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CHAPTER 1 

Introduction 
 

1.1  Light-Emitting Diodes 

 

Light-emitting diodes (LEDs) are a typical p-n junction device used under a forward bias. 

The basic operating mechanisms are based on the electrical and optical properties of p-n 

junction and of semiconductor materials. Depending on the semiconductor material used in 

light emitting layer (active layer), the wavelength of the emitted light can be anywhere within 

the range from visible to infrared. Most commercially available LEDs are made from III-V 

compound semiconductors. Some II-VI compound semiconductors such as ZnS and ZnSe are 

used in a few LEDs emitting visible light, through these materials are not used frequently 

because of the difficulty of p-n junction formation. [1] 

LEDs have been widely used in various kinds of equipments and systems. LEDs 

composed of a combination of InGaAsP and InP cover the wavelengths from the 1300 to 1550 

nm band and are the ones usually used in optical fiber communication systems. A 

combination of GaAs and AlGaAs or a combination of different compositions of AlGaAs has 

been used to make LEDs emitting in the 780 to 900 nm band, and those LEDs have been used 

in optical fiber communication systems, data links, remote controllers, and so forth. For 

display and indicator applications, LEDs emitting from blue to red light are usually applied. 

[1] 

LEDs could be considered the ultimate general source of continuous light due to its high 

luminescence efficiency, quick response time, and long lifetime. Much research has been done 

on high brightness LEDs. Currently the AlInGaP system is employed for yellow, red, and 

orange LEDs, with efficiency superior to unfiltered incandescent lamps. [2] Typical visible 



 2

LEDs now have efficiencies above 10 lumens W-1, extremely good lifetimes (>5 years), rapid 

response times. This makes them the light source of choice for applications ranging from 

color outdoor displays and signs, interior automotive lighting, exterior running lights on 

trucks and traffic lights.  

The availability of the primary colors raises the possibility of white light sources. There 

are two basic options: the first is color conversion through use of a phosphor or organic dye 

inside the package to convert the blue light from a GaN LED into white light. The second 

method would be color mixing through integration of red, blue, and green LEDs in the same 

package. Nichia produced white light LED products based on combining a blue GaN LED 

with an yttrium-aluminum-garnet (YAG) fluorescent layer. The efficiency of this approach is 

less than that of the color-mixing technique since the phosphor efficiency is less than 100 %, 

but it has substantial savings in terms of cost. There is also a program underway to develop 

this technology for fluorescent tubes for lighting applications, because of the much longer 

lifetime and reduced energy consumption relative to incandescent and conventional 

fluorescent lamps. The energy savings and cost efficiency of LEDs relative to tungsten 

filament incandescent lamps has been the main impetus behind their success. 

In fact, the only significant problem which previously prevented the widespread 

application of colored LEDs has been the lack of high intensity blue and green LEDs. As blue 

is one of the three primary colors (red, green and blue) LEDs are required to reproduce the 

full color spectrum and achieve pure white light. If high brightness blue and green LEDs were 

available, white LED lamps with high reliability and low energy consumption could be used 

for many kinds of lights sources by mixing the three primary color LEDs instead of 

conventional light bulbs or fluorescent lamps.  

 

1.2 III-V Nitride Based LEDs 
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Much research has been done on high brightness blue LEDs for use in full color displays, 

full color indications and light sources for lamps with the characteristics of high efficiency, 

high reliability and high speed. For these purposes, II-VI materials such as ZnSe [3], SiC [4] 

and III-V nitride semiconductions such as GaN [5] have been investigated intensively for a 

long time. However, it was impossible to obtain high brightness blue LEDs with a brightness 

over 1 cd. The short lifetimes prevent II-VI based devices from commercialization at present. 

It is generally thought that the short lifetime of these II-VI baesd devices is caused by crystal 

defects with a density of 105 cm-2. One crystal defect causes the propagation of other defects 

leading to failure of the devices. SiC is another wide bandgap material for blue LEDs. The 

brightness of SiC blue LEDs is only between 10 mcd and 20 mcd because of the indirect 

bandgap of this material. Despite of this poor performance, 6H-SiC blue LEDs have been 

commercialized for a long time because there have been no blue light emitting devices 

without SiC LEDs. [6] GaN and related materials such as AlGaInN are III-V nitride 

compound semiconductors with the wurtzite crystal structure and the energy band structures 

of direct interband transition, which is suitable for light emitting devices. 

Figure 1-1 shows the bandgap energy of various materials as a function of the lattice 

constant. Conventionally, AlGaAs material has been used for high brightness red LEDs and 

infrared laser diodes (LDs). The lattice constant of AlGaAs almost equals to that of GaAs in 

whole compositions. Therefore, GaAs substrate is suitable for AlGaAs growth. AlInGaP 

material has been used for red, yellow and green LEDs and red LDs. This system is also 

lattice-matched with GaAs substrate when the composition of AlInGaP is adjusted. The 

bandgap energy of AlGaInN varies between 6.2 and 1.95 eV depending on its composition at 

room temperature, as shown in Fig. 1-1. Therefore, these III-V nitride semiconductors are 

useful for light emitting devices especially in the short wavelength region. Among AlGaInN 

system, GaN has been most intensively studied. GaN has a bandgap energy of 3.4 eV at room 

temperature. Previous research on III-V nitrides has paved the way for the realization of high 
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quality crystals of GaN, AlGaN and InGaN, and of p-type conduction in GaN and AlGaN. [7, 

8] The mechanism of the acceptor compensation that prevents obtaining low resistivity p-type 

GaN and AlGaN has been elucidated. [9-12] In Mg-doped p-type GaN, Mg acceptors are 

deactivated by atomic hydrogen that is produced from NH3 gas used for N source during GaN 

growth. High brightness blue LEDs have been fabricated on the basis of these results, and 

luminous intensities over 1 cd have been achieved. [13, 14] These LEDs are now 

commercially available. Also, high brightness single quantum well (SQW) blue, green and 

yellow InGaN LEDs with a luminous intensity above 10 cd for green LEDs have been 

achieved and commercialized. [15-17] By combining these high power and high brightness 

blue InGaN SQW LED, green InGaN SQW LED and red AlGaAs LED, many kinds of 

applications, such as LED full color displays and LED white lamps for use in place of light 

bulbs or fluorescent lamps, are now possible with characteristics of high reliability, high 

durability and low energy consumption. 

Figure 1-2 shows a chromaticity diagram where blue InGaN/AlGaN LEDs and 

blue-green InGaN/AlGaN are shown. [18, 19] Commercially available green GaP LEDs and 

red AlGaAs LEDs are also shown. From this figure, only blue-green InGaN/AlGaN LEDs are 

within the applicable regions for roadway signals and railway signals. Therefore, 

InGaN/AlGaN LEDs blue-green LEDs can be used for those applications from the viewpoint 

of color. Fig. 1-3 is a chromaticity diagram in which blue and green InGaN SQW LEDs are 

shown. Commercially available green GaP LEDs, green AlInGaP LEDs and red AlGaAs 

LEDs are also shown. The color range of light emitted by a full color LED lamp in the 

chromaticity diagram is shown as region inside each triangle that is drawn by connecting the 

positions of three primary color LED lamps in the diagram. Three color range (triangles) are 

shown for differences only in green LEDs (green InGaN, green GaP and green AlInGaP 

LEDs). In this figure, the color range of lamps composed of three primary color LEDs, 

namely, a blue InGaN SQW LED, green InGaN SQW LED and red GaAlAs LED, it the 
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widest compared with other color ranges obtained using a different green LED, such as green 

GaP LED and green AlInGaP LED. This means that the InGaN blue and green SQW LEDs 

show much better color and color purity in comparison with other blue and green LEDs. 

 

1.3 History of Gallium Nitride 

 

Attempts to synthesize GaN were made by Juza and Hahn [20] in 1938. Small needles of 

GaN could be synthesized by passing ammonia over hot gallium. Grimmeiss et al. [21] used 

the same method and obtained small crystals of GaN in 1959. They measured the 

photoluminescence (PL) spectra of the small GaN crystals. Maruska and Tietjen [22] 

deposited the first large area GaN layers on sapphire in 1969. They used the chemical vapor 

deposition method. In all the early samples the concentration of electrons due to background 

doping was very large. Several centers were proposed that could give rise to background 

n-type conductivity. It was shown that a center consisting of a nitrogen vacancy surrounded 

by four gallium atoms could act as an efficient donor. [23] Residual impurities like oxygen 

and Si were also considered as possible donors. Many groups published papers supporting one 

model or the other. There is no consensus even today as to which centers give rise to large 

electron concentration in the as fabricated samples. 

The availability of large area samples [22] gave impetus to GaN research. Pankove et al. 

[23, 24] were successful in fabricating the first blue GaN LED, as shown in Fig. 1-4. It was a 

metal/insulating GaN: Zn/n-GaN (m-i-n or MIS) diode. The n-GaN layers contained different 

concentrations of Zn. The wavelength of the emitted light depended on the Zn concentration. 

The wavelength could be blue-shifted by decreasing Zn concentration. Blue and green color 

could be easily obtained. An Mg-doped electroluminescent diodes emitting in the violet 

region was also fabricated. [25] Other important research of that period includes [26-38] study 

of negative electron affinity [26], surface acoustic wave generation [27], and solar blind UV 
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detectors. [23] Stimulated emission from small GaN crystals was first observed at 2 K in 1971 

by Dingle et al.. [39] The difficulties in p doping and making good ohmic contacts persisted. 

Until the late 1970s the quality of GaN was not very good. The results of optical and electrical 

measurements were not reproducible. [40] This hampered the progress of research on the 

III-nitrides. A more detailed account of the early work is given in the reviews of Pankove [23] 

and Monemar. [40] 

The beginning of the growth of good quality epilayers was made by Yoshida et al.. [28] 

They were the first to use the two-step method of growth. They showed in 1983 that if an AlN 

buffer layer is grown between the GaN film and the sapphire substrate, the quality of the 

layers improves. The two-step method was investigated and perfected by Akasaki, Amano 

and co-workers in 1988/1989. [29, 30] In the first step a thin buffer layer of AlN is grown on 

the sapphire substrate at a low temperature of ~500 °C. The GaN layer is grown on the buffer 

layer. The temperature at which the GaN layer is grown is much higher. 

The two-step method is described in detail later in this article. Amano et al. [29] were 

also the first to obtain p-type conductivity in GaN. As grown Mg-doped GaN layers have a 

very high resistance. Amano et al. [29] were interested in studying cathodoluminescence (CL) 

of Mg-doped GaN. They observed that electron irradiation has two effects on the behavior of 

GaN: Mg. First, it increases the efficiency of the luminescence by up to 2 orders of magnitude. 

Second, the sample becomes conducting and p type. Only the top part of the sample in which 

the electrons penetrate became conducting. This showed that the low energy electron beam 

irradiation (LEEBI) was responsible for the p-type conduction. Akasaki et al. [31] also 

showed that Mg is an acceptor with energy of activation equal to 160 meV. In 1992 van 

Vechten et al. [32] suggested that Mg-H complexes are formed in the as grown Mg-doped 

GaN and therefore hydrogen passivates the Mg acceptors. It is known that hydrogen 

passivates acceptors in Si. Hydrogen is dissociated from Mg and diffuses out during the 

electron beam irradiation. [23] Later it was found that annealing the Mg-doped GaN layers at 
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>750 °C in nitrogen or vacuum also activates the Mg acceptors. [33] First InxGa1-xN films 

over sapphire over the whole range 0<x<1 of composition were grown by Matsuoka et al. [34] 

GaN films were grown at the usual high temperature of 1000 °C. For x>0, InGaN films were 

grown at 500-600 °C depending on the In concentration. The V/III ratio used was high, 

1.6×104 to 2×106. 

As mentioned earlier the heterostructure technology is most important for fabricating 

LEDs, laser diodes (LDs), and FETs. The heterostructures need an AlGaN barrier or cladding 

layers. AlGaN layered structures were grown firstly by Khan et al. [35] in 1990 and by Itoh et 

al. [36] in 1991. InGaN/GaN layered structures were grown firstly by Nakamura et al. [37] in 

1993. Electron microscopy studies showed that the concentration of defects in the best GaN 

epilayers was very large, ~1010 cm-2. [38] Photoconductivity experiments showed a large 

absorption tail, an abrupt Urbach edge was not observed. This showed that a large density of 

states in the bandgap was produced by the defects. 

By middle 1990s so much knowledge and experience in technology had accumulated 

that the progress in designing and fabricating devices became very rapid. Akasaki and 

co-workers [30, 41-43] had already made the first p-n junction GaN LED in 1989. Room 

temperature stimulated emission and lasing action were demonstrated at about the same time. 

Nakamura and his colleagues at Nichia Laboratories brought the blue and green LEDs to level 

so that they could be commercialized [44,45] in the middle’ 1990s. Nakamura and coworkers 

published several reviews on the GaN-based LEDs and LDs. [46-50] Khan et al. [51] reported 

the surface mode emission from GaN. Kim et al. [52] measured the optical gain. A large 

number of reports on the fabrication of the optically pumped lasers with improved 

performance followed. [53-55] Song and Shan [56] have reviewed the subject and have given 

an extensive list of references. The evolution of thresholds of stimulated and lasing emission 

has been plotted by these authors in chronological order from 1994 to March 1997. 
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1.4 Major Issues of Gallium Nitride 

 

There were three major difficulties on fabrication of GaN based devices. First, it is not 

easy to find suitable substrates so as to produce high quality crystalline layer. Second, it is 

difficult to obtain high hole concentrations of p-type GaN. And third, it is difficult to achieve 

ohmic contact on p-type GaN at lower alloying temperature. 

 

1.4.1 Issues of GaN substrates 

 

GaN films have been fabricated on a number of substrates such as Si, GaAs, MgAl2O4 

(spinel), 6H-SiC, LiGaO2 (LGO) and ZnO, as well as various crystallographic orientations of 

sapphire. Recently, many improvements have been made in the high quality of GaN by the 

pre-deposition of a thin AlN or GaN buffer layer. Because of its high quality, large size, and 

low cost, silicon is viewed as one of the most promising substrates for the growth of GaN. 

However, due to the large differences in lattice constant, crystal structure, and thermal 

expansion coefficient, it is rather difficult to grow epitaxial GaN on Si, as shown in Table 1-1. 

Spinel has a 9.5 % lattice mismatch with respect to GaN while SiC substrates have a 3.5 % 

mismatch. SiC has good electrical conductivity. A substrate bias can be applied to reduce the 

ion energy while using nitrogen ions for the growth for the nitrides. But the expensive cost of 

SiC has restricted its usage. LGO has just a 0.19 % lattice mismatch with GaN but it can’t 

withstand high temperature and is easily damped and eroded by acid. ZnO has a 2.19 % 

mismatch with GaN but ZnO is not easily obtained. 

Sapphire (Al2O3) was the most extensively used substrate for growth of GaN because of 

its relatively low cost and stability at high temperature. Sapphire has the biggest lattice 

mismatch of 13.6 % but Akasaki and Amano used a sequence of buffer layers grown at 

different temperatures to successfully obtain high quality GaN crystalline films. [29-31] The 
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properties of the GaN epilayer are strongly influenced by the thickness and growth 

temperature of the buffer layer. Crystal orientations of sapphire and GaN (grown on c-plane 

[0001] sapphire) were parallel but the unit cell of GaN was rotated by 30° about the c-axis 

with respect to the sapphire unit cell. The usual method to grow GaN was using metalorganic 

chemical vapor deposition (MOCVD) on sapphire substrate to form the wurtzite structure. 

The large lattice mismatch between GaN and sapphire leads to the possibility of high 

dislocation densities in epilayers. These dislocations may degrade the device performances. 

 

1.4.2 Issues of p-type GaN 

 

Doping GaN with acceptors to obtain a high concentration of holes has been a difficult 

problem. Attempts to dope GaN with Mg acceptors were not so successful in 1970s and early 

1980s because Mg was always compensated by the background n-type defects or was 

passivated with hydrogen atoms. It was discovered in the late 1980s by Amano et al. [30] that 

Mg-doped GaN could be converted into p-type GaN by LEEBI. They performed experiments 

on samples grown by MOCVD on AlN buffer layers and sapphire substrates. The layers were 

doped with 1020 Mg atoms/cm3. The LEEBI was performed with 10 kV electrons with a beam 

current of 60 µA. After the LEEBI the layer resistivity decreased to 35 Ω-cm. Hall 

measurements were made and it was found that this resistivity corresponds to a hole 

concentration of 2×1016 cm-3 and a mobility of µ=8 cm2/Vs. These results give an activation 

ratio of 2×10-4 of the Mg atoms, a rather low value. A high activation ratio was obtained by 

Nakamura et al. [57] with GaN layers deposited on GaN buffer layers. The as grown layers 

were p type with a hole concentration = 2×1015 cm-3, the hole mobility = 9 cm2/Vs, and the 

resistivity = 320 Ω-cm. After LEEBI treatment, the hole concentration became 3×1018 cm-3, 

and the resistivity became 0.2 Ω-cm. The mobility remained unaffected. In subsequent 

publications Nakamura et al. [33, 58] showed that the effect of LEEBI is in fact to heat the 
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layers and probably to dissociate hydrogen atoms that form complexes with Mg. They found 

that thermal annealing in vacuum or in nitrogen atmosphere also activates the Mg acceptors 

without the LEEBI treatment. Thermal annealing of the metalorganic vapor phase epitaxy 

(MOVPE) grown Mg-doped layers increases the conductivity by up to 6 orders of magnitude 

than as grown. A hole concentration >1018 cm-3 is easily obtained at room temperature by the 

thermal treatment. The effect of thermal treatment is reversible. By heating the activated 

layers in hydrogen atmosphere, the Mg atoms are deactivated. More recently Gőtz et al. [59] 

have made extensive Hall measurements on Mg-doped GaN epilayers grown by MOCVD on 

sapphire substrates. They also activated the Mg impurity by thermal annealing and confirmed 

that on thermal annealing the resistivity decreases by more than 6 orders of magnitude. 

