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ABSTRACT Micro-scale patterned arrays and nano-scale rough morphology are promising for improving
the light-extraction performance of GaN-based thin film light-emitting diodes (TFLEDs), while the light-
extraction mechanisms of the multiscale architectures combining these two structures have not been
investigated yet. In this report, we have adopted a pattern transfer and wet etching combined method to
fabricate multiscale patterned arrays with rough morphology (msPARM) on n-GaN layers for TFLEDs and
investigated their light-extractionmechanisms by the finite-difference time domain and ray-tracing combined
method. The results show that the TFLEDs achieve the maximum radiant efficacy using the msPARM with
an etching time of 8 min, which is increased by 16.3% and 1.7% compared with that achieved using only
the patterned arrays or only the rough morphology, respectively. Most importantly, optical simulation reveals
that the msPARM can provide a high transmittance for light with large emission angles from the active region
using the inclined surface of micro-scale concave cones, while effectively suppressing the reflection loss for
light with small emission angles using the scattering effect of nano-scale rough morphology, resulting in
enhancing the light-extraction of the TFLEDs. Consequently, this study can provide a better understanding
to design the multiscale structures for achieving high efficiency LEDs.

INDEX TERMS GaN-based thin-film light-emitting diodes, light extraction, finite-difference time domain,
ray-tracing, multiscale structure.

I. INTRODUCTION
Light-emitting diodes (LEDs) led to a revolution in lighting
and have gradually replaced conventional solid-state lighting
sources because of their high brightness and long lifetime [1].
GaN-based thin-film LEDs (TFLEDs) hold promise as a
high-power and high-quality lighting source because of their
high light extraction, good heat dissipation, and flexible chip
size [1]–[3]. The radiant efficacy is one of the most essen-
tial performance indicators for TFLEDs applications [4],
defined as the ratio of radiant power to the injected electrical
power. This performance is contributed by the internal quan-
tum efficiency (IQE) and light-extraction efficiency (LEE).

The associate editor coordinating the review of this manuscript and
approving it for publication was Jiang Wu.

The former is defined by the ratio of photons generated
at the active region to the injection electrons; the latter is
defined by the ratio of photons escaping into the free region
to the photons generated. The IQE is mostly dependent on
the quality of epitaxy layers, and many studies have focused
on reducing their defect density [5]. At present, the IQE of
blue LEDs have been improved to nearly unity [6]. How-
ever, the radiant efficacy remains limited by the low LEE
caused by the significantly high total internal reflection (TIR)
and Fresnel reflection loss occurring at the light-extraction
surface (LES) of LEDs [7]. For TFLEDs with n-GaN-based
LEDs, the large difference in refractive index between the
n-GaN layer (refractive index of approximately 2.5) and the
air (refractive index of 1) implies that only 4% of light
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generated at the active region can escape into the free air
through radiant angles smaller than 24◦ [7]. In addition to
the low radiant efficacy, the absorbed photons inside LEDs
can be converted into thermal power, decreasing the working
stability [8].

Photon management of micro/nano structures is essential
for improving the LEE of TFLEDs [9]. One approach is
using light-extraction films integrated with patterned struc-
tures [10]–[14], refractive index grading layers [15], [16],
or nanoparticles [17], [18]. However, these films are required
to adhere to the surface of LEDs, which costs time and
is inconvenient. Therefore, it is expected to be more
efficient to integrate the light-extraction structures inside
LEDs [19]–[21]. Patterned sapphire substrates (PSSs) have
been widely used to effectively improve the LEE of tradi-
tional LEDs with horizontal structures [22], [23]. However,
because TFLEDs need to be transferred to Si or Cu sub-
strates for vertical electrical connections after epitaxy pro-
cesses [1], [3], [24], it is difficult to fabricate patterned arrays
at the interface between these substrates and epitaxy layers
like PSS. Etching n-GaN LEDs with rough morphology is
an essential method to improve the LEE of TFLEDs and
has the advantage of ease of manufacture [25], [26]. Typi-
cally, the dry etching and wet etching are used to perform
rough morphology with patterned arrays [27] and random
structures [28], respectively.Most of these roughmorphology
can decrease the TIR loss while simultaneously introduc-
ing strong backward scattering loss [29], suppressing further
improvement in the LEE of TFLEDs.

