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Strong light-extraction enhancement in GalnN light-emitting diodes
patterned with TiO, micro-pillars with tapered sidewalls
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An effective method to enhance the light extraction for GalnN light-emitting diodes (LEDs) is
reported. The method employs TiO, micro-pillars with tapered sidewalls, which are refractive-
index-matched to the underlying GaN. The tapered micro-pillars are fabricated by using reflowed
photoresist as mask during CHF;-based dry etch, with O, added in order to precisely control the
taper angle. LEDs patterned with TiO, micro-pillars with tapered sidewalls show a 100%
enhancement in light-output power over planar reference LEDs. The measured results are in good
agreement with ray-tracing simulations, showing strong potential of optical surfaces that are
controlled in terms of refractive index and lateral structure. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4756797]

One of the major obstacles facing light-emitting diodes
(LEDs) is the occurrence of trapped light inside a high-
refractive-index semiconductor.! This phenomenon leads to
a significant portion of the light remaining confined inside
the semiconductor material. For example, only 4% of the
light can escape from one surface of a planar GaInN LED.?
Thus, the light-extraction efficiency of LEDs is severely lim-
ited in planar LEDs. A variety of methods have been
reported to enhance the light extraction for LEDs, including
LEDs with textured surfaces,>* LEDs with photonic crys-
tals,”® LEDs grown on patterned substrates,”® and LEDs
coated with patterned graded-refractive-index coatings.”'® A
careful review shows that most of the above-mentioned
approaches involve formation of characteristic features such
as pillars,”'” holes™® and hexagonal pyramids.** Although
crystallographic wet chemical etching of a nitrogen-face
(N-face) GaN surface can create hexagonal pyramids with a
certain pyramid taper (e.g., 0~ 58° between the inclined
plane and the base plane of the pyramid),'"'? the pyramid
taper cannot be arbitrarily selected. Furthermore, the engi-
neering and fabrication of the sub-micron structures of a
photonic crystal is elaborate and expensive. Thus, develop-
ing structures, controlled in refractive index and in lateral
structure, is desirable. Indeed, the advanced control of both
refractive index'? and lateral structure'® of an optical surface
is highly promising and should be explored in greater detail.

One of the key characteristics of the LED surface fea-
tures that affect the light extraction of LEDs is the feature’s
sidewall angle of inclination. Figure 1 illustrates the light
extraction from a rectangular-parallelepiped-shaped LED
with no surface features (Fig. 1(a)), from a rectangular-
parallelepiped-shaped LED with a micro-pillar with vertical
sidewalls (Fig. 1(b)), and from a rectangular-parallelepiped-
shaped LED with a micro-pillar with tapered sidewalls
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(Fig. 1(c)). For simplicity, the micro-pillars are refractive-
index-matched to the LED semiconductor. As shown in Fig.
1(a), for a LED with no surface features, only those light
rays striking the interface at an angle less than the critical
angle, 0. = sin~! (Mair/Msemiconductor), €an be transmitted to the
surrounding air. Thus, the transmittance of light through a
planar surface is restricted to an escape cone, whose half
angle is defined by the critical angle. When a GaN LED
(Msemiconductor = 2.5) is surrounded by air (n,;, = 1), the criti-
cal angle at the interface is only 24°. However, in case of a
cylindrical micro-pillar with vertical sidewalls being formed
on a semiconductor surface, as shown in Fig. 1(b), light is
extracted through the top surface of the pillar as well as the
sidewalls of the pillar, thus, enhancing the total range of
angles which are extracted from the semiconductor. The
light escape cone has now increased, because it encompasses
both the original escape cone and the escape cones associ-
ated with the pillar sidewalls. If a LED is coated with a
micro-pillar with fapered sidewalls, as shown in Fig. 1(c),
the light escape cone is further increased. This is because,
although the light escape cone associated with the top sur-
face remains the same, the light escape cones associated
with the sidewalls are now increased, i.e., more oblique light
is directly out-coupled through tapered sidewalls than
through vertical sidewalls. However, if the taper of the side-
walls keeps increasing, the escape cones associated with the
top surface and the sidewalls will start to overlap. As a
result, the total light extraction will saturate, and then
decrease. Thus, the taper of the micro-pillars (the pillar
taper) needs to be optimized. On the other hand, for the
trapped light rays, a micro-pillar with tapered sidewalls
located on a rectangular-parallelepiped-shaped semiconduc-
tor can redirect the trapped light rays more efficiently so that
those light rays re-strike the interface at different angles until
eventually being extracted; this results in more efficient light
extraction. By contrast, a micro-pillar with vertical sidewalls
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FIG. 1. Schematic diagrams of light
extraction from (a) a rectangular-paral-
lelepiped-shaped LED with no surface
features, (b) a rectangular-parallelepi-
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on a rectangular-parallelepiped-shaped semiconductor will
have the trapped light rays re-strike the interface at either the
same angle or its complementary angle. In other words, a
micro-pillar with tapered sidewalls serves as a more efficient
“redirection center” for the trapped light rays than a micro-
pillar with vertical sidewalls. However, as the pillar taper
keeps increasing, the ability of the micro-pillars to redirect
the trapped light rays will also reach a maximum and then
decrease, since a micro-pillar with too large a pillar taper
will have its sidewalls almost parallel to the top surface of
the semiconductor, and thus loses its functionality to effi-
ciently redirect the trapped light rays. Therefore, to maxi-
mize light extraction, micro-pillars must be controlled in
terms of their lateral sidewall structure. Thus, the taper of
the micro-pillars (the pillar taper) plays a very important role
in the light extraction of LEDs. Here the pillar taper is
defined as

