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Abstract: Fabricating GaN-based light-emitting diodes (LEDs) on a silicon (Si) substrate, which is
compatible with the widely employed complementary metal–oxide–semiconductor (CMOS)
circuits, is extremely important for next-generation high-performance electroluminescence devices.
We conducted a systematic investigation of the optical properties of vertical LEDs, to reveal the impacts
of the manufacturing process on their optical characteristics. Here, we fabricated and characterized
high-efficiency GaN-based LEDs with integrated surface textures including micro-scale periodic
hemispherical dimples and nano-scale random hexagonal pyramids on a 4 inch p-type Si substrate.
The highly reflective Ag/TiW metallization scheme was performed to decrease downward-absorbing
light. We demonstrated the influence of transferring LED epilayers from a sapphire substrate onto
the Si substrate on the emission characteristics of the vertical LEDs. The removal of the sapphire
substrate reduced the adverse impacts of the quantum-confined Stark effect (QCSE). The influence of
integrated surface textures on the light extraction efficiency (LEE) of the vertical LEDs was studied.
With the injection current of 350 mA, vertical LEDs with integrated surface textures demonstrated an
excellent light output power of 468.9 mW with an emission peak wavelength of 456 nm. This work
contributes to the integration of GaN-based vertical LEDs into Si-based integrated circuits.
Keywords: vertical light-emitting diodes; stress state; integrated surface textures; optical performance

1. Introduction
GaN-based light-emitting diodes (LEDs) have been proven to have great potentials as
next-generation solid-state lighting due to their high color-rendering index, high efficiency, long life,
compact size, and so forth [1–3]. However, further enhancements in optical performance for
high-power LEDs are extremely important to penetrate general lighting and automotive front lighting
markets [4–6]. The silicon (Si) substrate is compatible with the widely employed complementary
metal–oxide–semiconductor (CMOS) circuits. The combination of GaN-based LEDs with Si-based
integrated circuits would expedite the wide application of GaN-based LEDs [7].
Generally, the reported GaN-based LEDs can be categorized as follows: (1) Conventional
top-emitting LED. The top-emitting LED is grown on a sapphire substrate. It is well known that
large compressive strain exists in the GaN film due to the large lattice and thermal mismatch between
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the GaN film and sapphire substrate. This compressive strain causes a piezoelectric field in the
InGaN/GaN multiple quantum wells (MQWs) and, thus, results in adverse impacts including fewer
band-to-band transitions, fewer overlaps of the electron–hole wave functions, a red-shifted peak
emission wavelength, and weakened radiative recombination, which is known as the quantum-confined
Stark effect (QCSE) [8–14]. Due to the insulation of the sapphire substrate, both n- and p-type electrodes
of a top-emitting LED are on the same side of the sapphire substrate. Thus, the current crowding effect
(CCE) around the electrodes emerges, degrading device performance [15]. Moreover, the top-emitting
LED suffers from a loss of active region area for the formation of n-contacts and poor thermal
dissipation [16]. (2) Flip-chip LED. In the flip-chip LED configuration, the chip is inverted compared to
conventional top-emitting LEDs. Light emits through the transparent sapphire substrate and, therefore,
there is no attenuation of light by the semi-transparent metal electrode. In addition, the flip-chip LED
can dissipate the heat generated in the active region through the thick metallization contacts. However,
the flip-chip LED suffers from severe CCE occurring around the n-type electrode [17–21]. (3) Vertical
LED. A GaN-based vertical LED is fabricated by transferring the LED epitaxial structure from a
sapphire substrate onto a conductive substrate (such as Cu and Si). Compared to the top-emitting LED,
the vertical LED has a larger emitting area without loss in active emitting region area, and the substrate
with superior heat conductivity can improve the heat dissipation performance [22,23]. Compared to
the flip-chip LED, the vertical configuration can effectively alleviate current crowding. With a superior
device architecture, the vertical LED is considered more applicable for high-power and high-efficiency
electroluminescence devices.
In the past few decades, many methods have been reported to develop a high-performance
vertical LED. Si is believed to be a suitable substrate for the vertical LED due to its low cost,
large size, and excellent thermal and electrical conductivities. The Au-In eutectic bonding technique
has been reported with some advantages, including low bonding temperature and high working
temperature [24]. There are two major types of ways to remove the sapphire substrate: Chemical
lift-off (CLO) and laser lift-off (LLO). The CLO requires incorporating a particular layer into the
epitaxial structure, and large-area CLO processes are often complicated. The LLO, however, has been
demonstrated to rapidly and effectively separate LED epilayers from the sapphire substrate [25–28].