Multiscale structures have outstanding performance
because they integrate the advantages contributed by different
structures [11], [18], [23], [30], [31], while their light-
extraction mechanisms for TFLEDs have not been investi-
gated yet. In this study, a pattern transfer and wet etching
combined (PTWEC) method is adopted to fabricate multi-
scale patterned arrays with roughmorphology (msPARM) for
TFLEDs; the finite-difference time domain (FDTD) and ray-
tracing (RT) combined method is introduced to investigate
the light-extraction mechanisms for msPARM in details.
First, both the fabrication and simulation methods are given
in detail. Then, the msPARM is characterized by scanning
electron microscope (SEM) and atomic force microscope
(AFM), and the optical performance of TFLEDs is measured
using an integrated sphere system. Finally, simulation is
performed to determine the optical properties of msPARM,
and its light-extraction mechanisms are discussed.

II. METHOD
A. DEVICES FABRICATION
The PTWEC method was adopted to fabricate the msPARM
for TFLEDs [25], as shown in Fig. 1 (a). First, commer-
cial PSS with hexagonal arrays of micro cones widely used
in horizontal structure LEDs was prepared by wet etch-
ing; the height and diameter of each cone are 1.6 µm and
2.6 µm, respectively, and the space between each cone
is 0.3 µm. Then, several GaN layers were deposited using

FIGURE 1. (a) Fabrication processes of multiscale patterned structures
(msPARM) on n-GaN layer for TFLEDs and (b) sample of a TFLED with
msPARM.

metal-organic chemical vapor deposition (MOCVD). The
three-dimensional GaN buffer was deposited on its patterned
surface with a reaction temperature of 600◦C and reaction
time of 3 min under a hydrogen atmosphere; moreover,
the temperature was increased to 1100 ◦C to gain a two-
dimensional GaN buffer layer, providing a flat and smooth
surface for subsequent processes. After that, the n-GaN layer,
multiple quantum well (MQW), and p-GaN were deposited
by doping Si, In, and Al, respectively. The thicknesses of
these three layers are 5 µm, 0.02 µm, and 0.5 µm, respec-
tively. The epitaxy layer was divided into 1.1 × 1.1 mm
TFLEDs by inductively coupled plasma (ICP) etching. Then,
an Ag reflection layer (0.3 µm) was deposited by sputtering
on the p-GaN layer with a 2-nm Ni transition metal layer.
An AuSn alloy was deposited on the Si substrate and a
Ni/Ag Ohmic contact was deposited on the p-GaN layer
through thermal evaporation, respectively. The Si substrate
was then bonded to the TFLEDs under high temperature and
pressure. To remove the PSS from TFLEDs, a KrF excimer
laser (JPSA IX-6600, 248 nm, 25 ns) with 520 mJ/mm-2 was
used to remove the GaN buffer; this process is called laser
lift-off (LLO) [32]. Then, the n-GaN layer was wet etched
by KOH aqueous solution (volume fraction of 15%) under
various etching times to control the rough morphology of the
patterned arrays, the etching temperature is 80◦C. Finally,
an Au electrode was deposited on the n-GaN layer with an
Al/Ti/Al/Ni/Au Ohmic contact. A sample of the fabricated
TFLED with msPARM is shown in Fig. 1 (b).

B. DEVICES CHARACTERIZATION
The optical performances of the TFLED chips was measured
using the integrating sphere system and goniophotometer
system from Instrument Systems. The radiant efficacy of
different TFLED chips were measured according to the aver-
age values of approximately 1190 pcs chips on the wafer.
The injection current for the TFLEDs was provided by a
source from Keithley. The morphology of the msPARM was
observed using SEM and AFM.

C. OPTICAL MODELING
The GaN-based patterned arrays are isotropically etched by
the KOH solutiowetn, and it is assumed that the etching depth
is the same at different locations. Therefore, themsPARMcan
be regarded as a combination of the initial patterned arrays
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FIGURE 2. Diagram of the simulation method for msPARM.