Recent experiments by Miyachi et al. suggest that the presence of minority carrier 

electrons helps the activation process. [60] Miyachi et al. fabricated the GaN p-n diode using 

Si and Mg dopants. The layers were grown by MOVPE. As-deposited Mg-doped layers were 

insulating. Different diodes were annealed under different biasing conditions. Under forward 

bias of 8 V, the resistance of the Mg-doped layer begins to decrease at 300 °C, and saturates 

at a value five orders of magnitude smaller at 400 °C. Since the device had metal coatings, 

hydrogen did not diffuse out. It was confirmed by secondary ion mass spectroscopy (SIMS) 

experiments that the hydrogen profile did not change after annealing. Mg atoms are 

deactivated by the diodes annealing at 350 °C. If Mg atoms are activated at higher 

temperatures and without the presence of electrons, as was the case in the experiments [58, 59] 

discussed above, hydrogen ambient and higher temperatures are necessary for deactivation. 

Infrared (IR) measurements and theoretical calculations show that in Mg-doped GaN layers 

grown by MOVPE in hydrogen rich environments, Mg-H complexes are formed. [60] A 

model to explain the result of activation and deactivation of the GaN diodes in the presence of 

electrons can now be constructed. [60] The complexes dissociate at the low temperature of 

about 300 °C. H+ ions capture electrons and become H0 atoms. This prevents the back 
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reaction, i.e., the formation of the Mg-H complex. However, since hydrogen stays in the layer, 

annealing the diode in the absence of the bias results in ionization of the hydrogen atoms, 

formation of the complexes at lower temperatures, and deactivation of Mg atoms. Obviously 

external hydrogen ambient is not necessary in this case. The behavior of the diode annealed 

under open circuit configuration was different. Practically no activation of Mg was observed 

even at 600 °C. This result is also different from the earlier result of Nakamura et al. [58] who 

observed activation of Mg at 500 °C. As mentioned earlier, because of the metal coating on 

both sides of the sample, hydrogen does not diffuse out. This suppresses the activation of Mg 

in these experiments. [60] 

 

1.4.3 Issues of p-type ohmic contact 

 

Metallization are fundaments components to all semiconductor devices and integrated 

circuits. The essential roles of metallization system are providing the desired electrical paths 

between the active regions of the semiconductor and the external circuits through the metal 

contacts and interconnections. High quality and uniform ohmic contact is one of the 

controlling factors to reduce the parasitic resistance, as well as to improve the yield of good 

devices performance. The GaN based semiconductors have been applied to optoelectronic 

devices such as LEDs. Thus ohmic contact to p-type GaN is very important. The performance 

of GaN based LEDs such as operating voltage is strongly influenced by the contact resistance. 

And one of the factors affecting the lifetime is the p-type contact resistance of the devices that 

generates ohmic heating thus preventing the devices from long life operation. In some 

research reports, various metal contacts were applied to p-type GaN, such as Ni/Au [61, 62], 

Pd/Au [63], Ni/Pt/Au [64], Pd/Pt/Au [65], Ni/Pd/Au [66], Ni/AuBe [67], Ni/ZnO [68], and 

Ni-Mg (La or Zn) solid solution/Au series. [69-71] The Ni, Pd, or Pt is the metal in direct 

contact with the GaN, and the structure is annealed at 400-750 °C. These reported specific 
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contact resistance (ρc) are in the range from 10-2 to 10-6 Ω-cm2. But these values are too high 

for high performance devices. Due to the relatively poor specific contact resistance (ρc) 

achievable, the metallization will heat-up as current flows across the p-n junction, leading to 

metal migration down threading dislocations and eventual shorting of the junction. [72] There 

are a number of contributing factors to the high ρc values for contacts on p-type GaN, 

including:  

(i) The absence of a metal with a sufficiently high work function (ψM): the bandgap (Eg) of 

GaN is 3.4 eV, and the electron affinity (χ) is 4.1 eV, but metal work functions (ψM) are 

typically ≤5 eV. 

(ii) The relatively low hole concentrations in p-type GaN due to the deep ionization level of 

the Mg acceptor (~170 meV). 

(iii) The tendency for the preferential loss of nitrogen from the GaN surface during processing, 

which may produce surface conversion to n-type conductivity. 

Low contact resistance to p-type GaN is difficult to obtain because of the difficulty to 

achieve high hole concentrations in p-type GaN and lack of metals with high work function 

( ψ ) compared the bandgap and electronegativity of GaN. Work functions and 

electronegativity of some elements as show in Table 1-2. In a GaN baesd LED, Ni/Au are 

commonly used as ohmic contact on p-type GaN top layer. But the low doping level of the 

p-type GaN layer may result in a non-ohmic contact and high contact resistance, thereby 

degrading the performance of devices. For higher temperatures severe degradation in contact 

morphology is observed, usually resulting from the formation of the metal gallides. 

In addition, the current coming from the electrode cannot be spread effectively through 

the entire chip due to high resistivity of the p-type GaN. One way to avoid this so-called 

current crowding problem, thereby obtaining high efficiency and uniform light emission from 

the device, is to design the pattern of the top electrode to be interdigitated finger shape. 

However, this type of electrode reduces the emitted light output. Thus, a low resistance 
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p-electrode with high transparency is an important issue for fabrication of GaN based LED 

although well known transparent conducting films such as indium tin oxide (ITO) and 

cadmium tin oxide (CTO) have been used as electrode of LEDs. [73, 74] However, ITO 

transparent conducting film on p-type GaN shows Schottky contact characteristics after 

thermal annealing. If the carrier concentration of GaN increases to the order of larger than 

1018 cm-3, the formation of ITO ohmic contact on GaN may be possible. 

 

1.5 Overview of This Dissertation 

 

This dissertation contains eight chapters. In chapter 1, we introduce to history of GaN 

material, GaN based LEDs, semiconductor materials of light emitting devices, evolution of 

LEDs’ performance, and several key issues for fabricated the III-V nitride LEDs. 

In chapter 2, we review the theory and background of this dissertation. The principles of 

ohmic contacts, metal-semiconductor junctions, current-voltage (I-V) characteristics, 

degradation and reliability for LEDs, and threading dislocations (TDs) have been detailed. 

In chapter 3, we detail the experiments and analysis methods. The structures of epitaxial 

wafers and devices have been depicted. We also show the flow chart of GaN based LEDs 

process. The circular transmission line model (CTLM) is used to measure the specific contact 

resistance (ρc). The depth profile of carrier concentration is generally measured by C-V 

method. Scanning electron microscopy (SEM), transmission electron microscope (TEM), 

photoluminescence (PL) and Hall effect measurement have been introduced briefly. 

In chapter 4, the influences of thermal annealing on Ni/p-type GaN have been 

investigated. The electrical and optical properties were analyzed with Hall effect and 

photoluminescence (PL) measurements. The material analyses were qualified by x-ray 

diffraction (XRD). 

In chapter 5, we have fabricated GaN based LEDs using transparent Ni/Au and indium 
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tin oxide (ITO) for p-type contacts. The effect of thermal annealing on I-V properties of GaN 

LEDs has been studied. According to TEM, SEM, and energy-dispersive X-ray spectrometer 

analyses (EDS), this chapter provides the direct evidence that metals in-diffusion along the 

TDs cause the degradation of the LEDs characteristics. 

In chapter 6, we have fabricated GaN LEDs using transparent ITO-based p contacts. The 

contact properties of ITO-based contact metals have been obtained with thermal treated. The 

I-V characteristics and life tests of GaN based LEDs have been studied. According to TEM, 

SEM, and EDS analyses, we have understood the influences of contact interfaces between the 

ITO-based layer and GaN LEDs. 

In chapter 7, GaN based LEDs with naturally textured surface have been grown by metal 

organic chemical vapor deposition (MOCVD) on c-plane sapphire substrate. The I-V 

characteristics, light output intensity-current (L-I) characteristics and life tests of GaN based 

LEDs have been studied. Using SEM and TEM analyses, we observed the structure of 

truncated pyramid on LED with Mg treatment p-GaN layer obviously. 

Finally, we summarized the overall results of our studies and discussed future works in 

chapter 8. 
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Figure 1-1 Bandgap energy of various materials for visible emission devices as a function of 

their lattice constant. [47] 



 21

 

 

 

 

 

 

Figure 1-2 Chromaticity diagram where blue InGaN/AlGaN LEDs, blue-green InGaN/AlGaN 

LEDs, green GaP LEDs and red GaAlAs LEDs are shown. [47] 
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Figure 1-3 Chromaticity diagram in which blue InGaN SQW LED, green InGaN LED, green 

GaP LED, green AlInGaP LED and red GaAlAs LED are shown. [47] 
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Figure 1-4 Structure of GaN m-i-n LED. [23] 
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Table 1-1 Properties of GaN substrates 

 

Substrate material Symmetry Lattice parameters (Å)
Thermal expansion 
coefficient (10-6/K) 

Wurtzite GaN Hexagonal 
a = 3.189 
c = 5.189 

5.6 
3.2 

Wurtzite GaN Hexagonal 
a = 3.112 
c = 4.982 

4.2 
5.3 

a-Al2O3 Hexagonal 
a = 4.758 
c = 12.99 

7.5 
8.5 

Si Cubic a = 5.430 3.6 
GaAs Cubic a = 5.563 6.0 

6H-SiC Hexagonal 
a = 3.080 
c = 15.12 

－ 

3C-SiC Cubic a = 3.436 － 
InP Cubic a = 5.869 4.5 
GaP Cubic a = 5.451 4.7 
MgO Cubic a = 4.622 10.5 

LiAlO2 Tetragonal 
a = 5.169 
b = 6.268 

7.1 
7.5 

LiGaO2 Orthorhombic 
a = 5.402 
b = 6.372 
c = 5.007 

6.0 
9.0 
7.0 

ZnO Hexagonal 
a = 3.252 
c = 5.213 

2.9 
4.8 

MgAl2O4 Cubic a = 8.083 7.5 
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Table 1-2 Work functions and electronegativity of some elements (Unit: eV) 

 

Metal Work function Electronegativity 
Pt 5.65 2.2 
Ni 5.15 1.8 
Pd 5.12 2.2 
Au 5.10 2.4 
Co 5.00 1.8 
Cu 4.65 1.9 
Mo 4.60 1.8 
W 4.55 1.7 
Hg 4.50 1.7 
Fe 4.52 1.8 
Cr 4.50 1.6 
Sn 4.42 1.8 
Ti 4.33 1.5 
Al 4.28 1.5 
Ag 4.26 1.9 
Ta 4.25 1.5 
Ga 4.20 1.6 
In 4.12 1.7 
Be 3.92 1.6 
Mg 3.66 1.2 
Ca 2.87 1.0 
Ba 2.70 0.9 
Cs 2.14 0.7 
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CHAPTER 2 

Theory and Background 
 

2.1 Principles of the Formation of Ohmic Contacts 

 

The metal-semiconductor (MS) contact plays a very important role of all solid-state 

devices. When metal-semiconductor interfaces are formed, they can provide either rectifying 

Schottky contacts or ohmic contacts. Schottky contacts exhibit low levels of current at reverse 

bias, while at forward bias current flows readily across the metal/semiconductor interface. On 

the other hand, ohmic contacts have linear or quasi-linear current-voltage characteristics at 

forward and reverse biases or low specific contact resistance, which is the resistance at the 

interface between the metal and the semiconductor. The energy band diagram is used to 

describe an ideal MS contact under equilibrium conditions. The surface-included energy band 

diagrams for the individual, electrically isolated metal and semiconductor components are 

shown in Fig. 2-1. 

In Fig. 2-1, the ledge at the top of the vertical line denotes the minimum energy an 

electron must possess to completely free itself from the material and is called vacuum level, 

E0. The energy difference between the vacuum level and the Fermi energy (EF) is known as 

the work function (ψ) of the material. The metal work function (ψM) is an invariant 

fundamental property of the specified metal. The semiconductor work function (ψS) is 

composed of two distinct parts; that is 

ψS =χ+ (EC – EF)                                                (2-1) 

The electron affinity, χ≣ (E0 – EC)∣surface , is an invariant fundamental property of the 

specified semiconductor. 

Suppose now theψM＞ψS metal and n-type semiconductor of Fig. 2-1 is brought 
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together to form an ideal MS contact. Assuming the contact formation is accomplished almost 

instantaneously so that there is negligible electron transfer between components during the 

contacting process. In metal and p-type semiconductor contact, the energy band diagram for 

the contact will be as shown in Fig. 2-2. In this figure the isolated energy band diagrams are 

vertically aligned to common vacuum reference level and simply abutted at the mutual 

interface. It should be emphasized that ψM and χ are material constants and remain 

unaffected by the contacting process. In Fig. 2-2, ψM=qΦM, ψS=qΦS, and χ=qx; ΦM 

and ΦS are metal and semiconductor work function potential respectively. 

Since EFS≠EFM, the MS contact characterized by Fig. 2-2(a) is obviously not in 

equilibrium. Under equilibrium conditions the Fermi level in a material or group of materials 

in intimate contact must be invariant with position. Consequently, a short time after the 

conceptual contact formation, holes will begin transferring from the semiconductor to the 

metal given the situation as shown in Fig. 2-2(a). The net loss of holes from the 

semiconductor creates a surface depletion region and a growing barrier to hole transfer from 

the semiconductor to the metal. This will continue until the transfer rate across the interface is 

the same in both directions and EF is the same throughout the structure. The net result, the 

equilibrium energy band diagram for an idealΦM＜ΦS metal to p-type semiconductor contact, 

is shown in Fig. 2-2(b). In drawing this figure, extraneous lines such as the vacuum reference 

level and the portion of the vertical surface line above EC have been removed. Also note that 

ΦB = EFM –EV∣interface  -----  ideal MS(p-type) contact                    (2-2) 

WhereΦB is the surface potential-energy barrier encountered by holes with E=EF in the metal. 

Finally, if the entire argument is repeated for a metal and p-type semiconductor where ΦM＞

ΦS, one obtains the equilibrium energy band diagram shown in Fig. 2-2(d). 

The conclusion of ideal MS contact formed from a metal and a p-type semiconductor 

will be a rectifying contact if ΦM＜ΦS and an ohmic-like contact if ΦM＞ΦS. Parallel 

arguments applied to an ideal MS contact formed from a metal and an n-type semiconductor 
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lead to the conclusion that the contact will be rectifying if ΦM＞ΦS and ohmic-like contact 

if ΦM＜ΦS. However, this presents a problem in large bandgap p-type semiconductors such 

as GaN. The sum of Eg and χ can be quite large (the value for GaN is about 7.5 eV), and 

the highest work function for a metal (Pt) is 5.7 eV. It is difficult to eliminate the barrier in 

p-GaN. Therefore, it is necessary to employ other methods to achieve ohmic behavior. 

 

2.2 Current Flow in Metal-Semiconductor Junctions 

 

In cases when defects are not involved. There are three types of conduction mechanisms 

for carrier transport across the interface between metals and semiconductors: thermionic 

emission (TE), thermionic-field emission (TFE), and field emission (FE). [1] 

(1) Thermionic emission (TE): for moderately doped semiconductor, Nd＜~1017 cm-3, the 

depletion region is relatively wide. It is nearly impossible to tunnel through the barrier 

unless aided by defects that are considered not to exit in this ideal picture. The electrons, 

however, can surmount the top of barrier, which should be small for contacts, by 

thermionic emission (Fig. 2-3(a)). For low-doped or high-barrier semiconductors, on the 

other hand, the vast majority of electrons would be unable to cross in either direction into 

the semiconductor; and ohmic contact behavior is not observed. 

(2) Thermionic-field emission (TFE): for intermediately doped semiconductors, ~ 1017＜Nd

＜~1018 cm-3, the depletion region is not sufficiently thin to allow direct tunneling of 

carriers that are more or less in equilibrium. But, if the carriers gain a little energy, they 

may be able to tunnel. Consequently, both thermionic emission and tunneling take place 

(Fig. 2-3(b)). 

(3) Field emission (FE): for heavily doped semiconductors, Nd＞~1018 cm-3, the depletion 

region is narrow, and direct electron tunneling from the metal to the semiconductor is 

allowed (Fig. 2-3(c)). In the absence of a good match between the metal and the 
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semiconductor work function, which is generally the case that is the best approach to 

pursue for ohmic contacts. 

For p-GaN, a metal or compound with a very large work function is required to make an 

ohmic contact (electron affinity plus bandgap is 4.1 eV + 3.4 eV = 7.5 eV) if TE is the 

dominant transport mechanism. Since there are no metals or compounds with such a large 

work function, ohmic contacts must be formed by either highly doping the surface region to 

enhance field emission [2], by reducing the Schottky barrier height through surface treatment, 

or by using an intermediate semiconducting layer (ISL). Another limitation in p-type GaN is 

the doping level that can be achieved in p-GaN, which also limits formation of ohmic contacts 

by field emission. 

