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Highly optical performances of flip-chip light-emitting diodes, employing double-side patterned sapphire
substrates with various heights (0, 280, and 650 nm) of textures on the bottom surfaces of the substrates,
are evaluated. At 700 mA, the chip (280 nm) delivers higher power of 728.3 mW in comparison to the
characteristics in the cases of 0 nm (708.4 mW) and 650 nm (702.2 mW). A wide radiation pattern as well
as a large viewing angle of such a chip is demonstrated.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
In a GaN-based flip-chip light-emitting diode (FC-LED), the pat-
terned sapphire substrate (PSS) is indispensable for contributing to
the power enhancement of chip [1,2] owing to the predominant
effects brought by PSS as follows. One is the reduction of disloca-
tion density of the GaN epitaxial layer, growing on PSS, in favor
of the improved internal quantum efficiency. The other is the pat-
terned structure of PSS against the total internal reflection (TIR) at
the interface between sapphire and GaN epitaxial layer for benefit-
ing light extraction [3,4]. Over the past few years, much effort
has been made aiming to further have more photons escape from
the FC-LED by texturing the surface which is opposite to the
GaN/sapphire interface of the PSS [5–7]. In addition, several
researchers have evaluated the optical performances of FC-LEDs
with textures merely forming on the bottom surfaces of PSSs
[8,9]. That is, the textured surface of PSS, possessing a mesh-type
shape, was designed to achieve the relevant FC-LED with high light
extraction efficiency [8]. Furthermore, the FC-LED, applying a PSS
with submicron-scale configuration, can facilitate the production
of light [9].

Therefore, in this work, we developed a high-power FC-LED
based on double-side PSS; three different heights (0, 280, and
650 nm) of patterned structures were created on the bottom sur-
faces of PSSs facing the surrounding for comparison. The viewing
angles and output power of such FC-LEDs were also discussed.
Moreover, the simulations regarding the directions of light travel-
ing in the corresponding PSSs were accomplished with the assis-
tance of Monte Carlo ray tracing.

The InGaN/GaN multiple quantum-well (MQW) LEDs were
grown on the c-plane (0001)-oriented PSSs by using a
metal-organic chemical vapor deposition apparatus to acquire a
typical LED chip with single-side PSS. The periodic arrays, having
a depth of 1.5 lm of the PSS, were prepared by inductively coupled
plasma (ICP) etcher. Trimethylgallium, trimethylindium, ammonia,
bicyclopentadienyl magnesium, and silane served as the precur-
sors for obtaining Ga, In, N, Mg, and Si, respectively. The growth
of epitaxial structure of the LED was carried out according to the
previous literature [10]. In brief, the textured surface of PSS was
the site at which a GaN nucleation layer grew at the beginning.
Afterward, a thick n-type GaN layer (4 lm) doped with Si, a
ten-period of InGaN/GaN heterostructure as MQWs, and a p-type
GaN layer (120 nm) doped with Mg were vertically arranged on
the nucleation layer in sequence.

For the FC-LED process, a transparent conductive layer, indium
tin oxide, was included [11]. The p-type and n-type GaN were the
layers on which Ti/Au and Ti/Al/Ti/Au metal contacts deposited,
respectively, by means of electron beam evaporation [10]. A reflec-
tive mirror of Ag was further deposited on the p-contact [12]. Then
a defined film based on Au was deposited on the p- and n-contacts
[2] to obtain a final single-side PSS-assembled FC-LED chip (desig-
nated as LED I hereafter) with a dimension of 1 mm � 1 mm. The
optical properties of FC-LEDs reported were characterized using
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an integrating sphere, equipped with a Keithley source meter, and
a viewing angle instrument.

To convert the foregoing LED I into an FC-LED with double-side
PSS, a film of photoresist was coated onto the bottom surface of the
LED I followed by photolithography processes (Fig. 1a). The ICP
etching was further used to establish a regular array, consisting
of patterned structures, on the bottom surface of the LED I, thereby
completing the fabrication of the double-side PSS-based FC-LED
chip (Fig. 1a). In Fig. 1b, the textures can be clearly observed not
only on the outer surface of sapphire, exposed to air, but also at
the interface between sapphire and GaN in the as-prepared chip.
Fig. 1. (a) Schematic process of FC-LED chip with double-side PSS and (b) cross-sectional
of sample holder.

Fig. 2. 3-Dimensional atomic force microscope images of bottom surfaces of sapphire
This confirms the successful formation of the FC-LED with
double-side PSS. Thus two different types of pertinent FC-LEDs,
including the chip with smaller textures (designated as LED II here-
after) and that owning relatively larger ones (designated as LED III
hereafter), were further prepared by adjusting the etching time of
ICP. Compared to the small surface roughness of LED I, originating
from the bare sapphire substrate (Fig. 2a), both LED II and LED III
textures exhibit nearly cone-like morphologies due to the ICP
treatments (Fig. 2b and c). In Fig. 2d, the heights of the textures
were estimated to be about 280 and 650 nm for LED II and LED
III, respectively.
scanning electron microscope images of the relevant chip, obtained at a tilted angle

substrates of (a) LED I, (b) LED II, and (c) LED III; (d) their corresponding profiles.