(before etching) and the rough morphology gained by etch-
ing. The initial patterned arrays are transferred from the PSS
with micro-scale features, which are generally investigated
using the ray-tracing method for convenience [33]. However,
the roughmorphology has nano-scale features, and geometric
optics will not work in this case [34], [35]. Consequently,
the FDTD and RT combined method [36]–[39] was used to
study the light-extraction mechanisms of msPARM, as shown
in Fig. 2. The rough morphology of GaN surface etching by
KOH is established by the Weierstrass–Mandelbrot fractal
model [40]. Firstly, the fractal dimension of 2.7 is calcu-
lated according to the surface morphology of n-GaN sam-
ples with KOH etching [29]; then, the fractal roughness is
adjusted from 0 to 0.025 to ensure the commonly used size
of the randomly distributed structures change from several
nanometers to hundreds of nanometers; finally, these rough
morphology are input to the FDTD software for simula-
tion. Much more details on the establishment of rough mor-
phology for n-GaN can be found in a previous report [29].
The FDTD Solutions from Lumerical were used to perform
three-dimensional FDTD simulations (region of 20 × 20 ×

5 µm) to determine the scattering properties for the

GaN-based rough morphology. The excitation source was a
plane wave with a center wavelength of 450 nm and full-
width at half maximum of 10 nm, and its incident angles
were varied from 0◦ to 85◦ for achieving the incident angle-
dependent angular power distributions for the subsequent
calculation. The boundary condition is a perfectly matched
layer (PML). The maximum grid size was 10 nm to ensure
the accuracy of the simulation. The time step was determined
by the Courant condition [41] and the grid size. The com-
puter resources consumed 128 G random access memory and
12 core central processing units, the simulation time was set
to be large enough (5000 fs) to ensure energy convergence.
A monitor was located in front of the rough morphology, and
another was placed behind the source to record the trans-
mittance and reflection electromagnetic fields, respectively.
These recorded electromagnetic fields were converted into
the forward and backward angular power distributions using
the Poynting vector and Fourier far-field transformation [38].

The angular power distributions were used to calculate
the bidirectional scattering distribution function (BSDF) [42],
which was further utilized to define the transmission proper-
ties of the n-GaN surface. As a result, the scattering power and
scattering direction of light reaching the interface between
the cone-shaped patterned arrays of n-GaN and the silicone
encapsulant can be characterized in RT simulation. The n-
GaN layer with patterned arrays was established in the three-
dimensional RT simulation region performed by commercial
software from Tracepro, and their geometries were measured
according to the SEM and AFM images shown in Fig. 3(a),
(f), and (k); both the length and width of the n-GaN layer
are 0.1 mm in the simulation region. It is assumed that the n-
GaN layer and the encapsulant do not absorb light, while the
absorption layer surrounding the n-GaN layer, except for the
light-extraction surface, had a specific absorption that ranged

FIGURE 3. SEM images of msPARM on the n-GaN layer after etching for (a) 0 min, (b) 2 min, (c) 5 min, (d) 8 min, and
(e) 12 min. AFM images of msPARM on the n-GaN layer after etching for (f) (k) 0 min, (g) (l) 2 min, (h) (m) 5 min,
(i) (n) 8 min, and (j) (o) 12 min.
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FIGURE 4. Height distribution of msPARM with various etching times.

from 5% to 100%. This allowed the characterization of the
absorption loss caused by the reflector and the active region in
TFLEDs for convenience. In addition, the plane source with
emission angles ranging from 0◦ to 85◦ was set inside the
n-GaN layer as the active region, where light is uniformly
emitted from different locations of the plane source.

III. RESULTS AND DISCUSSION
A. STRUCTURE OF MSPARM
The SEM images of msPARM on n-GaN layers with various
etching times are shown in Fig. 3(a)-(e), while their AFM