In summary, metal ohmic contacts to p-GaN may be achieved in three ways [3]. Figure 

2-4 schematically presents these methods for a p-type semiconductor. The first method (see 

Fig. 2-4(a)) is to use a metal that has a large metal work function so that the potential barrier 

between the metal and semiconductor is minimized. However, it is well known that metals 

with sufficiently large work functions are lacking. The second method, which is also the most 

common, is to dope the semiconductor heavily. As a result, the depletion width is reduced, 

and the tunneling possibility at the contact is then increased. However, it is known that it is 

hard to dope p-type GaN heavily due to the large ionization energy of the dopant Mg. A third 

technique (see Fig. 2-4(c)) is to decrease the bandgap of the semiconductor by the formation 

of an intermediate semiconducting layer (ISL) at the metal/semiconductor interface. By 

increasing the depletion width and separating the barrier height at the metal/semiconductor 

interface into the barrier heights at the metal/ISL/semiconductor interfaces, the effective 

barrier height decreases. However, the behavior of the interface is not completely understood 

at this time, so it is not immediately known how to accomplish these goals. 

 

2.3 Current-Voltage Characteristics of P-N Junction Diodes 
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2.3.1 The case of a forward-biased p-n junction 

 

The current I of a p-n junction is usually written as a function of the diode Voltage Vd as 
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⎝

⎛
−⎟

⎠
⎞

⎜
⎝
⎛= 1exp0 nkT

qV
II d                                              (2-3) 

where I0 is the saturation current and n the diode ideality factor. The diode voltage Vd is 

voltage across the space-charge region and excludes any voltage drops across the p and n 

quasi-neutral region. If both I0 and n are constant, then a plot of log(I) versus Vd yields a 

straight line provided Vd >> nkT / q. 

A semiconductor diode can be represented by the equivalent circuit of Fig. 2-5(a), 

consisting of an ideal diode in series with resistance rs. [4] When current flows through the 

device, the diode terminal voltage V is 

sd IrVV +=                                                      (2-4) 

With series resistance, Eq. (2-3) becomes 
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The current in p-n junction diodes is due to two components: space-charge region (scr) 

recombination-generation and quasi-neutral region (qnr) recombination-generation, leading to 

I-V relationship 
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Equation (2-6) is plotted in Fig. 2-5(b). [4] There are four distinct regions in the figure. For Irs 

<< V << nkT / q, the current depends linearly on voltage ( )nkTqVnkTqV /1)/exp( ≈− , 

giving a nonlinear curve on the semilog plot of Fig. 2-5(b). For V >> nkT / q and V >> Irs, the 

current is dominated by scr recombination at low current and by qnr recombination at higher 
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current. The breakpoint between the two current components occurs at V = 0.3 V in this 

example. The I-V curve deviates from linearity at high current due to series resistance rs. 

Extrapolating the two linear regions to V = 0 gives I0, scr and I0, qnr. The slope is given by 

dV
IdS )log(

=                                                     (2-7) 

Knowing the slope and sample temperature allows the ideality factor to be determined using 

the relationship 

qSkTqSkT
n

/3.2
1

/)10ln(
1

==                                       (2-8) 

We will generally use the logarithm to base 10, written as “log,” instead of the logarithm to 

base e, written as “ln,” because experimental data are plotted on “log,” not “ln,” scales. 

The deviation of the log(I)-V curve from linearity is ∆V = Irs, allowing rs to be 

determined according to 

I
Vrs

∆
=                                                        (2-9) 

Semiconductor device and circuit performance is generally degraded by series resistance. The 

extent of such degradation depends on the series resistance, on device, on the current flowing 

through the device, and on a number of other parameters. The series resistance (rs) depends on 

the semiconductor resistivity, on the contact resistance, and sometimes on geometrical factors. 

Series resistance may be very large before causing device degradation for some devices. 

 

2.3.2 The case of a reverse-biased p-n junction 

 

The ideal diode theory predicts a small, voltage-independent saturation current I0, when 

the junction is sufficiently reverse biased. In junction diodes where the reverse current is 

dominated by a carrier generation in the space-charge region or surface leakage, current does 

not saturate but is found to increase with the reverse bias. However, this increase is too small 

to cause any perceptible change in rectifying properties of the diode. Even in junctions in 
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which the space-charge region and surface leakage currents are negligible, it is observed that 

the reverse current increases gradually with the bias until a critical voltage is reached at which 

the current increases abruptly with the voltage. This phenomenon is known as breakdown of 

the p-n junction. 

Figure 2-6 shows the I-V characteristic of a typical p-n junction diode including the 

reverse breakdown region. [5] Two features of the breakdown are noteworthy. First, the 

breakdown is only electrical, and there is no mechanical damage to the diode. Second, the 

breakdown is reversible and nondestructive as long as the power dissipation at the junction is 

kept below the value allowed by thermal considerations. 

There are two basically different mechanisms of junction breakdown: the Zener 

mechanism (also known as internal field emission), due to tunneling, and avalanche 

breakdown. The Zener mechanism involves the direct excitation of electrons from the valence 

band to the conduction band under the action of the high electric field in the junction 

depletion region, and it occurs only in p-n junctions whose two sides are heavily doped so that 

the width of the depletion layer is small. Avalanche breakdown is caused by a process known 

as secondary multiplication, and it occurs in junctions having thicker depletion regions, which 

makes tunneling less probable. [6] 

For a qualitative understanding of the breakdown mechanisms in p-n junctions, it is 

helpful to consider the relationships between the impurity concentration, the depletion region 

width, and the electric field in junction region. For simplicity, let us consider an abrupt p+-n 

junction. Neglecting the depletion width in the p+-region, the following relations are obtained 

d
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where VR = -Va is the applied reverse voltage, W* width constant (cm/V1/2), W depletion 
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region width (cm), Nd donor concentrations (cm-3), εs semiconductor permittivity (F/cm), Em 

the maximum electric field, and Vi built-in voltage (V). It is possible to understand the 

breakdown mechanisms with the help of these relations. 

(1) Zener breakdown (or internal field emission): Breakdown because of internal field 

emission is called Zener breakdown. Equation (2-11) shows that when Nd is large, W* is 

small and Em is high even for small voltages. Under these conditions, the depletion layer 

width W is small, and the electrons from the valence band on the p-side of the junction 

can tunnel into the empty states in the conduction band on the n-side as shown in Fig. 

2-7(a). If W* and VR are such that Em exceeds 106 V/cm, the tunnel current becomes 

sufficiently high to cause the junction breakdown. 

(2) Avalanche breakdown: As the impurity concentration Nd is decreased, both W* and W 

increase, and Em decreases. A point is reached where Em has a value smaller than that 

required for tunneling. In a reverse-biased junction, the thermally generated minority 

carriers (mainly holes in a p+-n junction) injected into the space-charge region are 

accelerated by the field and gain kinetic energy from the field. When the junction voltage 

is large enough to produce a sufficiently high field, some of the accelerated carriers gain 

energy higher than the gap energy Eg. A carrier that has energy appreciably higher than 

Eg can produce a secondary electron-hole pair by knocking out an electron from the 

covalent bond of a lattice atom in the depletion region, as shown in Fig. 2-7(b). The 

secondary carriers produced by this process can produce further electron-hole pairs. 

Avalanche breakdown occurs when the number of carriers produced by this ionization 

process becomes very large. 

For an accelerated carrier, the ionization collision is not the only event by which the 

gained energy can be lost. A carrier may also lose its energy to the crystal lattice by emitting 

phonons, as shown in Fig. 2-7(c). This energy loss to phonons obviously does not contribute 

to the ionization process.  
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2.3.3 Leakage current 

 

In addition to thermionic emission, thermionic field emission and tunneling current, 

other current such as defect-assisted tunneling and others that may have an ohmic nature, can 

be lumped in leakage component and can be expressed as 

t

s
r R

IrV
I

−
=                                                     (2-12) 

where Ir is leakage current, V is the diode terminal voltage, rs is series resistance, and Rt is 

considered to be a fitting parameter which represents defects and inhomogeneities at the 

metal-semiconductor interface. 

In fact, the low hole concentration combined with a large hole effective mass preclude 

direct tunneling in p-type GaN. What may be happening in presently utilized a Ni/Au contact 

is that, Ni/Au chemically modifies the GaN surface and the current conduction mechanism 

may be dominated by defect-assisted tunneling that we will call “leakage current”. 

 

2.4 Basics of Degradation and Reliability for LEDs 

 

The reliability of a device is determined by the weakest part of the device and depends 

on factors ranging from material properties to processing technologies. Failure modes can be 

roughly divided into three categories: sudden, rapid, and gradual in corresponding to the 

degrading part. The failure modes and their causes for laser diodes and LEDs (forward bias 

devices) are summarized in Fig. 2-8. [7] The main causes of failure and the factors enhancing 

the failure are summarized in Table 2-1. LEDs and leaser diodes use radiative recombination 

of the injected carriers, pin-photodiodes and avalanche photodiodes (APDs) detect 

photocurrent by dividing electrons and holes at the p-n junction, and modulators require a 
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strong electric field at p-n junction for normal operation. The degradation mechanisms of such 

devices can be roughly divided into two categories according to the direction of bias at the p-n 

junction. For devices used under a forward bias, the main factors in degradation are the 

current flow through the p-n junction and the emitted light, whereas for devices used under a 

reverse bias the main factor is the high electric field at the p-n junction. 

As summarized in Table 2-1, the degradation of optoelectronic p-n junction devices used 

under forward bias occurs at electrodes (diffusion and reaction), crystals (dislocation and 

precipitation), and bonding parts. Facet degradation is also a factor in laser diodes, and buried 

heterointerface (BH) degradation occurs in devices with a buried heterostructure. These 

degradations are observed in bulk, quantum well (QW), and strained QW devices and they 

determine device reliability. LEDs are generally used under constant current conditions, so 

their degradation is usually monitored by measuring the reduction of optical output power. 

This output power reduction is mainly caused by the dislocation network growth and the 

electrode degradation (for devices having alloy-type electrodes), both of which are 

degradation of the inner active region. 

 

2.5 The Role of Threading Dislocations in GaN Based LEDs 

 

Currently, there are still no widely available lattice-matched substrates for the growth of 

wurzitic GaN. As a result, most materials still have high threading dislocation (TD) densities. 

The commonly observed extended defects in (0001) oriented GaN grown on sapphire 

substrates include (0001) stacking faults and stacking disorder and related Shockley and 

Frank partial dislocations, inversion domains, and TDs. [8] The TDs have typical total 

densities in the range 108-1010 cm-2. There are two different predominantly observed TDs: 

pure edge, with Burgers vectors in the family 1102
3
1 −

 and [0001] line directions; and 
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mixed character, with Burgers vectors in the family 1132
3
1 −

 and line directions inclined 

~10o from [0001] towards the Burgers vector. Pure screw TDs (b = [0001] and line direction 

[0001]) represent a small fraction (~0.1-1 %) of the total density of TDs [8]. Note that TDs 

are the only extended defects that grow through to the free surface of the film. 

Before reviewing the effects of TDs on the physical properties, we briefly review the 

important role of TDs in the growth of nitrides, namely the formation of ‘V-defects’ [9]. 

Many nitride-based device heterostructures require reduced growth temperature. For example, 

InGaN layers are typically grown at ~750-800 °C in MOCVD, which is ~300 °C lower than 

optimal MOCVD growth conditions for GaN - the lower temperature is necessary because of 

the high volatility of indium. Similarly, the growth temperature for AlGaN is generally 

limited by reactor or heater considerations. The low growth temperatures facilitate the 

formation of V-defects that consist of six 
⎭
⎬
⎫

⎩
⎨
⎧ −

1110  family planes and form an inverted 

hexagonal pyramid, as shown schematically in Fig. 2-9. The V-defects always form at TDs, 

with a higher propensity for formation at mixed character TDs, but they also form at pure 

edge TDs. 

Wu et al. attributed the formation of V-defects to a kinetically limited growth process in 

which the surface depression associated with a TD (as predicted by Frank [10]) assists in the 

formation of 
⎭
⎬
⎫

⎩
⎨
⎧ −

1110  facets [9]. Under kinetically limited growth conditions, the surface 

morphology will be dominated by the slowest growing planes, and thus in this scenario the 

⎭
⎬
⎫

⎩
⎨
⎧ −

1110  planes have a slower growth rate in the [0001] direction. Subsequent 

high-temperature growth of GaN will cause the V-defects to be filled and there will be no 

surface morphological evidence for their presence. More recently, Northrup et al. have 

performed first-principle calculations of the energies of (0001) and { }1011  planes for GaN 

and InGaN. Northrup has shown that V-defects at energically favorable for InGaN growth and 
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their formation is driven by a balance of surface energy increase (due to the increased total 

surface area of the six 
⎭
⎬
⎫

⎩
⎨
⎧ −

1110  planes of the V-defect relative to the area of the (0001) plane) 

and strain energy reduction due to the open defect volume which would otherwise have a TD. 

[11] 

V-defects are deleterious for the growth of both optoelectronic and electronic device 

heterostructures. For InGaN/GaN quantum well structures, the V-defects cause the wells to be 

non-planar and may also lead to changes in the indium composition through a series of wells. 

As will be discussed later, V-defects are important sources of reverse leakage in diodes, and 

have been correlated to the very poor electro-static discharge (ESD) in these structures. For 

laser structures, the V-defects will be light scattering centers. Nitride-based high electron 

mobility transistor (HEMT) structures consist of AlGaN/ GaN layers. It is quite common for 

V-defects to form during the growth of the AlGaN cap layer. In the case of HEMT structures, 

there is no further nitride growth after the AlGaN layer and thus the V-defects can concentrate 

electric fields both at ohmic source/drain contacts and more importantly at the Schottky gate 

contact. 

In 1997 Rosner et al. reported on a cathodoluminescence (CL) study on MOCVD grown 

n-type GaN on sapphire substrates [12]. This study involved correlated atomic force 

microscopy (AFM) and CL studies, in which the investigators used a combination of fiducial 

marks on their samples and a registered specimen stage to ensure imaging of exactly the same 

region by both techniques. It had been demonstrated in other studies that TDs affect the 

surface morphology of GaN, namely that mixed character TDs and sometimes edge TDs give 

rise to surface depressions. Rosner et al. found that the ‘pit’ features in the AFM images were 

strongly correlated with dark regions in the CL images. Rosner et al. were able to generate 

maps of the pit locations, corresponding to the intersection of the TDs with the film-free 

surface, and then calculate CL images based on known solutions for the minority carrier 
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concentration from a dislocation, which was assumed to be a line of non-radiative (NR) 

recombination centers. 

Kozodoy et al. used the high contrast in TD density in lateral epitaxial overgrowth (LEO) 

structures to study the effect of TDs on reverse bias leakage currents in p-n junctions [13]. In 

this study, p-n junctions were formed on uncoalesced GaN LEO stripes, where the junctions 

were placed either over the wing region (TD density < 106 cm-2) or over the window region 

(TD density ~ 109 cm-2) on the same LEO stripe. Under reverse bias, the leakage current 

densities were at least three orders of magnitude higher for the window regions in comparison 

with the wing region, as shown in Fig. 2-10. In a similar study, Parish et al. fabricated AlGaN 

based p-i-n UV solar detectors on LEO GaN [14]. The diodes on the wing regions typically 

had six to eight orders of magnitude lower reverse bias leakage current than for diodes grown 

on conventional (dislocated) GaN. Additionally, the LEO-based diodes had sharper current 

cutoffs and much more sharply defined spectral response curves in comparison with diodes 

produced on conventional GaN. 
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Figure 2-1 Surface-included energy band diagrams for (a) a metal and (b) n-type 

semiconductor. [1] 
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Figure 2-2 Energy band diagrams for ideal MS contacts between a metal and p-type 

semiconductor: ΦM＜ΦS system (a) band diagram before contact (b) under equilibrium 

condition after contact; ΦM＞ΦS system (c) band diagram before contact (d) under 

equilibrium condition after contact. [1] 
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Figure 2-3 Schematic description of (a) the thermionic emission, (b) thermionic field emission, 

and (c) field emission (tunneling) mechanisms in an n-type semiconductor. [1] 
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Figure 2-4 Methods of making ohmic contacts to p-type semiconductors (a) Use a high work 

function metal to minimize the Schottky barrier height. (b) Dope the semiconductor heavily to 

make a tunneling contact. (c) Reduce the bandgap of the semiconductor at the contact by the 

formation of the interfacial semiconductor layer. [3] 
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( a ) 

 

( b ) 

 

Figure 2-5 (a) Equivalent circuit of a diode, (b) log(I) versus V for a diode with series 

resistance, the upper dashed line is for rs = 0. [4] 
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Figure 2-6 Reverse-biased in a p-n junction. [5] 
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Figure 2-7 Breakdown mechanisms in a p-n junction diode (a) tunneling, (b) avalanche 

multiplication, and (c) carrier lose the gained energy to phonons and remain too cold to ionize. 

[6] 



 47

 

 

 

 

 

 

Figure 2-8 Failure modes and causes for laser diodes and LEDs (forward bias devices). [7] 
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Table 2-1 Main causes of and factors enhancing the failure of laser diodes and LEDs (forward 

bias devices). [7] 

 

Part Cause Enhancement factor 

Inner region Dislocation, precipitation Ambient temperature 

(heat and light), current 

Facet (surface) Oxidation Light, moisture 

Electrode Metal diffusion, alloy reaction Current,  

ambient temperature (heat) 

Bonding part Solder instability  

(reaction and migration) 

Current,  

ambient temperature (heat) 

Heat sink Separation of metal Current,  

ambient temperature (heat) 

BH interface Defect at BH interface Current,  

ambient temperature (heat) 
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Figure 2-9 Cross-section view of V-defects in InGaN/GaN multiple quantum well structures 

and schematic structure of the V-defect. [9] 
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Figure 2-10 I –V characteristics for several diodes on LEO GaN and on the window region 

(dislocated GaN). [13] 
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CHAPTER 3 

Experiments and Analyses 
 

3.1 Epitaxial Wafers of GaN Based LEDs 

 

The blue GaN-based MQW LEDs wafers were grown by metal organic chemical vapor 

deposition (MOCVD) on c-plane (0001) sapphire substrate such as shown in Fig. 3-1. 

