
ABSTRACT 
 

PARK, JI-SOO. Growth and Characterization of GaN and AlGaN Thin Films and 
Heterostructures and the Associated Development and Evaluation of Ultraviolet Light 
Emitting Diodes. (Under the direction of Professor Robert F. Davis) 
 

 AlGaN-based thin film heterostructures have been grown and fabricated into 

ultraviolet light emitting diodes with and without p-type and/or n-type AlGaN carrier-

blocking layers at the top and the bottom of the quantum wells, respectively, and having 

the principal emission at 353 nm.  The highest values of this peak intensity and light 

output power were measured in the devices containing p-type carrier-blocking layers.  

Growth of an n-type carrier-blocking layer had an adverse effect on these device 

characteristics.  A broad peak centered at ~540nm exhibited yellow luminescence and 

was present in the spectra acquired from all the devices.  This peak is attributed to 

absorption of the ultraviolet emission by and re-emission from the p-GaN and/or to the 

luminescence from the AlGaN within quantum wells by current injection.   

Individual AlxGa1-xN films (x<0≤1) have been grown on Si- and C-terminated 

6H-SiC{0001} substrates and characterized for electron emission applications.  The large 

range in the values of x was achieved by changing the fraction of Al in the gas phase 

from 0 to 0.45.  The ionized donor concentration in the n-type, Si-doped AlxGa1-xN films 

decreased as the mole fraction of Al was increased due to the reduction in the donor 

energy level and compensation.  The use of the SiH4 flow rate, which yields a Si 

concentration of ~1 x 1019 cm-3 in GaN, established the upper limit of the mole fraction 

of Al wherein n-type doping could be achieved at ~0.61.  The electron affinity of the Si-

doped Al0.61Ga0.39N films was as low as 0.1 eV.  Increasing the Si doping concentration 



in AlN films to as high as 1 x 1021cm-3 caused slight degradation in crystal perfection.  

No difference was found in the Al core level binding energies between undoped and Si-

doped AlN films.  The results of XPS and UPS experiments showed that the work 

function of N-polar AlN films was 0.6 eV lower than that of Al-polar films.   
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Abstract 

Metalorganic vapor phase heteroepitaxial growth and doping of AlxGa1-xN alloys as well 

as the present status of InGaN-based visible and AlGaN-based ultraviolet (UV) light 

emitting diodes (LEDs) are reviewed.  A strong gas-phase pre-reaction occurs between 

Al precursors and NH3; thus, the optimization of growth parameters, especially pressure, 

is very important to achieve the growth of AlxGa1-xN films with high Al concentrations.  

Donor doping of AlxGa1-xN films with Si is difficult due to an increase in donor 

activation energy with an increase in the Al content and the compensation of this donor 

by acceptor-type defects such as oxygen, carbon and cation vacancies.  Indium-silicon 

co-doping and heavy doping of Si have been proposed to achieve n-type doping of 

AlxGa1-xN films with x>0.5.  Acceptor doping is also difficult to achieve in these films, 

since the Mg activation energy in AlxGa1-xN increases with an increase in the Al content.  

Mg-δ-doping and Mg-doped AlxGa1-xN/GaN superlattices have been proposed to achieve 

effective p-type doping of these solid solutions.   

 High brightness yellow, green, and blue LEDs have been achieved with the use of 

InGaN active layers.  The power and efficiency of AlGaN-based UV LEDs are much 

lower than those of InGaN-based visible LEDs, since the AlN-GaN system, unlike the 

InN-GaN system, does not undergo phase separation of nano-sized precipitates with a 

much lower density of recombination states than are present in the InGaN matrix (and are 

present in all AlGaN films) due to the high density of dislocations.  As such, light 

emission via direct band-to-band or donor-to-valence band transitions is markedly 

compromised in all AlGaN films.  Quaternary InxAlyGa1-x-yN active layers in quantum 

wells, AlxGa1-xN/GaN(or AlN) superlattices, low dislocation density substrates and 
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combinations of these components have been used to counter the negative effects of the 

dislocations and to achieve increased power output and efficiency in AlGaN-based high-

power UV LEDs.                                    
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1.1 Introduction 

 Numerous process routes have been investigated that would allow very close 

control of the composition, bandgap energy and lattice constant(s) of ternary III-V 

semiconductor alloys to control some of the properties of the associated devices.  The 

solid solutions belonging to the AlxGa1-xX (X=Sb, As, P, and N) systems are the closest 

to ideal,1 because the difference in the covalent radii of the cations is only 0.08 Å (1.26 Å 

for Ga and 1.18 Å for Al). 

Wurtzite structure GaN and AlN have lattice mismatches of only 2.4% and 4% 

along the a- and the c-axes, respectively, as shown in Table 1.1.2 The direct bandgap 

energies (UV wavelengths) of AlxGa1-xN alloys (0 ≤ x ≤ 1) range from 3.4 eV (360 nm in 

GaN) to 6.2 eV (200 nm in AlN).  Thus, the AlxGa1-xN alloys are attractive for 

optoelectronic devices such as UV light-emitting diodes (LEDs) and laser diodes (LDs).  

The large bandgaps and good high-field electron mobilities also make these materials 

candidates for high-power, and high-frequency microelectronic applications.  

Commercial success of most of these applications requires the epitaxial growth of films 

with low densities of structural defects and controlled n-type and p-type doping. 

 In this chapter, the growth of AlxGa1-xN alloys and the introduction of donor and 

acceptor elements to achieve n-type and p-type doping via metalorganic vapor phase 

epitaxy (MOVPE) are reviewed.  The achievement and current status of InGaN-based 

visible and AlGaN-based ultraviolet LEDs (UV LEDs) are also reviewed.  An annotated 

outline of this dissertation is also presented. 

 

1.2 AlxGa1-xN Alloys 
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1.2.1. MOVPE Growth of AlxGa1-xN Alloys 

 Hagan et al.3 synthesized AlxGa1-xN films by chemical vapor deposition (CVD) 

and showed the existence of an alloy system throughout the range from GaN to AlN.  

Baranov et al.4 grew AlxGa1-xN films up to x=0.45 by chloride vapor phase epitaxy (VPE) 

at 1050 °C and measured the electrical and optical properties. Yosida et al.5 deposited 

AlxGa1-xN films that contained the entire composition range on sapphire and Si substrates 

using reactive molecular beam epitaxy (MBE).   

 The formation of gas-phase adducts between group III and V precursors has been 

troublesome for MOVPE growth of III-V materials,6-7 as it affects both the efficiency of 

the deposition and the uniformity of the resulting film.  The formation of gas-phase 

adducts arises from the fact that group-III metalorganics are electron acceptors (Lewis 

acids), while ammonia, with a spare electron pair on the nitrogen atom, is an electron 

donor (or Lewis base). The elimination of gas-phase pre- (or parasitic) reactions between 

NH3 and metalorganics is very important for achieving the growth of high Al content 

AlxGa1-xN films.     

 Gas-phase adduct formation in the trimethylgallium/ammonia (TMG)/NH3 system 

has been suggested by Mazzarese et al.8   Thon and Kuech9 observed the formation of the 

adduct compound (CH3)3Ga:NH2.  The latter authors also suggested9 that decomposition 

products such as [(CH3)2Ga:NH2]x (most probably x=3) likely occurred from a methane-

elimination reaction.  As a result, pyrolysis of TMG was shifted to higher temperatures in 

a H2/NH3 ambient compared to the temperature of decomposition in a H2 ambient.  

However, such adducts are fully decomposed at the high temperatures used for the 

growth of GaN thin films and do not influence significantly the decomposition of TMG 
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or the incorporation of Ga into these films, as judged by the insensitivity of the GaN 

growth rates as a function of the partial pressure of NH3.   

Trimethylaluminium (TMA) has also been observed to react with NH3 to form a 

white crystalline solid at room temperature.10  Chen et al.11 found that GaN growth 

efficiency, which is defined as the ratio between the growth rate and the molar flow rate 

of TMG, was almost constant between 85 Torr and atmospheric pressure; it was also 

constant in the temperature range where the growth is diffusion controlled.  On the other 

hand, AlN growth efficiency drastically decreased with increasing reactor pressure and 

with decreasing growth temperature.  This indicates that a strong gas-phase pre-reaction 

occurs between NH3 and TMA.      

 Khan et al.12 were able to grow AlxGa1-xN solid solutions over the entire binary 

system using MOVPE at low pressure (5-100 Torr).  However, at atmospheric pressure, 

Koide et al.13 found that white, Al-rich deposits were observed on AlGaN layers and that 

control over the solid composition was impossible at low gas velocities (0.7 - 2 cm/sec).  

They attributed these deposits to involatile adduct formation, which depleted the Al 

precursor in the gas phase.  Han et al.14 suggested that gas phase adduct (TMA:NH3) 

reactions not only reduced the incorporation efficiency of TMA, but also hindered the 

incorporation of TMG.  Choi et al.15 found that increasing the NH3 flow rate at a constant 

flow rate of group-III precursors under the total growth pressure of 200 Torr resulted in a 

decrease in both the Al composition within and the growth rate of the AlxGa1-xN films.  

Increasing the flow rate of the TMA while keeping constant the flow rate of the TMG 

resulted in the eventual cessation in the incorporation of the Al into the AlGaN films, 

indicating the onset of a gas phase pre-reaction between NH3 and TMA.  Kondratyev et 
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al.16 found that the Al composition of the AlxGa1-xN films was proportional to the TMA 

flow rate at low growth pressure (75 Torr); however, it saturated at high pressure (300 

Torr).  

 

1.2.2. Doping of AlxGa1-xN Alloys 

 It is essential to have close control of the doping and the associated conductivity 

of AlGaN solid solutions for the successful application of these materials for 

optoelectronic and high-power and high- frequency electronic devices.  However, it has 

been reported13, 17-19 that it is very difficult to achieve highly conductive AlxGa1-xN solid 

solutions with high Al content.  Several experimental studies have indicated a steady 

decrease in the electron concentration and the associated n-type conductivity of these 

alloys with increasing values of x.  Koide et al.13 reported that a decline in the free 

electron concentration for x>0.2.  For unintentionally doped, n-type AlxGa1-xN, Lee et al. 

17 reported a rapid decrease in conductivity for x>0.4.  McCluskey et al.18 found a 

significant decrease in the conductivity for x>0.3 in unintentionally doped AlGaN 

samples.  Bremser et al.19 also achieved intentional n-type doping with Si up to x=0.42; 

however, for x>0.42, the addition of Si resulted in highly resistive films.      

 The decrease in the free electron concentration in AlxGa1-xN solid solutions with 

an increase in Al concentration is mainly due to the concomitant increase in the donor 

activation energy.  Polyakov et al.20 showed that the Si donor ionization energy increased 

from 18 meV for 0 < x < 0.1 to about 50 meV for x=0.4 and does not exceed 90 meV for 

x=0.6.  They also reported that an increase in Al composition was also accompanied by 

an increase in the density of defects with an energy level deeper than Si.  Taniyasu et al.21 
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also found that the ionization energy of the Si donor increased slightly from 8.1meV 

(x=0) to 12 meV (x=0.49) but for x>0.49, it increased from 12meV (x=0.49) to 86meV 

(x=1) as shown in Fig. 1.1.  Zeisel et al.22 reported that the activation energy of dark 

conductivity of Si-doped AlxGa1-xN alloys increased linearly from 18meV (x=0) to 

320meV (x=1), but that of nominally undoped alloys was much higher.  On the contrary, 

Boguslawski et al.23 proposed that Si acts as a shallow donor for x<0.6 but forms DX 

centers at x ≈ 0.6, which quench doping efficiency. 

  In addition, compensation of Si donors by acceptor-like defects was reported to 

be one of the origins causing difficulty in n-type doping of AlxGa1-xN.  Van de Walle et 

al.24 argued that the reduced conductivity results from compensation by native defects 

with acceptor character.  They reported that oxygen behaves as a deep acceptor for 

x>0.27 due to a DX transition, which converts a shallow donor into a deep level.18 

Carbon can also be introduced into the growing AlxGa1-xN films via decomposition of the 

metalorganic sources.  It has been reported25 that this impurity acts as a shallow acceptor 

when it substitutes for on the nitrogen, and therefore, becomes a source of compensation 

for the Si donor.  In addition, cation vacancies such as VGa and VAl, can act as a triple 

acceptor, and their formation energies reportedly decrease with increasing Al 

composition.26 

 Indium-silicon co-doping has been proposed to achieve highly conductive 

Al0.65Ga0.35N films.  Cantu et al.27 reported that the Al0.65Ga0.35N layers grown at 920°C 

using this approach possessed n-type carrier concentrations as high as 2.5 x 1019 cm-3 

with an electron mobility of 22 cm2 /V·s, which corresponds to a resistivity of 1.1 x 10-4 

Ω·cm.  However, significantly higher resistivity values were measured for Si-doped 
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AlxGa1-xN films with x ≥ 0.49 deposited at 1150 °C without indium.  The Si-doped 

Al0.62Ga0.38N films exhibited a maximum carrier concentration of 2.5 x 1019 cm-3 and a 

resistivity of 6.2 x 10-2 Ω·cm.  It was speculated27 that indium occupies cation vacancy 

sites and suppresses acceptor formation and self-compensation. 

 Heavy doping of Si was also reported to result in highly conductive Al0.7Ga0.3N 

films.  Zhu et al.28 reported that an Al0.7Ga0.3N film with a Si concentration of 6.0 x 1019 

cm-3 showed a resistivity of 7.5 x 10-3 Ω·cm with an electron concentration of 3.3 x 1019 

cm-3 and a mobility of 25 cm2 /V·s.  The effective donor activation energy increased from 

10meV to 25meV as the Si concentration decreased from 6.0 x 1019 cm-3 to 2.6 x 1019 cm-

3, which could be explained by the bandgap remormalization effect.   

Nam et al.29 reported that the conductivity of AlxGa1-xN alloys continuously 

increases with an increase in the Si doping level for a fixed value of the Al content and 

that there exists a critical Si concentration of about 1 x 1018 cm-3 that is needed to convert 

insulating AlxGa1-xN alloys (x ≥ 0.4) to n-type.  However, Taniyasu et al.21 found that the 

electron concentration of Si-doped Al0.49Ga0.51N alloys saturated at 4.5 x 1018 cm-3 above 

a Si concentration of 1.0 x 1019 cm-3, indicating the onset of self-compensation.      

P-type doping of AlxGa1-xN alloys has been reported19, 30-32 to be even more 

difficult than that of n-type.  Mg is generally used as a p-type dopant for GaN; however, 

the hole concentration that can be achieved is lower than desired, particularly for 

applications such as high acceptor doping near contacts for improved ohmic behavior.  In 

AlxGa1-xN alloys, the hole concentration that can be achieved with Mg doping has been 

observed to decrease rapidly with increasing Al content.19, 30-32  Bremser et al.19 were 

unable to achieve p-type conductivity with Mg doping for x > 0.13.  Suzuki et al.31 
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reported that hole concentrations as high as 6.6 x 1016 cm-3 were obtained and that the 

acceptor thermal activation energy was as high as 250meV in AlxGa1-xN alloys with x = 

0.15.  These investigators31 also found that the electrical resistivity increased with 

increasing x, and that the value of 15 Ω·cm was obtained for x = 0.15; this value was 

considerably higher than that measured by these investigators for GaN (~ 2 Ω·cm).  Lee 

et al.33 compared the acceptor activation energies in Mg-doped, p-type InxGa1-xN (0≤ x 

≤0.045) and p-type AlxGa1-xN (0≤ x ≤0.095) and suggested that the values were 

proportional to the bandgaps energies of these two materials.  Li et al.34 reported that they 

obtained p-type AlxGa1-xN alloys with x up to 0.27; the hole concentration and mobility 

at room temperature were 6.6 x 1016 cm-3, and 3 cm2 /V·s, respectively, for the 

composition with the maximum value of x.  They also observed34 that the Mg activation 

energy in AlxGa1-xN increased almost linearly with an increase in the Al content, as 

shown in Fig. 1.2.  The activation energy and the resistivity were estimated34 to be ~0.4 

eV and as high as 2.2 x 104 Ω·cm, respectively.   

