n-GaN surface, we first
deposited a 50-nm-thick layer of SiOs to serve as a hard mask
on the n-GaN by plasma-enhanced chemical vapour deposition.
The 2-D PC with a hexagonal array of circular holes was then
defined by electron-beam (e-beam) lithography on the top of the
hard mask layer. The lattice constant and hole diameter of our
2-D PC were chosen to be 209 and 110 nm, respectively, and a
30 pumx 30 pm PC region was centered inside a 90-pm square
LED mesa area. The 2-D PC pattern was then transferred onto
the n-GaN surface by dry etching using the main etch gases of
chlorine and methane together with a radio-frequecy power of
125-W inductively coupled plasma (ICP) and 100-W reactive
ion etching. The remaining SiOy was removed by dipping it in
1 : 5 buffered oxide etch solution. The etching depth of the holes
was about 170 nm and the top view of the scanning electron
microscopy (SEM) image of the 2-D PC is shown in Fig. 1(b).
Finally, a bonding pad comprised of Ti—Al-Ni—Au serving as
n-electrode and Ti—Pt—Au serving as p-electrode was deposited
by an E-beam evaporator.

III. EXPERIMENT RESULTS AND DISCUSSION

We first performed an optical scattering measurement along
the vertical axis of our LED. A white light source was directed
at the side wall of the device. The light propagated inside the
LED structure and was partially reflected by the ODR and scat-
tered out of the LED by the 2-D PC. Fig. 2 shows the scat-
tering spectrum measured at the top of the device in the vertical
direction. The spectrum has a sharp peak around the intended
wavelength of 430 nm with a very narrow full-width at half-
maximum (FWHM) of about 5 nm. The scattering spectrum
shows the main peak light extraction wavelength of 430 nm.
The electroluminescence characteristics of our device were also
performed by using the probe station and a scanning optical
microscopy system, which included continuous-wave current
source (Keithley 238 CW), a 20 x microscopy objective with
a numerical aperture (NA) of 0.45, and charge-coupled device
spectrometer with spectral resolution of 1 A. Fig. 3 shows a
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Fig. 2. Optical scattering spectrum of the thin-film LED with composite PCs
by a white light source from the sidewall of the device.
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Fig. 3. Emission spectra of the thin-film LED with composite PCs at current
5 mA. Inset shows the top view image of the device with an emission at current
of 5 mA.

comparison of the emission spectrum of a conventional LED
with that of our present LED operating at a current of 5 mA.
The emission peak of our device was located at a wavelength of
433 nm with a very narrow FWHM of about 5 nm, which was
very close to the width seen in the scattering spectrum in Fig. 2.
Therefore, the emission spectrum of thin-film LED without PC
exhibits an FWHM of about 40 nm at room temperature. In ad-
dition, our result showed a strong light extraction enhancement
by a factor of 3.8 near the emission peak compared with the
conventional LED. The inset showed the emission image of the
present LED operating at an injection current of 5 mA.

To realize the 2-D PC effect shown in the narrow linewidth
on the emission spectrum of our LED, we compare the exper-
imental results to numerical simulations. To calculate the band
diagram of the triangular PC patterns in our structure, we em-
ploy the plane-wave expansion method in 2-D with an effec-
tive index approach that took into account the effects of partial
modal overlap of electromagnetic fields with the PC structures
[6], [7]. As a starting point, the ratio of light confined within
the 2-D PC structure to light extended in the entire device I'
and the effective refractive index of the entire device n.g were
first estimated by the transfer matrix method to be 0.194 and
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Fig. 4. (a) Leakage band structure in I' to M direction of 2-D PC structure.
The dashed line is the accepted air cone. The solid lines are the spectrum range.
(b) Photon DOS for 2-D PC structure.
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Fig. 5. Forward current versus voltage and light output power of the thin-film
LED with composite PCs and without PCs.

2.41, respectively. Then, we determine the effective dielectric
constants of the two materials in the unit cell, ¢, and €, using
ngff = faa + (1 - .f)gb and Ae = Ep —Ea = I‘g(&‘mat - Eair)’
where the f = 2712 / V3a? is a filling factor and ey, and
€air are dielectric constants of GaN (= 2.52) and air (= 12?),
respectively. The values of ¢, = 5.04 and ¢, = 6.06 thus
obtained were then put into the calculation of the band dia-
gram for the 2-D hexagonal-lattice structure with r/a = 0.26.
Fig. 4(a) shows the calculated band diagram of the 2-D trian-
gular lattice structure for transverse-electric mode. The x axis
represents the wavevector &/, varying from I' to M in the first
Brillion zone. In addition, the microscopy objective with NA
of 0.45 is both the accepted angle ~ 26° and the wavevector
ks, ~ 0.214 (27 /a), shown in Fig. 4(a) with a dashed line.
We see the three different bands in the &/, ~ 0.214 (27 /a) air
cone angle to fall behind in the spectrum range 400 ~ 470 nm
(which corresponds to frequency 0.523 ~ 0.445 (a/\)). There-
fore, density of state (DOS) was calculated within the vicinity
of I' point [8], as shown in Fig. 4(b). It can be expected that the
resonance mode at I" points such as at Brillouin-zone boundary
near the band edges, because the DOS is higher in these points
[8]. The light extraction from the I" point in the vertical direc-
tion is due to the PCs resonance mode. Furthermore, DOS cal-
culation shows that vertical coupling via PC Bloch modes near
the light emission wavelength. Our computed results, therefore,
agree well with the narrow linewidth, strong light extraction,
and multipeak emission observed in the emission spectra.