Trimethylgallium (TMGa), trimethylindium (TMIn), and ammonia (NH3) were used as Ga, In, 

and N precursors respectively. The layer structure consists of a 25 nm GaN buffer layer 

grown at 520 °C, followed by a 1.5 µm undoped GaN layer grown at 1040 °C, a 3 µm Si-(n) 

doped GaN layer (n~2×1018 cm-3) grown at 1040 °C, the active layer, a 0.15 µm thick Mg-(p) 

doped AlGaN cladding layer (p~5×1017 cm-3) grown at 920 °C, and a 0.15 µm thick Mg-(p) 

doped GaN contact layer (p~7×1017 cm-3) grown at 920 °C. The active region, consisting of 

several 5 nm/15 nm InGaN/GaN quantum wells grown at 760 °C is embedded in the region 

between p-type and n-type layers. 

 

3.2 Processes of GaN Based LEDs 

 

The LEDs were fabricated using standard lithography, metal coating and etching 

processes. Figure 3-2 shows the flow chart of GaN based LEDs process. In the first process 

step, the transparent contact layer (TCL) was deposited by e-beam evaporation and defined on 

the p-GaN region. The mask pattern was form by means of photoresist (PR) lithography, and 

then the TCL was etched by wet etching. A mesa was defined with standard photolithography 

and etched down into the n-type region by inductively coupled plasma reactive ion etching 

(ICP-RIE) technology. The typical ICP processing parameters were set as 2 mTorr chamber 
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pressure, 450 W ICP power, 170 W RF power, 40 sccm Cl2 (or 40 sccm Cl2 + 5 sccm BCl3), 

25 °C temperature, and a dc bias of -160 V. The ICP power and bias power source with RF 

frequency were set at 13.56 MHz. After ICP dry etching, the PR was removed with PR 

dissolvent and acetone. And then TCL metals were annealed at 600 °C in air atmosphere for 

15 min. For n-type GaN, low resistance ohmic contacts around 10-5~10-8 Ω cm2 range have 

been obtained using Ti/Al metals series. [1] The Ti/Al/Ti/Au metals for the n-contact (10 

nm/50 nm/100 nm/150 nm) and bonding pad (10 nm/400 nm/150 nm/800 nm) were deposited 

with e-beam evaporation and performed the metal lift-off, followed by the annealing process 

at 300 °C with continuous nitrogen flow for 5 min. All the annealing processes were 

performed in a furnace. Figure 3-3 shows the typical chip structure of the GaN based LEDs. 

 

3.3 Circular Transmission Line Model (CTLM) 

 

The circular transmission line model (CTLM) was used to measure the specific contact 

resistance (ρ c), which is the resistance at the interface between the metal and the 

semiconductor. [2] The structure is shown in Fig. 3-4. The inner radius of the circle is 100 µm, 

and the gap spacing from the smallest to the largest are 5, 10, 20, 30, and 40 µm. 

For the four probe technique, the two probes apply current and the other two probes 

measure the voltage drop. According to Marlow and Das [3], the relation between the applied 

current and the measured potential drop across the separation d is: 

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

++⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=∆
drr

L
dr

riR
V T

s

111

1 11ln
2π

                               (3-1) 

where Rs is the sheet resistance, and r1 is the radii of the outer circle. LT is the transfer length 

given by 
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where ρc is the specific contact resistance. From Eq. 3-1 we can plot the total resistance as a 

function of the gap spacing to obtain a non-linear curve due to the logarithm term; we then 

employ the least squares method to fit of the data to calculate Rs and LT. The product of (LT × 

2π) gives the effective contact area where current flows through. The specific contact 

resistance then can be extracted. 

πρ 2××= Tcc LR                                                 (3-3) 

where the resistance Rc between contacts is 

)2( T
s

c Ld
Z
R

R +=                                                 (3-4) 

LZ π2=                                                         (3-5) 

2
Tsc LR ×=ρ                                                     (3-6) 

where the 2L is the radius inner circular contact, and d is the gap spacing. 

However, in many of our I-V measurement, non-linear I-V curves are observed. The 

non-linear I-V curves lead to a change in the measured total resistance, which influences the 

calculated specific contact resistance as given in Eq. 3-1. In fact, only a linear I-V curve 

allows us to extra a true specific contact resistance using the CTLM approach, and in the 

strictest sense, the term specific contact resistance applies to the contact’s resistance applies to 

the contact’s resistance at zero bias. However, all the calculations in this thesis were 

performed by using data at 1 mA from the I-V curves, and we use the term “effective specific 

contact resistance”. 

The circular test structure has one main advantage. It is not necessary to isolate the 

diffused or implanted layer. In the original method that uses rectangular contacts, current can 

flow from contact to contact through the region beyond the structure in the linear arrangement 

(if it is not isolated). In the circular case, current can only flow from the center to the 

surrounding contact and no other path is possible. 
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3.4 Measurement of Carrier Concentration by Capacitance-Voltage 

Method 

 

The capacitance-voltage (C-V) technique relies on the fact that width of a reverse-biased 

space-charge region (scr) of a semiconductor junction device depends on applied voltage. 

This scr width dependence on voltage lies at the heart of the C-V technique. The C-V profiling 

method has been used with Schottky barrier diodes using metal and liquid electrolyte contacts, 

p-n junction, MOS capacitors, and MOSFETs. The depth profile is generally measured by 

C-V method, which was established by Kennedy et al.. [4] The measurement of the profile of 

the interface is troublesome because of the abrupt change of the carrier concentration. For the 

C-V measurement, a Schottky electrode is formed on the sample, and correlation between the 

applied voltage and the capacitance of a depletion layer is measured. The carrier 

concentration N(x) and the thickness x of the depletion layer are calculated using Eq. 3-7 and 

3-8, respectively. 

dVCdAqK
xN

s /)/1(
2)( 22

0ε
=                                     (3-7) 

C
AK

x s 0ε=                                                     (3-8) 

where the charge of an electron is q, the voltage applied to the depletion layer V, the 

capacitance of the layer C, the area of the electrode A, semiconductor dielectric constant Ks, 

and permittivity of free space ε0 (8.854×10-14 F/cm).  

The capacitance is determined by superimposing a small-amplitude ac voltage v on the 

dc voltage V. The ac voltage typically varies at frequencies of 10 kHz to 1MHz with 

amplitude of 10 to 20 mV, but other frequencies and other voltages can be used. In this thesis, 

the C-V measurements have been performed at -5 to 5 V, and 100 Hz to 1 MHz. 
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3.5 Field Emission Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) is one of the well-known and most widely used 

surface analytical techniques. Field emission scanning electron microscopy (FESEM) 

equipped with a field emission cathode in the electron gun of a SEM provides narrower 

probing beams at low as well as high electron energy, resulting in both improved spatial 

resolution and minimized sample charging and damage. High-resolution images of surface 

topography, with excellent depth of field are produced using a highly focused scanning 

electron beam. The primary electrons enter a surface with the energy of 0.5 ~ 30 keV, and 

generate many low energy secondary electrons. The intensity of these secondary electrons is 

largely governed by the surface topography of the sample. An image of the sample surface 

can thus be constructed by measuring secondary electron intensity as a function of the 

position of the scanning primary electron beam. We used the FESEM, Hitachi S-4000, to 

obtain the surface and sidewall morphology. 

 

3.6 Transmission Electron Microscopy 

 

The transmission electron microscope (TEM), developed in the 1932, was originally 

used for highly magnified sample images. Operating on the basic principles of the optical 

microscope, the TEM takes advantage of the much shorter wavelengths of electron beams 

versus light beams, providing resolving powers on the order of 0.2 nm rather than 200nm for 

the optical microscope. Because the wavelength of electrons is much smaller than that of light, 

the optimal resolution attainable for TEM images is many orders of magnitude better than that 

from an optical microscope. For the crystallographer, metallurgist or semiconductor research 

scientist, thus TEM can reveal the finest details of internal structure. Materials for TEM must 

be specially prepared to thickness that allow electrons to transmit through the sample. We 
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utilities TEM (JEOL JEM-2010 microscope operated at 200 kV) for examine the sample 

structure, defects (dislocations), and dislocations. 

 

3.7 Photoluminescence 

 

Photoluminescence (PL) is one of the most sensitive nondestructive methods of 

analyzing both intrinsic and extrinsic semiconductor properties. The method is particularly 

suitable for characterization of the centers that control the electrical properties of the layers. 

PL has the advantage of the ability to discriminate between species involved in radiative 

recombination and can provide simultaneous information on many type centers. In particular, 

basic assessment of a semiconductor usually requires measurements at low temperatures, so 

the sample must be place in a cryostat. Low temperatures are necessary for two principal 

reasons. First, specific information about the centers, the donors and acceptors, which 

promote electrical conductivity, can be obtained only when the electrical carriers are frozen 

out in these centers. Once the electrical carriers are thermally liberated, the impurities or 

defects that released them reveal their presence only through some inhibition of carrier 

mobility. The second advantage of low temperature is the dramatic reduction of spectral 

broadening due to vibration processes. The PL measurements of GaN thin films were 

performed by using a He-Cd laser emitting at 325 nm with Bio-Rad rpm2000. 

 

3.8 Hall Effect Measurement 

 

The importance of Hall effect is underscored by need to determine accurately carrier 

density, electrical resistivity, and the mobility of carriers in semiconductors. The Hall effect 

provides a relatively simple method for doing this. Because of its simplicity, low cost, and fast 

turnaround time, it is an indispensable characterization technique in the semiconductor 
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industry and in research laboratories. The basic physical principle underlying the Hall effect is 

the Lorentz force. We usually make the Hall effect measurement by two ways (1) Hall bar and 

(2) van der Pauw technique determined by the sample shape, contact geometry, and 

measurement method. In our studies the van der Pauw technique is usually used. We can 

make the room temperature Hall effect measurement with Bio-Rad HL 5500PC. 
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Figure 3-1 The epitaxial structure of the GaN based LEDs. 
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Figure 3-2 The flow chart of GaN based LEDs process. 
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Figure 3-3 The chip structure of the GaN based LEDs. 
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Figure 3-4 Circular transmission line geometry test structure. 
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CHAPTER 4 

Effect of Thermal Annealing on Ni Film/Mg-Doped 

GaN Layer 
 

4.1 Introduction 

 

GaN-based materials are important wide direct bandgap semiconductors for 

optoelectronic applications. One of the problems of GaN-based devices is the low hole 

concentration of Mg-doped GaN, which makes it difficult to obtain a contact resistance lower 

than 10-4 Ω cm2. To make ohmic contact on p-type GaN, high work function metals such as 

Ni, Pd, and Pt have been applied. A specific contact resistance of around 10-2~10-6 Ω cm2 can 

be achieved in the Ni/Au [1, 2], Ni/Pt/Au [3], Ni/Pd/Au [4], Ni/AuBe [5], Ni/ZnO [6], and 

Ni-Mg (La or Zn) solid solution/Au series. [7-9] Many studies concerning Ni have been 

carried out. Thus, it is important to understand the interfacial reactions between Ni and GaN. 

Since Ni has been used for Ni/Au ohmic contact to p-type GaN, the metallurgy of the 

Ni/GaN system has been researched. [10-14] Guo et al. reported that the nickel nitrides Ni3N 

and Ni4N were formed at the interface of Ni and n-type GaN after annealing above 200 ºC. 

[10] Chen et al. showed that a p-type GaN/Ni/Au system after thermal treatment at 500 ºC in 

air was mainly composed of a mixture of crystalline nickel oxide (NiO), Au, and amorphous 

Ni-Ga-O phases. A microstructural examination indicated that crystalline NiO and/or the 

amorphous Ni-Ga-O phases might significantly affect the low resistance ohmic contact to 

p-type GaN. [12] Some researchers reported that Ga atoms diffused out from the GaN 

substrate and dissolved in the Au-Ni solid solution, leading to generation of Ga vacancies 

below the contact. They suggested that Ga vacancies play a role in increasing the net hole 

concentration. [13, 14] Furthermore, Waki et al. confirmed that Ni film significantly enhances 
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hydrogen dissociation and out-diffusion from Mg-doped GaN film. [15-17] Figure 4-1 shows 

a schematic diagram of the hydrogen desorption process. In this figure, simply four steps are 

taken into account: (i) dissociation, (ii) diffusion, (iii) recombination, and (iv) desorption. [16] 

They achieved p-type conduction in GaN by annealing in a N2 ambient at a substrate 

temperature as low as 200 ºC. The enhancement of hydrogen desorption owing to the Ni was 

confirmed by secondary ion mass spectroscopy (SIMS) measurements as shown in Fig. 4-2. 

[15] Thermal desorption spectroscopy (TDS) measurements revealed that the hydrogen 

desorption rate was considerably increased by the existence of the Ni film at approximately 

200 ºC and the low-temperature desorption had an activation energy of 1.3 eV. In addition, 

they found that the ionization energies of the Mg acceptors in the GaN activated with the Ni 

layers decreased from 170 to 118 meV as the acceptor concentration increased. 

Although there have been many experimental investigations on the Ni/GaN system, the 

influences of the reaction between Ni and p-type GaN need further understanding. In the 

present study, Mg-doped GaN wafers were activated with and without Ni film, respectively. 

Then, we investigated the variation of the interface between Ni and p-type GaN after thermal 

activation. The phases of compounds were observed by x-ray diffraction (XRD) analysis. 

Room temperature capacitance-voltage (C-V) and Hall effect measurement results are 

analyzed to obtain the effective acceptor concentrations. From photoluminescence (PL) 

measurements, Mg-doped GaN emissions have been observed at 15K. 

 

4.2 Experiments 

 

4.2.1 Preparation of Mg-doped GaN wafers 

 

The Mg-doped GaN wafers were grown on c-plane sapphire substrates by metal organic 

chemical vapor deposition (MOCVD) with a magnesocene Cp2Mg solution source. The layer 
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structure consists of a GaN buffer layer, followed by a 1.5 µm undoped GaN layer, and a 1.5 

µm Mg-(p)-doped GaN layer.  

 

4.2.2 Activation of Mg-doped GaN wafers 

 

The as-grown wafers were cut into approximately 5 mm square pieces, and then cleaned 

in organic solvents, rinsed in deionized (DI) water, immersed in 1:1 HCl:DI water solution, 

and dried in compressed N2 gas for 5 min, respectively. Some of these as-grown samples were 

deposited 30 nm Ni film on the p-type GaN layer by e-beam evaporation. The samples were 

activated without Ni film (samples A) and with Ni film (samples B) from 400 to 700 ºC in a 

quartz tube furnace in an air ambient for 15 min. For comparison, the same Ni film (30 nm 

thick) was also deposited on glass substrates and the same annealing procedure was 

performed. 

 

4.2.3 Measurements and analyses 

 

After activation, XRD with Cu Kα radiation was used to study the phases formed by the 

reactions of Ni and p-type GaN during thermal annealing. After XRD analysis, samples B 

were immersed in aqua regia for 30 min to remove the residual Ni film and certain 

Ni-containing compounds on the surfaces, for measurements. The electrical and optical 

properties of the samples were measured by Hall effect (Biorad HL5500PC), C-V (HP 4284A 

LCR meter) and PL spectrum (Bio-Rad rpm2000) measurements. The PL measurements were 

performed at 15K. A He-Cd laser emitting at 325 nm was used as an excitation source. For 

the Hall effect measurements, Ni/Au (50 nm/80 nm) electrodes were deposited by e-beam 

evaporation and then annealed at 500 ºC in a rapid thermal annealing (RTA) system for 1 min 

to obtain ohmic contact. Double Schottky contact electrodes were used to measure C-V 
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characteristics at 100 kHz to exclude the influence of temperature during alloying contact 

metals. The Schottky electrodes Ti/Al/Ti/Au (10 nm/50 nm/100 nm/150 nm) were deposited 

by e-beam evaporation and masked to form 0.3 mm-diameter circular dots. 

 

4.3 Results and Discussions 

 

4.3.1 Results of XRD analysis 

 

Figure 4-3 shows the XRD spectra of the p-type GaN structure after activation with Ni 

film at 400, 500, and 600 ºC. The peaks related to GaN, Ni, NiO, Ni3N and Ni4N were clearly 

detected. These results indicate that the Ni film transformed to NiO, Ni3N and Ni4N during 

thermal treatment in air. In addition, the XRD analysis of Ni film on glass after annealing was 

also performed, as shown in Fig. 4-4. We found that the Ni film on glass only transformed to 

NiO in atmospheric ambient. At a high annealing temperature, the Ni film would transform to 

NiO film completely. Comparing Fig. 4-3 with Fig. 4-4, nickel nitride was formed from the 

Ni and p-type GaN reaction. For the 400 ºC annealing process, peaks related to Ni3N and 

Ni4N can be observed. For the temperature of 500 ºC, NiO was formed. When the temperature 

was increasing to 600 ºC, both NiO and Ni3N show strong signals. The specie Ni4N almost 

vanished at 600 ºC. Thus, Ni3N and NiO show better thermal stability than Ni4N. 

By immersing the 600 ºC sample in aqua regia, the residual Ni film and certain 

Ni-containing compounds on surface were removed. Figure 4-5 shows the XRD result. It can 

be observed that the Ni and NiO were both removed while the Ni3N remains. Thus, the Ni 

may diffuse and react with the p-type GaN and shows a chemically stable behavior. 