 10 

Mg-δ-doping has been employed by Nakarmi et al.35 to improve p-type 

conductivity in an Al0.07Ga0.93N alloy.  They determined that this procedure reduced the 

self-compensation and enhanced the p-type lateral and vertical conductivities two-fold 

and five-fold, respectively, in this material.  High p-type conductivity was also 

demonstrated in Mg-doped AlxGa1-xN/GaN superlattices.  Kozodoy et al.36 calculated that 

a Mg-doped Al0.2Ga0.8N/GaN superlattice would have a hole concentration of 2.5 x 1018 

cm-3, which is more than ten times than that obtained experimentally in single 

Al0.2Ga0.8N, films, as shown in Fig. 1.3, and a lateral resistivity of 0.2 Ω·cm.  Such an 

improvement was attributed to valence band bending due primarily to piezoelectric and 



spontaneous polarization.  Kumakura et al.37 also demonstrated that the sheet hole 

concentration of Mg-doped AlxGa1-x/GaN superlattices depends strongly on the period 

thickness and the Al mole fraction.  These investigators measured a maximum sheet hole 

concentration of 8 x 1012 cm-2 for AlxGa1-x/GaN (24nm/12nm) superlattices having values 

of the Al mole fraction between 0.15 and 0.3, which corresponds to the hole 

concentration of 3 x 1018 cm-3.  Yasan et al.38 demonstrated that the hole concentration 

and the resistivity of Mg-doped Al0.26Ga0.74/GaN superlattices reach values as high as 4.2 

x 1018 cm-3 and as low as 0.19 Ω·cm, respectively.  They confirmed via temperature-

dependent capacitance-voltage measurements that superlattices with a larger period and a 

higher Al composition have a higher concentration of holes.  Obata et al.39 reported that 

the optimum annealing temperature for p-type Al0.22Ga0.78N is ~900 °C, which is 

approximately 50 °C higher than that for p-type GaN.  Additional studies by these 

authors showed that the use of a lower V/III ratio and a higher growth temperature is 

preferable for the growth of high Al content, p-type Al0.22Ga0.78N, in comparison with the 

growth parameters for p-type GaN.  By controlling the growth and the annealing 

conditions, they achieved hole concentrations as high as 2.0 x 1018 cm-3 for Mg-doped 

Al0.32Ga0.68N. 

 

1.3 Light Emitting Diodes  

1.3.1. InGaN-based Visible Light Emitting Diodes (LEDs) 

 Much research has been performed to achieve high brightness blue LEDs for use 

in full-color displays and indicators, and as light sources for lamps with the 

characteristics of high efficiency and high reliability.  ZnSe and SiC have been 
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extensively investigated for these purposes for several years; however, their luminous 

intensity was below 1cd.  In the early 1990s, the highest reported40 output power for 

Zn(S, Se)-based LEDs was 120 µW at a forward current of 40 mA.  The external 

quantum efficiency was as high as 0.1 % and the peak wavelength was 494 nm during 

operation at room temperature.40   However, II-VI-based devices were never 

commercialized due to their short life-time, which was caused by the propagation of 

structural defects, primarily dislocations, into other defects leading to failure of the 

devices.41-42  The output power and brightness of SiC-based blue LEDs was only between 

20 and 35 µW and ~30 mcd, respectively, because it is an indirect band-gap material.43 

 Based on the considerable progress in the growth of GaN and InGaN and the p-

type doping of GaN and AlGaN,44-50  Nakamura et al.51 demonstrated that p-GaN/n-

InGaN/n-GaN double heterostructures (DH), such as those shown schematically in Fig. 

1.4, resulted in high brightness blue LEDs with an external quantum efficiency as high as 

0.22% at a forward current of 20 mA at room temperature.  The wavelength and the full 

width at half maximum (FWHM) of the electroluminescence (EL) peak were 440 nm and 

180meV, respectively.  By comparison, the output power and the external quantum 

efficiency of the InGaN/GaN DH were two times higher and the peak wavelength 

(440nm) was much shorter than that of the Zn(S, Se)-based LEDs (494nm) at the same 

forward current noted above. 

 Blue LEDs with a luminous intensity >1cd were also demonstrated.52   Zn-doped 

In0.06Ga0.94N/Al0.15Ga0.85N DH were used to obtain a strong blue emission.  Thermal 

annealing replaced electron beam irradiation to achieve a more uniform activation of the 

Mg and p-type doping in the AlGaN and GaN films.  The output power was 1500 µW 
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and the external quantum efficiency was as high as 2.7% at a forward current of 20 mA at 

room temperature.  The peak wavelength and the FWHM were 450nm and 70nm, 

respectively.   

Blue-green LEDs were fabricated by the same group.53  To achieve longer 

wavelength emission at ~500nm, the indium mole fraction on the InGaN active layer was 

increased to 0.23 by decreasing the growth temperature to 780°C.  Co-doping of Zn and 

Si in the InGaN active layer in the InGaN/AlGaN DH LEDs was conducted to increase 

the output power of the LEDs.  Their luminous intensity, output power, and external 

quantum efficiency were 2 cd, 1.2mW and 2.5%, respectively, at a forward current of 20 

mA at room temperature.  The peak wavelength and its FWHM were 500 nm and 80 nm, 

respectively.    

When the thickness of the InGaN active layer is reduced below a particular value, 

the elastic strain is not relieved by the formation of misfit and threading dislocations, the 

latter of which are the principal sources of recombination centers in the LEDs.  Thus an 

improvement in power in the blue LEDs was achieved by Nakamura et al.54 by changing 

the InGaN active layer to a thin undoped InGaN layer.  The active layer region in the blue 

LEDs is now a component layer in a single QW structure consisting of a 2nm-thick 

undoped In0.2Ga0.8N well layer sandwiched between 50nm-thick, n-type In0.02Ga0.98N and 

100nm-thick, p-type Al0.3Ga0.7N barrier layers.  The LEDs fabricated using the single 

QW produced 4.8 mW at 20mA and sharply peaked blue emission at 450 nm, 

corresponding to an external quantum efficiency of 8.7%.  The emission peak wavelength 

of these blue LEDs (450nm) was longer than the band-edge emission wavelength of a 

stress-free In0.2Ga0.8N active layer (420nm).  They ascribed this bandgap narrowing of the 
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active layer to the elastic tensile stresses in this layer caused by the differences in the 

coefficients of thermal expansion among the well and the barrier layers.  For violet LEDs, 

the active layer was In0.09Ga0.9N.  These LEDs produced 5.6 mW of output power at 20 

mA with a sharp emission peak at 405 nm and exhibited an external quantum efficiency 

of 9.2%.  

Nakamura and co-workers55 also fabricated high-brightness green and yellow 

LEDs containing QW structures by changing the indium composition in the active layer.  

A single QW consisting of an undoped 2nm-thick In0.43Ga0.57N well layer sandwiched by 

50nm-thick, n-type In0.05Ga0.95N and 100nm-thick p-type Al0.1Ga0.9N barrier layers was 

used to make the green LEDs, as shown schematically in Fig. 1.5.  The indium mole 

fraction was increased to 0.7 to achieve yellow emission at the peak wavelength.  The 

green LEDs had a wavelength of 525 nm; the FWHM of this peak was 45 nm.  The 

output power, the external quantum efficiency and the luminous intensity of these LEDs 

were 1 mW, 2.1 %, and 4 cd, respectively, at 20mA.  The yellow LEDs had a peak 

wavelength of 590 nm; the FWHM of this peak was FWHM at 90 nm.  The output power 

was 0.5mW at 20mA.  As the peak wavelength became longer, the output power 

decreased and the value of the FWHM increased; the latter relationship is shown in Fig. 

1.6.  This change in the FWHM was probably due to the large strain between the well and 

the barrier layers in the QW, which is caused by the mismatches in the lattice parameters 

and in the coefficients of thermal expansion among these layers.   

High-brightness, green LEDs were achieved by replacing the n-InGaN and n-

AlGaN barrier layers with n-type GaN.56  The luminous intensity of these improved 

LEDs was 12 cd, or more than 100 times higher than that of the conventional green GaP 
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LEDs (0.1 cd).  The output power, the external quantum efficiency and the peak 

wavelength, were 3 mW, 6.5 % and 520 nm (FWHM=30nm), respectively, at 20 mA.  

Using the same n-type GaN barrier structures but with a different indium composition in 

the QW for the fabrication of the blue LEDs resulted in an output power and an external 

quantum efficiency of 5 mW and 9.1%, respectively.  These values were higher that those 

obtained from the LEDs fabricated using the InGaN/AlGaN DH (1.5 mW and 2.7%)57 

and the InGaN single QW LEDs with n-InGaN and n-AlGaN barrier layers (4 mW and 

7.3%).58  

 

1.3.2. Al(In)GaN-based Ultraviolet Light Emitting Diodes   

 Compact high power UV LEDs began to be intensively investigated59 during the 

latter part of the 1990s due to the need for bright and efficient UV light sources for 

biochemical applications, solid-state white lighting, and high capacity data storage 

systems.  Solid solutions of AlGaN are currently the materials of choice for LEDs that 

emit at shorter wavelengths than 360nm.  All compositions in this system possess a direct 

bandgap; the energies of these bandgaps range from 3.4 eV (GaN) to 6.2 eV (AlN), 

corresponding to the UV wavelength range of 200 to 360 nm. 

LEDs containing InGaN active layers and operational at wavelengths longer than 

380 nm have been successfully developed and commercialized, as described above.  

However, the use of AlGaN active layers for UV emitting LEDs presents two serious 

problems. Firstly, the output power is much lower and the external quantum efficiency is 

lower by a factor of more than an order of magnitude than the analogous values for 

InGaN-based LEDs.  Despite the presence of a high-density of dislocations, which act as 
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non-radiative recombination centers,60  InGaN-based LEDs have high efficiency because 

the InN-GaN system is unstable to decomposition into In-rich, nano-sized InGaN 

precipitates that form in an InGaN matrix having a lower In concentration and that have a 

period of separation of ~30 lattice spacings.  This period of separation is less than the 

distance between the threading dislocations; thus, electron-hole recombination can occur 

via transitions across the bandgap of the precipitates rather than via the recombination 

centers produced by the threading dislocations.  Thus nonradiative recombination is 

markedly reduced, and the relative output power is essentially the same for LEDs 

fabricated from material structures grown on sapphire and having a dislocation density of 

~109 cm-2 and from similar structures grown on epitaxially laterally overgrown (ELOG) 

GaN layers and having a dislocation density as low as 105 cm-2, as shown in Fig. 1.7.61  

By contrast, the emission intensity from AlGaN active layers which do not undergo phase 

separation is very sensitive to the dislocation density within this layer, as shown in Fig. 

1.8.62  Moreover, free carriers in AlGaN can easily diffuse into the non-radiative 

recombination centers generated by the dislocations which, in turn, results in a reduction 

in the output power of the AlGaN-based UV LEDs.  Another problem is that achieving p-

type doping is very difficult in high Al-content AlGaN films, as discussed above. 

To increase the output power and the efficiency of UV LEDs, it has been 

proposed to use the indium-rich clusters that form in quaternary InxAlyGa1-x-yN layers.  

Hirayama et al.63 have demonstrated intense UV emission at room temperature in the 

wavelength range of 315-370 nm from quaternary InxAlyGa1-x-yN films.  These 

investigators found that the UV emission was considerably enhanced by the introduction 

of 2-5 % indium into the AlGaN films.  Maximally efficient emission was obtained at 
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around 330-360 nm from InxAlyGa1-x-yN layers (x = 2.0 % - 4.8 %, y = 12 % - 34 %).  

They also observed indium precipitates with submicron diameters from 

cathodoluminescence images of quaternary InAlGaN films.  The same group64 observed 

intense 318 nm emission at room temperature from quaternary In0.05Al0.34Ga0.61N / 

In0.02Al0.60Ga0.38N three layer multiple QWs.  The intensity of this emission was as strong 

as the 410 nm band emission from InGaN-based QWs at room temperature.  Wang et 

al.65 reported that the optical output power of UV LEDs fabricated using the 

InAlGaN/AlGaN quaternary system as an active region, was as high as 1 mW at an 

injection current of 50mA; this value is one order of magnitude higher than that of 

obtained from UV LEDs with a GaN/AlGaN active region.    

 Since AlGaN-based UV LEDs are sensitive to the density of dislocations present 

in the material, low dislocation density substrates were also proposed in order to reduce 

the dislocations that thread into the growing films, and indirectly, to increase the output 

power and efficiency of these devices.  Kamiyama et al.66 demonstrated AlGaN-based 

UV LEDs with an emission wavelength from 323 to 363 nm fabricated from material 

structures grown on heteroepitaxially laterally overgrown Al0.22Ga0.78N layers having a 

dislocation density of 2 x 107 cm-2.  The highest output power of 1.2 mW at 50 mA 

injection current was obtained at a wavelength of 363 nm.  UV LED material structures 

have also been grown on free-standing GaN substrates produced via hydride vapor-phase 

epitaxy (HVPE) and having a dislocation density of ~107 cm-2.  Nishida et al.67 reported 

that these LEDs exhibited 3 mW output power at 352 nm using an injection current of 

100mA, which is about ten times higher than that of similar devices tested under similar 

conditions and grown on SiC substrates.  Yasan et al.68 reported that the output power at 
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340 nm from UV LEDs grown on free-standing GaN wafers that were removed via laser 

ablation from sapphire substrates was more than one order of magnitude higher than that 

from UV LEDs on sapphire substrates, as shown in Fig. 1.9.  This substantial difference 

was believed to be due to the higher thermal conductivity of the GaN wafers.  The output 

power of the LEDs also saturated at higher injection currents compared to the devices 

grown on sapphire.  The same group also reported69 a 30% reduction in series resistance, 

an increase in output power of more than 200 % and saturation at higher currents at 280 

nm from UV LEDs grown on thick HVPE-GaN (14µm) wafers on sapphire substrates 

relative to the values of these parameters acquired from the LEDs having the same 

structure but that were not removed from these substrates. 

 UV LEDs that exhibit even better characteristics have been fabricated using the 

combination of both quaternary InAlGaN active layers and low dislocation density GaN 

substrates.  Akita et al.70 compared the electrical and optical characteristics of InAlGaN-

based UV LEDs fabricated from structures deposited on free-standing GaN wafers grown 

via HVPE on and removed from sapphire substrates and on 3.5 µm-thick GaN templates 

also grown on sapphire substrates.  The dislocation densities of these two GaN substrates 

were <1 x 106 cm-2 and 1 x 109 cm-2, respectively.  The UV LEDs on freestanding GaN 

showed much higher output power without saturation even at an injection current of 

500mA.  The output power was 1.1 mW at the emission wavelength of 351 nm and at the 

injection current of 100 mA, which is 30 times higher than that of UV LEDs whose 

material structures were deposited on a GaN template.  They also demonstrated that 

InAlGaN-based UV LEDs grown on free-standing GaN substrates exhibited maximum 
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values of output power of 3.8 mW and 6.2 mW at wavelengths of 351 nm and 358 nm, 

respectively, for an injection current of 400 mA.71 

To surrmount the difficulty of p-type doing of high Al-content AlGaN films, Mg-

doped AlGaN/GaN superlattice layers have been introduced during the growth of UV 

LED material structures.  Kinoshita et al.72 have reported emission at 333 nm from 

AlGaN-based UV LEDs containing Mg-doped superlattice layers.  Nishida et al.73 also 

fabricated AlGaN-based LEDs from material structures grown on SiC substrates using n-

type and p-type, 75 period, 1.5nm-thick Al0.14Ga0.86N/1.5 nm-thick Al0.18Ga0.82N 

superlattices below and above the QWs, respectively, as shown in Fig. 1.10.  Low 

electrical resistivity due to superlattice layers and the high thermal conductivity of the 

SiC substrate enabled stable device operation at large current injection of up to 1.7 

kA/cm2. 

 Khan et al.74-80 have reported a series of studies on AlGaN-based UV LEDs with 

emissions from 340 nm to 250 nm.  They deposited a AlN/Al0.85Ga0.15N superlattice on 

the AlN/sapphire substrates for strain-relief at the outset of the growth of the LEDs that 

exhibited a 325 nm-emission.81  Three Al0.14Ga0.86N(3nm)/ Al0.19Ga0.81N(8nm) QWs and 

a 15nm-thick Mg-doped p-Al0.42Ga0.58N electron blocking layer were subsequently 

deposited.  The output power was 1 mW and 10.2 mW at pulsed injection currents of 100 

mA and 1 A, respectively.  Four Al0.44Ga0.56N(3.5nm)/Al0.50Ga0.50N(6.5nm) QWs and 

20nm Mg-doped p- Al0.53Ga0.47N electron blocking layers were used in the LEDs that 

emitted at 287 nm.82 

 

1.4 Outline of Dissertation 
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Chapter 2 contains a comparison of the microstructure and the chemistry of the 

GaN films grown using TEG and TMG on AlN/SiC(0001) substrates.  Optimum growth 

temperatures wherein smooth surfaces were obtained using both precursors were 

determined.  The growth rate, surface microstructure and concentrations of impurities of 

the GaN films grown using both precursors were determined using various analysis 

techniques.    

Chapter 3 describes the growth and n-type doping of high Al content AlxGa1-xN 

(x≤0.61) and AlN films on Si- and C-terminated SiC(0001) substrates.  The electron 

affinity and the work function were also measured and evaluated for electron emission 

applications. 

Chapter 4 details the growth, fabrication and characterization of AlGaN-based 

UV LEDs on 6H-SiC(0001) substrates.  It covers the growth and doping of AlxGa1-xN 

films, the development of optimum quantum well compositions and structures, the 

development of ohmic contacts on p-GaN and n-SiC, and the fabrication and electrical, 

and optical characterization of UV LEDs. 