Moreover, a myriad of techniques, such as the current blocking layer (CBL) [29], surface texture [30–34],
photonic crystals [35], nanorods [36], and graded refractive index materials [37], have been studied
to ameliorate the light extraction efficiency (LEE) of vertical LEDs [38]. Among these approaches,
the surface texture on the top surface of a thick n-GaN layer has great potential for improving
LEE. Despite these progresses, GaN-based vertical LEDs still need improvement, particularly on the
optical performance.
In this work, we manifested the fabrication process of high-efficiency vertical LEDs with
integrated surface textures including micro-scale periodic hemispherical dimples and nano-scale
random hexagonal pyramids on a CMOS-compatible p-type Si substrate. We conducted a systematic
investigation of the optical properties of vertical LEDs, to reveal the impacts of manufacturing process
on their optical characteristics. The highly reflective Ag/TiW metallization scheme was performed to
decrease downward-absorbing light. The Au-In bonding technique and LLO were used to transfer
GaN epilayers from the sapphire substrate onto a 4 inch p-type Si substrate. After the LED epilayers
were bonded to the p-Si substrate and the sapphire substrate was removed, the changes in stress state
and emission characteristic of the InGaN/GaN MQWs were determined by Raman spectroscopy and
photoluminescence (PL) measurement. Finally, the finite-difference time-domain (FDTD) method was
employed to investigate the effect of integrated surface textures on the LEE of the vertical LED.
2. Materials and Methods
Figure 1 demonstrates a schematic illustration of the fabrication process for the vertical LEDs.
A GaN-based LED epitaxial structure was grown on a 4 in. c-plane (0001)-patterned sapphire
substrate (PSS) using metal–organic chemical vapor deposition (MOCVD). The LED epitaxial structure
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comprised a 25 nm-thick low-temperature GaN nucleation layer, 3.5 µm-thick undoped GaN buffer
layer, a 2.5 µm-thick Si-doped n-GaN layer, a 3-period In0.05 Ga0.95 N (3 nm)/GaN (60 nm) superlattice I,
a 5-period In0.05 Ga0.95 N (2 nm)/GaN (8 nm) superlattice II, 10-period In0.17 Ga0.83 N (3 nm)/GaN (10 nm)
MQWs, a 40 nm-thick p-Al0.2 Ga0.8 N/GaN superlattice electron blocking layer, and a 120 nm-thick
Mg-doped p-GaN layer. The GaN quantum barrier was grown at 870 ◦ C, and then the temperature
was adjusted to 780 ◦ C to grow the InGaN quantum well. Finally, in order to activate Mg dopants in
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the p-GaN layer, the LED epilayers were annealed at 750 ◦ C under N2 ambient.

Figure 1. Schematic illustration of the fabrication process of vertical LEDs.
Figure 1. Schematic illustration of the fabrication process of vertical LEDs.

After the epitaxial growth of the LED structure was completed, a 100 nm-thick Ag layer was
3.
Results
and Discussion
deposited onto
the p-GaN layer serving as a reflector by sputtering with a 5 × 10−5 Torr base pressure.
In order to improve the thermal stability of Ag-based Ohmic contacts, an 80 nm-thick TiW alloy
Figure 2a shows a cross-sectional TEM image of the LED epitaxial structure. In Figure 2a, the
layer was deposited onto the Ag layer as a diffusion barrier by sputtering under a 5 × 10−5 Torr Ar
LED structure, including a n-GaN layer, 3-period In0.05Ga0.95N (3 nm)/GaN (60 nm) superlattice I, 5pressure. Pt/Ti/Pt/Ti/Pt/Ti/Pt/Ti/Pt/Ti/Pt metallization layers were then deposited on the TiW alloy,
period In0.05Ga0.95N (2 nm)/GaN (8 nm) superlattice II, 10-period In0.17Ga0.83N (3 nm)/GaN (10 nm)
followed by rapid thermal annealing at 600 ◦ C to ameliorate the Ohmic contact between Ag and p-GaN.