 

4.3.2 Effective carrier concentrations and mobility by Hall effect measurement 
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Figure 4-6(a) shows the effective carrier concentrations, of the samples activated at 

various temperatures with and without Ni film, obtained from Hall effect measurements. The 

samples activated with Ni film obtain higher effective carrier concentrations than those 

activated without Ni film. The differences are clear, especially below 600 ºC. The highest 

carrier concentration of 2.5×1017 cm-3 with a mobility of 4.9 cm2 V-1 s-1 was obtained at the 

activating temperature of 700 ºC with Ni film. This carrier concentration is double that of the 

sample without the Ni film at this activating temperature. An effective concentration of 

1×1017 cm-3 was achieved after activation at 400 ºC with Ni film, and it is higher than that for 

conventional film activated at 600 ºC. Figure 4-6(b) shows the corresponding mobility. For 

the samples without Ni film, an increase in mobility as the annealing temperature increases 

from 500 ºC to 600 ºC can be observed. A high annealing temperature may improve the 

crystal quality. For the samples with Ni film, the mobility is relatively high even at a 

temperature less than 500 ºC. Thus, the Ni species such as Ni3N or Ni4N probably act as 

catalysts to enhance the hydrogen dissociation and improve the crystal quality. At an 

annealing temperature above 600 ºC, Ni in-diffusion may be occurred and thus worse crystal 

quality can be expected. 

 

4.3.3 Effective carrier concentrations by C-V method 

 

Figure 4-7 shows the profiles of effective carrier concentrations deduced from C-V 

measurements of samples activated at 600 ºC without and with Ni film. Flat profiles were 

observed for the samples activated without Ni film, indicating that the carriers were uniformly 

distributed. For the samples activated with Ni film, the shapes of the effective carrier 

concentration profiles were also obtained. The carrier concentrations decreased rapidly from 

~1021 to ~1017 cm-3 within 60nm, suggesting a higher effective carrier concentration near the 

surface region. Comparing Fig. 4-6(a) with Fig. 4-7, the high carrier concentration region in 
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the sample surface should be related to the Ni diffusion into the Mg-doped GaN epitaxial 

layer. 

For another research group, SIMS results showed that H concentration was reduced, a 

certain amount of Ni atoms seemed to penetrate into the GaN epitaxial layers, and the Mg 

atoms were not dragged out and accumulated in the subsurface region after activation with Ni 

film. [18] Figure 4-8 and 4-9 show the SIMS depth profiles of Ni and Mg, respectively. Wang 

et al. suggested that Ni atoms not only enhance hydrogen desorption but also diffuse into the 

Mg-doped GaN layers probably to form Ni-compound materials during activating with Ni 

film. [18] According to their report [18] and our results, Ni in-diffusing and Ni nitride 

formation may increase the number of defects and vacancies at the surface region during the 

high temperature activating process. These impurities (including defects, vacancies and Ni3N) 

could increase the effective carrier concentrations in this study. 

 

4.3.4 Results of photoluminescence measurement 

 

Typical PL spectra at 15K of the samples after activating with and without Ni film are 

shown in Fig. 4-10. The peaks of both 3.2 and 2.9 eV were obtained, and the red-shift trend of 

the spectra with Ni catalyst activation is observed. The samples of lower activation 

temperature (below 500 ºC) have the peak near 3.2eV, indicating the existence of the Mg-H 

complexes. The PL peaks of the samples activated above 600 ºC shift to 2.9eV, revealing that 

the Mg-H complexes have been dissociated. Usually, the peak position of this emission line 

shifts toward lower energy as the doping concentration is increased. [19, 20] The surface 

decomposition during activating with Ni film can result in the degradation of the PL signal. 

For moderately Mg-doped GaN, strong donor-acceptor pair (DAP) emission at 3.2 eV is 

observed where the donor and acceptor potentials are both shallow. For the emission at 

around 2.8~2.9 eV of DAP, Kaufmann et al. suggested that the acceptor is isolated 



 69

substitutional Mg (MgGa) while the spatially separated, deep donor is attributed to a 

nearest-neighbor association of an MgGa acceptor with a nitrogen vacancy, formed by 

self-compensation. [19] Furthermore, Shahedipour et al. also explained that the deep donor 

defect responsible for the 2.8 eV band is attributed to a nitrogen vacancy complex. [21] Thus, 

we consider that nitrogen vacancies could be produced via Ni in-diffusing and Ni nitride 

formation during the activating process. 

 

4.4 Conclusions 

 

In conclusion, the influences of the reaction between Ni and p-type GaN have been 

studied. We suggest that Ni atoms not only enhance hydrogen desorption but also diffuse into 

Mg-doped GaN layers to form Ni-compound materials. XRD analyses indicated that Ni film 

on p-type GaN transforms to NiO and Ni3N during thermal treatment in air. We also suggest 

that Ni in-diffusion occurs and Ni nitride is formed resulting in the formation of defects and 

vacancies during the activation process. These impurities (including Ni nitride, nitrogen 

vacancies and other defects) may provide an increase in the effective carrier concentrations in 

the vicinity of the surface. For the Ni series contact, the lower specific contact resistance may 

be attributed to the results of this study. 
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Figure 4-1 Schematic diagram of hydrogen desorption process of Mg-doped GaN with the Ni 

catalyst. [16] 
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Figure 4-2 SIMS profiles of H concentration for the samples annealed at various temperatures 

with and without Ni film. All samples were annealed in a N2 ambient for 10 min. [15] 
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Figure 4-3 XRD spectra of Mg-doped GaN structure after activation with Ni film at 400, 500 

and 600 ºC in air ambient. 
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Figure 4-4 XRD spectra of Ni film on glass after annealing in air ambient. 
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Figure 4-5 XRD spectra of Ni/Mg-doped GaN for cases of as deposited Ni film, after 

activation with Ni film at 600 ºC in air, and immersed in aqua regia for 30 min after activation 

with Ni film at 600 ºC, respectively. 

 



 77

 

 

 

 

400 500 600 700
1015

1016

1017

1018

(a)

Ef
fe

ct
iv

e 
C

ar
ri

er
 C

on
ce

nt
ra

tio
n 

( c
m

-3
 )

Temperature ( oC )

 

 

 ( sample A ) : activated without Ni film
 ( sample B ) : activated with Ni film

 

Figure 4-6 (a) Effective carrier concentrations as a function of annealing temperature for 

activation without and with Ni film. 
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Figure 4-6 (b) Mobility as a function of annealing temperature for activation without and with 

Ni film. 
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Figure 4-7 Profiles of effective carrier concentrations vs. depth from surface. Mg-doped GaN 

samples were activated without and with Ni film at 600 ºC. 
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Figure 4-8 SIMS depth profiles of Ni. [18] 
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Figure 4-9 SIMS depth profiles of Mg. [18] 
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Figure 4-10 Typical PL spectra at 15K for Mg-doped GaN film after activation with and 

without Ni film. 
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CHAPTER 5 

Effect of Thermal Annealing of Metals Contact on 

GaN Based LEDs 
 

5.1 Introduction 

 

GaN-based LEDs operating in the green to violet range of the visible spectrum is 

commercially available and got a great interest these years. In the device process step, a good 

ohmic contact is necessary to achieve a high performance device. Also, the thermal stability 

of these contacts is an important issue for device operation. 

In the fabrication of ohmic contact to GaN, different metals were applied in both n- and 

p-type. For n-type GaN, low resistance ohmic contacts around 10-5~10-8 Ω cm2 range have 

been obtained using Ti/Al metals series. [1-3] For p-type GaN, the high work function metals 

such as Ni, Pd, and Pt were applied. The specific contact resistance around 10-2~10-6 Ω cm2 

can be achieved in the Ni/Au, Pd/Au, Ni/Pt/Au, Pd/Pt/Au, and Ni/Pd/Au series. [4-7] 

To enhance the output intensity of GaN-based LEDs, it is necessary to reduce the contact 

resistance and to enhance the transmission efficiency of the upper transparent contact layer 

(TCL). One possible way to achieve this is to employ indium tin oxide (ITO), instead of 

Ni/Au, as the p-contact material. ITO is a well-known transparent conducting material with a 

resistivity in below 10-4 Ω cm and with a transmittance higher than 90 % in the blue 

wavelength region under optimized conditions. [8] In fact, ITO has already been used in ZnSe 

[9] and AlInGaP-based [10] LEDs as the current-spreading layer and in AlInGaAs vertical 

cavity lasers (VCSEL) as the intracavity contact. [11, 12] Recently, several studies have 

discussed the applications of ITO contact layers in GaN-based LEDs. [13-17] 

The annealing process around 400-750 ºC is necessary to achieve good ohmic properties 
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for both n- and p-type case. However, the heat generated by the ohmic loss in the device 

operation is an important reason to cause the device degradation. [18] The serious degradation 

in contact morphology can also be observed at higher temperature process due to the 

formation of new interfacial phases. [19, 20] For high-power applications such as projector 

and flash lamps, high-power GaN-based LEDs with ITO p-type contact layers have been 

studied. [17] Since power dissipation across the p-GaN/metal interface generates Joule heat. 

Some literatures reported that the threading dislocation (TD) may degrade the device 

performance and is a non-radiative recombination center in GaN. [21, 22] The TD provided a 

diffusion pathway of metals and causes the leakage current in GaN-based devices. [23-25] It 

is also an important source of reverse leakage current in diodes and causes the poor 

electro-static discharge behavior in the devices. [26-28] 

Thus, we know both contact metals and TDs affect the current-voltage (I-V) 

characteristics of the GaN-based devices. Yet, lack of direct studies about the electric 

properties of the contact metals and TDs. Further understanding of the thermal stability and 

metallurgy of metals/GaN contact is necessary to improve device operation. In this study, we 

fabricate the GaN-based multi quantum well (MQW) structure LEDs and study the electric 

properties under different thermal treatment. The surface morphology and microstructure of 

these LEDs with different thermal treatment have been characterized by scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) analyses. The 

energy-dispersive X-ray spectrometer (EDS) analysis has been used to observe the changes of 

the composition. Compared with electrical properties, the existence and influence of 

dislocations and defects on LEDs can be clearly characterized in this study. 

 

5.2 Experiments 

 

5.2.1 Growth of GaN based LED wafers 
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Blue GaN-based multiple-quantum-well (MQW) LED wafers were grown by 

metalorganic chemical vapor deposition (MOCVD) on a c-plane sapphire substrate. 

Trimethylgallium (TMGa), trimethylindium (TMIn) and ammonia (NH3) were used as Ga, In 

and N precursors, respectively. The layer structure consists of a GaN buffer layer, followed 

by a 1.5-µm-thick undoped GaN layer, a 3-µm-thick Si-(n) doped GaN layer (n~1×1018 cm-3), 

the active layer, a 0.12-µm-thick Mg-(p) doped AlGaN cladding layer (p~5×1017 cm-3), and a 

0.2-µm-thick Mg-(p) doped GaN contact layer (p~7×1017 cm-3). The active region, consisting 

of seven 5 nm/15 nm InGaN/GaN quantum wells is embedded in the region between p-type 

and n-type layers. 

 

5.2.2 Fabrication of GaN based LEDs 

 

The LEDs were fabricated using standard lithography. In the first process step, a mesa 

was defined with standard photolithography and etched down into the n-type region by 

inductively coupled plasma reactive ion etching (ICP-RIE). The thin transparent contact layer 

(TCL) was deposited by e-beam evaporation and defined on the p-GaN region. The TCL 

metals are Ni/Au (5 nm/5 nm) and ITO (250 nm), and then annealed at 500 ºC and 600 ºC in 

air for 15 min respectively. The Ti/Al/Ti/Au (10 nm/400 nm/150 nm/800 nm) metals for the 

n-contact and p-contact (bonding pad) were then deposited with e-beam evaporation, followed 

by the annealing process at 300 ºC with continuous nitrogen flow for 5 min. All the annealing 

processes were performed in a furnace.  

 

5.2.3 Measurements and analyses 

 

The wafers were then cut into chips. These chips were then annealed with different 
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temperatures in a furnace with continuous nitrogen flow in ten minutes. For comparison, 

some LED structure wafers after activating p-type GaN layer at 600 °C in N2 for 30 min were 

thermal treated at 500 and 700 °C in N2 for 30 min. Then these wafers were processed to LED 

chips. The electrical characteristics were measured at room temperature with HP-4155 I-V 

analyzer. For TEM measurements, the specimens were carried out by JEOL JEM-2010 

microscope operated at 200kV. The SEM surface images were taken with Hitachi S-4000 

instrument. For SEM measurements, a thin Au film was sputtered on the sample surface to 

enhance the conductivity. 

 

5.3 Results and Discussions 

 

5.3.1 Effect of thermal annealing on GaN based LEDs with Ni/Au contact layer 

 

Figure 5-1 shows the I-V characteristic of GaN based LEDs with Ni/Au contact layer 

after different annealing temperatures. In the forward bias region, similar I-V characteristics 

with the ideal factor around 2.9 can be seen with annealing temperature below 500 °C. Thus, 

the similar electron-hole recombination behavior can be expected in this region. The reverse 

bias current increase a little as the anneal temperature increase from 300 °C to 500 °C. A 

small leakage path may be formed in the range and may increase as the temperature increase. 

Yet, there is no obvious surface morphology change on these chips. 

While the annealing temperature higher than 700 °C, the electrical short circuit behavior 

can be observed and the LEDs become lightless. The short circuit resistance decreases as the 

annealing temperature increases. Thus, a main leakage path can be expected and increase as 

the annealing temperature increase from 700 °C to 900 °C. 

Figure 5-2 shows the I-V characteristics of GaN based LEDs that LED structure wafers 

without thermal treated and with thermal treated at 500 and 700 °C in N2 for 30 min. From 
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I-V curves of Fig. 5-2, the same I-V behavior with the ideality factor around 3.0 can be 

observed in the forward bias region. In the reverse bias region, the leakage currents (<1 µA) at 

-5 V were slightly different between thermal treated at 500 and 700 °C. According to the 

results of Fig. 5-1 and Fig. 5-2, it was revealed clearly that LED structure wafers have good 

thermal reliability than LED chips. The original LED wafer could resist heat at higher 

temperature. Thus, we suggested that the effect of heat on metals contact was an important 

factor in GaN-based LEDs. 

Figure 5-3 shows the SEM image of thick Ni/Au contact layer on p-GaN surface after 

900 °C annealing process. A lot of bubbles with diameter around sub-micrometer to 10 µm 

can be observed. These bubbles cause the surface morphology change and can be observed on 

the chips with the annealing temperature higher than 600 °C. These bubbles may formed from 

the sintering of Ni/Au to p-GaN and degrade the properties of the LEDs. This phenomenon, 

the elevated temperature chemical instability of GaN defects exposed to either metal films or 

free surfaces, is very general in nature and has importance for GaN-based device design. Bulk 

GaN has the following decomposition reaction above 800 °C: GaN → Ga(l) + N2(g). 

Nevertheless, GaN films can survive higher temperatures due to the high stability of the (0001) 

surface. In addition, the reaction is sluggish due to kinetic difficulties recombining nitrogen 

atoms into N2 molecules on the GaN surface. At locations where a dislocation exits GaN, the 

atomic arrangement is of lower stability and therefore triggers the decomposition of GaN (as 

shown in Fig. 5-4). Nitrogen atoms may diffuse into the metal, recombine into molecules and 

form N2 gas. Such gas accumulates under the metal film and exerts enough pressure to cause 

metal film de-cohesion. 

Figure 5-5(a) shows the TEM cross-sectional image after annealing at 900 °C. A hollow 

center of the bubble can be seen clearly in this figure. Below the metallic bubble, the straight 

TD can be found on ( 0011
_

) plane. In Fig. 5-5(b), the straight TD can be also observed after 
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annealing at 600 °C. Using the energy dispersive X-ray spectrometer (EDS), the compositions 

were analyzed. There are four interesting regions: the metallic bubble (EDS-1), the TD 

(EDS-2), the p-GaN layer (EDS-3) of Fig. 5-5(a), and the TD (EDS-4) of Fig. 5-5(b). Figure 

5-6 shows the EDS spectra of these regions. In the EDS-1, the main compositions are Ni, Ga, 

and Au as shown in Fig. 5-6(a). After the EDS spectrum analysis, the phases were 

characterized as the Ni- and Au- containing compounds, such as Ni4N, Ni3N, Ga4Ni3, Ga3Ni2, 

GaAu and GaAu2. [27] These phases may be formed due to the N and Ga out-diffusion, or Ni 

and Au in-diffusion in the annealing process. 

The EDS spectrum of the EDS-2 was shown in Fig. 5-6(b). Compared to the EDS 

spectrum of the EDS-3 as shown in Fig. 5-6(c), the Ni and Au can be observed clearly in the 

TD region after annealing at higher temperature. Compared to the surface morphology as 

shown in Fig. 5-3, the Ni and Au may migrate on top of the TDs and indiffuse along the TDs 

in the annealing process. The in-diffusion process can only occurred with the TDs since there 

are no Ni and Au signals with p-GaN region as shown in Fig. 5-6(c). The diffusion of Ni and 

Au along the TD through the MQW structure may cause a short circuit current path from 

p-GaN to n-GaN region. Furthermore, the TD region only contains very small amount of Ni 

signal after annealing at 600 °C as shown in Fig. 5-6(d). Thus, the short circuit behavior as 

shown in Fig. 5-1 with annealing temperature higher than 600 °C can be realized. This study 

provides the direct evidence that metals in-diffusion along the TDs cause the degradation of 

the LEDs characteristics. 