Chapter 5 describes the effect of electron blocking layers on the emission 

characteristics of AlGaN-based UV LEDs, which were fabricated using the results of 

Chapter 4.  The optical characteristics of the LEDs with and without p-type and n-type 

AlGaN carrier blocking layers at the top and the bottom of QWs, respectively, were 

studied. 

 

1.5 Summary 

 20 



AlxGa1-xN alloys (0 ≤ x ≤ 1) possess direct bandgaps, the energies of which span a 

range from 3.4 eV (GaN), to 6.2 eV (AlN) corresponding to the range of UV wavelengths 

from 200 to 360 nm.  A strong gas-phase pre-reaction occurs between TMA and NH3; 

thus, optimization of the growth parameters, especially pressure, is very important to 

achieve AlxGa1-xN films with a high Al content.  The difficulty in achieving n-type 

doping of high Al content AlxGa1-xN films is due to an increase in the donor activation 

energy with an increase in the value of x and to compensation of the Si donor by 

acceptor-type defects such as oxygen, carbon and cation vacancies.  Indium-silicon co-

doping and heavy doping of Si over 5 x 1019 cm-3 have been proposed to achieve n-type 

doping in AlxGa1-xN films having a value of x>0.5.  P-type doing is also very difficult to 

achieve in these AlxGa1-xN films, since the Mg activation energy increases with an 

increase in the Al content.  Mg-δ-doping and Mg-doped AlxGa1-xN/GaN superlattices 

have been proposed to achieve p-type doping of AlxGa1-xN. 

 High brightness yellow, green, and blue LEDs have been achieved with the use of 

InGaN active layers.  The values of the power and the efficiency of AlGaN-based UV 

LEDs are much lower than those measured in InGaN-based visible LEDs, since the AlN-

GaN system does not undergo phase separation in the manner of the InN-GaN system and 

which makes the nano-precipitate sources in the latter much less sensitive to 

recombination at the states produced in the band gap of the matrix material by the very 

high density of dislocations.  Low dislocation density substrates and quaternary 

InxAlyGa1-x-yN active layers have been proposed for high-power UV LEDs.  AlxGa1-

xN/GaN(or AlN) superlattices have been effectively used for p-type doping and stress 

relief. 
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Table 1.1 Lattice parameters and interplanar distances of the III-Nitride compounds and 

the substrates of α-Al2O3 and 6H-SiC used for the growth of LED material structures.  All 

hexagonal forms of SiC and the solid solutions in the AlGaN system belong to the space 

group P63mc (186).  The coefficients of linear thermal expansion of the nitrides vary with 

temperature in a nonlinear fashion.2 

 

Crystalline properties GaN AlN InN α-Al2O3 6H-SiC 

a 3.186 3.1114 3.5446 4.758 3.081 Lattice parameters (Å) 
at room temperature 

c 5.178 4.9792 5.7034 12.991 15.092 

a 5.59 4.2 5.7 7.5 4.2 Coefficients of thermal 
expansion  (x 10-6 C-1) 

c 3.17 5.3 3.7 8.5 4.68 

Basal 2.59 2.49 2.85 2.165 2.516 

(1-100) 2.760 2.695 3.070 1.374 2.669 

Interplanar distances (Å) 
at room temperature 

(11-20) 1.593 1.556 1.772 2.379 1.541 
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Figure 1.1 Ionization energy of the Si donor in Al xGa1-xN as a function of the Al content, 

x.21 
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Figure 1.2 Activation energy of Mg acceptors in Mg-doped, p-type Al xGa1-xN as a 

function of the Al content, x.  The inset shows the measured temperature dependence of 

the hole concentration in the p-type Al 0.27Ga0.73N sample from which an activation 

energy of 0.310 eV was obtained.34   
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Figure 1.3 Calculations of the spatially averaged hole concentration (at 300 K) for a Mg-

doped AlGaN/GaN superlattice as a function of the superlattice dimension L.  The 

calculations (a) ignore the polarization fields, (b) include them, and (c) include both 

polarization fields and quantization effects.  The hole concentration calculated for a bulk 

AlGaN film is indicated by the arrow.36 
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Figure 1.4 Schematic of a representative p-GaN/n-InGaN/n-GaN double heterostructure 

developed for blue LEDs by Nakamura et al.51  
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Figure 1.5 Schematic of the material structure used to fabricate green, single QW LEDs.55 
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Figure 1.6 Electroluminescence of (a) blue, (b) green, and (c) yellow single QW LEDs at 

a forward current of 20 mA.55 
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Figure 1.7 The relative output power of blue InGaN single QW LEDs grown on ELOG 

GaN with a lower dislocation density and on sapphire substrates as a function of the 

forward current.  Note that the LEDs on sapphire substrates show almost the same output 

power as the LEDs on the ELOG GaN despite the much higher dislocation density of the 

latter material.61 
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Figure 1.8 The relationship between the intensity of the photoluminescence peak and the 

threading dislocation density in GaN/Al0.08Ga0.82N multi-QWs grown on Al0.22Ga0.78N 

films.62 
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Figure 1.9 Comparison of the output power at 340 nm from LEDs grown on free-standing 

GaN substrates (triangles) and on sapphire (squares) in pulsed injection mode.68  
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Figure 1.10 Schematic drawing of the LED structure grown by Nishida et al.73 containing 

n- and p-type short period alloy superlattices (SPASL) below and above the multi-

quantum wells.  The SPASLs were used as transparent conductive layers. 
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Abstract 

The metalorganic chemical vapor deposition of GaN(0001) films using triethylgallium 

(TEG) and trimethylgallium (TMG) precursors on AlN/6H-SiC(0001) substrates has been 

conducted using various sets of two temperatures, and the microstructural and chemical 

differences in the films determined.   Growth of films at 980°C and 1020°C using TEG 

and TMG, respectively, resulted in the formation of separate elongated islands. Growth at 

the optimum temperatures (for our system) of 1020°C and 1050°C using these two 

respective precursors resulted in smooth surface microstructures.  Analogous depositions 

at 1050°C and 1080°C resulted in the formation of hillocks over most of the surfaces.  In 

the GaN films grown using TEG at 1020°C the concentrations of carbon (3x1017cm-3) 

and hydrogen (1x1018cm-3) were ~10 times and ~2 times lower than in the films 

deposited using TMG at 1050°C.  The concentrations of oxygen and silicon were 

1x1017cm-3 in the films grown using either precursor. Atomic force microscopy of the 

films grown using TEG and TMG at 1020°C and 1050°C, respectively, revealed a similar 

surface roughness with rms values of ~1.8nm within 50µm x 50µm scans.  The full width 

at half maxima determined from omega scans of the GaN(0002) peak were ~250 arcsec 

for films grown using  both precursors.   
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2.1 Introduction 

Triethylgallium (TEG) and trimethylgallium (TMG) are the Ga-containing 

precursors of choice for the growth of GaN films.  Three different deep levels in the 

bandgap have been determined in GaN grown using TMG (TMG GaN); however, only 

one of these levels has been detected in GaN grown using TEG (TEG GaN).1-2  Ishibashi 

et al.3 reported that carbon from TMG that resides on the nitrogen sites in GaN is 

responsible for an acceptor level and carbon from TEG that resides on interstitial sites 

forms deep levels because of the C-C bonding in the ethyl radicals.  Saxler et al.4 showed 

that TEG GaN had superior electrical and optical properties and a lower concentration of 

carbon compared to TMG GaN.  Song et al.5 reported that TEG GaN is superior in terms 

of structural and electrical properties; however, TMG GaN is better in terms of 

morphological and optical properties.  In each of these studies the GaN films were grown 

under the same conditions (in a given study) rather than the optimum conditions for each 

Ga precursor.  As such, the concentrations of the incorporated impurities and the surface 

microstructures of the films may be different in the use of a given precursor than would 

be determined for films grown with this precursor under optimum conditions. 

In this study, GaN films were grown on AlN/SiC(0001) substrates using TEG and 

TMG at the optimum temperatures (in our reactor) for each precursor, and the properties 

of the films compared.          

 

2.2 Experimental Procedures 

100nm thick AlN buffer layers and 1µm thick GaN layers were sequentially 

deposited on on-axis 6H-SiC(0001) substrates in a cold-walled, vertical, pancake-style 
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metal-organic vapor phase epitaxy reactor.  The reactants (chemical symbol and flow 

rates) were trimethylaluminum ((CH3)3Al; 5.4µmol/min), TMG ((CH3)3Ga), TEG 

((C2H5)3Ga) and ammonia (NH3; 0.14mol/min); hydrogen served as both the carrier and 

the diluent.  The flow rates of both Ga precursors were varied from 26-to-101 µmol/min; 

the flow rate of NH3 was held constant.  The reactor pressure was fixed at 20Torr. The 

growth temperatures of the AlN and the GaN layers were 1100°C and 980-1080°C, 

respectively.  Secondary ion mass spectroscopy (SIMS) was performed to measure the 

concentrations of carbon, oxygen, hydrogen and silicon in the GaN films.  The surface 

roughness and the full width at half maximum (FWHM) of the GaN(0002) peak were 

measured using atomic force microscopy (AFM) and x-ray diffraction analysis, 

respectively. 

 

2.3 Results and Discussion 

Figure 2.1 shows three different characteristics in surface microstructure of TEG 

GaN and TMG GaN films as a function of growth temperature.  Elongated, three-

dimensional islands, possibly formed from the coalescence of a very few individual 

islands, were observed after deposition at 980°C and 1020°C using TEG and TMG, 

respectively, as shown in Figure 2.1 (a).  Figure 2.1 (b) reveals that increasing the growth 

temperatures to the optimum values (for our reactor geometry and growth conditions) of 

1020°C and 1050°C resulted in complete films with smooth surfaces.  These results are 

due to a significant increase in the lateral growth rate from the sidewalls of the islands 

and subsequent coalescence of these features.6  Growth at 1050°C and 1080°C using 

TEG and TMG, respectively, caused the formation of hillocks over most of the surfaces.  
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In summary, the surface microstructures of the films deposited using TEG GaN and TMG 

GaN are essentially the same, if the deposition temperatures employed with the latter 

precursor are 30°C-40°C higher those than used with the former precursor.  All films 

discussed in the following paragraphs were grown at the optimum temperature for the 

precursor employed.   

The effect of varying the V/III ratio on the deposition time necessary to achieve a 

1 µm thick GaN film for both precursors is shown in Figure 2.2.  The quasi-linear 

relationships indicate that the growth rates are controlled by the flux of the Ga species to 

the surfaces of the growing films.   Growth using TEG requires about a 1.6 times longer 

period than TMG to achieve a 1µm thick film at the optimum temperatures.  To compare 

TEG GaN and TMG GaN directly, GaN films were deposited at the optimum growth 

temperature of each precursor using the V/III ratios of 1323 for TEG GaN and 2045 for 

TMG GaN.  These values were chosen because TEG GaN and TMG GaN show almost 

the same growth rate at the respective ratios.  All films discussed in the following 

paragraphs were grown using these respective V/III ratios.    

Figure 2.3 shows the SIMS depth profiles of silicon, oxygen, carbon and 

hydrogen in the GaN films.   Silicon9 and oxygen10 have been shown to be shallow 

donors in GaN.  The silicon concentrations in both GaN films, were approximately the 

same value of 1x 1017cm-3.  Ishibashi et al.3 reported that TEG GaN has a seven times 

higher silicon concentration than TMG GaN.  This indicates that the silicon originates 

from the metalorganic sources.  However, our results show that high-purity TEG and 

TMG are not major sources of silicon and that the contributions by these precursors, if 

any, are approximately the same at the optimum growth temperatures and V/III ratios for 
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our system.  It has been suggested that the SiC susceptor may be a significant source of 

background silicon during GaN growth, since heating this susceptor in the more corrosive 

NH3/H2 mixture may produce a silicon background concentration larger than produced in 

pure H2.11     

The oxygen concentrations were also approximately 1x1017cm-3 in in both TEG 

GaN films and TMG GaN films.  Saxler et al.4 reported that the oxygen concentration is 

seven times higher in TMG GaN films than in TEG GaN films.  However, our results 

again show no significant difference in oxygen concentrations in these films.   

The concentrations of C in the TEG GaN and the TMG GaN films are ~3x1017cm-

3 and ~2x1018cm-3, respectively.  Several groups3-5 have compared TEG and TMG for 

GaN growth.  Two groups4-5 observed less carbon in their films when TEG was used; 

however, Ishibashi et al.3 observed more carbon when TEG was used relative to that 

measured after the use of TMG.  Carbon most likely incorporates on the N lattice7 and 

has been investigated8 as an acceptor in GaN.   

Metal-alkyl metalorganic compounds decompose by either ß-hydride elimination 

or homolysis.12  ß-hydride elimination forms alkene and hydride ligands as reaction 

products, e.g., C2H4 and GaH(C2H5)2, respectively, in TEG.  This process occurs from 

adsorbed molecules on the surface at temperatures below those used in this research.  

This process would also likely result in an increase in the hydrogen concentration in the 

GaN films, which was not observed.  Thus, the expected reaction pathway for GaN 

growth using TEG is both ß-hydride elimination and homolysis which occurs via 

cleavage of carbon-metal bonds in the gas phase to generate free, relatively stable ethyl 

(C2H5) radicals.13  Pyrolysis of TMG involves breaking the Ga-C bond resulting in the 
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loss of a methyl radical (CH3), which is very reactive. It is also possible that GaC is 

produced on the surface of the growing films in tandem with hydrogen incorporation into 

the films, as discussed for the growth of GaAs by Kuech.14  However, the temperatures 

used for growth of GaN from TMG in this research were significantly higher than those 

used for the growth of GaAs films.   Carbon incorporation on into GaN films is also 

dependent on the growth conditions.  The C concentration is lower in TEG GaN films 

grown at lower temperatures, lower pressures and lower NH3 flow rates; these conditions 

do not favor high rates of H2 dissociation on the GaN surface.15 Thus, the use of 

relatively low growth pressures, e.g., 20 Torr, may contribute to lowered carbon 

concentration in TEG GaN films than in TMG GaN films.      

The hydrogen concentration in the TEG GaN films (2x1018cm-3) was 

approximately half that measured in the TMG GaN (1x1018cm-3) films.  Koleske et al.11 

have determined that the hydrogen concentration in GaN films is independent of growth 

conditions when the same precursors are used for all depositions.  As the carbon 

concentration in our TEG GaN films is lower than in our TMG GaN films, the higher 

hydrogen concentration measured in the latter may result from the incorporation of 

hydrogen bonded with carbon and derived from the Ga precursors.    

 Figure 2.4 shows the values of both the FWHM of the GaN(0002) peaks and the 

rms roughness of the surfaces of the films grown using TEG and TMG.  The values of the 

former were both ~250 arcsesc.  The values of the latter were ~1.8 nm within 50 µm x 50 

µm scans for films grown using both precursors.      

 

2.4 Conclusions 
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  The surface microstructures of GaN(0001) films deposited using TEG and TMG 

are essentially the same, if the deposition temperatures employed with the latter precursor 

are 30°C-40°C higher than used with the former precursor.  In the TEG GaN films grown 

at 1020°C the concentrations of carbon and hydrogen were ~10 times and ~2 times lower 

than in the TMG GaN grown at 1050°C, while the concentrations of oxygen and silicon 

were similar in the films grown using either precursor.  Both GaN films grown at 1020°C 

using TEG and at 1050°C using TMG, respectively, showed similar value for rms surface 

roughness and FWHM of the GaN(0002) peak.   
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Figure 2.1 Optical micrographs obtained using Nomarski interference filter and showing 

the effect of growth temperature on the surface microstructure of 1µm GaN films 

deposited using TEG at (a) 980°C, (b) 1020°C and (c) 1050°C.  Similar surface 

microstructures were obtained using TMG at 1020°C, 1050°C, and 1080°C, respectively. 
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Figure 2.2 Time necessary to grow 1µm thick GaN films at 1020°C using TEG and at 

1050°C using TMG as a function of V/III ratio. 
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Figure 2.3 SIMS depth profiles of carbon, oxygen, hydrogen and silicon in (a) TEG GaN 

grown at 1020°C (V/III=1323) and (b) TMG GaN grown at 1050°C (V/III=2045). 
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Figure 2.4 FWHM of GaN(0002) peak and RMS roughness in 50µm x 50µm scans of 

TEG GaN grown at 1020°C (V/III=1323) and TMG GaN grown at 1050°C (V/III=2045).  