Fig. 3. (a) Far-field radiation patterns and (b) output power vs. peak wavelength of
LED I, LED II, and LED III.
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Under 350 mA injection, the far-field emission patterns of LED I,
LED II, and LED III are shown in Fig. 3a. At the full width at half
maximum, the LED I delivered a viewing angle of about 131�.
Fig. 4. (a) Simulation using h1 and relevant ray tracing of (b) LED I, (c) LED II, and (d) LED
III.
However, the viewing angle increased to ca. 135� which can be
simply observed from the variation in radiation pattern for LED II
(Fig. 3a). The wide pattern as well as the large viewing angle of
the LED II is explained by the suppression of the TIR at the air/sap-
phire interface due to the presence of patterned structures on the
bottom surface of the chip. When the height of texture of chip
increased from 280 nm (LED II) to 650 nm (LED III), the radiation
pattern of LED III became narrower than that of LED II (Fig. 3a).
This finding implies that a large number of photons, emitted from
the MQWs, are reflected by the large textures and return to the LED
III, thereby leading to the chance of reabsorption [13]. The effects
of height of texture on the ray tracing will be discussed for the
LED I, LED II, and LED III at a later stage. Fig. 3b shows the output
power in relation to the peak wavelengths of all FC-LEDs with
input current of 700 mA. Five independent samples were prepared
and analyzed for each type of chip. Although there is a vibration on
the wavelength for the obtained data, we believed that this causes
only less disturbance to power competition due to most of the data
centered in a small range of 448.5 and 449.5 nm (Fig. 3b). The LED
II gave the best performance of an average value of 728.3 mW
among three cases of LED I (708.4 mW), LED II, and LED III
(702.2 mW). The enhanced power, generated from the LED II, is
attributed to a large portion of light emerging via the patterned
structures, with reference to the power given by LED I. The result
is consistent with the difference in radiation patterns between
the cases of LED I and LED II (see Fig. 3a). On the other hand, a bet-
ter light output of the LED II, compared to that of the LED III, can be
explained by the subsequent results of Monte Carlo ray tracing
obtained through TracePro software [14].

In Fig. 4, we made simulation analyses to determine the impact
of textures with 0, 280, and 650 nm in heights in accordance with
the cross-sections of patterned geometries of PSSs on the bottom
surfaces of LED I, LED II, and LED III (see Fig. 2d) on the optical
ray tracing from sapphire to air. The refractive indices of air and
sapphire were set to be 1 and 1.78, respectively. To simplify the
investigation, one single texture was merely chosen for the study
in each case. Also we focused on the ray tracing behavior depend-
ing on the directions of light, following the arrows (Fig. 4). In
Fig. 4a, the paths of LED I, LED II, and LED III were initially simu-
lated corresponding to the h1 of 45� [h1 = tan�1 (10/10)], which
III. (e) Simulation using h2 and relevant ray tracing of (f) LED I, (g) LED II, and (h) LED
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was larger than the critical angle (hc) of 34.2� [hc = sin�1 (1/1.78)] at
the air/sapphire interface. The rays were thus totally trapped by
sapphire for LED I in this situation owing to the TIR (Fig. 4b).
However, in Fig. 4c and d, both kinds of the patterned sapphires
of LED II and LED III allowed the rays to pass through, thereby mak-
ing the rays reach the air side. This results from the decreased inci-
dent angle at the air/sapphire interface of the texture (LED II or LED
III) on the basis of the same h1 (45�), with reference to the case of
LED I.

On the other hand, a relatively smaller h2 of 5.7� [h2 =
tan�1 (1/10)], compared to h1, was discussed (Fig. 4e). In Fig. 4f,
the simulated rays using h2 can completely escape from the sap-
phire for LED I because of the corresponding incident angle (5.7�)
which is smaller than the critical value (34.2�) at the interface. In
the meantime the incident angles at the interface, originating from
the LED II with h2, still remained at an acceptable level of being
light escape cones due to the texture having a favorable height,
thus efficiently leading to the rays emerging from both left-hand
and right-hand sides of the geometry (Fig. 4g). However, the escape
of light was inhibited at the right-hand interface of the LED III by
TIR, as shown in Fig. 4h. We reasoned that such a configuration
with 650 nm in height has more chances to let the incident angle
exceed the tolerance of critical value at the air/sapphire interface,
with reference to the case of LED II (280 nm). Overall, when the h
of ray ranges from 5.7� to 45�, the LED II is supposed to produce
the most light among the three cases (LED I, LED II, and LED III).
The simulation results are consequently consistent with the differ-
ence in output power of the FC-LEDs (see Fig. 3b).

In conclusion, the regular and periodic arrays of patterned
structures, established on the surface where light escapes, namely
the bottom surface of a PSS, in an FC-LED, are promising for contri-
bution to the achievement of relevant chip with high light extrac-
tion efficiency under current injection. Most importantly, such a
structure, having a well-designed geometry of hump-like shape
with adequate height, guarantees the power improvement of the
chip. Thus a double-side PSS-assembled FC-LED with textures of
280 nm in height (LED II) gives about 2.8% and 3.7% enhancements
in output power in comparison to the performances of the chip
with flat bottom surface (LED I) and the chip with textures of
650 nm in height (LED III), respectively. In addition, the viewing
angle of the chip with double-side PSS (LED II) is increased by ca.
3.1%, with reference to the viewing angle of the chip based on
single-side PSS (LED I).
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