 

5.3.2 Effect of thermal annealing on GaN based LEDs with ITO contact layer 

 

The SEM micrographs of the as-deposited and annealed 700 °C ITO contact layer on 

p-GaN have been observed as shown in Fig. 5-7(a) and Fig. 5-7(b) respectively. Small grains 

can be observed in both the figures. It reveals that the surface of the ITO contact layer on 



 89

p-GaN was not obviously degraded after annealing. 

The I-V characteristics of the GaN LEDs with ITO contact layer at different thermal 

treatment temperatures are shown in Fig. 5-8. In this case, the leakage currents of normal 

LEDs and those thermally treated at 600 ºC at reverse biases of 5 V were 5.0×10-8 and 

3.0×10-7 A, respectively. After annealing at 600 ºC, a small increase in the current in the 

reverse bias region can be observed. A leakage path may be formed in this case. In the 

forward bias region, the forward voltages (at an injection current of 20 mA) of normal LEDs 

and those thermally treated at 600 ºC were determined to be about 3.45 and 3.20 V, 

respectively. A slight increase in the ideality factor from 3.3 to 3.7 can be seen after 600 ºC 

annealing. Since higher reverse bias leakage currents can also be observed in the curve, this 

decay behavior may come from the reduction of device resistance with higher-temperature 

annealing. As the annealing temperature increases beyond 700 ºC, the I-V characteristics 

become short-circuited and a leakage path may be formed. In section 5.3.1, the migration and 

in-diffusion of Ni and Au along the TDs caused short circuits in the p-n junctions at high 

temperatures. 

To study the short-circuit behavior, all contact metals after annealing were removed from 

the LEDs, and the GaN structure was etched down to the n-GaN region (about 500 nm deep) 

by ICP-RIE. Figure 5-9(a) shows a SEM image of the etched n-GaN surface of a device after 

annealing at 600 ºC. Some pinholes formed by the dislocations can be observed. It has been 

reported that a mixed dislocation terminates at the bottom of each etch pit. [29] Figure 5-10(a) 

shows the EDS spectrum of the pinhole, marked “1” in Fig. 5-9(a). The Au signal comes from 

the sputtering process. The main components are Ga and N. No obviously different 

composition can be observed in the pinhole region. 

Figure 5-9(b) shows the SEM image of the etched n-GaN surface of a device after 

annealing at 700 ºC. In the pinhole region marked “2” in Fig. 5-9(b), In and Sn signals were 

obtained as shown in Fig. 5-10(b). Compared with the flat region, marked “3” in Fig. 5-9(b), 
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the main components are only Ga and N as shown in Fig. 5-10(c). According to these results, 

In and Sn from ITO may diffuse through MQW along the dislocations, which causes a 

leakage path when annealing temperatures reach 700 ºC and hence the short circuits as shown 

in Fig. 5-8. We suggest that surface pits and the connected dislocations in GaN-based LEDs 

may enhance contact metal migration along the dislocations, leading to further increases in 

junction leakage, and eventually to serious failure. Thus, this study provides the evidence that 

the diffusion of the metallic component along the dislocations is a main degradation 

mechanism of devices in the annealing process. 

 

5.4 Conclusions 

 

After annealing above 700 ºC, the electrical short circuit behavior of GaN based LEDs 

with Ni/Au contact layer has been observed. At annealing 900 ºC, Ni- and Au- contained 

metallic bubbles have been observed on the p-GaN surface by SEM. Both TEM and EDS 

analyses reveal that the core of the TD contains Ni and Au after annealing higher temperatures. 

These results imply direct evidences that the migration and in-diffusion of Ni and Au along 

the TDs cause the short circuit characteristics of the p-n junction at high temperatures. 

Furthermore, the GaN based LEDs with ITO contact layer have the same phenomenon. 

As the annealing temperature reaches 700 ºC, the In- and Sn- containing compounds from the 

top ITO contact layer can be observed in the n-GaN region along dislocations. The diffusion 

of the metal-containing compounds along dislocations is the main mechanism causing the 

short circuits in the device in the high-temperature annealing process. 
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Figure 5-1 I-V characteristics of GaN based LEDs with Ni/Au contact layer at various 

annealing temperatures. 
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Figure 5-2 I-V characteristics of GaN based LEDs. The LED structure wafers without thermal 

treated and with thermal treated at 500 and 700 °C. 
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Figure 5-3 SEM image of Ni/Au on p-GaN contact surface after annealing at 900 °C. 
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Figure 5-4 Schematic drawing illustrating decomposition of GaN along a dislocation line and 

resulting in the formation of N2. 
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Figure 5-5(a) Cross-section bright-field TEM micrograph of the LEDs structure with Ni/Au 

contact layer after annealing at 900 °C. 
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Figure 5-5(b) Cross-section bright-field TEM micrograph of the LEDs structure with Ni/Au 

contact layer after annealing at 600 °C. 
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Figure 5-6(a) EDS spectrum of EDS-1 region at metallic bubble of Fig. 5-5(a). 
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Figure 5-6(b) EDS spectrum of EDS-2 region at threading dislocation of Fig. 5-5(a). 
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Figure 5-6(c) EDS spectrum of EDS-3 region at p-GaN layer of Fig. 5-5(a). 
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Figure 5-6(d) EDS spectrum of EDS-4 region at threading dislocation of Fig. 5-5(b). 
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Figure 5-7(a) SEM image of as-deposited ITO contact layer on p-GaN. 
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Figure 5-7(b) SEM image of the ITO contact layer on p-GaN after annealing at 700 °C. 
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Figure 5-8 I-V characteristics of GaN-based LEDs with ITO contact layer after different 

thermal treated temperatures. 
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Figure 5-9(a) SEM image of etched n-GaN surface with device after 600 ºC annealing. 
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Figure 5-9(b) SEM image of etched n-GaN surface with device after 700 ºC annealing. 
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Figure 5-10 EDS spectra obtained from different regions: (a) “1” at pinhole in Fig. 5-9(a), (b) 

“2” at pinhole in Fig. 5-9(b), and (c) “3” at flat n-GaN surface in Fig. 5-9(b). 
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CHAPTER 6 

Influences of Interfaces of Contact Metals/GaN on 

LED Properties 
 

6.1 Introduction 

 

The achievement of high-quality and reliable ohmic contacts is crucial for GaN based 

optoelectronic devices, such as light-emitting diodes (LEDs), photodetectors, and laser diodes 

(LDs). [1] For p-type GaN, low-resistant ohmic contacts (<10-4 Ω cm2) were obtained using 

Ni/Au, [2] Pt/Au, [3] and Ru/Ni. [4] Among these contacts, the Ni/Au bilayer contact is 

commonly used as a transparent ohmic contact on p-type GaN due to its low contact 

resistivity and high transparency. [2] However, the thin layer thickness of the contact (<100 Å) 

limits current spreading as well as thermal stability. [5] In order to enhance the output 

intensity of nitride-based LEDs, it is necessary to reduce the contact resistance and to enhance 

the transmission efficiency of the upper p-contact layer. Conventional InGaN/GaN LEDs use 

semi transparent Ni/Au as the p-contact material. However, the transmittance of such a semi 

transparent Ni/Au contact is only around 60-75 % in the 450-550 nm wavelengths. Although 

we could increase the transmittance by reducing the thickness of the Ni/Au metal layer, 

contact reliability could become an issue when the contact layer thickness becomes too small. 

Indium tin oxide (ITO) is one of the promising electrodes on p-type GaN due to high 

transparency (>80 %) and good conductivity (~104 Ω-1 cm-1). In general, ITO films on p-type 

GaN showed Schottky behavior even after thermal annealing due to low hole concentration. 

[6] While many attempts have been made to find a way to lower the contact resistivity on 

p-type GaN using ITO, the contact resistivity was still high for the p-electrode of GaN-based 

LEDs. [7] Hong et al. deposited Ni (10 nm) and ITO (250 nm) films on p-GaN (p=2×1017 
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cm-3) by thermal evaporation and magnetron RF sputtering at room temperature, respectively, 

and found that they could achieve a low specific contact resistance (8.6×10-4 Ω cm2) and a 

high transparency (above 80-95 % for 450-550 nm) when the deposited films were annealed 

at 600 ºC in atmosphere. [7] In fact, the operation voltages of nitride based LEDs with ITO 

p-contacts were reported to be too large for practical device applications. Recently, Chang et 

al. have reported the fabrication of nitride-based LEDs with an n+-short period superlattice 

(SPS) tunnel contact layer [8] and an ITO transparent contact. To reduce p-contact resistance, 

Chang et al. have recently demonstrated nitride based LEDs incorporated with an 

n+-InGaN-GaN short-period-superlattice (SPS) tunneling contact layer which have low 

operating voltages [9]. By growing an SPS structure on top of the p-GaN capping layer, one 

can achieve a good ohmic contact via tunneling when the n+(InGaN-GaN)-p(GaN) junction is 

properly reverse biased. It was found that incorporating the SPS layer into the LED structure 

could effectively reduce the series resistance of the chip from 42 to 18 Ω. In order to increase 

LED output intensity, the transparent ITO as the p-contact material can replace the 

semitransparent Ni/Au, and ITO-based metals can contact on the n+-InGaN-GaN (SPS) 

tunneling contact layer. 

However, for high-power applications such as projectors and flash lamps, high-power 

GaN-based LEDs with an ITO p-type contact layer have been studied. [10] Since power 

dissipation across the p-GaN/metal interface generated Joule heat, failure of LEDs and LDs 

was due to indiffusion of the ohmic contact elements along dislocations in the GaN epilayers, 

leading to an electrical short of the pn junction. [11] Thus, it is essential to understand the 

thermal stability and metallurgy of ITO-GaN contact in addition to developing a 

low-resistance ohmic system. 

In this study, the current-voltage (I-V) properties of GaN based LEDs with different TCL 

(ITO-based) conditions have been studied. It is essential to understand the thermal stability 

and metallurgy of metals/GaN contact in addition to developing low resistance ohmic system. 
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In this study, the specific contact resistances (ρc) of p-type GaN with different TCL 

(ITO-based) conditions have been studied. The surface morphology change has been 

characterized by scanning electron microscopy (SEM) and x-ray diffraction (XRD) analysis. 

We will also discuss the life tests of these LED samples at high current stress, such as leakage 

current and light output variation. Transmission electron microscopy (TEM) and energy 

dispersive X-ray spectrometer (EDS) studies have been used to observe the interface between 

TCL and p-type GaN. This study can clearly characterize the influences of the thermal 

stability of metal contact layers on GaN-based LEDs compared with the electrical properties 

and life tests. 

 

6.2 Experiments 

 

6.2.1 Growth of GaN based LED wafers with n+-short period superlattice tunnel contact 

layer 

 

The blue GaN-based MQW LEDs wafers were grown by metal organic chemical vapor 

deposition (MOCVD) on c-plane sapphire substrate. Trimethylgallium (TMGa), 

trimethylindium (TMIn), and ammonia (NH3) were used as Ga, In, and N precursors 

respectively. The layer structure consists of a GaN buffer layer, followed by a 1.5-µm 

undoped GaN layer, a 3-µm Si-(n) doped GaN layer (n~1×1018 cm-3), the active layer, a 

0.12-µm-thick Mg-(p) doped AlGaN cladding layer (p~5×1017 cm-3), and a Mg-(p) doped 

GaN contact layer (p~7×1017 cm-3). The active region, consisting of seven 5 nm/15 nm 

InGaN/GaN quantum wells is embedded in the region between p-type and n-type layers. For 

some samples, we subsequently deposited a Si-doped n+-In0.23Ga0.77N-GaN (5/5 Å) SPS 

structure on top of the p-GaN layer. From Hall measurements, it was found that the average 

carrier concentration of this SPS structure is around ~1019 cm3. 
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6.2.2 Fabrication of GaN based LEDs with various TCL conditions 

 

The LEDs were fabricated using standard lithography. In the first process step, a mesa 

was defined with standard photolithography and etched down into the n-type region by 

inductively coupled plasma reactive ion etching (ICP-RIE) technology. The transparent 

contact layer (TCL) was deposited by e-beam evaporation and defined on the p-GaN region, 

and then annealed with temperature ranging from 300 to 700 ºC in air ambient for 15 min. 

The various TCL conditions of the samples are given in Table 6-1, and the conditions of LED 

samples are shown in Table 6-2. The Ni (4 nm) and Ni/Au (4/3.5 nm) on the LED-C and D 

were preannealing at 550 °C in air for 15 min respectively. Then, ITO film (250 nm) was 

deposited by e-beam evaporation at 300 °C in O2 atmosphere, followed by the annealing 

process at 600 °C in air for 15 min. For n-type GaN, low resistance ohmic contacts around 

10-5~10-8 Ω cm2 range have been obtained using Ti/Al metals series. [12] The Ti/Al/Ti/Au (10 

nm/400 nm/150 nm/800 nm) metals for the n-contact and bonding pad were then deposited 

with e-beam evaporation, followed by the annealing process at 300 °C with continuous 

nitrogen flow for 5 min. All the annealing processes were performed in a furnace. 

Multiple annular patterns with interspacing of 5, 10, 20, 30, and 40 µm were used to 

measure the ρc values by a circular transmission line model method (CTLM) after evaporation, 

photolithography process, and alloy was carried out at temperature in the range of 300-700 °C 

during 15 min in air ambient. 

 

6.2.3 Measurements and analyses 

 

The wafers were then cut into chips, which were packaged onto TO-can. During the life 

testing, these chips with TO-can form were stressed by a 50 mA current injection at 25°C and 
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a relative humidity of 40 %. Some chips were then thermal treated with different temperatures 

in a furnace with continuous nitrogen flow in 15 min. The electrical characteristics were 

measured at room temperature with HP-4155 I-V analyzer. The SEM surface images were 

taken with Hitachi S-4000 instrument. For TEM measurements, the specimens were carried 

out by JEOL JEM-2010 microscope operated at 200 kV. 

 

6.3 Results and Discussions 

 

6.3.1 Electrical properties of GaN based LEDs with various TCL conditions after 

thermal treatment 

 

Figure 6-1 shows the specific contact resistances of samples as a function of annealing 

temperature. The minimum specific contact resistances of the contacts are summarized in 

Table 6-3. The lowest specific contact resistance as low as 2.4×10-4 Ω cm2 can be achieved 

for 250 nm-thick ITO (TCL-E) alloyed at 600 °C. The low value of 4.6×10-4 Ω cm2 was also 

obtained for the Ni/Au contact (TCL-B) annealed at 500 °C. However, while the annealing 

temperature increase up to 700 °C, the specific contact resistances increase and the 

degradation of the contact behaviors can be observed. For TCL-A and TCL-C contacts, the 

higher specific contact resistances (>10-2 Ω cm2) were obtained, and slight variations in 

specific contact resistances were observed up to annealing at 700 °C. This clearly shows that 

the Ni transferred to nickel oxide (NiO) was effective in enhancing thermal stability. 

Figure 6-2 shows the SEM images and XRD spectra of Ni film on the GaN surface. 

From Fig. 6-2(a) and 6-2(b), the different surface morphology between as-deposited Ni film 

and after annealing at 550 °C in air can be observed. According to Fig. 6-2(c), the surface 

morphology change was mainly due to the Ni film being transformed to NiO. Figure 6-2(c) 

shows that Ni film preannealed at 550 °C in air transformed to NiO and a small amount of 
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nickel nitride. In previous reports [13-16], observation revealed a large percentage of GaN 

surface area was still in direct contact with NiO. Thus, we suggest that the TCL of LED-C 

consist of a NiO/ITO bilayer, and resulting in increasing contact resistance. 

The I-V characteristics of the GaN based LEDs with various TCL conditions are plotted 

on a semi-logarithmic scale in Fig. 6-3. In the forward bias region, similar I-V characteristics 

with the ideality factor (n) around 3.0 can be seen under different TCL conditions. The 

ideality factors observed are 3.0 for LED-B, 3.3 for LED-D/E, and 3.6 for LED-C. This 

indicates that the injected carrier recombination current in the space charge region is a major 

mechanism of the current transport. [17] For comparison, the dotted line shows a slope with 

the ideality factor n=3 for room temperature. Thus, similar electron-hole recombination 

behavior can be expected in these LEDs. From I-V curves, the LEDs (B, D, and E) showed 

almost the same operating voltage of 3.2 V at a forward current of 20 mA. In the LED-C 

curve, an increase of the parasitic series resistance and higher operating voltage 

(approximated 3.6 V) was obtained, which can be attributed to degradation of the TCL ohmic 

contact on top of the p-type GaN. In the reverse bias region, the leakage currents (<1 µA) at 

-5 V were slightly different with various TCL conditions. 

The I-V characteristics of the GaN LEDs at different thermal treatment temperatures are 

shown in Fig. 6-4. In the forward bias region, similar I-V characteristics with the ideality 

factor (n) around 3.2 can be seen for LED-B, LED-D and LED-E thermal treated at 600 °C. 

The LEDs (B, D, and E) thermal treated at 600 °C showed almost the same operating voltage 

of 3.6 V at a forward current of 20 mA. In the I-V curve of LED-C thermal treated at 600 °C, 

an increase of the parasitic series resistance and higher operating voltage (approximated 4.7 V) 

was obtained, which can be attributed to degradation of the TCL ohmic contact on top of the 

p-type GaN. In the reverse bias region, the leakage currents of LEDs thermal treated at 600 ºC 

at reverse biases of 5 V were observed within 1 µA. 