MQWs, p-Al0.2Ga0.8N/GaN superlattice, and a p-GaN capping layer, can be clearly observed. The
A 50 nm-thick Ti layer, 50 nm-thick Pt layer, and 1.2 µm-thick Au layer were deposited on the p-Si
InGaN/GaN superlattice I served mainly as a pre-strain layer for the reduction of the strain in the
wafer, and a 2.5 µm-thick In layer was deposited on the LED wafer. Here, the Ti layer served as the
overlying active regions, while the InGaN/GaN superlattice II was an electron-injection layer, which
Ohmic contact layer with the p-Si substrate, and the Pt layer served as the diffusion barrier. The Au and
can promote injected electrons tunneling and thermionic emission from the InGaN/GaN superlattice
into the MQWs. The cross-sectional TEM image of the InGaN/GaN MQWs structure is demonstrated
in Figure 2b. Clear stripes with a high contrast in the TEM image indicate abrupt heterointerfaces.
Figure 2c shows a high-resolution cross-sectional TEM image of the InGaN/GaN MQW. Regular
lattice arrays can be observed, suggesting a high-quality InGaN/GaN MQW structure. EDX analysis
was performed to reveal the compositional variation along the InGaN/GaN MQW active regions
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In were used as bonding metals. The LED wafer was then bonded to the p-Si substrate using thermal
compression under 2000 kg pressure at 230 ◦ C. The PSS was removed to expose the undoped GaN layer
by LLO. In order to expose the surface of the n-GaN layer, the 3.5 µm-thick undoped GaN layer was
etched using inductively coupled plasma (ICP) etching based on BCl3 /Cl2 plasmas. The removal of the
PSS and undoped GaN layer transferred the hemispherical dimples onto the surface of the n-GaN layer.
ICP etching was performed to create channels in the GaN epilayers for die isolation (with an etching
depth of about 3 µm), and a 1 mm × 1 mm square mesa-configuration was defined. To improve the
LEE, integrated surface textures including micro-scale periodic hemispherical dimples and nano-scale
random hexagonal pyramids were created on the surface of the n-GaN layer by potassium hydroxide
(KOH) solution. Then, the SiO2 passivation layer was deposited using plasma-enhanced chemical
vapor deposition (PECVD). Finally, Cr/Pt/Au multilayers for the n-electrode and Ti/Au multilayers for
the p-electrode were deposited onto the backside of the p-Si wafer and the n-GaN surface, respectively.
Scanning electron microscopy (SEM) (Oxford Instruments, Oxford, UK) and transmission electron
microscopy (TEM) (FEI, Hillsborough, OR, USA )combined with energy-dispersive X-ray (EDX)
spectroscopy were used to analyze the surface morphology and structural features of the fabricated
vertical LEDs. Raman measurement was performed using confocal Raman microscope (Renishaw,
London, UK) to evaluate the stress state of InGaN/GaN MQWs using a confocal Raman microscope.
PL measurement was employed at room temperature to characterize the emission property of
InGaN/GaN MQWs using a 405 nm laser diode. Lumerical FDTD software was employed to investigate
the LEE of the vertical LED with integrated surface textures. The light output power–current–voltage
(L–I–V) characteristics of vertical LEDs with integrated surface textures were collected using an
calibrated integrating sphere and a semiconductor parameter analyzer (Keysight B2901A) (Keysight,
Santa Rosa, CA, USA).
3. Results and Discussion
Figure 2a shows a cross-sectional TEM image of the LED epitaxial structure. In Figure 2a, the LED
structure, including a n-GaN layer, 3-period In0.05 Ga0.95 N (3 nm)/GaN (60 nm) superlattice I, 5-period
In0.05 Ga0.95 N (2 nm)/GaN (8 nm) superlattice II, 10-period In0.17 Ga0.83 N (3 nm)/GaN (10 nm) MQWs,
p-Al0.2 Ga0.8 N/GaN superlattice, and a p-GaN capping layer, can be clearly observed. The InGaN/GaN
superlattice I served mainly as a pre-strain layer for the reduction of the strain in the overlying active
regions, while the InGaN/GaN superlattice II was an electron-injection layer, which can promote
injected electrons tunneling and thermionic emission from the InGaN/GaN superlattice into the MQWs.
The cross-sectional TEM image of the InGaN/GaN MQWs structure is demonstrated in Figure 2b.
