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Periodic indentation patterns fabricated on AlGaInP 

light emitting diodes and their effects on light 

extraction 

Xiaoyu Lin, Duo Liu
a)

, Guanjun Lin, Qian Zhang, Naikun Gao, Dongfang Zhao, 
Ran Jia, Zhiyuan Zuo, Xiangang Xu  

We report a novel method for fabricating periodic indentation patterns on AlGaInP light 

emitting diodes (LEDs) that can effectively improve the light extraction efficiency. The 

patterns consist of hemispherical pits created by direct imprinting the top GaP window layer of 

AlGaInP LEDs with patterned sapphire (PS). The angle resolved electroluminescent tests 

reveal that the patterned chips show an average light emission enhancement of 155% over the 

original planar chips. 

 

 

Introduction 

The past decade has witnessed extensive applications of light 

emitting diodes (LEDs) as lighting sources for traffic signals, 

outdoor displays, liquid crystal display (LCD) back lighting, 

and recently, general lighting applications.1,2 However, most 

commercial white LEDs still suffer from low efficacy and poor 

colour rendering properties due to inherent absence of red 

colour. As a result, red LEDs were proposed to be integrated 

into white LED units for warm white lighting with high colour 

rendering index (CRI) and high efficacy. Currently, high 

brightness red LEDs are mainly manufactured based on 

aluminium gallium indium phosphide (AlGaInP) alloy.3,4 

Varying the molar fraction of AlGaInP alloy enables direct 

band-gap emission of red, orange, yellow and green colors.5 

However, like their InGaN counterparts, AlGaInP LEDs also 

suffer from low light extraction efficiency (LEE) due to total 

internal reflection at the air/device interface and Urbach 

absorption.6-8 The Shell’s law indicates that the LEE (η) of a 

planar LED is related to the reflective index n by η≈1/(4n2).9 

As AlGaInP has a very large refractive index (~3.5 at 630 nm), 

merely ~2.3% of total electroluminescent photons can escape 

from the surface of a planar AlGaInP LED.6,7  

Recently, a variety of techniques have been developed to 

improve the LEE of LEDs, including surface roughening,10-12 

surface patterning by using optical, e-beam or ion-beam 

lithography,13 patterned substrate14 and plasmonic 

nanostructures.15,16 The essential design principle is to create 

additional optical channels for photons to escape from LED 

surface. Among these, photonic crystal (PC) LEDs have 

attracted much attention. 2D-PCs can significantly increase the 

LEE of a LED by 1) scattering guided modes into radiation 

modes, and 2) inhibiting particular guided modes by photonic 

band gap. However, fabricating PCs on LEDs usually requires 

expensive and bulky facilities for precise control of electrons, 

lasers or ions, 17-21 which greatly hinders their applications. 

Patterned sapphire substrates (PSSs) have been widely used for 

the growth of high brightness GaN-based blue LEDs. The 

adoption of PSSs has two technological advantages. First, they 

can reduce the density of threading dislocations by interrupting 

and/or bending them, thus increasing the internal quantum 

efficiency (IQE). Second, they can intercept the guided optical 

modes in LEDs and force them to escape from the chips; thus 

greatly increasing the LEE.9, 22 

In this paper, we report a new method that can effectively 

improve the LEE of AlGaInP LEDs by using patterned sapphire 

as arrayed indenters to create periodic hemispherical pits on the 

GaP window layer of AlGaInP LEDs. We achieved a 155% 

enhancement on the LEE and the formation mechanisms of the 

periodic pits were discussed based on the classical indentation 

theory. 

Experimental details 

The AlGaInP LED wafers used in this study were grown on 

GaAs substrate by metal-organic chemical vapor deposition 

(MOCVD). The LED wafers contain, from bottom to top, a 

GaAs substrate, a distributed Bragg reflector, a 1 µm n-

AlGaInP, 20 pairs of GaInP/AlGaInP multiple quantum wells 

(MQWs), a 1 µm p-AlGaInP, and an 8 µm GaP:Mg window 

layer. The GaP window layer is oriented 15° off-axis from 

[100] to [111] with crystallographic (511) plane exposed. We 

selected patterned sapphire as arrayed indenter to fabricate 

patterns on LED wafers because of its superior hardness and 
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mechanical stability. The pattern sapphires were purchased 