While the annealing temperature at 700 ºC, the electrical short circuit behavior can be 
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observed for LED-B, LED-D and LED-E and these LEDs become lightless. Thus, a leakage 

path may be formed as the annealing temperature increase. However, the LED-C thermal 

treated at 700 ºC still showed normal I-V characteristic. In the I-V curve of LED-C thermal 

treated at 700 °C, the leakage current at -5 V was no variation, and the parasitic series 

resistance and operating voltage were increase higher than thermal treated at 600 °C. Thus, 

we suggested that Ni film preannealed at 550°C in air was transformed to NiO, and the TCL 

of LED-C consisted of a NiO/ITO bilayer, resulting in increasing contact resistance. 

 

6.3.2 Life tests of GaN based LEDs with various TCL conditions by current injection 

 

Figure 6-5 and 6-6 show the results of reliability tests by stressed at 50 mA and 25°C, 

conducted on LEDs of the four types shown in Table 6-1 and 6-2. The life tests of reverse 

leakage current variation (at -5 V), as shown in Fig. 6-5, the leakage current variation is the 

ratio (Ir/Ir0) of leakage current (Ir) to initial leakage current (Ir0). It was found that leakage 

current increased rapidly after 168 hours for LED-E. Small increases of leakage currents for 

LED-B and LED-D were obtained after life tests. In contrast, a slight increase in leakage 

current could be found from LED-C even with an 840-hour burn-in test. In Fig. 6-6, the life 

tests of light output variation (at 50 mA) were consistent with the life tests of reverse leakage 

current. It could be observed that the optical output power was deteriorated by 10.8% for 

LED-E. Figure 6-5 and 6-6 show that GaN based LEDs with ITO upper contact were 

unreliable after a longer burn-in test (stressed by 50 mA). Compared with only an ITO contact 

layer (LED-E), the NiO/ITO contact layer (LED-C) was very stable even with an 840-hour 

burn-in test. These results are probably due to the NiO barrier layer that will block the leakage 

pathway. Recently, Weidemann et al. have demonstrated that preferential oxidation of 

threading dislocations (TDs) causes selective passivation of leakage current paths. [18] From 

our other experiments, NiO film can be successfully prepared by annealing process. The 
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resistivity and sheet resistance of the NiO films are very poor (resistivity=36.6 Ω cm, sheet 

resistance= 6.73×10
6
Ω/ٱ). We suggest that nickel oxide may be similar to other oxide such as 

silicon oxide and gallium oxide. Thus, the NiO thin film in this case may prevent metals 

indiffusion along defects or dislocations. 

 

6.3.3 Observation of interfaces between contact metals and GaN based LEDs 

 

To further understand and confirm the influences of the contact interfaces between 

contact layers and the p-type GaN layer, we carried out TEM and EDS studies. Figure 6-7 

shows the cross-sectional micrograph of the LED structure before coating contact metal 

(TCL). The straight threading dislocations (TDs) were definitely seen in the LED structure. It 

was observed clearly that the upper p-GaN layer was very flat and intact. The image of the 

LED-E structure as shown in Fig. 6-8, ITO film contact on the p-GaN layer was obviously 

exhibited. In contrast with Fig. 6-7, the interface geometry changed substantially when it was 

annealed at 600 °C. Numerous nanoscale dark points formed in the GaN just under the 

interface. It appears that the interface between the ITO layer and p-GaN had been transformed 

after annealing at 600 °C. Under higher magnification, as shown in Fig. 6-9, the interface 

should be observed more clearly. The chemical compositions of the exposed regions, marked 

as “a” in Fig. 6-9, were analyzed by EDS. The Ga, In, and Sn peaks were detected as shown 

in Fig. 6-10(a). In the p-GaN layer, marked as “b” in Fig. 6-9, only the Ga peak was observed 

as shown in Fig. 6-10(b). The Au and Cu signals are the background and copper ring, 

respectively. According to the results of EDS analyses, it clearly indicates that ITO can react 

with p-GaN not only at TDs (or V-defects) interfaces but also at other interfacial regions.  

A similar phenomenon in interfacial reactions of Ti/n-GaN contacts at elevated 

temperature has been reported. [19] According to the above-mentioned results, we suggest 

that the ITO layer can react with the p-GaN layer to easily form an In-Ga solid solution near 
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the interface due to the lower eutectic temperature (15.3 °C) of the Ga-In phase system, as 

shown in Fig. 6-11. In contrast, Ni film on p-GaN was preannealed at 550°C in air to 

transform discontinuous NiO film. The discontinuous NiO film may prevent the ITO film 

from covering completely. The ITO film can also react with the p-GaN layer at partial 

interface, but the part of the TDs (or V-defects) interfaces maybe not react due to NiO 

protection. The schematic drawing illustrations show ITO/p-GaN interface and 

NiO/ITO/p-GaN interface as shown in Fig. 6-12. 

Figure 6-13 shows the TEM cross-sectional image of LED-D after thermal treated at 700 

°C. The straight TD can be found on ( 0011
_

) plane, and MQW structure can be also observed. 

Using the EDS analyses, the compositions were analyzed. There are three interesting regions: 

the p-GaN layer marked as “a” in Fig. 6-13, nanoscale dark point (V-defect) marked as “b” in 

Fig. 6-13, and the TD marked as “c” in Fig. 6-13. Figure 6-14 shows the EDS spectra of these 

regions. In “a” region of p-GaN layer, the main compositions are Ga and Cu as shown in Fig. 

6-14(a). The Cu signal is the background of copper ring. In “b” region of V-defect, the Ga, Ni, 

Au, In, and Sn peaks were detected as shown in Fig. 6-14(b). In “c” region of TD, the weak 

signals of Ni, Au, In, and Sn can be also observed clearly in the TD region as shown in Fig. 

6-14(c). According to the results of EDS analyses, it clearly indicates that metals could react 

with p-GaN layer at V-defect place and diffuse through MQW along the dislocations, which 

causes a leakage path when annealing temperatures reach 700 ºC and hence the short circuits 

as shown in Fig. 6-4. 

From these results, we suggest that surface pits and the connected dislocations in GaN 

based LEDs may enhance contact metal migration along the dislocations, leading to further 

increases in junction leakage, and eventually to serious failure. Based on the results obtained 

in this study, we suggest that the LED-E was degraded with unstable interfaces after life tests 

(stressed by a 50 mA current injection). The ITO reacts with the p-GaN layer to form an In-Ga 
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solid solution near the interface, resulting in metals (In or Sn) indiffusion easily during 

burn-in tests. We consider that In (or Sn) would also indiffuse along the TDs during high 

current stress, resulting in degradation. The LED-C has good reliability due to the NiO barrier 

layer. The barrier layer can prevent ITO film from reacting with GaN at TDs positions and 

may block the metals indiffusion along dislocations. Thus, our studies provide the evidence 

that the diffusion of the metallic component along the dislocations is a main degradation 

mechanism of devices in the annealing process. 

 

6.4 Conclusions 

 

We have investigated the influences of contact interfaces between the ITO-based layer 

and GaN LEDs. The lowest specific contact resistance of 2.4×10-4 Ω cm2 can be achieved for 

250 nm ITO contact alloyed at 600 °C. After thermal treated at 700 °C, the electrical short 

circuit behavior of LEDs contact with metals has been observed. The GaN-based LED with a 

pure ITO contact layer had poor reliability at high current injection life tests. Furthermore, we 

also found that the GaN-based LED could achieve good reliability with the NiO/ITO contact 

layer. In-contained metallic interfaces were observed between the p-GaN and the pure indium 

tin oxide (ITO) contact layer by TEM and EDS analyses. These results imply that the ITO 

would react at interface or indiffuse near interface at 600°C. The indium (or Sn) would diffuse 

into an active region along the TDs easily during high current injection life tests. To improve 

the reliability of GaN-based LEDs with the ITO contact layer, a NiO layer could be used to 

prevent the reaction and block the leakage pathway. The Ni film transferred to nickel oxide 

(NiO) was effective in enhancing thermal stability. Both TEM and EDS analyses reveal that 

the core of the TD contains contact metals after thermal treated at 700 °C. These results imply 

direct evidences that the migration and in-diffusion of contact metals along the TDs cause the 

short circuit characteristics of the p-n junction at high temperatures. Thus, we suggested that 
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using a NiO layer could prevent the reaction and block the leakage pathway. 
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Table 6-1 The various transparent contact layer conditions. 

 

Sample Transparent contact layer (TCL)  

TCL-A Ni (4 nm) 

TCL-B Ni/Au (4/3.5 nm) 

TCL-C Ni (4 nm) preannealed at 550 oC in air for 15 min  

+ ITO (250 nm) 

TCL-D Ni /Au (4/3.5 nm) preannealed at 550 oC in air for 15 min  

+ ITO (250 nm) 

TCL-E ITO (250 nm) 
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Table 6-2 The conditions of the LED samples. 

 

LED sample Transparent contact layer (TCL) condition 

LED-B TCL-B annealed at 600 oC in air for 15 min 

LED-C TCL-C annealed at 600 oC in air for 15 min 

LED-D TCL-D annealed at 600 oC in air for 15 min 

LED-E TCL-E annealed at 600 oC in air for 15 min 
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Figure 6-1 The specific contact resistances of all the samples as a function of annealing 

temperature. 

 



 125

 

 

Table 6-3 The minimum specific contact resistances of the metals contact. 

 

Sample 
Annealing temperature 

(oC) 
Specific contact resistances 

(Ω cm2) 

TCL-A 400 5.8 x 10-2 

TCL-B 500 4.6 x 10-4 

TCL-C 500 3.7 x 10-2 

TCL-D 600 1.6 x 10-3 

TCL-E 600 2.4 x 10-4 
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Figure 6-2(a) SEM image of as-deposited Ni film on GaN surface. 
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Figure 6-2(b) SEM image of Ni film on GaN surface after annealing at 550 °C in air for 15 

min. 
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Figure 6-2(c) XRD spectra of as-deposited Ni film and after annealing at 550 °C on GaN 

surface respectively. 
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Figure 6-3 I-V characteristics of GaN based LEDs with various TCL conditions. 
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Figure 6-4 I-V characteristics of GaN based LEDs with various TCL conditions after thermal 

treated at 600 and 700 ºC. 
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Figure 6-5 Life tests of reverse leakage current variation (at -5 V) from GaN based LEDs with 

various TCL conditions by stressed at 50 mA and 25 °C. 
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Figure 6-6 Life tests of light output variation from GaN based LEDs with various TCL 

conditions by stressed at 50 mA and 25 °C. 
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Figure 6-7 Cross-section bright-field TEM micrograph of the LED structure before coating 

contact metal (TCL). 
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Figure 6-8 Cross-section bright-field TEM micrograph of the LED-E structure. 
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Figure 6-9 Cross-section bright-field TEM micrograph of the LED-E structure with higher 

magnification image. 
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Figure 6-10(a) EDS spectrum obtained at “a” of Fig. 6-9. 
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Figure 6-10(b) EDS spectrum obtained at “b” of Fig. 6-9. 
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Figure 6-11 Ga-In phase system. 
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Figure 6-12 Schematic drawing illustration of (a) ITO and p-GaN interface and (b) NiO/ITO 

and p-GaN interface. 
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Figure 6-13 Cross-section bright-field TEM micrographs of LED-D after thermal treated at 

700 °C. 
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Figure 6-14(a) EDS spectrum obtained at “a” of Fig. 6-12. 
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Figure 6-14(b) EDS spectrum obtained at “b” of Fig. 6-12. 
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Figure 6-14(c) EDS spectrum obtained at “c” of Fig. 6-12. 
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CHAPTER 7 

The Effect of Threading Dislocation on GaN Based 

LEDs with Naturally Textured Surface 
 

7.1 Introduction 

 

III-V nitride materials are very attractive for the fabrication of light-emitting diodes 

(LEDs) and laser diodes (LDs) operating in the short-wavelength part of the spectrum. 

Recently, as the brightness of GaN based LEDs has increased, applications such as displays, 

traffic signals, backlight for cell phone, exterior automotive lighting, printers, short-haul 

communications, and optoelectronic computer interconnects have become possible. 

Especially, there has been a lot of speculation about white LEDs for general illumination by 

using the high brightness LEDs. However, even though the brightness of LEDs continues to 

increase, the total light output is still low compared to that of a conventional light source in a 

high-flux lighting system. [1] Therefore, a better way for the light extraction through the chip 

and device design must be required. 

In general, for a GaN based LED, the light output depends on the internal quantum 

efficiency of the active layer and the light extraction efficiency. The internal quantum 

efficiency for GaN based LEDs is smaller than 100% at room temperature due to the 

activation of nonradiative defects. And it is also well known that the external quantum 

efficiency is still much smaller than the internal quantum efficiency. The light extraction 

efficiency of the GaN based LED is limited mainly by the large difference in refractive index 

between GaN film and the surrounding air. The critical angle for photons to escape from GaN 

film is determined by Snell’s law. For GaN based LEDs, the refractive indexes of GaN (nGaN) 

and the air (nair) are 2.5 and 1, respectively. [2] In this case, the critical angle [θc = sin-1 (nair / 
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nGaN)] for the light generated in the active region to escape is about 23°. Because the light 

emission from the active region of a LED is a directionally isotropic and the light can escape 

from the chip if the angle of incidence to the chip wall is less than the critical angle, a small 

fraction of light generated in the active region of the LED can escape to the surrounding air. 

Therefore, for a conventional GaN based LED, the external quantum efficiency limits to a few 

percent due to the high refractive index of GaN as well as the absorption in the metal pad for 

current injection and free carriers, even if the internal quantum efficiency close to 100% is 

reached. 

In order to increase light extraction efficiency from LEDs, it is very important that the 

photons generated into LEDs experience multiple opportunities to find the escape cone. The 

angular randomization of photons is achieved by surface scattering from the roughened top 

surface of the LEDs. There are many methods to roughen the top surface of GaN based LEDs, 

and one of these methods is performed by etching processes. However, the etching processes 

easily change the surface state of the p-GaN layer and thereby degrade the electrical 

properties of the device. [3] Methods for controlling the growth conditions to obtain rough 

surfaces should be superior to the etching methods. Typically, the naturally textured surface, 

which is most likely due to the surface termination of threading dislocations, originating from 

the low temperature growth condition during the growth of p-GaN topmost contact layer, is a 

well known approach. [4] In other words, the low temperature growth condition could result 

in many pits on the p-GaN surface to increase the escape probability of internal light and 

hence an enhancement of light extraction efficiency. Recently, Su et al. have reported a 

method to obtain rough surface. [5, 6] Their experimental results indicated that GaN based 

LED with the truncated pyramids on the surface exhibited an enhancement in output power of 

66 % at 20 mA. 

Furthermore, to enhance the output intensity of GaN based LEDs, it is necessary to 

reduce the contact resistance and to enhance the transmission efficiency of the upper 
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transparent contact layer (TCL). One possible way to achieve this is to employ indium tin 

oxide (ITO), instead of Ni/Au, as the p-contact material. Recently, several studies have 

discussed the applications of ITO contact layers in GaN based LEDs. [7-11] 

However, for high-power applications such as projectors and flash lamps, high-power 

GaN based LEDs with an ITO p-type contact layer have been studied. [12] Since power 

dissipation across the p-GaN/metal interface generated Joule heat, failure of LEDs and LDs 

was due to indiffusion of the ohmic contact elements along dislocations in the GaN epilayers, 

leading to an electrical short of the pn junction. [13] Thus, it is essential to understand the 

effect of threading dislocation (TD) on GaN based LEDs with naturally textured surface. 

In this study, we fabricate the InGaN/GaN multiple quantum well (MQW) LEDs with 

naturally textured surface, and compare the electrical characteristics with conventional GaN 

based LEDs after annealing. The surface morphology and microstructure of these LEDs with 

and without naturally textured surface have been characterized by scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) analysis. This work can 

clearly characterize the influences of the dislocations on GaN based LEDs with naturally 

textured surface compared with the electrical properties and life tests. 

 

7.2 Experiments 

 

7.2.1 Growth of GaN based LED wafers with naturally textured surface 

 

The blue GaN based MQW LEDs wafers were grown by metal organic chemical vapor 

deposition (MOCVD) on c-plane sapphire substrate. Trimethylgallium (TMGa), 

trimethylindium (TMIn), and ammonia (NH3) were used as Ga, In and N precursors 

respectively. During growth, biscyclopentadienyl magnesium (CP2Mg) and disilane (Si2H6) 

were used as the p and n type doping sources, respectively. The conventional layer structure 
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consists of a GaN buffer layer, followed by a 1.5-µm undoped GaN layer, a 3-µm Si-(n) 

doped GaN layer (n~1×1018 cm-3), the active layer, a 0.12-µm-thick Mg-(p) doped AlGaN 

cladding layer (p~5×1017 cm-3), and a Mg-(p) doped GaN contact layer (p~7×1017 cm-3). The 

active region, consisting of nine 5 nm/15 nm InGaN/GaN quantum wells is embedded in the 

region between p-type and n-type layers. After the growth of these layers, a 

growth-interruption step, stopping the TMGa flow while maintaining CP2Mg flow, was 

performed at the first p-GaN contact layer for a short period of time (~5 min). The process is 

called “Mg treatment”. [6] A second p-GaN contact layer was then grown again after this Mg 

treatment process. Finally, a heavily Si doped short-period superlattice (SPS) was grown on 

the p-GaN contact layer to improve the Ohmic contact of the p-electrode. Figure 7-1 shows a 

schematic layer structure of the GaN based LED with textured surface. [6] 

 

7.2.2 Fabrication of GaN based LEDs with naturally textured surface 

 

The LEDs were fabricated using standard lithography. In the first process step, a mesa 

was defined with standard photolithography and etched down into the n-type region by 

inductively coupled plasma reactive ion etching (ICP-RIE). The ITO film (250 nm) as the 

TCL was deposited by e-beam evaporation, defined on the p-GaN region, and then annealed 

at 600 ºC in air for 15 min. The Cr/Pt/Au (20 nm/20 nm/2000 nm) metals for the n-contact 

and p-contact (bonding pad) were then deposited with e-beam evaporation, followed by the 

annealing process at 300 ºC with continuous nitrogen flow for 15 min. All the annealing 

processes were performed in a furnace. The specific contact resistances (ρc) of p-type GaN 

with and without naturally textured surface were measured by circular transmission line 

model method (CTLM) after evaporation, photolithography process, and alloy was carried out 

at temperature in the range of 300-900 °C during 15 min in air ambient. For comparison, 

samples without the aforementioned Mg treatment process were also prepared. The LEDs 
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without and with Mg treatment p-GaN layer are labeled as LED-conv and LED-Mg, 

respectively. 