images are shown in Fig. 3(f)-(o). The etching time of 0 min
refers to themsPARMobtained just after the LLOprocess and
without KOH etching. As shown in Fig. 3(a), it is evident that
the patterned arrays of concave cones have been successfully
transferred from the PSS with patterned arrays of convex
cones. Moreover, the surface of these patterned arrays with
0 min etching time appears to have almost no randomly dis-
tributed structures and is quite smooth, as shown in Fig. 3(f)
and (k). After etching, randomly distributed structures can
be observed. In particular, the surface of the n-GaN layers
becomes rougher as the etching time increases, resulting in
larger randomly distributed structures appearing on concave
cones. When the etching time is increased to 12 min, the pat-
terned arrays are difficult to detect and the surface becomes
entirely rough, with only randomly distributed structures. The
height distributions of these msPARM were recorded using
the AFM images, as shown in Fig. 4. It is evident that the aver-
age height and its deviation increase with increasing etching
time, which suggests that the randomly distributed structures
are generated on the n-GaN layers, resulting in rougher mor-
phology of the patterned arrays. Notably, the patterned arrays
of the n-GaN layer without etching have an average height
of 0.6 µm, which is smaller than that of the PSS. This is
because that the GaN buffer layer has been removed after the
LLO process. In addition, the rough surface of n-GaN layers
after etching for 12 min has an average height of 1.3 µm,
which is large enough to provide excellent light-extraction

FIGURE 5. (a) Radiant power of TFLEDs using msPARM with various etching times at various injection currents.
(b) Light-extraction efficiency of TFLEDs using msPARM at the rating injection current of 350 mA. (c) Intensity
distributions and (d) spectra of TFLEDs using msPARM with various etching times.
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performance for TFLEDs [25]–[29], [43]. This rough surface
was also used as a reference for comparison.

B. OPTICAL PERFORMANCES OF TFLEDS
The radiant power of TFLEDs using msPARM with various
etching times was measured with various injection currents,
as shown in Fig. 5(a). The radiant power increases with
increasing injection current, with good linearity. It is evi-
dent that TFLEDs with only patterned arrays (etching time
0 min) show the lowest radiant power, and the radiant power
increases as the etching time increases. This indicates that the
rough morphology can further improve the light-extraction
performance of the patterned arrays. However, when the
etching time is large enough (12 min), the msPARM has
turned into only rough morphology, resulting in a reduction
in the radiant power. The radiant efficacy of these TFLEDs
was calculated at the rating injection current of 350 mA,
as shown in Fig. 5(b). The results clearly indicate that pat-
terned arrays with rougher morphology lead to a higher radi-
ant efficacy. The radiant efficacy achieved by msPARM with
the optimized etching time of 8 min increased by 16.3%
and 1.7% compared with that achieved by only the pat-
terned arrays (0 min, without rough morphology) and only
the rough morphology (12 min, without patterned array),
respectively. It should be noted that their absolute increments
are 5.1% and 0.6%, respectively, while these values can be
further improved by optimizing the IQE of TFLEDs. Conse-
quently, TFLEDs fabricated with msPARM can be an effec-
tive approach to improve the light-extraction performance.
The intensity distributions and the emission spectra of these
TFLEDs are given in Figs. 5(c) and (d), respectively. The
viewing angles of TFLEDs slightly increase from 120◦ to
123◦ as the etching time increases from 0 min to 12 min
due to the stronger scattering effect of the rougher surface.
In addition, these TFLEDs have the same emission spectra
centered at 450 nm at various etching times, which can
satisfy the requirements for LED illumination and display
applications [1].

C. LIGHT-EXTRACTION MECHANISMS OF MSPARM
The transmittance of the msPARM and rough morphol-
ogy only with various fractal roughnesses are given
in Fig. 6(a) and (b), respectively, where various absorption
levels (from 5% to 100%) of TFLED chips have been consid-
ered. As shown in Fig. 6 (a), the transmittance increases as
the fractal roughness of msPARM increases when TFLEDs
have different absorptions. A fractal roughness of 0 indi-
cates that the patterned arrays have an ideal rough surface.
This clearly demonstrates that the msPARM has a stronger
light-extraction performance compared with only patterned
arrays. However, when the fractal roughness keeps increas-
ing, the transmittance shows almost no increase, and even a
slight reduction. This indicates that a morphology that is too
rough can suppress the light extraction of patterned arrays,
which may explain the reduction in radiant efficacy when
the etching time is too large. In addition, the transmittance is

FIGURE 6. Simulation transmittance of TFLEDs with various absorption
levels using (a) msPARM and (b) the rough morphology only with various
fractal roughnesses G. The scale bar is transmittance (unit: %).