Pillar taper = cot(0) =1/h, (1)

where 0 is the angle between the pillar sidewall and the LED
top surface, as illustrated in the inset of Fig. 2, and / and A
are also defined in the inset. According to this definition, a
pillar with vertical sidewalls will have a 0 of 90° and a pillar
taper of 0; and the hexagonal pyramids created by crystallo-
graphic wet chemical etching of an N-face GaN surface will
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FIG. 2. Light-output power of a GalnN LED patterned with an array of
refractive-index-matched micro-pillars, as a function of the pillar taper, simu-
lated by ray tracing. The inset illustrates the definition of the pillar taper.

ped-shaped LED with a micro-pillar
with vertical sidewalls, and (c) a rectan-
gular-parallelepiped-shaped LED with a
micro-pillar with tapered sidewalls.

Light escape cone
Top surface

‘Sidewall

(c)

have a 0 of 58° and a pillar taper of 0.6. Note that the pillar
taper increases as 0 decreases.

Figure 2 shows the simulated light-output power (LOP)
as a function of the pillar taper for a GaInN LED patterned
with an array of refractive-index-matched micro-pillars, as
simulated by the ray-tracing method. In the simulation, the
LOP is determined by counting extracted light rays through a
spherical far-field receiver with infinite radius that is sur-
rounding the whole LED die. The refractive index of the pil-
lar is selected to be matched with that of GaN (n~2.5). The
absorption coefficient of GaN is assumed to be 10cm™'. A
split-ray (reflection and transmission rays) method is
employed and Fresnel loss at each interface is included. A
total of 100 000 rays is used in each simulation. The LED die
size is set to be 1 x 1 mm?. The micro-pillars used in the sim-
ulation have a circular planar shape, with a fixed height of
0.5um and a fixed bottom diameter of 4 um. The micro-
pillars are arranged in a hexagonal array and the pillar spac-
ing is kept at 4.5 um, as described in the inset of Fig. 2. A
planar LED without surface features is simulated as a refer-
ence LED. Inspection of Figure 2 shows that for LEDs pat-
terned with this micro-pillar-array structure, the LOP first
increases with the pillar taper, and then decreases as the pillar
taper further increases. The maximum LOP is achieved for
micro-pillars with a pillar taper of 1.5, which corresponds to
an angle 0 of 34°. The ray-tracing-simulation results of Figure
2 also show that when compared with planar reference LEDs,
LEDs patterned with micro-pillars with vertical sidewalls
(taper = 0) can increase the light extraction. Moreover, LEDs
patterned with micro-pillars with tapered sidewalls can fur-
ther increase the light extraction of LEDs, and there is an op-
timum pillar taper for light extraction with regard to a
specific micro-pillar structure. Therefore, a method that can-
not only fabricate micro-pillars with tapered sidewalls, but
also control the pillar taper, is highly desirable.