Clear stripes with a high contrast in the TEM image indicate abrupt heterointerfaces. Figure 2c shows
a high-resolution cross-sectional TEM image of the InGaN/GaN MQW. Regular lattice arrays can be
observed, suggesting a high-quality InGaN/GaN MQW structure. EDX analysis was performed to
reveal the compositional variation along the InGaN/GaN MQW active regions vertically (the red line
in Figure 2b). In Figure 2d, the result clearly confirms the spatial distributions of elemental Ga, In,
and N in the different regions along the growth direction of the InGaN/GaN MQW structure. Figure 2e
illustrates cross-sectional TEM images of Au-In bonding layers and the metallization scheme. The Ag
film on the p-GaN is a metal reflector and the TiW acts as a diffusion barrier. The high-reflectivity Ag
film decreased downward-absorbing light and improved the emission from the top facet and the side
facets. The Pt/Ti films deposited on the Ag/TiW films protected them from environmental humidity.
Au-In intermixing is observed during the wafer bonding process. The Ti/Pt layers on both sides of the
bonding area prevented Au and In from further diffusing. Figure 2f,g show the optical microscope
image and photograph of fabricated vertical LEDs on the Si substrate, respectively. The colorful
patterns in Figure 2g are attributed to the thin-film interference effect.
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Figure 2. Cross-sectional TEM images of (a) the LED epitaxial structure and (b) the InGaN/GaN
Figure 2. Cross-sectional TEM images of (a) the LED epitaxial structure and (b) the InGaN/GaN
multiple quantum well (MQW). (c) High-resolution cross-sectional TEM images of the InGaN/GaN
multiple quantum well (MQW). (c) High-resolution cross-sectional TEM images of the InGaN/GaN
MQW. (d) Elemental concentration profile obtained from EDX line scanning along the red line.
MQW. (d) Elemental concentration profile obtained from EDX line scanning along the red line. (e)
(e) Cross-sectional TEM image of the bonding layers. (f) Optical microscope image and (g) photograph
Cross-sectional TEM image of the bonding layers. (f) Optical microscope image and (g) photograph
of fabricated vertical LEDs on 4 inch Si wafer.
of fabricated vertical LEDs on 4 inch Si wafer.

Transferring the LED epilayers from the sapphire substrate onto the Si substrate can relieve the
Transferring the LED epilayers from the sapphire substrate onto the Si substrate can relieve the
QCSE and further influence the emission property. Figure 3a shows the atomic structure model of
QCSE and further influence the emission property. Figure 3a shows the atomic structure model of
the GaN/InGaN/GaN quantum well. Figure 3b shows the corresponding schematic illustration of the
the GaN/InGaN/GaN quantum well. Figure 3b shows the corresponding schematic illustration of the
energy band structure. Due to its non-central symmetric crystal structure, there are two different types
energy band structure. Due to its non-central symmetric crystal structure, there are two different
of polarizations existing in the GaN/InGaN/GaN quantum well: (i) The spontaneous polarization Psp GaN
types of
polarizations existing in the GaN/InGaN/GaN quantum well: (i) The spontaneous
and Psp InGaN in GaN and InGaN layers, respectively; (ii) piezoelectric polarization in the InGaN layer
polarization PspGaN and PspInGaN in GaN and InGaN layers, respectively; (ii) piezoelectric polarization
(Ppe ). The piezoelectric polarization results from the compressive stress in the InGaN layer owing to
in the InGaN layer (Ppe). The piezoelectric polarization results from the compressive stress in the
the large lattice mismatch between the (1) GaN epi-layer and sapphire substrate, as well as the (2) GaN
InGaN layer owing to the large lattice mismatch between the (1) GaN epi-layer and sapphire
barrier layer and InGaN active layer. The polarizations result in band tilting in the GaN layer and InGaN
substrate, as well as the (2) GaN barrier layer and InGaN active layer. The polarizations result in band
layer and the formation of a triangle-shaped potential well in the InGaN quantum well [39,40]. Thus,
tilting in the GaN layer and InGaN layer and the formation of a triangle-shaped potential well in the
the electron and hole wave functions are separated. The adverse impacts red-shift the peak wavelength,
InGaN quantum well [39,40]. Thus, the electron and hole wave functions are separated. The adverse
decrease the spatial overlap between electron and hole wave functions, and reduce the localized carrier
impacts red-shift the peak wavelength, decrease the spatial overlap between electron and hole wave
recombination efficiency. This phenomenon is known as the QCSE. The energy band structures of
the GaN/InGaN/GaN single-quantum-well (SQW) structure under different compressive stress states
are calculated using the SimuLED simulation software. The calculation is based on the 8 × 8 k · p
method, universally referred to as the Kane model. The k · p method is a semiempirical method for
solving the Schrödinger equation to obtain the band structure. Accompanied by the envelope function
approximation, it provides a powerful tool for approximate calculation of the electron energies in
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low-dimensional structures such as quantum wells. The splitting of the heavy, light, and split-off
branches of the valence bands in the center of the Brillouin zone is presumed to be unconnected
to the built-in electric field. On this assumption, the profiles of the valence subbands are equal to
each other and can be obtained from the solution of the coupled Poisson and transport equations.