totally lower at higher absorption of TFLEDs because much
more back-scattered light is absorbed instead of escaping
from TFLEDs through msPARM. The transmittance of the
rough morphology only is also given, as shown in Fig. 6 (b);
a fractal roughness of 0 indicates that the n-GaN has an ideal
smooth planar surface. The transmittance increases as the
fractal roughness increases because of the reduction of TIR,
which results from the stronger scattering effect caused by a
structure that has a size more comparable with that of the inci-
dent light [44]. However, it shows almost no increase when
the fractal roughness is large enough, which is a result of
the stronger backward scattering simultaneously introduced
by the nanostructures. Compared with the rough morphology
only that has the same fractal roughness, it is interesting that
the msPARM can achieve a higher transmittance, especially
when TFLEDs have higher absorption. At an absorption of
100%, the back-scattered light is totally absorbed and the
transmittance is only contributed by the front-scattered light;
it is evident that the msPARM can gain a transmittance
close to 40%, while that of the rough morphology only is
approximately 30%. These results clearly demonstrate that
the msPARM has a stronger light-extraction ability compared
with the rough morphology only because much more front-
scattered light directly escapes from the n-GaN layer. In addi-
tion, the smooth patterned arrays (msPARM with fractal
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FIGURE 7. Simulation transmittance of various emission angles using (a) the msPARM and (c) the rough morphology only
with various fractal roughnesses G. Simulation reflection of various emission angles using (b) the msPARM and (d) the rough
morphology only with various fractal roughnesses G. Emission angles here refer to the emission angles of light emitted from
the source inside the TFLEDs. The scale bar is the (a) (c) transmittance or (b) (d) reflection (unit: %).

roughness of 0) can also achieve a transmittance higher than
that of the smooth planar surface (the rough morphology
only with a fractal roughness of 0), and even a transmittance
comparable with the rough morphology only for large fractal
roughness. These results further indicate that the patterned
arrays are quite beneficial for light extraction, which is one
of the essential factors responsible to the improvement gained
by msPARM.

To gain a better understanding of this issue, the trans-
mittance and reflection of blue light emitting from a source
inside the n-GaN layer with various emission angles is given
in Fig. 7. The absorption of TFLEDs is 100% in this case;
therefore, the back-scattered light re-incident to the structures
is not considered. Fig. 7(a) and (b) show the transmittance
and reflection with various emission angles when using
msPARM with various fractal roughnesses, respectively,
while Fig. 7(c) and (d) show that using the rough morphology
only with various fractal roughnesses. In Fig. 7(a) and (b),
the transmittance and reflection of msPARM obviously
increases and decreases, respectively, with increasing fractal
roughness for small emission angles (smaller than 20◦). One
reasonable explanation is that the small emission angles can
cause light to reach the surface of the concave cones with
large incident angles, causing high Fresnel reflection loss
or TIR loss [7] and suppressing light extraction. However,

the roughermorphology ismore beneficial for light with large
incident angles escaping from the n-GaN surface because of
the scattering effect [45], improving the transmittance of light
with large emission angles, as shown in Fig. 7(c) and (d).
Therefore, the light with small emission angles reaching the
rougher morphology of concave cones with large incident
angles can more easily escape from the n-GaN surface,
improving the transmittance; a schematic diagram is shown
in Fig. 8(a) for convenience.

On the contrary, the transmittance and reflection of
msPARM slightly decrease and increase, respectively,
with increasing fractal roughness for middle emission
angles (ranging from approximately 20◦ to 40◦), as shown
in Fig. 7(a) and (b). This is because the concave cones
are beneficial for the escape of light with middle emission
angles, which results from the inclined surface that reduces
the incident angles for this light [22], [46], [47]. However,
the rougher surface can more significantly decrease the trans-
mittance of light with small incident angles because of the
stronger backward scattering, as shown in Fig. 7(c) and (d).
This causes the light with middle emission angles that prop-
agates into the inclined surface of the concave cones to
undergo more significant backward scattering because of the
rougher morphology. Moreover, the stronger scattering effect
caused by the roughermorphology can lead to larger scattered
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FIGURE 8. Dynamic analysis of typical light propagation from the n-GaN
layer to silicon. Comparison between the patterned arrays only and the
msPARM with (a) small emission angles, (b) middle emission angles, and
(c) large emission angles. Comparison between the rough morphology
only and the msPARM.