Fig. 5 shows the current versus voltage and the light output
power of the thin-film LED both with PCs and without PCs
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at room temperature. The turn-on voltage and resistance of
the present LEDs were similarly about 2.97 V and 160 (2,
respectively. The high resistance of the device may be due to
lateral current crowding in the thin n-type GaN layer, which
further limits device operation at higher current density. The
light output power of the device was measured by an integrating
sphere with Si photodiode at room temperature. At an injection
current of 10 mA, the thin-film LED with PCs shows output
power enhancement by 10% when compared to the thin-film
LED without PCs. As the current increased beyond 10 mA, the
thermal roll-over began and the output power started to saturate
because of the high serial resistance of the device.

IV. CONCLUSION

In summary, a GaN-based thin-film vertical-type LED in-
corporated with a 2-D PC on the emitting surface and an ODR
on the bottom was fabricated and studied. Our device showed
a significant extraction enhancement around the emission peak
wavelength of 433 nm with a very narrow FWHM of 5 nm.
Our theoretical calculation showed the presence of a set of
flat dominant leaky resonant modes near the wavelength of
430 nm. These leaky modes are responsible for coupling the
guided modes out of the device. Thus, our LED has superior
performance in terms of the extraction efficiency and a narrow
linewidth, has advantages for white light generation by both of
RGB and phosphor conversion packages.

ACKNOWLEDGMENT

The authors gratefully acknowledge Dr. S. Y. Lin at Rensse-
laer Polytechnic Institute (RPI) for technical support.

REFERENCES

[1] M. Koike, N. Shibata, H. Kato, and Y. Takahashi, “Development of
high efficiency GaN-based multi-quantum-well light-emitting diodes
and their applications,” IEEE J. Sel. Topics Quantum Electron., vol. 8,
no. 2, pp. 271-277, Mar./Apr. 2002.

[2] H. W. Huang, H. C. Kuo, C. F. Lai, C. E. Lee, C. W. Chiu, T. C. Lu,

S. C. Wang, C. H. Lin, and K. M. Leung, “High-performance GaN-

based vertical-injection light-emitting diodes with TiO2—SiO2 omnidi-

rectional reflector and n-GaN roughness,” IEEE Photon. Technol. Lett.,

vol. 19, no. 8, p. 565, Apr. 15, 2007.

H. Benisty, H. D. Neve, and C. Weisbuch, “Impact of planar micro-

cavity effects on light extraction—Part I: Basic concepts and analytical

trends,” IEEE J. Quantum Electron., vol. 34,n0. 9, pp. 1612-1631, Sep.

1998.

[4] C.F.Lai, H. C. Kuo, C. H. Chao, H. T. Hsueh, J. F. T. Wang, W. Y.
Yeh, and J. Y. Chi, “Anisotropy of light extraction from two-dimen-
sional photonic crystal light-emitting diodes,” Appl. Phys. Lett., vol.
91, p. 123117, 2007.

[5]1 Y.S. Choi, M. Iza, E. Matioli, G. Koblmuller, J. S. Speck, C. Weis-
buch, and E. L. Hu, “2.5A microcavity InGaN light-emitting diodes
fabricated by a selective dry-etch thinning process,” Appl. Phys. Lett.,
vol. 91, p. 061120, 2007.

[6] M.Imada, A. Chutinan, S. Noda, and M. Mochizuki, “Multidirection-
ally distributed feedback photonic crystal lasers,” Phys. Rev. B, vol. 65,
p. 195306, 2002.

[7] T.C.Lu,S.W.Chen,L.F.Lin, T.T. Kao, C. C. Kao, P. Yu, H. C. Kuo,
S. C. Wang, and S. Fan, “GaN-based two-dimensional surface-emitting
photonic crystal lasers,” Appl. Phys. Lett., vol. 92, p. 011129, 2008.

[8] T. Baba, “Photonic crystals and microdisk cavities based on
GalnAsP-InP system,” [EEE J. Sel. Topics Quantum Electron.,
vol. 3, no. 3, pp. 808-830, Jun. 1997.

W
=



