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ABSTRACT 

 

COMPARISON OF ALLOYED AND NON-ALLOYED OHMIC 

CONTACTS IN GAN/ALGAN HEMT FOR KA BAND RADAR 

APPLICATIONS 
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December 2020, 128 pages 

Gallium Nitride (GaN) based High Electron Mobility Transistor (HEMT) is the 

most powerful alternative for high-power and high-frequency applications due to its 

unique material properties, such as high breakdown field, high electron drift velocity, 

high operation temperatures, high radiation resistance. Low ohmic contact resistance 

(Rc) is critical to enhancing the device performance at high frequency and high 

output power. Various metal stacks with different metal types have been reported in 

literature. Annealing these metal stacks at high temperatures (above 800 °C) leads to 

a deterioration in the metal surface morphology and metal edge acuity which makes 

it difficult to carry out further operations to form the gate region. On top of increasing 

the production costs, high annealing temperatures may also result in thermal 

degradation of the epitaxial heterostructure.  

In this work, high temperature annealing of metal stacks was eleminated by the 

development of MOCVD regrown InGaN layers and ALD grown AZO non-alloyed 

ohmic contacts, which does not require high temperature annealing of metal pads. 

These contacts were specifically studied for Ka-band application of GaN-based 

HEMT devices. To our best knowledge, MOCVD regrown InGaN layers and ALD 

grown AZO films as non-alloyed ohmic contacts were implemented to GaN-based 



 

 

vi 

 

HEMT devices for Ka-band applications first time in literature. MOCVD regrown 

InGaN layers and ALD grown AZO films exhibited degenerate doping (1019cm-3) 

low resistivity (~10-3 .cm) crucial for ohmic contacts to GaN materials. Improved 

contacts resistance of non-alloyed regrown InGaN ohmic contacts down to 0.3 

.mm compared to HEMT with alloyed ohmic contacts was accomplished. Alloyed 

ohmic contacts were also optimized with varying the barrier metal, metal 

thicknesses, and annealing conditions for comparison. 0.41 .mm contact resistance 

was achieved for the alloyed ohmic contact with Ni barrier and the corresponding 

HEMT device yielded 2.80 W/mm. An almost 7% improvement was observed in 

both drain-source current (Ids), transconductance (gm), and small-signal performance. 

Large-signal measurements showed that the output power of the HEMT with non-

alloyed regrown InGaN ohmic contact was 3.07 W/mm which was 9% higher 

compared to HEMT with alloyed ohmic contacts. Although, initial trials did not yield 

expected results due to not optimized recess etching and post-plasma cleaning 

conditions, there is still room for improvement for the ALD of AZO ohmic contacts. 
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ÖZ 

 

KA BANT RADAR UYGULAMALARI İÇİN GAN / ALGAN HEMT 

YAPILARINDA ALAŞIMLI VE ALAŞIMSIZ OHMİK KONTAKLARIN 

KARŞILAŞTIRILMASI 
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Aralık 2020, 128 sayfa 

 

Galyum Nitrür (GaN) bazlı Yüksek Elektron Hareketlilik Transistörü (HEMT), 

yüksek kırılma alanı, yüksek elektron sürüklenme hızı, yüksek çalışma sıcaklıkları 

gibi benzersiz malzeme malzeme özellikleri nedeniyle yüksek güçlü ve yüksek 

frekanslı uygulamalar için en güçlü alternatiftir. Düşük bir omik temas direnci (Rc), 

yüksek frekans ve yüksek çıkış gücünde cihaz performansını artırmak için kritik 

öneme sahiptir. Yüksek sıcaklıklarda (800 °C’nin üzerinde) metal yığınlarının 

tavlanması, metal yüzey morfolojisinde ve metal kenar keskinliğinde bozulmaya yol 

açar ve bu durum aygıt üretiminde başta kapı kontak metal hizalaması olmak üzere 

sonraki aşamaların gerçekleştirilmesini zorlaştırır. Üretim maliyetlerini artırmanın 

yanı sıra, yüksek tavlama sıcaklıkları ayrıca epitaksiyel heteroyapı kalitesinde 

bozulmalara neden neden olabilir.  