FIGURE 9. (a) Angular transmittance distributions for the rough
morphology only with various fractal roughnesses G achieved by the
source with a 35◦ incident angle. (b) Angular reflection distributions for
the rough morphology only with various fractal roughnesses G achieved
by the source with a 60◦ incident angle. The emission angle here refers to
the emission angle of light escaping from n-GaN layers. The scale bar is
the normalized (a) transmittance and (b) reflection (unit: a. u.).

angles (shown in Fig. 9), resulting in considerably more light
re-incident into the adjacent concave cones instead of escap-
ing directly. A schematic diagram is provided in Fig. 8(b) for
conveniently understanding the light extraction with middle
emission angles. When the emission angles become large
enough (larger than 40◦), the transmittance and reflection of
msPARM slightly increase and decrease, respectively, with

increasing fractal roughness, as shown in Fig. 7(a) and (b).
Similar to the above discussion on middle emission angles,
this occurs because light with large emission angles can
propagate to the inclined surface of the concave cones with
large incident angles, causing them to be deflected toward the
adjacent concave cones instead of directly escaping, as shown
in Fig. 8(c). However, the rougher morphology of the concave
cones provides a higher probability for a portion of this light
to be scattered far away from the adjacent concave cones,
thereby increasing the transmittance of large emission angles
in msPARM.

Compared with the rough morphology only (shown
in Fig. 7(c)), the msPARM has higher transmittance for
emission angles larger than approximately 30◦ (including
middle emission angles and large emission angles), as shown
in Fig. 7(a). This is primarily because the inclined surface
of concave cones can effectively reduce the incident angles
for light and decrease the Fresnel reflection loss or TIR
loss, as shown in Fig. 8(d). Most importantly, the patterned
arrays only (fractal roughness is 0) show a transmittance of
small emission angles (smaller than 20◦) extremely lower
than that from the rough morphology only; however, this
transmittance can be more effectively increased by intro-
ducing the rougher morphology upon these patterned arrays.
Consequently, the msPARM shows better light extraction
performance compared with the patterned arrays only and
the rough morphology only by combining their advantages,
which can lead to extremely high transmittance for light with
large emission angles while suppressing the reflection loss for
light with small emission angles.

IV. CONCLUSION
In this report, we have investigated the light-extraction mech-
anisms of msPARM for TFLEDs in details according to the
FDTD and RT combined method. The PTWEC method has
been adopted for fabricating msPARM for TFLEDs. A PSS
was used for transferring the patterned arrays of concave
cones on the n-GaN layer using the LLO technique; KOH
solution was used to form a rough morphology on the sur-
face of transferred concave cones by wet etching for various
amounts of time. The SEM and AFM images indicate that the
patterned arrays of concave cones were successfully trans-
ferred to the n-GaN surface, which becomes rougher with
increasing etching time and completely transforms into the
rough surface only when the etching time reaches 12 min.
Therefore, the etching time is the key parameter to obtain
msPARM for TFLEDs.Most importantly, the radiant efficacy
of TFLEDs reaches the maximum when using the msPARM
with an etching time of 8 min, an increase of 16.3% and 1.7%
compared with that achieved by the patterned arrays only
(0 min, without rough morphology) and the rough morphol-
ogy only (12 min, without patterned array), respectively.

Most importantly, optical simulation was carried out to
investigate the light-extractionmechanisms for themsPARM.
We found that the msPARM combines the advantages of
micro-scale patterned arrays of concave cones and nano-scale
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rough morphology; it can provide a high transmittance for
light with large emission angles using the inclined surface of
concave cones to reduce the incident angles, and effectively
suppress the reflection loss for light with small emission
angles using the scattering effect of rough morphology. Con-
sequently, the msPARM has a better light extraction perfor-
mance compared with the patterned arrays only and the rough
morphology only, showing potential for improving the optical
performance of LED devices, as well as other optoelectronic
devices requiring photon management of micro/nano struc-
tures. We believe that this study can provide a better under-
standing to design multiscale structures for high efficiency
light source and make significant contributions to LED appli-
cations.
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