The conduction band can be further calculated by the effective mass approximation method [41–44].
Figure 3c shows the calculated energy band diagram of the SQW structure for different relaxation
cases without applied bias voltage. Increasing the degree of relaxation, which means decreasing the
compressive stress, flattens out the energy bands in the InGaN quantum well due to the reduction
in piezoelectric polarization. With the degree of relaxation increasing, the calculated peak emission
wavelength of the SQW structure blue-shifted. It is indicated that the relaxation of compressive stress
Crystals 2020, 10, x FOR PEER REVIEW
7 of 13
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Removing the sapphire substrate using LLO can relax the compressive stress in the InGaN/GaN
After the PSS was lifted-off, hemispherical dimples were formed on the surface of the u-GaN
MQW caused by the lattice mismatch between the GaN epi-layer and the sapphire substrate. We use
layer [46]. The hemispherical dimples were transferred onto the surface of the n-GaN layer after
Raman spectroscopy to discover the stress states of the LED before and after LLO. Figure 3d shows
removal of u-GaN because the etching depth was the same at different locations during the ICP
normalized Raman spectra of the E2 (high) mode for the LED before and after LLO. The vertical dotted
etching process. After the LED wafer was dipped into the KOH solution to generate nano-scale
line shows the E2 (high) peak position for stress-free bulk GaN with the wavenumber of 566.65 cm–1 .
random hexagonal pyramids on the corrugated n-GaN surface [47], integrated surface textures
The Raman peaks before and after LLO are located at 568.5 and 567.4 cm–1 , respectively. The Raman
including micro-scale periodic hemispherical dimples and nano-scale random hexagonal pyramids
frequency will shift to the higher-frequency side of the stress-free position (blue shifts) because of the
were completed on the surface of the n-GaN layer. Figure 4a shows optical microscope images and
presence of residual compressive stress [45]. The stress in the GaN film can be calculated as follows:
SEM images of surface morphology of the n-GaN layer without KOH etching. We observed in Figure
4a that the patterned arrays of hemispherical dimples
have been successfully transferred onto the
(1)
σ = ∆ω
k
surface of the n-GaN layer. Moreover, the surface does
not have sub-micrometer-scale structures and
−1 /GPa)
is quite
smooth.
However,
black areas
in peak
the middle
semispherical
dimples can
The
where
∆ω
is the relative
E2 (high)
Raman
shift, kofisthese
the Raman
stress coefficient
(4.2be
cmseen.
reason
that the
center
areasand
of these
semispherical
dimples
are so deepstress
that of
thethe
real
structural
for
the Eis
mode
of GaN,
σ is the
stress. From (1),
the compressive
LED
before
2 (high)
features in these areas cannot be clearly observed in the SEM. The corresponding optical microscope
images and SEM images of surface morphology of the n-GaN layer with KOH etching are shown in
Figure 4b. It is evident that numerous nano-scale cones are irregularly distributed on the whole
surface after KOH etching. The integrated surface textures combined advantages of reducing the
incident angles using the inclined surface of hemispherical dimples and scattering light using nano-
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and after LLO is determined to be 458 and 182 MPa, respectively. Furthermore, the relaxation of
compressive stress weakens the piezoelectric field. Thus, the band restores toward flat conditions and
the overlap area of the electron and hole wave functions increases, alleviating the adverse impacts
of QCSE. Hence, the peak emission wavelength blue-shifts and the localized carrier recombination
efficiency increases after removing the sapphire substrate. The blue-shift in peak emission wavelength
is verified by PL measurement. Figure 3e shows PL spectra (T = 300 K) of the LEDs before and after
LLO measured using a 405 nm laser diode. As expected, due to the decrease in the compressive stress
from 458 to 182 MPa, there is a shift in peak emission wavelength from 471 to 456 nm after LLO.