from North Microelectronics Company (NMC, Beijing, China), 

which have periodically distributed hexagonal cones similar to 

Mongolian yurts, as shown in Fig. 1(a). The patterned sapphires 

and the LED wafers were first supersonically cleaned by 

acetone, alcohol, and deionized water in sequence, each for 15 

min, respectively. After drying, a wafer was placed face up 

onto a self-made stainless steel mould and then covered by a 

patterned sapphire. The sample was then pressed by a 

hydrostatic machine. Figure. 1(b-d) show a deionized water of 

the fabrication process. Periodic pits with desired indentation 

depth were created on the wafer after pressure and duration 

optimization. The wafer was carefully cleaned to remove 

possible contaminations, e.g. small fragments. The surface 

morphology of the sample was then examined by optical 

microscopy (Olympus BX51, Japan). Scanning electron 

microscopy (SEM, Hitachi S-4800, Japan) was carried out to 

study both the top view and the cross sectional features of the 

indented sample. The electrical and optical properties of the 

LEDs were examined by a source-measurement unit (Keithley 

2400, USA), a fibre spectrometer (Avantes Spec-2048, 

Netherlands), and a probe station (Suss PM5, Germany). We 

have optimized the loading conditions of this method after 

more than 80 tests. It is found that it is necessary to avoid 

lateral frication during the indentation process. In rare cases, 

hydrostatic delay in the loading cycle could cause specimen 

smash, which can be avoided by reducing the loading rate. 

After parameter optimization, the reproducibility of this method 

can be greatly improved (>90%). 

 

Fig. 1. (a) Top view SEM image of the patterned sapphire. (b-d) 

Schematic illustration of the fabrication process to create 

indentation patterns on AlGaInP LED wafer by using patterned 

sapphire as arrayed indenters.  

Results and discussion 

Indentation technique has a long history that can be traced back 

to the experiment by Heinrich Hertz who first studied two axis-

symmetric objects placed in contact in the 1880s. Currently, 

indentation techniques are mainly used for examining 

mechanical behaviours of solids. Their potentials on fabricating 

nanostructured patterns have not been explored. In this present 

study, we used patterned sapphire as arrayed indenters to create 

large area indentation pits on AlGaInP LEDs. As shown in Fig. 

2(a), highly uniformed indentation pits with a lattice constant of 

3 µm and a diameter of ~100 nm were fabricated. Note that the 

red background originates from light emitted from the MQWs 

upon excitation by the light source of the optical microscope. 

Figure. 2(b) shows a low magnification plane view SEM image 

of the indentation pits, in which moderate surface damages and 

microcracks emanated from the indents can be visualized. 

Figure. 2(c) shows a high magnification plane view SEM image 

of an individual indentation pit. The pit is circular in shape with 

a diameter of ~450 nm, and surrounded by ring and radical 

cracks. The formation of ring cracks is consistent with the 

Hertzian fracture model, which predicts the initiation of ring 

cracks at solid surface and propagation downward and outward 

into a truncated cone configuration.23 In contrast, the formation 

of radical cracks is determined by the crystallographic features. 

In this case, AlGaInP alloys are typical cubic crystals, 

characterized by a slip system in which slip occurs in <110> 

directions on {111} planes, resulting in cleavages on {110} 

planes.24 For the AlGaInP LED wafer used in our experiments, 

the GaP window layer is oriented in the direction with the (511) 

crystal plane exposed. For spherical indentation on crystals, 

previous studies revealed that fractures occur along the 

cleavage planes due to dislocation pileups.25 The intersection of 

{110} planes with (511) plane lead to the formation of crack 

path in <1 6

—

1> and <11 6

—

> crystallographic directions with an 

intersection angle of 105°, as revealed in Fig. 2(c).  
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Fig. 2. (a) Optical image of the AlGaInP LED surface after 

indentation. (b) Low magnification plane view SEM image of 

the AlGaInP LED after indentation. (c) High magnification 

plane view SEM image of an individual indentation pit. The 

cracks follow the <1 6

—

1> and <116

—

> crystallographic 

directions, respectively. (d) Cross sectional SEM image 

showing the separation between an indentation pit and 

multiple quantum wells (MQWs). (e) Cross sectional SEM 

image of an indentation pit with the pit, plastic and elastic 

regions marked. 