 

7.2.3 Measurements and analyses 

 

The wafers were then cut into chips. These chips were thermal treated at 300 and 900 ºC 

in a furnace under continuous nitrogen flow for 15 min. The current-voltage (I-V) 

characteristics were measured at room temperature with HP-4155 I-V analyzer. Room 

temperature electroluminescence (EL) characteristics were then measured by injecting 

different amount of DC currents into the fabricated LED chips with package onto TO-can. 

During the life testing, a part of unannealing chips with TO-can form were stressed by a 50 

mA current injection at 25 °C and a relative humidity of 40 %. The SEM surface images were 

taken with Hitachi S-4000 instrument. For TEM measurements, the specimens were carried 

out by JEOL JEM-2010 microscope operated at 200 kV. 

 

7.3 Results and Discussions 

 

7.3.1 Electrical properties of GaN based LEDs with naturally textured surface after 

thermal treatment 

 

Figure 7-2 shows the specific contact resistances of samples as a function of annealing 

temperature. Obviously, an appropriate annealing temperature can reduce the specific contact 

resistance effectively. Among these data, the ITO contact on p-GaN without naturally 

textured surface present minimum contact resistance of 2.4×10-4 Ω cm2 for the sample 

annealed at 600 °C. For the ITO contact on p-GaN with naturally textured surface, the 

minimum contact resistance was obtained 1.7×10-4 Ω cm2 after annealed at 500 °C. This 
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difference for optimum annealing temperature could be attributed to the fact that more 

surfaces (interfaces) for p-GaN with naturally textured surface contact to ITO layer. Figure 

7-3 shows the specific contact resistances of Cr/Pt/Au (20 nm/20 nm/2000 nm) contact on 

n-GaN with and without naturally textured surface as a function of annealing temperature. 

The behavior of both the samples with and without naturally textured surface is very similar 

up to 800 °C. After annealing above 500 °C, the specific contact resistances were gradual 

increase. According to results of Fig. 7-2 and 7-3, we found that metals in this case contact on 

GaN surfaces were thermal unstable not only with naturally textured surface but also without 

it after annealing above 500 °C. The results show that the new interphases could be formed in 

the interface between metals and GaN surfaces after annealing higher temperature, and 

resulted in the contact degradation. 

The I-V characteristics of the LED-conv and LED-Mg chips after annealing are plotted 

on a semi-logarithmic scale in Fig. 7-4. In the forward bias region, similar I-V characteristics 

with the ideality factor (n) around 3.1 can be seen for LED-conv and LED-Mg without 

annealing. In the I-V curve of LED-Mg after annealing at 800 and 900 °C, the increases of the 

parasitic series resistance and higher operating voltage (> 4.6 V) were obtained, which can be 

attributed to degradation of the TCL ohmic contact on top of the p-type GaN. In the reverse 

bias region, the leakage currents of LED-Mg at reverse biases of 5 V were observed within 1 

µA. While the annealing temperature at 800 and 900 ºC, the electrical short circuit behavior 

can be observed for LED-conv and these LEDs become lightless. Thus, a leakage path may be 

formed as the annealing temperature increase. However, the LED-Mg annealing at 800 and 

900 ºC still showed normal I-V characteristic. In the I-V curve of LED-Mg annealing at 800 

and 900 ºC, the leakage current at -5 V was no variation, and the parasitic series resistance 

and operating voltage were increase higher than unannealing LEDs. Thus, we considered that 

the leakage path may be blocked with some barrier. 
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7.3.2 Electroluminescence characteristics of GaN based LEDs with naturally textured 

surface after thermal treatment 

 

Figure 7-5 and 7-6 show intensity-current (L-I) characteristics of LED-conv and 

LED-Mg after different annealing temperatures. At low injection currents, it can be seen that 

the output intensity of these two LEDs increased linearly with the injection current. However, 

LED output intensities seem to saturate slightly for both devices when the injection current is 

further increased. According to Fig. 7-5 and 7-6, we also found that LED-Mg (with naturally 

textured surface) chips can achieve higher saturated current injection (at 350 mA) and 

LED-conv (without naturally textured surface) chips achieve saturated current injection at 300 

mA. Furthermore, LED-Mg can enhance the output intensity by about 30 % than LED-conv at 

the same current injection. This enhancement can be attributed to the many truncated 

pyramids on the surface resulting in a wider range of critical angle for internal reflection, and 

it strongly depends on the surface area occupied by the pyramids. 

After thermal treatment, the output intensities were degenerated with increasing 

annealing temperature. As the temperature increase, the internal quantum efficiency decreases 

because of reduction of the radiative recombination coefficient and because of the resultant 

increased overflow of injected carriers from the active layer. These phenomena rapidly 

decrease the external power efficiency and therefore the output power. The temperature 

dependence of current-light output power characteristic is determined by several mechanisms. 

The overflow of the injected carrier is dominant at room temperature and the Auger 

recombination and intraband absorption are dominant at higher temperatures. The Auger 

recombination tends to be intensified as the bandgap energy of the active layer decreases. In 

addition, we also believe that output intensity decay could be attributed to degenerate the hole 

concentration in p-GaN layer after thermal treatment. It is well known that high series 

resistance in an LED can cause a severe heating effect, giving rise to carrier leakage from the 
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InGaN active region especially under high current operation. This heating effect will 

accelerate degradation of electrodes and thereby influence device reliability. 

 

7.3.3 Life tests of GaN based LEDs with naturally textured surface by current injection 

 

Figure 7-7 shows the life tests of reverse leakage current variation (at -5 V) by stressed at 

50 mA and 25 °C. The leakage current variation is the ratio (Ir/Ir0) of leakage current (Ir) to 

initial leakage current (Ir0). The initial leakage currents observed from LED-conv and 

LED-Mg were the same approximately. It was found that leakage current increased rapidly 

after 168 hours for LED-conv. Small increases of leakage currents for LED-Mg was also 

obtained after life tests even with a 1008-hour burn-in test. Fig. 7-4 and Fig. 7-7 show that 

GaN based LEDs without Mg treatment process was unreliable after annealing and a longer 

burn-in test (stressed by 50 mA). In Fig. 7-8, the life tests of light output variation (at 50 mA) 

were consistent with the life tests of reverse leakage current. It could be observed that the 

optical output power was deteriorated by 24.5 % for LED-conv. For LED-Mg, the light output 

was not obvious variation even with 1000-hour burn-in test. 

 

7.3.4 Microstructure of GaN based LEDs with naturally textured surface 

 

To further understand and confirm the influences of the LED structure, we carried out 

SEM and TEM studies. Figure 7-9 shows the SEM images of the samples with Mg treatment 

process (LED-Mg). In Fig. 7-9(a), the LED-Mg exhibits a plurality of truncated pyramids on 

the surface. Su et al. have speculated a possible growth mechanism of the truncated pyramids. 

[6] In Fig. 7-9(b), the microroughening of p-GaN surface was covered with ITO and pad 

metals completely. After contact metals depositing, the naturally textured surface was still 

remained to enhance output power. 
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Figure 7-10 shows the cross-sectional micrograph of the LED structures after annealing 

at 800 ºC. In Fig. 7-10(a), the structure of the LED with Mg treatment p-GaN layer (LED-Mg) 

was observed clearly, consists of MQW, first p-GaN layer, second p-GaN layer, and ITO layer 

(TCL). It was also displayed the structure of truncated pyramid and straight TD. Under higher 

magnification, as shown in Fig. 7-10(b), the straight TDs should be observed more clearly. In 

Fig. 7-10(b), there were V-defects present after the MQW growth and these defects were 

subsequently filled in with first p-GaN layer. The V-defects were connected with the TDs 

from the thick GaN layer at the bottom. In the conventional LED structure (LED-conv), as 

shown in Fig. 7-10(c), the straight TDs propagates to the free surface. The V-defects are filled 

with p-GaN and direct contact with ITO layer. Compare Fig. 7-10(b) with Fig. 7-10(c), it is 

clearly indicated that the straight TDs of the LED with Mg treatment p-GaN layer can’t 

extend to top surface during growth of the second p-GaN layer. Thus, the second p-GaN layer 

prevents the TDs to contact metals layer. In Chapter 6, the NiO layer is used to block the 

leakage pathway and prevent metals indiffusion along defects or dislocations. According to 

these results, LED-Mg has good reliability due to the second p-GaN layer (the naturally 

textured surface) prevent the TDs to direct contact metals layer such as the NiO barrier layer. 

 

7.4 Conclusions 

 

The influences of TDs on electrical properties of GaN based LEDs with naturally 

textured surface have been investigated. For the ITO contact on p-GaN with naturally textured 

surface, the minimum contact resistance was obtained 1.7×10-4 Ω cm2 after annealed at 500 

°C. After annealing above 800 ºC, the normal I-V characteristic of the LED-Mg still has been 

observed. The LED-Mg can enhance the output intensity by about 30 % than LED-conv at the 

same current injection, and achieve higher saturated current injection (at 350 mA). The GaN 

based LED with Mg treatment p-GaN layer (LED-Mg) can achieve good reliability at high 
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current injection life tests. Both SEM and TEM analyses reveal the structure of truncated 

pyramid on LED with Mg treatment p-GaN layer (LED-Mg) obviously. The TEM images are 

clearly indicated that the straight TDs of the LED with Mg treatment p-GaN layer can’t 

extend to top surface during growth of the second p-GaN layer. These results imply evidences 

that the second p-GaN layer (the naturally textured surface) block the leakage pathway and 

prevent metals indiffusion along defects or dislocations. 
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Figure 7-1 Schematic cross-section view of GaN based LEDs with truncated pyramids on the 

surface. [6] 
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Figure 7-2 The specific contact resistances of p-GaN with and without naturally textured 

surface as a function of annealing temperature. 
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Figure 7-3 The specific contact resistances of n-GaN with and without naturally textured 

surface as a function of annealing temperature. 
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Figure 7-4 The I-V characteristics of the LED-conv and LED-Mg chips with different 

annealing temperatures. 
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Figure 7-5 L-I characteristics of GaN based LEDs without naturally textured surface 

(LED-conv) after different annealing temperatures. 
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Figure 7-6 L-I characteristics of GaN based LEDs with naturally textured surface (LED-Mg) 

after different annealing temperatures. 
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Figure 7-7 Life tests of reverse leakage current variation (at -5 V) by stressed at 50 mA and 

25 °C. 
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Figure 7-8 Life tests of light output variation by stressed at 50 mA and 25 °C. 
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Figure 7-9(a) SEM image of LED-Mg before metals deposition (cross-section). 
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Figure 7-9(b) SEM image of LED-Mg after metals deposition (tilted). 
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Figure 7-10(a) Cross-section bright-field TEM micrograph of the LED-Mg structure with low 

magnification image. 
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Figure 7-10(b) Cross-section bright-field TEM micrograph of the LED-Mg structure with 

higher magnification image. 
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Figure 7-10(c) Cross-section bright-field TEM micrograph of the LED-conv structure. 
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CHAPTER 8 

Conclusions and Future Works 
 

8.1 Conclusions 

 

In this dissertation, we have studied defects and optoelectronic characteristics on GaN 

based LEDs. The influences of thermal annealing between Ni and p-type GaN have been 

investigated. The samples activated with Ni film obtained higher effective carrier 

concentrations than activated without Ni film. The effective carrier concentrations as 5×1015 

cm-3 and 1×1017 cm-3 were achieved at the activating temperature of 400 ºC without and with 

Ni film. The Ni film may react as a catalyst for activation of Mg-doped GaN with temperature 

less than 500 ºC. With temperature higher than 600 ºC, the Ni film may react with Mg-doped 

GaN. The XRD analyses indicated that Ni film on Mg-doped GaN transform to nickel oxide 

(NiO) and nickel nitride (Ni3N) during thermal annealing in air. The PL spectra at 15K of the 

samples activated at 600 ºC with and without Ni film were observed at around 3.2 and 2.9 eV. 

At high annealing temperature, the impurities such as Ni nitride, nitrogen vacancies or other 

defects may reduce the hole mobility and provide the increase of the effective carrier 

concentrations. 

The effect of thermal annealing on I-V properties of GaN based LEDs with Ni/Au and 

ITO p-type layer have been studied. At annealing temperatures above 700 ºC, the p-n junction 

of the diodes became very leaky and Ga-contained metallic bubbles were observed on the 

surface of Ni/Au p-ohmic contact. TEM and EDS studies revealed that these metallic bubbles 

resided directly on top of the threading dislocations (TDs) in GaN and both Ni and Au were 

diffused into the LED structure along the cores of the TDs. According to SEM and EDS 

analyses, it was also found that indium (In) diffused into the LED structure with defects such 
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as threading dislocations (TDs) or V-pits. The defects provide leakage paths to cause short 

circuits in p-n junctions at high annealing temperatures. The conducting paths formed by the 

metal containing dislocation cores are believed to be the cause for the observed short circuit 

behavior of p-n junctions at high annealing temperatures. 

We also fabricated GaN based LEDs using transparent ITO-based p contacts. The lowest 

specific contact resistance can be achieved 2.4×10-4 Ω cm2 for 250 nm ITO contact annealing 

at 600 °C. LED life tests showed that a pure ITO contact layer had poor reliability at high 

current stress. We also found that the GaN based LED could achieve good reliability with a 

NiO/ITO contact layer. Using TEM and EDS analyses, we observed In-contained metallic 

interface between the p-GaN layer and the pure ITO contact layer after annealing at 600 °C. It 

revealed that ITO would react at interface or indiffuse near interface at 600 °C. The LED was 

degraded with unstable interfaces after life tests (stressed by a 50 mA current injection). 

While thermal treated at 700 ºC, the LEDs contact with metals became very leaky, and even 

electrical short circuits have been observed. The original LED wafer could resist heat at 

higher temperature. From TEM and EDS analyses, metallic V-defect and dislocation core 

were found after thermal treated at 700 ºC. We suggest that the effect of heat on metals 

contact is an important factor in GaN-based LEDs, and the defect or dislocation provide 

leakage paths to cause short circuits in p-n junctions at high annealing temperatures. To 

improve the reliability of GaN-based LEDs with the ITO contact layer, we suggest that the 

NiO layer be used to prevent the reaction and block the leakage pathway. 

GaN based LEDs with naturally textured surface have been grown by metal organic 

chemical vapor deposition (MOCVD) on c-plane sapphire substrate. We found that the GaN 

based LED with naturally textured surface could keep normal I-V characteristic after high 

temperature annealing and achieve good reliability at high current injection. Using TEM and 

SEM analyses, we observed the structure of truncated pyramid on LED with Mg treatment 

p-GaN layer obviously. It is clearly indicated that the straight threading dislocations (TDs) of 
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the LED with naturally textured surface can’t extend to top surface during growth of the 

second p-GaN layer. These results imply evidences that the second p-GaN layer (the naturally 

textured surface) block the leakage pathway and prevent metals indiffusion along defects or 

dislocations. To improve the reliability and enhance the output intensity of GaN based LEDs, 

we suggest that the GaN based LEDs can be fabricated with naturally textured surface. 

 

8.2 Future Works 

 

InGaN/GaN based LEDs grown heteroepitaxially on sapphire or SiC substrates contain a 

high density of threading dislocations (~108-1010 cm-2) due to large lattice and thermal 

expansion mismatch between the substrate and III nitrides. It has been found that the high 

density of dislocations has limited adverse effects on the optical performance of the LEDs, 

especially at blue and green wavelengths, due to strong carrier localization effects in InGaN 

alloys. However, the dislocations, particularly those threading through the active region, may 

have a pronounced influence on the electrical characteristics of the LEDs by enhancing carrier 

tunneling, dopant diffusion, and contact metal migration. Anomalously high leakage currents 

are generally observed in commercially available GaN based LEDs, which in many cases are 

grown on sapphire substrates. The high junction leakage raises concerns about device 

reliability, particularly under high power operation conditions. 

The threading dislocations can be largely eliminated by growing LEDs homoepitaxially 

on a low defect bulk GaN substrate. As a direct result of better material quality, the LEDs on 

GaN are expected to exhibit improved electrical characteristics and reliability. The 

homoepitaxially grown LEDs also benefit from the relatively high thermal conductivity of 

GaN and simple vertical device geometry, and therefore are suitable for high current 

operation. 

In addition, selective electrical passivation of threading dislocation for the improvement 
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of contact metals on GaN based LEDs is therefore highly desirable. Passivation techniques 

suggested so far are based on electrochemical oxidation processes. In our studies (such as 

chapter 6), the oxide layer can be used to prevent the reaction and block the leakage pathway. 

Thus, we consider that the passivation technique may provide an efficient improvement to 

prevent device failure by threading dislocations. 

 