Number of measurements is 10; the error bars show standard deviation. 
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Abstract 

 AlxGa1-xN films (x<0≤1) have been grown on Si- and C-terminated 6H-

SiC{0001} substrates and characterized for electron emission applications.  The large 

range in the values of x was achieved by changing the fraction of Al in the gas phase 

from 0.0 to 0.45.  The ionized donor concentration in the n-type, Si-doped AlxGa1-xN 

films decreased as the mole fraction of Al was increased due to the reduction in the donor 

energy level and compensation.  The upper limit of the mole fraction of Al wherein n-

type doping could be achieved was ~0.61 using the SiH4 flow rate which yields a Si 

concentration of ~1 x 1019 cm-3 in GaN.  The electron affinity of the Si-doped 

Al0.61Ga0.39N films was as low as 0.1 eV.  Increasing the Si doping concentration in AlN 

films to as high as 1 x 1021cm-3 caused slight but increasing degradation in crystal 

perfection.  No difference was found in the Al core level binding energies between 

heavily undoped and Si-doped AlN films.  Both XPS and UPS showed that the work 

function of N-terminated AlN films was 0.6eV lower than that of Al-terminated films.   
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3.1 Introduction 

 Interest in electron field emitters produced using wide-band gap semiconductors 

such as AlxGa1-xN has been increasing, because the electron affinity of these materials is 

expected to be very small or even negative.1-2  AlxGa1-xN solid solutions possess values 

of the electron affinity that are directly proportional to the mole fraction of Al.3  Different 

compositions of these alloys have been reported4 to be appropriate for either anode or 

cathode components of a thermionic energy converter. 

 Donor-type AlxGa1-xN thin films wherein x ≤ 0.5 has been achieved via Si doping 

during growth using either metalorganic vapor phase epitaxy5 or molecular beam 

epitaxy.6   By contrast, in AlxGa1-xN solid solutions for which x>0.5, the electron 

concentration decreases sharply and the resistivity increases by five orders of magnitude, 

with increasing values of x.7-8 

 The III-nitrides occur primarily in the wurzite crystal structure.  As such, 

spontaneous polarization along <0001> is an inherent characteristic of the III-nitride 

compounds and the solid solutions composed of these compounds.  Moreover, the 

gradient in the polarization induces bound surface charges which create strong internal 

electric fields, which, in turn, modify the energy bands at the surface.9  As a result, metal-

terminated materials, e.g., the AlxGa1-xN solid solutions, exhibit higher surface electron 

affinities than the N-terminated compositions as a result of  surface band bending.10  

Fortunately, Ga(Al)- and N-terminated films can be grown using Si- and C-terminated 

SiC substrates, respectively.11-12 

 In this research, Si-doped AlxGa1-xN films (0 < x ≤ 1) were grown on Si- and C-

terminated SiC substrates.  The upper limit of the mole fraction of Al for n-type doping 
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as well as the electron affinity and the work function of particular compositions were 

determined as indicators of the efficacy of these compositions for electron emission 

applications. 

 

3.2 Experimental Procedures 

All the AlxGa1-xN films used in this research were grown by metalorganic vapor 

phase epitaxy using a cold-walled, vertical, pancake-style system that was evacuated to 

10-6 Torr prior to growth.  The on-axis, n-type 6H-SiC(0001) substrates were etched in an 

HF:H2O (1:10) solution for 10 min at room temperature, rinsed in de-ionized water and 

blown dry with nitrogen prior to loading into the growth reactor. Trimethylaluminum 

(TMA), triethylgallium (TEG), and ammonia were used as the precursors; hydrogen 

served as both the carrier and the diluent gas.  The reactor pressure was fixed at 20 Torr 

for the growth of all films.  The temperature of the SiC-coated graphite susceptor was 

measured using a single wavelength optical pyrometer.  

 56 

Each undoped and Si-doped 100nm-thick AlxGa1-xN (0 < x ≤ 0.61) layer was 

grown on a 100nm-thick Si-doped Al0.15Ga0.85N buffer layer (ND–NA = 5 x 1018 cm-3), 

which was optimized for growth directly on the SiC substrates.13  The growth 

temperature of the Al0.15Ga0.85N buffer layer and the AlxGa1-xN layers was fixed at 

1020°C.  The flow rates of the TEG and the TMA were varied to change the mole 

fractions of Al and Ga in the films.  For growth of AlxGa1-xN layers with 0< x ≤ 0.5, the 

sum of the molar flow rates of TEG and TMA was fixed at 31.3 µmol/min, and the flow 

rates of these precursors were varied from 31.3 to 20.3 µmol/min and from 0 to 11.0 

µmol/min, respectively.  The last value was the maximum molar flow rate of TMA that 



could be measured using the flow meter on our system.  Thus, to achieve the growth of 

AlxGa1-xN films with 0.5< x ≤ 0.61, the total flow rate from both metalorganic sources 

was fixed at 24.1 µmol/min and the molar flow rates of TEG and TMA were changed 

independently to achieve the desired composition of each film.  The NH3 flow rate was 

fixed at 3 slm.  Silicon doping was achieved using a mixture of 5 ppm SiH4 balanced in 

H2. 

The 100nm-thick AlN films were grown directly on the SiC(0001) substrates at 

1100°C using the molar flow rate of TMA of 5.4 µmol/min.  Heavy doping of these films 

with Si was achieved using 1000 ppm SiH4 balanced in H2.  Al- and N-terminated AlN 

films were grown on Si- and C-terminated SiC substrates, respectively.  

The crystal perfection of the Si-doped AlN films was evaluated from rocking 

curves acquired using x-ray diffraction (Phillips X’Pert MRD).  The ionized donor 

concentration (ND–NA) of the AlxGa1-xN films was determined using capacitance-voltage 

(C-V) measurements (MDC Model CSM/2-VF6) in tandem with a mercury probe.  The 

Al mole fraction, x, of the various compositions of the AlxGa1-xN layers was calculated 

using Eq. (1).  The values of the bandgap energies, Eg, of the solid solutions of concern 

were determined from the wavelengths of the respective peaks of the bandedge emission 

acquired via cathodoluminescence (CL) studies conducted at room temperature using a 

Kimball Physics EMG-14 electron gun as an excitation source.  The bowing parameter, b, 

was assumed to be zero. 

Eg(AlxGa1-xN) = x · Eg(AlN) + (1–x) · Eg(GaN) – b · x · (1–x)       (1) 

The Si concentration of the AlN films was analyzed using secondary ion mass 

spectrometry (SIMS, Cameca ims-6f).  The reference sample was fabricated for the SIMS 
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study via ion implantation of Si+ at an energy of 90 keV and a fluence of 8 x 1014 cm-2 

into a 300nm-thick AlN film grown on a SiC substrate. X-ray photoelectron spectroscopy 

(XPS) and ultraviolet photoelectron spectroscopy (UPS) measurements were conducted 

by Tang to measure the binding energy, the electron affinity, and the work function of the 

AlxGa1-xN and AlN films. 

  
3.3 Results and Discussion 

3.3.1. AlxGa1-xN films (0 < x ≤ 0.61) 

Figure 3.1(a) shows the CL spectrum acquired at room temperature from an 

undoped Al0.41Ga0.59N film.  The bandedge emission peak is located at 273 nm.  Figure 

3.1(b) shows the relationship between the Al mole fraction of the AlxGa1-xN films and the 

fraction of Al in the growth ambient.  It was determined that a maximum in the mole 

fraction of Al of 61% could be achieved by increasing the Al fraction in the growth 

ambient to 45%. 

The efficiency of n-type doping of the AlxGa1-xN films using a constant flow rate 

of SiH4 was determined as a function of the Al mole fraction from measurements of the 

ionized donor concentration, ND–NA.  The results of this study are shown in Fig. 3.2.  The 

(0001) surface of GaN begins to roughen when the volume concentration of Si exceeds 1 

x 1019 cm-3.  Thus, the molar flow rate of SiH4 was kept constant at 1.43 nmol/min; this 

procedure resulted in a Si concentration of approximately 1 x 1019 cm-3 in GaN.  The 

value of ND–NA decreased with increasing mole fraction of Al in AlxGa1-xN; at ~0.60 

mole fraction of Al a value of this electrical parameter could not be determined, as it was 

below the detection limit (~1 x 1017 cm-3) of our C-V equipment, as shown in Fig. 3.2.  
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This inverse functional relationship between ND–NA and the mole fraction of Al in the 

solid solution has been reported by several research groups.7-8  The principal reason for 

this relationship is the increase in the donor ionization energy with an increase in the Al 

mole fraction in the films.  And this increase becomes more significant as the Al mole 

fraction exceeds ~50%.7-8   In addition, as the Al mole fraction increases, the Si donors 

are compensated by acceptor-type defects such as oxygen in alloys having a mole 

fraction of Al in excess of 30%,15 carbon,16 and cation vacancies.17  Thus, the efficiency 

of donor doping by Si decreases as the mole fraction of Al increases.  The results shown 

in Fig. 3.2 make obvious the fact that if measurable donor doping is to be achieved in 

AlxGa1-xN alloys having an Al mole fraction ≥0.60, the flow rate of SiH4 must be 

increased above 1.34 nmol/min. 

To confirm that our AlxGa1-xN films were n-type, CL measurements were 

performed at room temperature.  Figure 3.3 (a) shows the CL spectra of Si-doped and 

undoped Al0.41Ga0.59N films.  The peak of bandedge emission from the undoped film 

occurred at 273 nm; however, the analogous peak for the Si-doped sample occurred at the 

slightly higher wavelength at 281 nm, and the intensity of latter peak was much stronger 

than that of the former.  The reason for the red shift in the wavelength of the doped 

sample can be understood by consideration of the information presented in Figure 3.3 (b), 

which is a schematic of the band diagram of energy versus momentum of the electrons.  

In the case of the Si-doped Al0.41Ga0.59N sample, there is band-tailing at the lowest part of 

the conduction band due to a high concentration of donor states.  Thus, the effective 

bandgap energy in this alloy is slightly smaller than that of the undoped sample. This 
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leads to a bandedge emission peak at a slightly longer wavelength, and to luminescence 

that is much stronger due to the increased number of electrons.   

 UPS measurements were conducted to determine the electron affinity of a Si-

doped Al0.61Ga0.39N film.  UPS allows one to characterize the electronic structure of the 

valence band in materials having a bandgap.  For semiconductors, finding the high-

energy turn-on (valence band maximum) and the low-energy cut-off (vacuum level) are 

important for determining the electron affinity of the material.  This is illustrated in Fig. 

3.4(a).  The semiconductor electron affinity (χs) and work function (Φs) can be expressed 

as  

χs = hν – Eg – W   (2) 

Φs = hν – Eg – (EF – Ev)  (3) 

where hν is the energy of the incident photons, Eg is the semiconductor bandgap energy, 

W is the width of the UPS spectrum, EF is the Fermi level, and Ev is the valence band 

maximum.  Figure 3.4(b) shows the UPS spectrum of a Si-doped Al0.61Ga0.49N film.  The 

value of hν is 21.2eV, which is the energy of the UV light from the He discharge.  The 

value of Eg, calculated from the bandedge emission peak of the room temperature CL 

spectrum, is 5.1 eV.  The value of W, the width of UPS spectrum, is 16.0 eV, as shown in 

Fig. 3.4(b).  From the foregoing values, the electron affinity of the Al0.61Ga0.39N film was 

calculated from Eq. (2).to be 0.1 eV  

 

3.3.2. AlN films 

 It has been reported18-20 that heavily Si-doped AlN films show improved electron 

emission characteristics in spite of their high resistivity.  To prove or deny these claims 
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for our material, heavily Si-doped AlN films were grown, and the effect of this doping on 

electron affinity was studied.  Figure 3.5(a) shows the quasi-Gaussian SIMS depth profile 

of the AlN reference sample containing the Si implant that was used to determine the Si 

concentration in the AlN films grown in this research.  Figure 3.5(b) shows the Si depth 

profiles determined in the AlN films doped using 5 ppm and 1000 ppm SiH4.  Using the 

same flow rate of SiH4, the Si concentrations achieved in the AlN films doped with these 

two fractions of SiH4 were 4.5 x 1018 cm-3 and 1.0 x 1021 cm-3, respectively.  The atomic 

density of AlN has been reported21 to be 4.8 x 1022 cm-3; thus, the Si concentration of 1.0 

x 1021 cm-3 corresponds to the mole fraction of 2 %. 

 SIMS depth profiles of Si in the AlN films grown on Si- and C-terminated SiC 

substrates and doped using 1000 ppm SiH4 are shown in Fig. 3.5(c).  Both AlN films 

have almost the same Si concentration of ~1 x 1021 cm-3 irrespective of their polarity. 

 The values of the FWHM of the AlN(0002) peak in the undoped and Si-doped 

films are given in Table 3.1.  The FWHM of the undoped AlN film was 133 arcsec.  By 

comparison, the FWHM in the (0002) peak acquired from the AlN films doped with 8 x 

1019 cm-3 and 1 x 1021 cm-3 Si were 268 and 246 arcsec, indicating that the crystal 

perfection of the AlN films was degraded by heavy doping with Si. 

 The foregoing positive results provided impetus for complementary XPS and UPS 

experiments to measure the binding energy, electron affinity and work function of both 

the undoped and the Si-doped AlN films on the Si- and C-terminated SiC(0001) 

substrates.  Figure 3.6(a) shows the XPS spectra of the Si doped (1 x 1021 cm-3) Al and 

the N-terminated AlN films grown on the Si- and the C-terminated SiC substrates, 

respectively.  The Al 2p core level binding energy of the N-terminated AlN film was 0.6 
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eV higher than that of the Al terminated film, indicating that the work function of the 

former is lower than that of the latter.  Figure 3.6(b) is a schematic showing the relation 

between binding energy and work function.  Since a value of zero for the binding energy 

is, by definition, the Fermi level,22 the difference between binding energies leads to the 

difference between work functions.  The XPS spectra of the undoped and the heavily Si-

doped AlN films are shown in Fig. 3.7.  The Al 2p core level binding energy was similar 

for the undoped and the Si-doped AlN films, indicating that the effect of heavy Si-doping 

doping on lowering the work function is negligible.    

 Figures 3.8(a) and (b) show the UPS spectra of Si doped (1 x 1021 cm-3) Al- and 

N-terminated AlN films on Si- and C-terminated SiC(0001) substrates, respectively.  The 

electron affinity of the Al-terminated AlN was calculated using Eq. (2).   From Fig. 

4.8(a), W is 15.0 eV (= 18.7eV – 3.7 eV), hν is 21.2 eV, and Eg = 6.2 eV for AlN; thus, χs 

is calculated to be 0 eV (= 21.2 eV – 15.0 eV – 6.2 eV) according to Eq.(2).  The work 

function of the AlN films can also be calculated using this spectrum.  Since the energy 

difference between the Fermi level, measured using a Au film on Si and confirmed using 

a Au film on AlN in the UPS spectra,14 and the valence band maximum is 3.2 eV (= 21.9 

eV – 18.7 eV), the work function of the AlN film is calculated to be 3.0 eV (= 21.2 eV – 

15.0 eV – 3.2 eV) according to Eq.(3).  In the case of the N-terminated AlN film, W is 

also 15.0 eV; thus, its electron affinity is also calculated to be 0 eV.  The energy 

difference between the Fermi level and the valence band maximum is 3.7 eV (= 21.9 eV 

– 18.2 eV); thus, the work function is 2.5 eV (= 21.2 eV – 15.0 eV – 3.7 eV).  In 

summary, the electron affinities of the Al- and the N-terminated AlN films were both 
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zero; however, the work function of the N-terminated AlN film was 0.5 eV lower than 

that of the Al-terminated AlN film, which is consistent with the XPS results. 

 

3.4 Summary 

 Undoped and donor doped AlxGa1-xN films having values of x ≤ 0.61 were grown 

by changing the fraction of Al in the gas phase from 0.0 to 0.45.  The ionized donor 

concentration in the n-type, Si-doped AlxGa1-xN films decreased as the mole fraction of 

Al was increased due to the reduction in the donor energy level and compensation.  Using 

a SiH4 flow rate of 1.43 x 10-3 µmol/min yielded a Si concentration of about 1 x 1019 cm-3 

in GaN films.  The maximum mole fraction of Al in the donor doped AlxGa1-xN films for 

which a value of ND – NA could be measured was ~0.61.  The electron affinity of a Si-

doped Al0.61Ga0.39N films was determined to be as low as 0.1 eV.  Heavy doping of the 

AlN films with Si concentrations as high as 1 x 1021 cm-3 caused some degradation in the 

crystal perfection.  UPS and XPS studies revealed no difference in the Al core level 

binding energies between undoped and heavily Si-doped AlN films.  These studies also 

showed that the electron affinity was zero in both films and the work function of the N-

terminated AlN films was 0.6eV lower that of the Al-terminated films.   
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Table 3.1 FWHM values of the (0002) peak acquired from undoped and Si-doped AlN 

films. The number of measurements acquired from each film was 10. 

FWHM 
(arcsec) 

Undoped 
AlN 

Si-doped AlN 
(8E19 cm-3) 

Si-doped AlN 
(1E21 cm-3) 

Average 133 268 246 
Std. dev. 23 32 67 
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Figure 3.1 (a) Room temperature CL spectra of undoped Al0.41Ga0.59N film and (b) Al 

mole fraction in AlxGa1-xN films as a function of Al source fraction in the growth 

ambient. 