Figure. 2(d) shows a low magnification cross sectional SEM 

image of the LED sample. It is evident that the damaged zone 

induced by indentation are limited in a spherical region, far 

from the MQWs. The insets of Fig. 2(d) show the high 

magnification SEM images of an indentation pit and the 

multiple quantum wells (MQWs), respectively. It is evident that 

the MWQs remain undamaged. Based on the indentation 

theory,23 we estimate the cracks can only reach 1~2 µm below 

the surface while the thickness of the GaP layer is 8 µm. As a 

result, one can expect that the electrical properties of the LEDs 

will change very little. 

Figure. 2(e) shows a cross sectional SEM image of an 

individual indentation pit, in which the cone cracks, plastic 

zone and elastic zone can be clearly visualized. The indentation 

pit has a penetration depth of ~100 nm, surrounded by a plastic 

zone with a diameter of ~1 µm and an elastic deformed zone 

with a diameter of ~2.3 µm. Note the cone cracks located inside 

the plastic zone.  

Figure. 3 shows the IV curves and the dynamic resistance of the 

original and patterned samples. The threshold voltage of the 

patterned sample is ~20 mV higher than the original one. The 

dynamic resistance of the patterned sample is higher than the 

original one before reaching the working voltage where the IV 

curves coincide. This observation can be attributed to the 

indentation damage, e.g., cracks and plastic deformations. The 

voltage of the patterned sample remains slightly greater than 

the original sample along with increasing the driving current. 

However, when the driving current reached 20 mA, the 

difference simply vanished, suggesting that the MQWs stay 

intact. 

 

Fig. 3. I-V curves and dynamic resistance of the original and 

indented chips. 

Similar to PCs, one would expect that the indentation pits will 

alternate the emission profile of planar LEDs. Consequently, 

we performed angle-resolved electroluminescent (EL) tests for 

both the original and indented samples at an injection current of 

20 mA, as shown in Fig. 4(a). The EL intensities for the 

indented sample are much greater than the original sample at 

any angles, with enhancement ratio gradually increasing from 

50% at 15° (165°) to 70% at 60° (120°). The angle-resolved EL 

spectrum is circular in shape, which differs from the emission 

profile of photonic crystals, indicating the absence of photonic 

band gaps. An integration over all angles result in an 

enhancement ratio of 155%. Figure. 4(b) shows the EL spectra 

of both samples obtained at 45°. The emission peaks are located 

at 630 nm, without change of peak position and the full width at 

half maximum (FWHM).  
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Fig. 4. (a) Angle resolved EL spectra of the original and 

indented samples. (b) EL spectra of original and indented 

samples measured at 45°. 

We discuss the observations based on optical effects caused by 

indentation damage, with emphasis on crack and residual 

strains. It is well known that stress applied to a solid changes its 

optical properties. For example, an optically isotropic crystal 

becomes birefringent under the action of an external stress. We 

can calculate the induced change in the optical indicatrix 

by 	∆��� � ����	
�	 , where ����	 	 are the components of the 

photoelastic (strain-optic) tensor and 
�	 are the residual strain 

in the GaP layer. The residual stress fields around indents are 

usually quite complicated, with values in the range of several 

hundreds of MPa, as experimentally determined by X-Ray 

diffraction (XRD).26 In the case of GaP, the Young’s modulus 

of GaP is 156.2 GPa. The residual stresses can only change the 

optical index by ~0.1%. However, we believe that the 

contribution to disturbing the total refraction may not be 

ignored in consideration of the high refractive index of GaP. In 

fact, the residual stress field forms an inhomogeneous strain 

field characterized by graded refractive index between the 

surface pattern and the MQWs. The existence of this layer 

intercepts the guided modes, resulting in increased LEE. It 

should also be pointed out that the indentation cracks could 

play a very important role on light extraction. Both the ring and 

radical cracks may deflect optical waves and create new 

channels for light extraction.  

Conclusions 

In summary, periodic hemispherical pits have been successfully 

fabricated on AlGaInP LEDs by mechanical indentation using 

patterned sapphire. It is confirmed that this technique can be 

utilized to increase the EL intensity by 155%. The damages 

induced by indentation are confirmed to have negligible effects 

on electrical conductivity, but can greatly increase the light 

extraction efficiency. This method is simple, facile, and quite 

cost effective. We expect that it can be extended to other 

optoelectrical devices with improved performance.  
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