However, the LED epilayers before LLO showed a higher PL intensity. The reasons were that the
sapphire substrate could provide a gradual change in refractive index and contribute to LEE before
LLO. Hence, the LED epilayers after LLO showed lower PL intensity although the QCSE was relieved.
Thus, it was demonstrated that transferring LED epilayers from the sapphire substrate onto the Si
substrate reduced the adverse impacts of the QCSE and blue-shifted the peak wavelength of the
fabricated vertical LEDs.
After the PSS was lifted-off, hemispherical dimples were formed on the surface of the u-GaN
layer [46]. The hemispherical dimples were transferred onto the surface of the n-GaN layer after removal
of u-GaN because the etching depth was the same at different locations during the ICP etching process.
After the LED wafer was dipped into the KOH solution to generate nano-scale random hexagonal
pyramids on the corrugated n-GaN surface [47], integrated surface textures including micro-scale
periodic hemispherical dimples and nano-scale random hexagonal pyramids were completed on the
surface of the n-GaN layer. Figure 4a shows optical microscope images and SEM images of surface
morphology of the n-GaN layer without KOH etching. We observed in Figure 4a that the patterned
arrays of hemispherical dimples have been successfully transferred onto the surface of the n-GaN layer.
Moreover, the surface does not have sub-micrometer-scale structures and is quite smooth. However,
black areas in the middle of these semispherical dimples can be seen. The reason is that the center areas
of these semispherical dimples are so deep that the real structural features in these areas cannot be
clearly observed in the SEM. The corresponding optical microscope images and SEM images of surface
morphology of the n-GaN layer with KOH etching are shown in Figure 4b. It is evident that numerous
nano-scale cones are irregularly distributed on the whole surface after KOH etching. The integrated
surface textures combined advantages of reducing the incident angles using the inclined surface of
Crystals 2020, 10, x FOR PEER REVIEW
8 of 13
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Figure 4. Optical microscope images and SEM images of surface morphology on n-GaN layer (a) without
Figure 4. Optical microscope images and SEM images of surface morphology on n-GaN layer (a)
KOH etching and (b) with KOH etching.
without KOH etching and (b) with KOH etching.

We employed FDTD to investigate the light extraction ability of vertical LEDs with integrated
We employed FDTD to investigate the light extraction ability of vertical LEDs with integrated
surface textures. Figure 5a–c show schematic illustrations of the top surface morphologies of vertical
surface textures. Figure 5a–c show schematic illustrations of the top surface morphologies of vertical
LEDs with a flat surface, single micro-scale surface texture, and integrated surface textures,
respectively. The simplified simulation models consisted of a 150 nm-thick p-GaN layer, 150 nmthick MQWs, and 5 μm-thick u-GaN layer. In these simulation models, the N-polar surface was
covered with pits, which were left by laser lift-off processing. The depth and top diameter of the pits
in the simulation model were 1.7 and 2.7 μm. After etching by KOH solution, hexagonal pyramids
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LEDs with a flat surface, single micro-scale surface texture, and integrated surface textures, respectively.
The simplified simulation models consisted of a 150 nm-thick p-GaN layer, 150 nm-thick MQWs,
and 5 µm-thick u-GaN layer. In these simulation models, the N-polar surface was covered with pits,
which were left by laser lift-off processing. The depth and top diameter of the pits in the simulation
model were 1.7 and 2.7 µm. After etching by KOH solution, hexagonal pyramids generated on the
N-polar surface. In these simulations, these hexagonal pyramids were replaced by cones with a height
of 0.4 µm. The chip area used in these simulations was 20 × 20 µm2 . The refractive index of p-GaN,
MQWs, and n-GaN was set to 2.4, 2.5, and 2.4, respectively. These simulations of LEDs were embedded
into a cuboid simulation domain with a perfectly matched layer (PML). Dipoles with a wavelength
of 460 nm were arranged at intervals of 500 nm in the middle plane of the InGaN quantum-well.