 67 



 

 

 

 

 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6

1017

1018

1019

  

Measurement limit

SiH4 = 1.43 nmol/min

Io
ni

ze
d 

do
no

r c
on

ce
nt

ra
tio

n 
(c

m
-3

)  

Al mole fraction in AlxGa1-xN films (x)

 

 

 

 

 

 

 

 

Figure 3.2 Ionized donor concentration, ND-NA, as a function of Al mole fraction in 

AlxGa1-xN films.  The SiH4 flow rate was held constant at 14.3 nmol/min.  
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Figure 3.3 (a) Room temperature CL spectra of undoped and Si-doped Al0.41Ga0.59N films 

and (b) schematic showing conduction and valence bands and their respective bandgap 

energies as a function of momentum of the electrons. 
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Figure 3.4 (a) Illustration of the use of various critical energies to determine the electron 

affinity of a semiconductor from UPS spectra and (b) the UPS spectrum of our Si-doped 

Al0.61Ga0.39N film.   
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Figure 3.5 SIMS depth profiles of Si in (a) the reference AlN sample implanted with Si+ 

using an energy of 90 keV and a fluence of 8 x 1014 cm-2, (b) the AlN samples doped with 

5 ppm and 1000 ppm SiH4 contained in H2, and (c) the AlN samples doped with 1000 

ppm SiH4 and grown on Si- and C-terminated SiC substrates. 
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Figure 3.6 (a) XPS spectra of the Al 2p core level binding energy acquired from Si-doped 

(1 x 1021 cm-3) AlN films on Si- and C-terminated SiC{0001} substrates, (b) schematic of 

the energy bands of Al- and N-terminated AlN showing the relation between the Al core 

level binding energy and the work function.  
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         Figure 3.7 XPS spectra of undoped and Si-doped (1 x 1021 cm-3) AlN films. 
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Figure 3.8 UPS spectra acquired from Si-doped (1 x 1021 cm-3) AlN films on (a) Si-

terminated and (b) C-terminated SiC{0001} substrates.  
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Abstract 

Growth, fabrication and the electrical and optical characterization of ultraviolet light 

emitting diodes and their components, including AlxGa1-xN films with different values of 

x and ohmic contacts on p-GaN films and the n-SiC(0001) substrates, and the process 

integration of these components have been investigated.  The Al mole fraction within the 

AlxGa1-xN thin films was increased to a maximum value of 0.10 by changing the fraction 

of Al source in the growth ambient to 5%.  The emission intensity of the diodes increased 

with an increase in the number of Al0.06Ga0.94N/Al0.10Ga0.90N quantum wells.  An increase 

in the luminescence intensity of the devices was also achieved with the use of Si-doped, 

rather than undoped, n-type barrier layers.  Ni/Au ohmic contacts with a specific contact 

resistivity of 2.2 x 10-4 Ω·cm2 were achieved on annealed, Mg-doped (5 x 1019 cm-3), p-

type GaN layers that had been cleaned in HCl at 85°C.  Ni/Au ohmic contacts with a 

resistivity of 2.0 x 10-2 Ω·cm2 was also formed on the backside of the SiC substrates after 

annealing in nitrogen.  The current at 2.5V in the LEDs was 100 µA; the total series 

resistance was 18.4 Ω.  The peak of the primary wavelength was constant at 353 nm up to 

an injection current density of 0.3 kA/cm2. Stable luminescence was achieved to 1.4 

kA/cm2; only a +3 nm shift of the wavelength was observed at this current density due to 

the high thermal conductivity of the SiC substrates. 
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4.1 Introduction 

 Compact and efficient ultraviolet (UV) light emitting diodes (LEDs) with high 

output power are of considerable interest for several diverse and commercially important 

applications including solid-state white lighting, high-capacity data storage systems and 

the detection and destruction of harmful pathogens.  LEDs fabricated from thin film 

heterostructures containing the binary compounds and the solid solutions in the GaN-AlN 

system are the candidates of choice for UV light sources for the aforementioned 

applications, because these materials possess direct bandgaps that range in energies 

(wavelengths) from 3.4 (360 nm in GaN) to 6.2 eV (200 nm in AlN).  However, the light 

output power of AlGaN-based UV LEDs has been reported1-4 to be much smaller that that 

obtained from InGaN-based visible LEDs.   

 The high density of threading dislocations present in III-nitride-based films grown 

on foreign substrates act as non-radiative recombination centers5 and have proven to have 

a significant impact on the output power of UV LEDs.  By contrast, visible LEDs have 

high efficiency in spite of the high density of threading dislocations due to the presence 

of In-rich clusters.6  Growth and doping of AlGaN films with high Al concentrations are 

also difficult to achieve.  For example when an AlGaN film is grown on a GaN template, 

the critical thickness for cracking, though dependent on the Al mole fraction and the 

quality of the GaN template, is typically lower than 100nm.7-9 And n-type and p-type 

doping efficiencies decrease with an increase in the concentration of Al 10-11 which results 

in a decrease in the efficiency of the injection current.  AlGaN-based UV LEDs with 

emission at 340 and 350nm and grown and fabricated on n-type SiC(0001) substrates 

have been reported2,12 to offer advantages of vertically conducting geometry and better 
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thermal management, especially for dc injection currents, even though the substrate is 

absorbing below ~360nm.  

 In the present work, a vertically integrated program of research leading to the 

successful operation of UV LEDs fabricated from various AlGaN-based thin film 

heterostructures deposited on 6H-SiC(0001) substrates has been designed and conducted.  

We have investigated the growth of AlGaN thin films with various Al concentrations, the 

design and growth of quantum wells, the deposition and characteristics of ohmic contacts 

on p-GaN and n-SiC materials and the design of LED masks.  We have also achieved the 

necessary process integration that has resulted in the fabrication of UV LEDs and 

determined the electrical and optical characteristics of these devices. 

 

4.2 Experimental Procedures 

4.2.1 Growth of AlxGa1-xN Films 

On-axis, n-type 6H-SiC(0001)Si wafers having a resistivity of 0.05 Ω·cm were 

used as substrates for the growth of n- and p-type AlxGa1-xN films having AlN/GaN ratios 

suitable for a buffer layer atop each substrate and for the subsequently grown layers that 

comprised the UV LED material heterostructures.  Each wafer was etched in an HF:H2O 

(1:10) solution for 10 min at room temperature, rinsed in de-ionized water and blown dry 

with nitrogen prior to loading into the growth reactor. All films were grown via 

metalorganic vapor phase epitaxy (MOVPE) using a cold-walled, vertical, pancake-style 

system that was evacuated to 10-6 Torr prior to growth. Trimethylaluminum (TMA), 

triethylgallium (TEG), and ammonia were used as the principal precursors; five ppm 

SiH4 contained in H2 and biscyclopentadienyl-magnesium (CP2Mg) were the sources of 
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the donor (Si) and the acceptor (Mg) dopants; hydrogen served as both the carrier and the 

diluent gas.  The total pressure in the reactor and the temperature of the SiC-coated 

graphite heater containing the substrate were fixed at 20 Torr and 1020°C, respectively, 

during the growth of all layers.  The temperature was measured using a single wavelength 

optical pyrometer.  

The optimum V/III ratios that allowed the growth rate of the buffer layer and the 

layers that comprised the LED structure to be sufficiently small, well controlled and 

reproducible were determined to be 4600 and 4275, respectively; the NH3 flow rate was 

fixed at 3 slm.  The values of these ratios are approximately three times higher than that 

employed for the growth of a 1 µm-thick GaN in our MOVPE system.15  The growth rate 

of an AlxGa1-xN layer deposited using the V/III ratio of 4275 was ~9 nm/min. 

The Al and Ga mole fractions within the AlxGa1-xN layers that comprised the 

LEDs were varied by changing the flow rates of both the TEG and the TMA from 31.3 to 

29.8 µmol/min and from 0 to 0.03 µmol/min, respectively; the total flow rate of these 

precursors was maintained constant at 31.3 µmol/min.  If only the flow rate of the TMA 

is increased, the Al composition in AlxGa1-xN layer reportedly saturates due to a gas-

phase pre- (or parasitic) reaction between the NH3 and the TMA.16-17 

The initial studies involved the optimization of the deposition parameters for the 

growth of 100nm-thick, Si-doped, electrically conducting Al0.15Ga0.85N buffer layers on 

the SiC(0001) substrates.13  Several 300nm-thick AlxGa1-xN layers of various 

compositions (0≤x≤0.1) were subsequently deposited on each buffer layer and 

characterized.  The growth temperature for both the Al0.15Ga0.85N and the AlxGa1-xN 

layers was 1020°C.  The Al mole fractions of the buffer layer and the AlxGa1-xN layers 
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were measured using cathodoluminescence (CL) performed at room temperature using a 

Kimball Physics EMG-14 electron gun as the excitation source.  These results indicated 

the flow rates of TEG and TMA to employ to achieve the desired compositions within (1) 

the buffer layer, (2) the cladding layers and (3) the wells and barriers that comprised the 

quantum well (QW) structures, as described in the following subsection. 

 
4.2.2 Growth of the LED Heterostructures  

The use of low resistivity SiC(0001) substrates allow the fabrication and 

operation of vertical structure LEDs containing top and bottom contacts.  Thus, a mesa 

structure, which must be formed for the fabrication of LEDs on insulating substrates such 

as sapphire, does not have to be fabricated.  Figure 4.1 is a cross-sectional schematic of 

the LED structure grown in this research. A 100nm-thick Si-doped, electrically 

conducting Al0.15Ga0.85N buffer layer13 was initially deposited on the surface of a 

SiC(0001) substrate.  This was followed by the growth of a 300nm-thick Si-doped 

Al0.10Ga0.90N cladding layer.  The value of ND– NA in the buffer layers and in the n-type 

cladding layers was 5 x 1018 cm-3.  Five QWs consisting of interleaving 3nm-thick 

undoped Al0.06Ga0.94N wells separated by 6nm-thick, undoped or Si-doped (ND–NA = 5 x 

1018 cm-3) Al0.10Ga0.90N barrier layers and a 50 nm-thick undoped-Al0.10Ga0.80N capping 

layer were subsequently grown on the n-type cladding layer.  Subsequent layers consisted 

of a 200nm-thick, p-type, Mg-doped Al0.10Ga0.90N cladding layer followed by 50nm-

thick, Mg-doped, p-type GaN ([Mg]~5E19 cm-3) layer.   

Ionicity in wurtzite and other non-cubic crystal structures creates internal dipoles 

that produce positive and negative surface charges on the crystallographic planes that are 
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orthogonal to the orientation of the dipoles.  These surfaces charges, in turn, produce 

internal spontaneous polarization parallel to the orientation of the dipoles.  The 

magnitude of the spontaneous polarization in AlGaN solid solutions increases with an 

increase in the Al concentration.18  Piezoelectric polarization is also induced along the 

<0001> directions in heterostructures of III-nitride materials due to the in-plane stresses 

generated among the layers of different composition due to the mismatches in the atom-

atom distances and in the coefficients of thermal expansion18.  These large polarization 

fields deform the potential profiles of nitride-based Qws that cause a red shift in the 

wavelength of the emitted light.  An increase in the thickness of the QW19-20 and/or a 

large difference in the Al mole fraction between the well and the barrier of each QW 

produces changes in the polarization field that are sufficient to change the mechanism of 

carrier recombination from direct to spatially indirect, resulting in poor emission.21  As 

the principal objective of the research was to fabricate UV LEDs with the principal light 

emission having a peak wavelength of ~350nm, an Al0.06Ga0.94N layer which has a band-

edge emission at 348nm, as shown in Fig. 4.2, was used as a well. The well thickness and 

the Al mole fraction of the barrier were fixed at 3nm and 10%, respectively, to avoid a 

reduction in the probability of radiative recombination due to the large internal 

polarization field in the well. The thickness of barrier layer was 6nm.   

The wavelength and the intensity of the radiation emitted by the quantum wells 

were determined via photoluminescence in tandem with a Ti:sapphire laser having the 

wavelength and power of 280nm and 70mW, respectively, as the excitation source.   
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4.2.3  Contacts on P-type GaN Films and on N-type SiC Substrates and Design of LED 

Mask   

 The samples used for the investigations concerned with ohmic contacts on p-GaN 

were obtained by the sequential growth of a 100 nm-thick undoped-Al0.15Ga0.85N buffer 

layer on each 6H-SiC(0001) substrate followed by a 500 nm-thick, Mg-doped GaN layer.  

The growth conditions were the same as those noted above. Biscyclopentadienyl-

magnesium (CP2Mg) was used as the Mg source.  The desired Mg concentrations of 2 x 

1019 cm-3 and 5 x 1019 cm-3 were achieved in the GaN films using flow rates of CP2Mg of 

0.04 µmol/min or 0.1 µmol/min, respectively, as determined via secondary ion mass 

spectrometry.  The films were subsequently annealed at 800°C for 20 min under nitrogen 

at atmospheric pressure to activate the Mg. 

 The annealed samples were cleaned either in an HCl:H2O (1:1) solution at either 

room temperature or 85°C or in aqua regia (HCl:HNO3=3:1) at room temperature for 

10min.  A 30nm-thick film of Ni followed and a 100nm-thick film of Au were 

subsequently deposited onto each p-type layer by e-beam evaporation and patterned using 

standard photolithography lift-off techniques. The samples were annealed at 450~550°C 

either for 30sec in N2 using an AG Associates 610 rapid thermal annealing unit or for 

10min in air using a conventional furnace. Transfer length method (TLM) or circular 

transmission line method (CTLM) test structures14 and an HP4145 Semiconductor 

Parameter Analyzer were used for the current-voltage (I-V) measurements.  The TLM 

test structure consisted of 300 µm x 1500 µm rectangular pads spaced at distances 

between 5 and 30 µm.  The specific contact resistivity, ρc, was determined from the I-V 

data acquired using the CTLM patterns.  These patterns consisted of large rectangular 
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contacts with circular cutouts of radius R that were horizontally and vertically aligned.  

Circular contacts with radii, r, were placed at the center of each cutout region such that 

the gap spacing (R − r) between the concentric cutout and the contact was varied.  The 

relationships between total resistance for the CTLM patterns and radii of patterns are 

given in the following equations. 

Rt = (Rs / 2π) ·{ ln(R/r) + Lt · (r-1 + R-1) }  (1) 

Lt = (ρc / Rs )1/2      (2) 

where Rt is total resistance between internal circular contacts and external rectangular 

contact, Rs denotes the sheet resistance of p-GaN, and Lt is the transfer length.  If the total 

resistance is measured for various gap spacings as a function of ln(R/r) from the straight 

line plot of the data for Rt and ln(R/r) from Eq.(1), the slope leads to Rs, and the intercept 

at ln(R/r) = 0 is Rs·Lt/πr which allows the calculation of Lt. Thus, the specific contact 

resistivity, ρc, can be obtained from Eq.(2).  The CTLM patterns were designed with a 

constant inner radius, r = 100 µm and spacings of 15, 20, 25, 30, 40, and 50 µm. 

 Semi-transparent metal electrodes of sequentially deposited 4nm-thick Ni and 

4nm-thick Au layers were also grown on 50nm-thick, Mg-doped, p-type GaN layers 

contained in the LED material structures and were annealed at 450, 500, and 550°C for 

10 min in air.  I-V measurements, similar to those described above, were performed to 

determine the optimum annealing conditions wherein the lowest specific contact 

resistivity was achieved.  

 As n-type 6H-SiC(0001) wafers were used for the substrates on which the 

material heterostructures that comprised the LEDs were grown, it was also necessary to 

develop suitable ohmic contacts to the unpolished C-terminated face of this material.  
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These substrates possessed a resistivity of 0.05 Ω·cm.  Layers comprised of 50 nm-thick 

Ni and 100 nm-thick Au were sequentially deposited via e-beam evaporation onto the 

backside of each SiC substrate immediately after cleaning in an HF:H2O (1:10) solution 

for 10 min.  The metal bilayers were then patterned using standard photolithography lift-

off techniques and annealed at 800°C for 20 min in either a nitrogen or a forming gas 

(90% N2 + 10% H2) ambient.  The I-V characteristics and the specific resistivity were 

measured using CTLM test structures as described above.   

Figure 4.3 (a) shows the schematic in plan-view of the mask set designed in-house 

and used to deposit the Au/Ni semi-transparent electrode and the Au/Ti thick electrodes 

on the top p-GaN contact.  Figure 4.3 (b) is an illustration of the arrangement and relative 

thickness of these electrodes.  The thickness, length and width of the semi-transparent 

electrode was usually <10nm, 390 µm and 390 µm, respectively.  A thick electrode for 

probing or wire bonding for electrical and optical measurements was subsequently 

formed atop the semi-transparent electrode. The sheet resistance of the latter was very 

high due to its small thickness; thus, the achievement of current spreading throughout its 

volume was very important to obtain uniform light emission. The shape of the thick 

electrode shown in Fig. 4.3(a) was designed to achieve efficient current spreading in the 

semi-transparent electrode.  The area of the semi-transparent electrode that allowed 

transmission of light was 10.5 x 10-4 cm2.  