In this paper, we present an effective and elegant method
to fabricate TiO, micro-pillars with tapered sidewalls and
hence greatly enhance the light extraction for GalnN LEDs.
TiO, micro-pillars with tapered sidewalls are fabricated by
using reflowed photoresist as a mask during dry etch and by
introducing O,, as additional etch gas together with CHF;,
with O, being added in order to precisely control the taper
angle. Thin-film 1 x 1 mm? GaInN LEDs (N-face up) emit-
ting at 445 nm and having no surface features are used as a
reference device (planar reference LED). The vertical LED
devices we used in our experiments have a chip design that is
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very similar to the thin-film flip-chip geometry," so the top
N-face GaN surface is not covered by any metal electrodes.
In addition, there is a layer of undoped GaN on top of the
n-type GaN, which will protect the active region from dry
etch damage. At first, about 500-nm-thick TiO, is sputter-
deposited on the N-face GaN surface of GalnN LEDs. TiO,
is chosen since it is refractive-index-matched to GaN at the
wavelength of 445 nm, so that there is minimal out-coupling
loss (Fresnel reflection loss). The photo-lithography for pat-
terning the TiO, films is performed using Shipley Company’s
S1813. Subsequently, the developed photoresist is hard-baked
either at 120 °C for 2 min (the non-reflowed photoresist) or at
145 °C for 5min (the reflowed photoresist). The TiO, film is
then patterned using the photoresist as a mask during induc-
tively coupled plasma (ICP) reactive ion etch (RIE). TiO,
micro-pillars with vertical sidewalls are fabricated using the
non-reflowed photoresist as a mask and using CHF; only dur-
ing dry etch, with 600 W ICP power, 250 W RIE power, 60
sccm CHF; at 25 mTorr; the resulting micro-pillar is shown
in Fig. 3(a). While TiO, micro-pillars with tapered sidewalls
are fabricated using the reflowed photoresist as a mask and
using the same etching conditions except introducing O, as
additional etch gas together with CHF; during dry etch. The
resulting micro-pillars are shown in Figs. 3(b)-3(d). O, is
introduced to etch the photoresist isotropically, while CHF;
etches the TiO, anisotropically. As a result, TiO, micro-
pillars can have tapered sidewalls. Furthermore, the pillar
taper can be controlled by the flow rate of O,, which controls
the etch rate of the photoresist. As shown in Fig. 3, the pillar
taper first increases as the flow rate of O, increases, and then
decreases as the flow rate of O, further increases. As shown
in Fig. 3(c), TiO, micro-pillars with a pillar taper of about 1.4
are achieved. And this pillar taper is close to the optimum pil-
lar taper for this micro-pillar structure as predicted by the
ray-tracing simulation. The LOP from the LED chip is meas-
ured using a lab-made far-field emission intensity measure-
ment setup with a Si photo-detector that is moved by a
rotating arm similar to a goniometer. The measured LOP is
calculated after integration over all angles, and thus can be
compared with the simulated LOP.

Planar reference LEDs, LEDs patterned with TiO,
micro-pillars with vertical sidewalls (taper =0), and LEDs
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FIG. 3. Scanning electron micrographs of TiO, micro-pillars fabricated with
different etch conditions: (a) with non-reflowed photoresist and 0 sccm of
O,, resulting a pillar taper of 0 (0 =88°); (b) with reflowed photoresist and
10 sccm of O,, resulting a pillar taper of 0.8 (0 =51°); (c) with reflowed
photoresist and 20 sccm of O,, resulting a pillar taper of 1.4 (6 =35°); (d)
with reflowed photoresist and 25 sccm of O,, resulting a pillar taper of 1.2
(0=40°).
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FIG. 4. Measured light-output power as a function of the pillar taper for a
GalnN LED patterned with an array of TiO, micro-pillars. The TiO, micro-
pillars have the same structure as described in Fig. 2. For comparison, a pla-
nar reference LED is also shown.