The monitors were stationed at a distance of 500 nm away from the simulation model to collect electric
field components. Figure 5d–f show the normalized light-induced electric field intensity distributions
on the top surface of the n-GaN layer for vertical LEDs with a flat surface, single micro-scale surface
texture, and integrated surface textures, respectively. It is evident that a vertical LED with integrated
surface textures has the largest electric field intensity on the top surface of the n-GaN layer, which means
the strongest luminous intensity. The electric field intensity of LEDs without a surface texture is tinier
than that of LEDs with a single micro-scale surface texture and integrated surface textures. The single
micro-scale surface texture can reduce the incident angles using an inclined surface of hemispherical
dimples. Hence, compared to that of a vertical LED with a flat surface, the LEE of a vertical LED with
a single micro-scale surface texture increases by 116%. The integrated surface textures can further
improve the LEE due to scattering light using nano-scale structures. The LEE of a vertical LED with
integrated surface textures increased by 10.9% in a vertical LED compared to that of a vertical LED
Crystals 2020, 10, x FOR PEER REVIEW
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with a single micro-scale surface texture.

Figure 5. Schematic of the top surface morphologies of fabricated vertical LEDs with (a) flat surface,
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current, the light output powers for the vertical LEDs with a single micro-scale surface texture and
integrated surface textures were approximately 420.1 and 468.9 mW, respectively, accompanied by
forward voltages of 2.90 and 2.88 V. One of the reasons for the slightly lower forward voltage of the
vertical LED with integrated surface textures was probably better Ohmic contact between the n-GaN
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output powers for the vertical LEDs with a single micro-scale surface texture and integrated surface
textures were approximately 420.1 and 468.9 mW, respectively, accompanied by forward voltages of
2.90 and 2.88 V. One of the reasons for the slightly lower forward voltage of the vertical LED with
integrated surface textures was probably better Ohmic contact between the n-GaN and the n-electrode.
A standard KOH etching involves the oxidation of GaN and the subsequent dissolution of gallium
oxide. Hence, surface gallium oxides can be removed and the preferential etching of Ga atoms may
induce gallium vacancies at the surface in the etching process, which increased the surface barrier
height by about 0.3 eV according to a previous report [48]. On the other hand, after KOH etching,
integrated surface textures including micro-scale periodic hemispherical dimples and nano-scale
random hexagonal pyramids were made on the n-GaN layer. The n-contact area was enlarged in
the vertical LEDs with KOH etching (see Figure 4), which finally resulted in the reduced n-contact
resistance [49]. The enhancement factor of the light output power was 11.4%, which is in agreement
with the simulated LEE improvement provided equal internal quantum efficiency for both kinds of
vertical LEDs. Figure 6c,d show the far-field radiation profiles of both kinds of vertical LEDs measured
under a 350 mA injection current. Compared to vertical LEDs with a single micro-scale surface texture,
vertical LEDs with integrated surface textures exhibited a more convergent emission pattern. Due to
scattering light by nano-scale structures on the surface of the n-GaN layer, LEDs with integrated surface
textures exhibited equal emission from the side facets and significantly enhanced emission from the
Crystals 2020, 10, x FOR PEER REVIEW
10 of 13
top facet. Thus, vertical LEDs with integrated surface textures showed enhanced LEE.

Figure 6. (a) L–I and (b) I–V characteristics of the fabricated vertical LEDs with single micro-scale
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4. Conclusions
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LEE of vertical LEDs with integrated surface textures. We found that, compared to the single microscale surface texture, integrated surface textures improved the LEE in a vertical LED due to the
combined advantages of reducing the incident angles using the inclined surface of hemispherical
dimples and scattering light using nano-scale structures. The simulation results show that the LEE of
the vertical LED with integrated surface textures increases by 10.9% compared to that of the vertical
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integrated surface textures improved the LEE in a vertical LED due to the combined advantages
of reducing the incident angles using the inclined surface of hemispherical dimples and scattering
light using nano-scale structures. The simulation results show that the LEE of the vertical LED with
integrated surface textures increases by 10.9% compared to that of the vertical LED with a single
micro-scale surface texture. The experimental result showed good agreement with the numerical
simulation. With the injection current of 350 mA, vertical LEDs with integrated surface textures
manifested an excellent light output power of 468.9 mW. We conducted a systematic investigation of the
optical properties of vertical LEDs, to reveal the impacts of the manufacturing process on their optical
characteristics. We believe that this study can provide a deep understanding to design high-efficiency
vertical LEDs on the p-Si substrate. What is more, the wafer bonding with the Si substrate, and the
LLO and KOH etching techniques are applicable to vertical mini- and micro-LEDs. Our finding will
also contribute to the pursuing of highly integrated optoelectronics on Si substrates.
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