 

4.2.4 Fabrication and Electrical and Optical Characterization of the UV LEDs  

Vertical LEDs were fabricated using the optimized compositions, heterostructures 

and process routes described in the foregoing subsections.  The initial step in the 
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fabrication of each vertical structure LEDs consisted of the sequential deposition of a 50 

nm-thick Ni layer and a 100 nm-thick Au layer on the SiC substrate.  These metal layers 

were annealed at 800oC for 20 min in nitrogen at atmospheric pressure to obtain a 

backside ohmic contact and to achieve p-type character within the two Mg-containing 

layers.  A 4nm-thick Ni layer and a 4 nm-thick Au layer were subsequently deposited on 

the top p–type GaN contact layer and annealed at 500 °C for 10 min in air to form a 

semitransparent electrode.  Thick electrodes consisting of a 100nm-thick Ti layer covered 

by a 1000 nm-thick Au layer were deposited. All metal layers were deposited via electron 

beam evaporation.  All contacts were patterned using standard photolithography and a 

lift-off process.  

The electrical and optical characteristics of the LEDs were measured under direct 

current operation at room temperature using bare-wafer geometry. I-V measurements 

were performed using an HP 4145B Semiconductor Parameter Analyzer.  

Electroluminescence (EL) experiments were conducted using a USB2000 spectrometer 

(Ocean Optics, Inc). The light detector was placed ~ 5 mm from the device.   

 

4.3 Results and Discussion 

4.3.1 Optical Properties of the AlxGa1-xN Films and Quantum Wells 

 The bandgap energies, Eg, of the AlxGa1-xN layers grown in this research were 

determined from the values of the bandedge emission peaks acquired at room temperature 

via CL.  The former were used to calculate the values of the Al mole fraction, x, of the 

AlxGa1-xN layer using Eq. (3). 

Eg(AlxGa1-xN) = x · Eg(AlN) + (1-x) · Eg(GaN) –b · x · (1-x)        (3) 
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where Eg(AlN) and Eg(GaN) are the bandgap energies of AlN and GaN, respectively, at 

room temperature.  The bowing parameter, b, was assumed to be zero.  Figure 4.2 shows 

the correspondence among the values of the wavelengths of the bandedge emission 

peaks, the mole fraction of Al in the AlxGa1-xN layers and the fraction of Al in the growth 

ambient.  A perusal of this graph reveals that (1) the mole fraction of Al in the films 

increased linearly with an increase in the fraction of Al in the precursor gas mixture in the 

growth ambient and (2) increases in the mole fraction of Al to as high as 10 % could be 

achieved by increasing the fraction of Al in this mixture over the range from 0 to ~5%. 

 Figure 4.4(a) shows the PL spectra acquired from the undoped Al0.06Ga0.94N 

quantum wells with Si-doped Al0.10Ga0.90N barriers having one, three and six periods.   In 

general, there are two peaks at ~336nm and ~357nm.  The former is from the 50nm-thick 

Al0.10Ga0.90N capping layer, since the position of this peak corresponds to bandedge 

emission from a layer having the composition of Al0.10Ga0.90N, and the peak intensity as 

well as the wavelength are essentially constant in the different QW structures.  The peaks 

at ~357nm emitted by the six period MQW and the SQW had the highest and the lowest 

intensities, respectively, indicating that larger numbers of wells show stronger emission.  

The wavelength of these QW peaks was ~9nm longer than the wavelength of the peak 

observed in the CL spectra emitted by the thick Al0.06Ga0.94N layer, as indicated in Fig. 

4.2.  The reason for this difference is not obvious; however, it may be attributed to the 

strong internal electric field.  The optical bandgap in AlGaN QWs is narrower than that 

of single, thicker films of the well material due to the deformation of the well energy 

caused by the strong internal electric field.  This effect may also be caused by a 

difference in the Al composition in the wells compared to that in the thick films grown 
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using the same parameters.  The growth times for the former were as short as 20sec, the 

system was repeatedly switched between run and vent conditions at the end of the growth 

of each well and each barrier and the concentration of the TMA was repeatedly toggled in 

the attempt to achieve the desired compositions of the wells and barriers.  As such, the 

flow rates of the TMA and the TEG may not be stabilized during the growth of the very 

thin films.   

 Figure 4.4(b) shows the PL spectra acquired from MQWs with undoped and Si-

doped (ND – NA = 5 x 1018 cm-3) barriers.  The intensity of the ~357nm peak of the latter 

was greater than that of the MQW with the undoped-barriers.  Oh et al.22 have also 

reported that AlGaN/GaN QWs with Si-doped barriers show enhanced emission, which 

they attributed to an increased density of carriers due possibly to a reduction in the 

density of misfit dislocations and, therefore, the density of recombination centers.23  

Nakamura et al.24 have reported that if the Si concentration in the barrier exceeds 4.2 x 

1019 cm-3, the emission efficiency is decreased due to the formation of V-shaped defects.  

A synthesis of the results from our studies with those reported by other investigators 

indicates that six period MQWs and the Si concentration (or the ND – NA  value) used in 

the barriers in this research are an optimum QW scheme for UV LEDs with emission in 

the range of 350nm.  

 

4.3.2 P-GaN Contacts 

 The I-V characteristics of the Ni/Au contacts after deposition on the p-GaN layers 

having a Mg concentration of 2 x 1019 cm-3 and after sequential anneals under different 

conditions are shown in Fig. 4.5(a).  The curve of the as-deposited contact exhibited the 
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typical asymmetric, nonlinear behavior.  The curves of the annealed samples were also 

non-linear; however, they were symmetric due to interfacial reactions that have been 

reported25 to occur among Ni, Au, and either GaN or GaN-containing alloys and to 

extend into the underlying film when annealed at the temperatures used in this research.  

The sample annealed in the air showed the least rectifying behavior. Prior research 

conducted in this laboratory by King et al.26 determined that low contact resistivities 

could be achieved in a Ni/Au contact after oxidation due to the formation of p-type NiO 

and an amorphous Ni-Ga-O phase.  These former studies also found that the contact 

resistance was very high when the measuring voltage was <1V, indicating the presence of 

a contamination layer such as GaOx on the surface of the nitride, which increased the 

barrier height within the Ni/p-GaN interface.  The removal of the native surface 

contamination is reportedly27 very critical for the attainment of ohmic contacts with low 

contact resistivity.  As such, the efficacy of several methods of cleaning the nitride 

surface prior to metal deposition on the decrease in the resistance of these contacts was 

evaluated in this research. 

 Figure 4.5(b) reveals the I-V curves exhibited by the Ni/Au contacts deposited on 

similar p-GaN films after cleaning the surface of the latter in either HCl at room 

temperature or at 85 oC or in aqua regia at room temperature.  The curves of the three 

samples were again symmetric, however, they remained non-linear.  The resistance 

values of the sample cleaned in the HCl solution at 85°C was much less at high voltages 

(i.e., > 2V) than those of the sample cleaned in this solution at room temperature.  The I-

V characteristics of the contacts deposited on the p-GaN sample cleaned in aqua regia 

were slightly better than those exhibited by the contacts cleaned in the warm HCl; 
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however, it was subsequently determined that the photoresist employed in the metal lift-

off process was damaged by the aqua regia.  The integration of the results presented in 

Figs. 4.5 (a) and (b) revealed that the optimum processes for the achievement of the best 

possible behavior in the Ni/Au contacts involved the submersion of the p-GaN surface in 

HCl at 85oC for 10 min, drying in flowing nitrogen, the immediate insertion into the 

metal deposition chamber and the annealing of the contact assembly in air for 10min.  

These processes were used in all subsequent studies.  However, as ohmic behavior could 

not be achieved, subsequent investigations, concerned with the effect of the Mg 

concentration in the p-GaN layer on the behavior of these contacts, were conducted. 

 Figure 4.6 shows the I-V behavior of Ni/Au contacts deposited on p-GaN layers 

cleaned in HCl at 85°C and containing different Mg concentrations.  Linear I-V 

characteristics were achieved after increasing the Mg concentration from 2 x 1019 cm-3 to 

5 x 1019 cm-3 and annealing the contact/GaN assembly at 450°C for 10 minutes in air.  

The ionization energy and the concentration of ionized Mg at room temperature in GaN 

have been reported to be in the range of 125 to 215 meV28 and less than 1%,29 

respectively.  As such, it is difficult to achieve tunneling through the interface barrier 

between a p-GaN film and a metal contact.  However, the increased Mg concentration 

apparently results in both an increase in the concentration of holes in the GaN and a 

sufficiently narrow space-charge region between the Ni and the GaN such that the holes 

at the bottom of the top of the valence band of valence band of the latter can tunnel 

directly into the metal.  However increasing the Mg concentration above ~1 x 1020 cm-3 

results in a severely degraded GaN surface and a decrease in the hole concentration.30 
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 Figure 4.7(a) shows the I-V characteristics of the optimally annealed Ni/Au 

contacts as a function of the gap spacing in the CTLM test patterns deposited on GaN 

films having the optimum Mg concentration and cleaned using the optimum annealing 

conditions described above.  The sheet resistance of the p-GaN layer was 3 Ω·cm.  These 

curves exhibit typical ohmic behavior i.e., the slope decreases with an increase in the gap 

spacing.  The values of the total resistance, Rt, calculated using the data in Fig. 4.7(a) and 

Eq (1), were also typical; a linear relationship was obtained in the plots of these values as 

a function of ln(R/r), as shown in Fig. 4.7(b).  The values of the specific contact 

resistivity were as low as 2.2 x 10-4 Ω·cm2.  

The LED structures fabricated in this study require a semi-transparent metal 

electrode to be deposited on the p-GaN layer to allow the UV light generated from the 

quantum wells to pass into the surroundings.  This was achieved via the sequential 

deposition of 4nm-thick Ni and 4nm-thick Au films on 50nm thick, Mg-doped GaN 

layers that were sequentially annealed at 450, 500, and 550°C for 10 min in air.  Figure 

4.8 shows the I-V curves of the contacts before and after annealing in air at 450, 500, and 

550°C for 10 min.  All the annealed contacts showed a lower resistance than the as-

deposited contact; the contact annealed at 500°C showed the lowest resistance; this 

temperature and the associated annealing procedure were used in the fabrication of all the 

LEDs in this study.  As discussed above, the formation of NiO and a Ni-Ga-O phase is 

very important for the attainment of a low contact resistivity; thus, Ni may be not fully 

oxidized below 500°C.  Heating the Ni/Au contacts to a higher temperature resulted in 

the formation of more voids in the metal layers that caused deterioration in the contact 

resistivity.31    The contacts may also become detached from the p-GaN.31  
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4.3.3 N-SiC Contacts 

Usually, ohmic contacts on n-type SiC(0001) wafers are reported34 to be achieved 

after annealing above 900°C.  The I-V characteristics of the Ni/Au contacts deposited 

initially on n-type SiC(0001) wafers and those annealed in various ambients at 800°C are 

shown in Fig. 4.9 (a).  The former exhibited rectifying behavior, as revealed by the non-

linear and asymmetric curves.  The contact annealed in nitrogen was also rectifying; 

however, its resistance was much reduced compared to that of the as-deposited contact.  

The contact annealed in forming gas showed the lowest resistance even though it was not 

totally ohmic.  A Ni-silicide is formed in the interface during annealing, which improves 

contact resistivity.32  However, the reason(s) for the improved characteristics of the 

contacts annealed in forming gas is not understood. The sample annealed in nitrogen after 

a forming gas anneal showed almost the same I-V characteristics as the sample annealed 

only in nitrogen, indicating that the effect of the anneal in the forming gas is lost if the 

sample is subsequently annealed in nitrogen.  

  Ni/Au electrodes were also used to connect the applied power to the Mg-doped 

GaN contact layer.  These doped layers must be annealed at ~800°C in nitrogen to 

activate the Mg via decomposition of Mg-H complexes in the as-grown material.33  To 

determine the effect of the forming gas anneal used to reduce the resistivity of the 

contacts on the n-type SiC substrates, as discussed above, on the resistivity of contacts to 

p-GaN, Ni/Au contacts were deposited on Mg-doped GaN samples that had been 

previously annealed either in nitrogen at 800°C for Mg activation or in forming gas at the 

same temperature after the Mg activation step.  The contacts on the latter material 



 92 

showed a much higher resistance than those deposited on the p-type GaN that had been 

annealed only in nitrogen.  This indicates that a forming gas anneal at 800 °C allows one 

to achieve low resistivity contacts on, n-type SiC; however, the top, p-type GaN layer in 

the LED may begin to decompose and the resistivity of contacts to this layer may be 

increased.35  The SiC contacts annealed in nitrogen were not perfectly ohmic, and they 

showed higher resistance than the sample annealed in a forming gas; however, the contact 

resistivity was as low as 2.0 x 10-2 Ω·cm2 in the CTLM test structures. Moreover, if the 

sample is annealed in forming gas and degradation of the p-GaN layer occurs, this will 

increase the series resistance of the LEDs.  It is the belief of this investigator that the 

increase in the resistance of the contacts to n-type SiC as a result of annealing in nitrogen 

at 800 °C would be less than the increase in the series resistance of the LEDs after 

annealing in the forming gas at 800 °C.  Thus, nitrogen annealing at 800 °C was chosen 

as the optimum conditions for annealing the ohmic contacts on SiC.  

 

4.3.4 Electrical and Optical Characteristics of UV LEDs 

 Figure 4.10 (a) and (b) shows the I-V characteristics of the LEDs on linear and 

semi-log scales, respectively.  The current at 2.5 V was 100 µA, and te total series 

resistance was 18.4 Ω, which is comparable to the reported values reported by other 

investigators12, 36-37 for AlGaN-based UV LEDs with a peak wavelength of ~350nm.   

The EL spectra of the LEDs were obtained at different injection currents, as 

shown in Figs. 4.11 (a)-(c).  Different integration times were used to acquire the data 

shown in the three figures to avoid peak saturation.  A QW peak at 353 nm as well as an 

associated shoulder at ~370nm and a broad peak at ~530 nm were observed at an 
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injection current of 40mA, as shown in Fig. 4.11 (a).  The intensities of all the peaks 

increased with an increase in the injection current to 90mA; however, that of the QW 

peak increased more rapidly, as also shown in this figure.  Further increases in the 

injection current caused significantly increases in the intensity of the QW peak to the 

extent that the intensities of the broad peak became negligible relative to the former peak, 

as shown in Figs. 4.11 (b) and (c).  The possible origin(s) of 370nm and the 530 nm 

peaks will be discussed in detail in Chapter 5.  These luminescence features of these 

devices were stable even at an injection current as high as 1400mA (~1.4 kA/cm2), as 

shown in Fig. 4.11 (c). 

 Figure 4.12 shows the principal EL peak derived from the QW within the LED 

and acquired using injection currents within the range of 400mA to 1400mA.  Figures 

4.11 (a) and (b) show that the wavelength of the QW peak was essentially constant when 

the injection currents were in the range from 40mA to 300mA (~0.3 kA/cm2).  However, 

at injection currents >400mA the wavelength shifted to slightly longer values with every 

increase in the current.  At 1400mA, the shift in the QW peak was ~3nm longer relative 

to its position at low currents.  This peak shift has been reported1-4 to be due to heating 

within the devices due to the high injection currents.  Nishida et al.38 have reported that a 

shift in the wavelength of this QW peak occurred at an injection current density as low as 

0.15 kA/cm2 in AlGaN-based UV LEDs grown on sapphire substrates due to the 

insufficient thermal conductivity (0.5 W/cm·K) of this material.  By contrast, the position 

in the QW peaks in the LEDs fabricated in this research was stable to 0.3kA/cm, and only 

a 3nm shift was observed at 1.4 kA/cm.2  This stability in peak position is due to the 
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negligible heating within these LEDs as a result of the high thermal conductivity of the 

SiC substrates (3.4 W/cm·K). 

 

4.4 Summary 

 AlGaN-based UV LEDs containing five sets of Al0.06Ga0.94N/Al0.10Ga0.90N QWs 

that emitted the principal radiation at the wavelength of 353 nm have been grown and 

fabricated on 6H-SiC(0001) substrates.  The Al mole fraction in the AlxGa1-xN thin films 

in the LED material structures was varied between 0% and 10% by increasing the 

fraction of Al in the growth ambient to 5%.  The intensity of the QW peak increased with 

an increase in the number of QWs.  The introduction of Si into the barrier layers resulted 

in a marked increase in the luminescence relative to that emitted when undoped barriers 

were used.  Ni/Au contacts deposited on the top, p-GaN layer having a Mg concentration 

of 5 x 1019cm-3 and previously cleaned in HCl at 85 °C possessed a specific contact 

resistivity of 2.2 x 10-4 Ω·cm2 after annealing in air at 450 °C for 10 min.  Ni/Au contacts 

were also formed on the backside of the SiC substrates.  These latter contacts possessed a 

contact resistivity of 2.0 x 10-2 Ω·cm2 after annealing in nitrogen at 800 °C for 10 min.  