patterned with TiO, micro-pillars having various pillar tapers
are fabricated and measured. The TiO, micro-pillars have
the same structure as described in Fig. 2. Figure 4 shows the
measured LOP as a function of the pillar taper. As shown in
Fig. 4, compared with planar reference LEDs, LEDs pat-
terned with TiO, micro-pillars with vertical sidewalls show a
68% enhancement in LOP. And LEDs patterned with TiO,
micro-pillars with tapered sidewalls show even higher LOP
enhancement, with the LED patterned with TiO, micro-
pillars having a pillar taper of 1.4 shows the largest LOP
enhancement of 100%. As shown in Fig. 4, when compared
with planar reference LEDs, LEDs patterned with TiO,
micro-pillars with vertical sidewalls (taper =0) can increase
the light extraction. Moreover, LEDs patterned with TiO,
micro-pillars with tapered sidewalls can further increase the
light extraction from LEDs. And the LED patterned with
TiO, micro-pillars having a pillar taper that is closest to the
optimum pillar taper, as predicted by the ray-tracing simula-
tion, shows the largest enhancement in LOP. This trend is in
good agreement with the ray-tracing simulation results.
Figure 5(a) shows the measured far-field emission inten-
sity as a function of the angle of emission for a LED pat-
terned with TiO, micro-pillars with tapered sidewalls
(taper = 1.4), a LED patterned with TiO, micro-pillars with
vertical sidewalls (taper =0), and a planar reference LED.
As shown in Fig. 5(a), compared with the planar reference
LED, which have a Lambertian emission pattern, the LED
patterned with TiO, micro-pillars with vertical sidewalls
shows higher light emission intensity along off-surface-
normal directions, and the LED patterned with TiO, micro-
pillars with tapered sidewalls shows much higher light emis-
sion intensity from off-surface-normal directions. Since the
light emission along off-surface-normal directions is an indi-
cation of the light extracted from the sidewalls of pillars, we
can see that micro-pillars with tapered sidewalls effectively
promote the light extraction for LEDs by out-coupling light
rays from the tapered sidewalls, as predicted by the ray-
tracing simulation results. Furthermore, the angle of the peak
emission intensity, which is the angle at which the emission
intensity is at its maximum, deviates more from the
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emission for a LED patterned with TiO,
micro-pillars with tapered sidewalls
(taper = 1.4), a LED patterned with TiO,
micro-pillars with vertical sidewalls
(taper =0), and a planar reference LED.
(b) Current—voltage characteristic for a
LED patterned with TiO, micro-pillars
with tapered sidewalls (taper =1.4) and
L a planar reference LED.
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LED-surface-normal (i.e., a larger off-surface-normal angle)
for the LED patterned with TiO, micro-pillars with tapered
sidewalls than the LED patterned with TiO, micro-pillars
with vertical sidewalls. This is another indication of the more
effective light extraction from micro-pillars with tapered side-
walls, since the extracted light rays from tapered sidewalls
primarily contribute to the emission along off-surface-normal
directions. Figure 5(b) shows the current—voltage characteris-
tic for a LED patterned with TiO, micro-pillars with tapered
sidewalls (taper = 1.4) and a planar reference LED. As shown
in Fig. 5(b), the current—voltage characteristic remains the
same for both samples, indicating that the active region as
well as the contacts are not damaged during the dry etch.

In summary, we have demonstrated an effective and ele-
gant method to enhance the light extraction for GalnN
LEDs. The method employs TiO, micro-pillars with tapered
sidewalls that are refractive-index-matched to the underlying
GaN layer. The tapered micro-pillars are fabricated by using
reflowed photoresist as mask during CHF3-based dry etch,
with O, added in order to precisely control the taper angle.
LEDs patterned with TiO, micro-pillars having a pillar taper
of about 1.4 show a 100% enhancement in LOP over planar
reference LEDs. The measured results are in good agreement
with the ray-tracing simulation results, showing the strong
potential of optical surfaces that are controlled in terms of re-
fractive index and lateral structure to attain high light extrac-
tion in GaN-based LEDs.
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