The current in the LEDs was 100µA at a voltage of 2.5V.  The total series resistance in 

these devices was 18.4 Ω.  They exhibited stable luminescence at injection current 

densities as high as 1.4 kA/cm2.  The peak of the QW emission was constant to current 

densities as high as 0.3 kA/cm2.  Only a +3 nm shift in the wavelength occurred at 1.4 

kA/cm2 as a result of heating within the device.  This very small shift is attributed to the 

high thermal conductivity of the SiC substrates. 
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Figure 4.1 Cross-sectional schematic of the LED structure 
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Figure 4.2 Al mole fraction in the AlxGa1-xN films and the wavelength of the bandedge 

emission peak determined via CL as a function of the fraction of Al in the growth 

ambient.  
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Figure 4.3 (a) Plan-view and (b) cross-sectional schematics of the patterns of the Au/Ti 

thick electrode and the Au/Ni semi-transparent electrode deposited atop the p-GaN 

contact. 

 

(b) 
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Figure 4.4 PL spectra acquired from (a) one, three and six period quantum wells with 

undoped barriers and (b) three period quantum wells with undoped and Si-doped (ND – 

NA = 5 x 1018 cm-3) barriers.
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Figure 4.5 I-V characteristics of Ni/Au contacts on p-GaN having a Mg concentration of 

2 x 1019 cm-3 (a) as-deposited and sequentially annealed at 450 ºC or 500 ºC for 30 sec in 

nitrogen or 500 ºC for 10min in air, and (b) after cleaning the GaN surface in either HCl 

at room temperature or at 85 ºC or in aqua regia at room temperature prior to metal 

deposition.  The contacts were annealed at 550 ºC for 10 min in air.  The contact spacing 

within the TLM patterns was (a) 10µm and (b) 30 µm.   
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Figure 4.6 I-V characteristics of Ni/Au contacts on p-GaN films with Mg concentrations 

of 2 x 1019 cm-3 and 5 x 1019 cm-3.  The surface of each film was cleaned using an HCl 

solution at 85 °C. The film/contact assemblies were annealed in air at 450 ºC for 10 min.  

The contact spacing in the CTLM patterns was 15 µm. 
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Figure 4.7 (a) Current-voltage (I-V) characteristics of annealed Ni/Au contacts deposited 

on cleaned p-GaN containing 5 x 1019 cm-3 Mg as a function of the contact spacing of the 

CTLM pattern and (b) total resistance (Rt) as a function of Ln(R/r), where R and r denote 

the radii of the circular cutouts and the circular contacts inside the circular cutouts, 

respectively.   
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Figure 4.8 Current-voltage (I-V) characteristics of semi-transparent electrode (4nm-thick 

Ni and 4nm-thick Au) as-deposited and sequentially annealed at different temperatures in 

air for 10 min.   
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Figure 4.9 Current-voltage (I-V) characteristics of Ni/Au contacts deposited on (a) n-type 

SiC(0001) wafers and annealed at 800°C under different conditions and (b) Mg-doped 

GaN films annealed either in nitrogen alone for Mg activation or in forming gas 

following the Mg activation anneal. The contact spacing of CTLM patterns was 15 µm. 
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Figure 4.10 Current-voltage (I-V) characteristics of the LEDs on (a) linear and (b) semi-

log scales.
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Figure 4.11 EL spectra of LED acquired using a (a) low injection current (40~90mA), (b) 

high injection current (100~300mA) and (c) very high injection current (400~1400mA).  

A different integration time was used in each case to avoid peak saturation. 
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Figure 4.12 EL spectra of LED at very high injection current (400~1400mA).   
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Abstract  

AlGaN-based thin film heterostructures suitable for ultraviolet light emitting diodes have 

been grown and fabricated into working devices with and without p-type and n-type 

AlGaN carrier-blocking layers at the top and the bottom of the quantum wells, 

respectively.  The principal emission from each device occurred at 353nm.  The 

highest intensities of this peak were measured at all values of the injection current in the 

device with a p-type carrier-blocking layer at the top of the quantum well; this device 

also exhibited the highest values of light output power.  Growth of an n-type carrier-

blocking layer at the bottom of the quantum wells had an adverse effect on the 

characteristics of light emitting diodes.  A broad peak centered at ~540nm exhibited 

yellow luminescence and was present in the spectra acquired from all the devices.  This 

peak is attributed to absorption of the ultraviolet emission by and re-emission from the p-

GaN and/or to the luminescence from the AlGaN within quantum wells by current 

injection.  The intensity of this peak increased and saturated by the same order of 

magnitude as the intensity of the emission at 353nm. 
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5.1 Introduction 

 Considerable research has been conducted on the growth of III-nitride-based 

material heterostructures and the fabrication of high-power ultraviolet (UV) light 

emitting diodes (LEDs), with wavelengths below 360nm for application in long life-time 

white lighting, high-density optical storage and biochemical and medical applications.2-10)  

Domen et al.1) have reported that electron overflow from the active region into a p-type 

cladding layer can be a significant problem in III-nitride-based UV LEDs, because of 

poor hole injection and low hole mobility.  Electrons that overflow from the active 

regions into the p-type cladding layers are typically lost to either radiative recombination 

with the majority holes or non-radiative recombination at point or extend defects.  These 

processes reduce both the power and the efficiency of UV LEDs. 

 Subsequent studies have shown that the introduction of a carrier blocking layer 

(CBL) markedly improves output power2) and significantly reduces parasitic emissions3) 

in AlGaN-based UV LEDs.  The majority of the AlGaN- or AlGaInN-based UV LEDs 

have had either a p-type AlGaN CBL atop the quantum well (QW) 4-6) or both a p-type 

and an n-type AlGaN CBL at the top and the bottom, respectively, of the QW 2,7-10)
.   

In this paper, we conducted a systematic study that compared the efficacy of 

growing (1) separate p-type and n-type CBLs at the top and bottom, respectively, of III-

nitride-based QWs and (2) both of these CBLs in the same material structure.  AlGaN-

based material heterostructures, suitable for UV LEDs, with and without p-type and n-

type AlGaN CBLs at the top and the bottom, respectively, of the QWs and with 

emissions at 353nm were grown on SiC(0001) substrates containing a previously 
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deposited conducting Al0.15Ga0.85N buffer layer.  The effects of each CBL on the 

intensities of the UV and the visible emissions and on the light output power of the 

subsequently fabricated UV LEDs were investigated.       

        

5.2 Experimental Procedures 

The LED material structures were grown by metalorganic vapor phase epitaxy 

(MOVPE) using a cold-walled vertical pancake-style system that was evacuated to 10-6 

Torr prior to growth.  The on-axis, n-type 6H-SiC(0001)Si substrates were etched in an 

HF:H2O (1:10) solution for 10 min at room temperature, rinsed in de-ionized water and 

blown dry with nitrogen prior to loading into the growth reactor.  The resistivity of 

these substrates was ~0.05 Ω•cm.  Trimethylaluminum (TMA), triethylgallium (TEG), 

and ammonia were used as the precursors; hydrogen served as both the carrier and the 

diluent gas.  The reactor pressure was fixed at 20 Torr for the growth of all layers in the 

LED structures.  The temperature of the SiC-coated graphite susceptor was measured 

using a single wavelength optical pyrometer.   

  Figure 5.1 is a cross-sectional schematic of the primary LED structure without a 

CBL. A 100nm-thick Si-doped, electrically conducting Al0.15Ga0.85N buffer layer11) was 

deposited on the surface of each SiC(0001) substrate as the initial growth step in the 

fabrication of each multi-layer heterostructure.  This was followed by the growth of a 

1000nm-thick Si-doped Al0.10Ga0.90N cladding layer.  The value of ND– NA measured by 

capacitance-voltage measurement in the buffer layers and in the n-type cladding layers 

was 5 x 1018cm-3. 
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In structures without an n-type CBL, five QWs consisting of 3nm-thick undoped 

Al0.06Ga0.94N wells separated by 6nm-thick, Si-doped ([Si]~5E18 cm-3) Al0.10Ga0.90N 

barrier layers were subsequently grown on the n-type cladding layer.  Subsequent layers 

consisted of a 200nm-thick, p-type, Mg-doped Al0.10Ga0.90N cladding layer followed by 

50nm-thick, Mg-doped, p-type GaN ([Mg]~5E19 cm-3) layer.  The only difference in 

the conditions used to grow these layers was the V/III ratio.  The values of which were 

4600 for the buffer layers, and 4275 for the cladding layers, and the quantum wells.  The 

schematic in Figure 5.2 (a) shows the mole fraction of Al in each layer and the relative 

position of each of the different types of layers for the structure described above.  A 

20nm-thick, Mg-doped ([Mg]~5E19 cm-3) p-type Al0.25Ga0.75N CBL (P-CBL) was 

initially inserted between the QWs and the Mg-doped Al0.10Ga0.90N cladding layer, as 

shown in Figure 5.2 (b).  A separate 20nm-thick, Si-doped, ([Si]~5E18 cm-3) n-type 

Al0.25Ga0.75N CBL (N-CBL) was subsequently inserted between the Si-doped 

Al0.10Ga0.90N cladding layer and the QWs, as shown in Figure 5.2 (c).  Finally, both n-

type and p-type Al0.10Ga0.90N CBLs (NP-CBLs) were inserted at the bottom and the top 

of the QWs, as shown in Figure 5.2 (d).  

 The initial step in the fabrication of the vertical structure LEDs consisted of the 

sequential deposition of a 30nm-thick Ni layer and a 100nm-thick Au layer on each SiC 

substrate.  These metal layers were annealed at 800oC for 20 min under flowing nitrogen 

at atmospheric pressure to obtain a backside ohmic contact and to activate the Mg to 

achieve p-type character within the various layers.  A 4nm-thick Ni layer and a 4nm-

thick Au layer were subsequently deposited on the top p–type GaN layer and annealed at 

500°C for 10min in air to form a semitransparent electrode.  Thick electrodes consisting 
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of a 100nm-thick Ti layer covered by a 1000nm-thick Au layer were deposited. The area 

of the semitransparent electrode that emitted light was 10.5 x 10-4 cm2.  All metal layers 

were deposited via electron beam evaporation.  Patterns were formed using standard 

photolithography and lift-off processes.   

The various LED material structures were diced into chips having the dimensions 

of 0.2 cm by 0.4 cm and mounted on copper headers.  The electrical and optical 

characteristics were measured under direct current operation at room temperature using a 

bare-chip geometry, a USB2000 spectrometer (Ocean Optics, Inc) and an integrating 

sphere.                  

  

5.3 Results and Discussion 

Figure 5.3 shows the current-voltage characteristics of the LED without a CBL.  

The devices turned on at 3.2V and they had a series resistance of 18.4 Ω.  The LEDs 

fabricated with N-CBL and/or P-CBL showed the same turn-on voltage and series 

resistance; thus, the effect of these additional layers on these electronic characteristics 

was negligible.         

Figure 5.4 (a)-(d) shows the electroluminescence (EL) spectra of the LEDs without 

a CBL, and with a P-CBL, an N-CBL and an NP-CBL, respectively, as a function of 

injection current.  A small peak at 353nm and a broad peak centered at ~540nm were 

observed at an injection current of 20mA in the LED without a CBL, as shown in Fig. 5.4 

(a).   The intensity of the 353nm peak increased much faster with injection current than 

that observed for the peak centered at ~540nm.  The width of the former peak also 
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increased markedly with injection current.  These phenomena indicate that the band-

edge emission from the MQWs becomes dominant at higher forward currents.  Previous 

investigators have reported that either the intensity of the shorter wavelength peak is 

saturated or this peak shifts to a longer wavelength as a function of increasing injection 

current due to heating of the device. 2, 12-14)  However, neither a saturation in the intensity 

nor a shift in the position of the 353nm peak was observed, even when the dc injection 

current was increased to 200mA (~200A/cm2), as shown in Fig. 5.5(a). These positive 

results are very likely due to the high thermal conductivity of the SiC substrates. 

A peak at ~370nm was also observed on the shoulder of the 353nm peak in the 

LEDs without a CBL (Fig. 5.4(a)) and with an N-CBL (Fig. 5.4(c)); this peak was not 

observed in LEDs with either a P-CBL (Fig. 5.4(b)) or an NP-CBL (Fig. 5.4(d)).  The 

acceptor activation energy of the p-Al0.10Ga0.90N cladding layer has been reported to be 

0.3eV.15,16)  As such, the transition energy from the conduction band to the acceptor 

level in the p-Al0.10Ga0.90N cladding layer has been calculated by the present authors to 

be about 3.35 eV (370nm).  This is consistent with other report of electron-hole 

recombination in the p-AlGaN side of the junction through the acceptor levels.17)  Thus, 

in LEDs without a CBL and with an N-CBL there may be significant electron overflow 

into the p-Al0.10Ga0.90N cladding layer that results in the formation of the peak at ~370nm 

through electron-hole recombination in the acceptor levels in the p-Al0.10Ga0.90N cladding 

layer.  LEDs with either a P-CBL or the combination of an N- and a P-CBL, electron 

overflow into the p-Al0.10Ga0.90N cladding layer will be blocked by the P-CBL, and the 

intensity of shoulder peak at around 370nm will be substantially reduced.      

The EL intensities of the 353nm peak, acquired from the LED without a CBL and 
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from those with the different types and placements of the CBLs, increased linearly as a 

function of injection current, as shown in Fig. 5.5 (a).  The highest and second highest 

sets of intensities of this peak were emitted by the LEDs containing the P-CBL and the 

NP-CBLs, respectively.  All intensities of this peak emitted by the LED containing the 

N-CBL were lower than those acquired from the LED without a CBL.  More 

quantitatively, the intensity of the 353nm peak emitted by the P-CBL LED using an 

injection current of 100mA was almost eight times higher than that emitted by the LED 

without a CBL and two times higher than emitted by the LED with the NP-CBLs.  The 

intensities of the LED containing the P-CBL also increased more rapidly than those from 

all other LED assemblies.  These results show that the P-CBL is the most effective 

blocking layer for confining electrons within the quantum wells grown in this research.  

In other research, Kim et al., 18) reported that the use of an n-type AlGaN electron 

blocking layer positioned below the quantum wells improved the output power of 

InGaN/GaN-based LEDs by reducing the number of hot electrons overflowing from these 

wells to the p-side via low energy electron tunneling injection.  By contrast, the use of 

an N-CBL in the present study had an adverse effect on the peak intensity and the output 

power of the associated LED relative to those of all other LEDs, including the ones 

without a CBL.  Electron flow to the MQWs appeared to be impeded by the N-CBL, 

and offset the positive benefits of carrier confinement.  The use of NP-CBLs in AlGaN-

based UV LEDs has been reported2, 7-9) to improve their power output by effectively 

confining electrons to the quantum wells.  However, our results show that a single P-

CBL is better than an NP-CBL for confining carriers and for making LEDs with higher 

output power.  
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Figure 5.5 (b) shows the EL intensities of the broad peak centered at ~540nm and 

acquired from the LEDs with different CBLs as a function of injection current.  The 

origin of this emission can be surmised from considerations of the results and discussion 

associated with emission from other GaN-based materials and from a comparison of the 

intensities of the peaks at 353nm and 540nm observed in the present research.  This 

peak is similar in energy and width to the yellow luminescence peak in the 

photoluminescence at room temperature from GaN or AlGaN alloy thin films.19-21)  The 

origin of this yellow luminescence has been reported22-23) to be transitions from shallow 

(or deep) donors to deep (or shallow) acceptors or their complexes.  It has also been 

proposed24-25) that structural defects such as Ga vacancies and dislocations play roles in 

the radiative recombination responsible for the yellow luminescence.  The results 

presented in Fig. 5.5(b) also show that the intensities of the 540nm peaks decrease in the 

same order according to the presence (or absence) of the same CBLs as those of 353nm 

peaks.  This indicates that the UV emission at 353nm from the MQWs is the optical 

pumping source for the excitation that results in the emission of the 540nm peaks.  As 

such, the intensities of the latter peaks are a direct function of the intensities of the 

emission of the 353nm spectra that are, in turn, a direct function of the degree of electron 

confinement inside the MQWs.  A likely source of the 540nm emission is the top p-GaN 

layer via the partial absorption of the 353nm emission and the re-emission of the much 

broader and longer wavelength luminescence.  Moreover, the higher the intensity of the 

emission from the MWQs the higher the intensity would be the yellow luminescence 

from the top p-GaN layer, as observed in Fig 5.5 (b) and implied above.  Band-edge 

emission from the p-GaN by the absorption of the MQW emission should be ~363nm; 
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however, it’s not observable, as it is covered by the relatively broad emission within the 

range of 350nm - 400nm.  

The yellow luminescence observed in this research may also have been emitted 

from the AlGaN layers within the MQWs.  An increase in the injection current will 

allow more electrons to be supplied within the MQWs, which will result in an increase in 

the band-edge emission at 353nm as well as an increase in the yellow luminescence from 

the AlGaN in the MQWs.  As electrons are more effectively confined to the MQWs by 

the P-CBL, relatively more electrons will be available from this structure to stimulate the 

yellow luminescence as well as the band-edge emission at 353nm.  Finally, it is possible 

that both sources contribute to the 540nm emission.      

Another interesting point to be noted is that the intensities of the 540nm emission 

are saturated beyond an injection current of 80mA in all four sets of LEDs, while the 

353nm emissions are not saturated, but linearly increase with the injection current.  It 

has been reported20, 26) that band-edge luminescence from GaN has a linear dependence, 

while the yellow luminescence has a nonlinear dependence on the intensity of the 

excitation light.  Moreover, the latter luminescence becomes saturated at high light 

intensity, since the defect concentration and lifetime are finite.20, 26)  However, the 

reason the levels of the saturated emission intensities at 540nm are different in the LEDs 

with different CBLs is not clear. 

Fig. 5.5(c) shows the peak intensity ratio of the 353nm emission to the 540nm 

emission (I(353nm)/I(540nm)) of the LEDs with different CBLs as a function of injection 

current.  The ratio linearly increases with injection current.  The values of this ratio 

calculated for the P-CBL LED were the highest at all injection currents, indicating that 
 119 



the UV emission is dominant over any secondary visible emission.  At an injection 

current of 100mA, the I(353nm)/I(540nm) of the P-CBL LED is ~100; this value is more 

than two times higher than those of the LEDs with an NP-CBL or without a CBL.  It has 

been reported27) that 352nm AlGaN-based UV LEDs with an NP-CBL showed a much 

higher intensity ratio of UV emission-to-visible emission than LEDs without a CBL.  

However, our results show that the presence of a P-CBL is more effective than an NP-

CBL to obtain a higher peak intensity ratio of UV emission-to-visible emission, since a 

P-CBL more effectively confines electrons to the QWs  

Fig. 5.6 shows the light output power of our LEDs with different CBLs as a 

function of injection current.  The LED having only the P-CBL also exhibited the 

highest output power, and the values of this parameter increased faster as a direct 

function of the injection current than in the other LEDs.  Using an injection current of 

100mA caused, the generation of output power was more than two times higher than that 

generated in the LED without a CBL. Again, this may be attributed to the most effective 

electron confinement within the MQWs.   

 

5.4 Summary 

  The optical characteristics of AlGaN based UV LEDs with and without p-type and 

n-type AlGaN carrier blocking layers at the top and the bottom of the quantum wells, 

respectively, were investigated.  The emission from the LED with a p-type carrier 

blocking layer at the top of the quantum wells exhibited the highest peak intensity at 

353nm and the greatest light output power as a function of injection current.  The 
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presence of an n-type carrier blocking layer at the bottom of the quantum wells had an 

adverse effect on the LED characteristics, and its effect on carrier confinement was 

negligible.  The intensity of a broad peak centered at ~540nm and emitted by all the 

devices increased with the same order of the UV emissions at 353nm.  The origin of the 

former emission is believed to be caused by yellow luminescence from the p-GaN excited 

by the UV emission and/or from the AlGaN layers within the quantum wells by current 

injection. 
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         Figure 5.1 Cross-sectional schematic of the LED structure without CBL.  
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Fig. 5.2 Schematic diagrams showing the positions of the MQWs in the LEDs (a) without 

a CBL, (b) with a P-CBL, (c) with an N-CBL, and (d) with N- and P-CBLs and 

the percentages of Al in each layer. 
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         Fig. 5.3 Current-voltage characteristic of LEDs without a CBL. 
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Fig. 5.4 Semilogarithmic plots of EL spectra acquired from LEDs (a) without a CBL, (b) 

with a P-CBL, (c) with an N-CBL, and (d) with NP-CBLs as a function of 

injection current.  The inset in (a) shows linear plots of the EL spectra of an 

LED without a CBL.   
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Fig. 5.5 EL intensities as a function of injection current of (a) the 353nm peaks and (b) 

the 540nm peaks and (c) the intensity ratios of the 353nm peaks to 540nm peaks of LEDs 

with different CBLs. 
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Fig. 5.6 Light output power of the LEDs with different CBLs as a function of injection 

current. 
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6. Recommendations for Future Research  
 

AlxGa1-xN films (x<0≤1) have been grown on Si- and C-terminated 6H-

SiC{0001} substrates and characterized for electron emission applications, as described 

in Chapter 3.  Using the SiH4 flow rate, which yields a Si concentration of ~1 x 1019 cm-3 

in GaN, the upper limit of the mole fraction of Al wherein a value of ND – NA could be 

measured ~0.61.  It has been suggested by other investigators that the decrease in the 

values of ND – NA is due to (1) the decrease in the energy of the Si donor state (the value 

of energy at the top of the valence band is taken to be zero) as a function of the increase 

in the band gap with an increase in the Al concentration1,2 and possibly to (2) auto-

compensation by Si,2 and/or acceptor impurities.3-5  As such, it is important to determine 

if one of more acceptor impurities are present in the Si-doped AlGaN films and, if so, 

also determine if the concentration of any of these p-type dopants increases with an 

increase in the concentration of either the Al or the Si.  If it is determined that the values 

of the ND – NA decrease primarily because the energy of the Si donor state decreases with 

an increase in the Al concentration, it is recommended that other donor dopants such as 

Ge be investigated.  Germanium is an interesting choice because (1) the covalent radii of 

this element and Ga are 0.122 and 0.126, respectively, and (2) the covalent radii of Si and 

Al are 0.111 and 0.118, respectively.  Thus, Ge and Si are somewhat more likely to 

substitute on the Ga and Al sites, respectively.  Moreover, the Ge-N bond strength is very 

weak (a germanium nitride may not even exist); by contrast the Si-N bond strength is 

very strong.  As such, Si in substitutional sites in AlGaN alloys may have a strong 

tendency to phase separate into clusters of a Si-rich nitride or nucleate precipitates of a 
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SixNy phase, especially at higher concentrations; whereas Ge may not posses either 

tendency.  As such, research should be conducted to determine if the donor energy level 

produced by the addition of Ge to AlGaN solid solutions also decreases as a direct 

function of the increase in the Al concentration. 

It may also be possible to increase in the upper limit of the Al mole fraction 

wherein n-type doping is achieved by increasing either the Si or the Ge concentration 

above 1 x 1019 cm-3 such that a door band is formed, the top of which spreads toward the 

bottom of the conduction band, i.e., the highest energy states in the band are close to the 

conduction band minimum.  As such, the donor states that can be ionized are positioned 

higher in energy than the states in the single energy level in the AlxGa1-xN solid solutions 

having Si or Ge concentrations <1 x 1019 cm-3.  However, it is important to remember that 

a thermodynamic competition always exists between the formation and/or the spread of 

an energy band and the formation of either phase separated clusters or classically 

nucleated or spinodally formed second phases that effective reduce the concentration of 

the dopant species in the host semiconductor and thereby establish both the upper limit of 

the equilibrium solubility range of the dopant and the maximum value of the Al 

concentration wherein a value of ND – NA can be measured.   

N-polar AlN films exhibited a lower work function at surface than that of Al-

polar films; thus, the surface work function of undoped and donor doped N-polar AlxGa1-

xN films should be evaluated and compared with that of Al(Ga)-terminated films.   

Ionicity in wurtzite and other non-cubic crystal structures creates internal dipoles 

that produce positive and negative surface charges on the crystallographic planes that are 

orthogonal to the orientation of the dipoles.  These surfaces charges, in turn, produce 
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internal spontaneous polarization parallel to the orientation of the dipoles.  The 

magnitude of the spontaneous polarization in AlGaN solid solutions increases with an 

increase in the Al concentration.  The growth of AlGaN/GaN heterostructures results in a 

substantial change in polarization that is positive across the interface from Ga-polar GaN 

to N-polar AlGaN.  This ∆P produces substantial downward band bending and therefore 

change in the Fermi level (the electronic chemical potential) in the GaN very near the 

interface which causes the diffusion of a very large concentration of electrons from the 

bulk of the GaN into this near surface region that, in turn, results in a marked increase in 

the sheet charge density and the creation of a two-dimensional electron gas.  This 

phenomenon is effectively polarization-induced donor doping of the GaN.  If the AlGaN 

film is grown sufficiently thin, it may allow the tunneling of the electrons from the two-

dimensional electron gas into vacuum and thus the continued emission of a very large 

flux of electrons from the AlGaN surface under the influence of an applied field.  In this 

regard, the degree of ionicity in ZnO and MgZnO are markedly greater than in GaN and 

AlGaN.  As such, the value of ∆P across the interface and the associated sheet charge 

density and the concentration of electrons in the two-dimensional gas may be 

significantly greater than in the GaN/AlGaN heterostructures.  

Growth of donor doped III-nitride hexagonal pyramid structures may also 

enhance the electron emission from these materials.  For example, if AlxGa1-xN films are 

grown on GaN hexagonal pyramids, electron emission may be more improved, since the 

electron affinity of AlxGa1-xN solutions is lower than that of GaN.  In addition, it is 

proposed that since N-terminated films have a lower work function at the surface, the 

growth of similarly terminated GaN hexagonal pyramids on C-terminated SiC substrates, 
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followed immediately by the growth of AlxGa1-xN films may show enhanced electron 

emission characteristics. 

Chapter 4 details the growth of AlGaN films, quantum wells, and p-GaN and n-

SiC contacts for the fabrication of ultraviolet light emitting diodes (UV LEDs).  As noted 

in Chapter 1, the high density of dislocations in all heteroepitaxially grown III-nitride 

films is the most critical problem that must be solved for the realization of high-power 

UV LEDs.  In other words, the output power of all UV LEDs would be improved if they 

were fabricated in material structures that were grown on free-standing GaN or AlGaN 

substrates that also possessed a low density of dislocations.  In this regard, the In-

segregation effect reported by Hirayama et al.6 should be further investigated and applied 

to increase the output power of UV LEDs.  For this, growth and optical characterization 

of AlInGaN quaternary films will be necessary.  Finally, acceptor-type doping in these 

LED structures may also be improved with the use of a Mg-doped AlGaN/GaN 

superlattice structure.   

In Chapter 5, the results of my investigations of the effect of various n- and p-

doped carrier blocking layers on the emission characteristics of AlGaN-based UV LEDs 

were reported.  The emission of both strong UV and moderate visible (yellow) radiation 

was observed.  For the application of long life-time UV LEDs for the excitation of 

selected phosphors in white lighting or color displays, the visible emission must be 

suppressed.  The possible origins of the visible emission, namely, the excitation of the p-

type capping layer from light emitted by the quantum wells and/or excitation within the 

quantum wells, were also considered in Chapter 5.  If the former is the source of the 

visible emission the growth of different thicknesses of the p-GaN capping layer should 
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result in an increase in the intensity of this longer wavelength radiation.  Conversely, the 

growth of a very thin semi-transparent metal electrode on the p-AlGaN cladding layer 

without a p-GaN capping layer would also be a possible solution to reduce the visible 

emission.  As such, the growth and doping of the p-Al0.1Ga0.9N ohmic contact must be 

investigated. 
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7. Appendices  
 

7.1 Detailed Process Sequences and Conditions for the Fabrication of 

Ultraviolet Light Emitting Diodes on 6H-SiC(0001) Substrates. 

 

1. Growth of LED structures 

(1) Clean SiC wafer (resistivity ≤ 0.05 Ω · cm) in 10% HF for 10 min 

(2) Grow LED strcutures including n-AlGaN buffer layer, AlGaN cladding layer, 

quantum wells, p-AlGaN and GaN capping layers. 

(3) After growth, the chamber should be baked for 30min at 1100°C and then platter and 

alumina tube should be cleaned in warm NaOH and RT 50% HCl, respectively, followed 

by rinsing in DI water and N2 blowing for dry to grow another sample without memory 

effect of Mg.  Inner quartz wall needs to be wiped out using methanol without taking 

apart the system.  

 

2. N-SiC backside contact process 

(1) Clean the LED samples in TCE, Acetone and Methanol for 5min each using 

ultrasonic 

(2) PR (Shipley 1813) coating on the front side of the sample to protect against HF 

cleaning of the backside of the sample 

(3) Hard bake at 115°C for 5min  

(4) Clean backside of the sample in 10% HF for 10min 
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(5) Load the sample in the e-beam evaporator without delay and pump down to 5 x 10-6 

Torr. 

(6) Deposit 30nm-thick Ni and 100 nm-thick Au on the backside of the sample 

(7) Remove PR using Shipley 1165 remover 

(8) Anneal at 800 °C for 20 min in flowing N2 using furnace for Mg activation and for n-

SiC contact  

(9) Slice wafer into 4 pieces of a quarter of 2 inch wafer by hand using diamond scratch.  

Dicing machine can hurt samples or backside metal if the there is metal on the sample 

backside.  

 

3. Transparent metal electrode process (p-GaN contact) 

(1) Clean the samples in TCE, Acetone and Methanol for 5min each using ultrasonic 

(2) Hard bake at 115C for 5min   

(3) PR coating (Shipley 1813 + imidizol) at 3500 rpm for 40 sec 

(4) Soft bake at 115°C for 1min 

(5) Exposure (aligner: MBJ3) for 1.75min using transparent metal electrode mask 

(6) Reversal bake at 115°C for 2min 

(7) Develop for about 1min 

(8) Clean p-GaN surface in HCl:DI (1:1) solution at 85°C for 10min. 

(9) Load the sample in the e-beam evaporator with out delay and pump down to 5 x 10-6 

Torr. 

(10) Deposit 4nm-thick Ni and 4nm-thick Au consequentially at growth rate of 0.1 or 0.2 

nm/sec after 10nm dummy deposition. 
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(11) Metal lift-off in 1165 remover 

(12) Anneal the sample at 500°C for 10 min in air for p-GaN contact 

 

4. Thick metal electrode process 

(1) Clean the samples in TCE, Acetone and Methanol for 5min each.  Do not use 

ultrasonic to protect semi-transparent p-GaN contact. 

(2) Hard bake at 115C for 5min   

(3) PR coating (Shipley 1813 + imidizol) at 3500 rpm for 40 sec 

(4) Soft bake at 115°C for 1min 

(5) Exposure (aligner: MBJ3) for 1.75min using thick metal electrode mask.  Thick metal 

electrode should be aligned into semi-transparent metal electrode.  

(6) Reversal bake at 115°C for 2min 

(7) Develop for about 1min. 

(8) Deposit 10nm-thick Ti and 100nm-thick Au using e-beam evaporator. 

(9) Metal lift-off in 1165 remover. 
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7.2 Calibration Procedures for Light Output Power Measurements of 

Ultraviolet Light Emitting Diodes Fabricated in This Program. 

1. Using the tungsten lamp LS-1-CAL (Ocean Optics Inc.) to calibration the spectral 

response of the system above 400 nm (visible range). The procedure is listed in the 

OOIIRAD manual, page 14, from step 14 to step 18.  

2. Refer to The Book of Photon Tools (Oriel Instruments), page 1-46, Fig. 1, reproduce 

the data of “irradiance vs. wavelength” curve of D2 Lamp. Please note that the absolute 

value of irradiance at each wavelength (µW/m2/nm at 0.5 m) is not calibrated. The only 

useful information that these data give us is the relationship between the irradiance at 

visible range and that at UV range. That is to say, if we know the LED’s irradiance over 

visible range (>400nm), we ought to be able to find out its irradiance over the UV range 

using these data. 

3. Measure the spectrum data (scope) of the D2 Lamp using USB2000 spectrometer. 

Divide the irradiance taken in step 2 by this scope data, and the results is the calibration 

factors acquired from D2 Lamp. Unlike the tungsten lamp calibration, this calibration has 

taken the spectral response of the system over the UV and blue/green range into 

consideration (250 nm - 500 nm). However, we still only know the relative irradiance 

over this wavelength range.  

4. Take both the spectrum and irradiance of the LED using USB2000 and OOIIRAD 

software. Please note here the irradiance is calculated from the spectrum and the tungsten 

calibration data. Therefore, it is believable above 400 nm but not in the UV range.  

5. Multiply the spectrum of the LED and the D2 Lamp calibration factors computed in 

step 3. The irradiance acquired this way is believable from 250 nm to 500 nm, except its 

absolute value. We know the absolute irradiance at 500 nm from step 4, and therefore 

only need to shift this relative irradiance curve to match that value. 

6. Verification: From 4 and 5, we know the two irradiance curves after the tungsten and 

the D2 Lamp calibrations are believable from 400 nm to 500 nm. Therefore, these two 

curves should be the same.  
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