Bu çalışmada, Ka-Band uygulamaları için, GaN tabanlı HEMT aygıt üretiminde 

yüksek sıcaklık tavlama işlemine ihtiyaç duymayan MOCVD yeniden büyütme 

yöntemi ile üretilen InGaN tabakaları ve ALD yöntemi ile üretilen AZO tabakaları 

kullanılarak alaşımsız omik kontak geliştirme çalışmaları yapılmıştır. Bu kontaklar 



 

 

viii 

 

özellikle Ka-Band uygulamaların için üretilen GaN tabanlı HEMT yapıları için 

uygulanmıştır. Bildiğimiz kadarı ile, Ka-bant uygulamaları için GaN tabanlı HEMT 

aygıtlarında MOCVD yeniden yöntemi kullanarak InGaN katmanlarının ve ALD 

yöntemi ile üretilen AZO katmanlarımı omik kontak üretiminde uygulayan ilk grup 

biziz. MOCVD yöntemi ile üretilen InGaN tabakaları ve ALD yöntemi ile üretilen 

AZO tabakaları GaN malzemelerine omik kontak yapmak için oldukça önemli olan 

yüksek katkılama düzeyi (1019cm-3) ve düşük tabaka direnci (~10-3 .cm) 

özelliklerini gösterdiler. Bu çalışmanın en önemli noktaları arasında: alaşımlı omik 

kontaklı HEMT ile karşılaştırıldığında, alaşımsız ve MOCVD yöntemi ile yeniden 

büyütülmüş InGaN ohmik kontakların 0.3 .mm'ye kadar iyileştirilmiş kontak 

direnci yer almaktadır. Karşılaştırma amacı ile alaşımlı omik kontaklar farklı bariyer 

metali, farklı metal kalınlıkları ve farklı tavlama koşulları kullanılarak 

üretilmişlerdir. Ni bariyer metali kullanılarak üretilen HEMT yapılarında kontak 

direnci 0.41 .mm çıkış gücü ise 2.80 W/mm olarak elde edilmiştir. Hem kaynak-

akaç akımı (Ids), hem transkondüktansta (gm) hem de küçük sinyal performansında 

yaklaşık % 7’lik bir iyileşme gözlenmiştir. Transistör büyük sinyal ölçümleri, 

MOCVD yeniden büyütme yöntemi ile üretilen InGaN omik kontaklı HEMT 

aygıtların çıkış gücünün, alaşımlı ohmik kontaklı HEMT aygıtlara kıyasla % 9 

artarak 3.07 W / mm olduğu görülmüştür. ALD yöntemi ile üretilen omik 

kontaklarda ise ilk denemeler optimize edilmemiş girinti aşındırma ve plazma 

sonrası temizleme koşulları nedeniyle beklenen sonuçları vermedi. 
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CHAPTER 1  

1 INTRODUCTION  

1.1 Backgrounds 

Silicon (Si) has been utilized as a material of choice for a range of solid-state 

electronic devices since the birth of the first commercially available silicon transistor 

in the 1950s. The performance of a power electronics system depends on the 

operating frequencies and power levels. High switching rates and high breakdown 

voltages are necessary to have an efficient power electronic system. 

Si-based technology has been leading the semiconductor industry for many decades. 

Increasing demand for electronic devices with higher efficiency operates at elevated 

powers, temperatures, and frequencies compared to the Si-based devices motivated 

intense research on new materials with larger bandgap and higher carrier mobility. 

Several different compound semiconductor materials have been investigated to 

overcome the limitation of silicon for different applications.  For example, InP, 

GaAs, SiGe based transistors have been investigated and developed for RF 

applications with the frequency range from a few GHz to several hundred GHz due 

to their superior properties compared to Si 1-3.   

Figure 1.1 shows the bandgap energies and lattice constants of common 

semiconductor materials. InP, GaAs, and SiGe have lower bandgap compared to III-

N semiconductors such as GaN and AlGaN. III-Nitride materials and their alloys 

have a larger bandgap (Eg) which makes them better to be utilized at high power and 

high-temperature applications. 

 



 

 

2 

 

Figure 1.1. Lattice Constant and Bandgap Energies (Eg) of Common Semiconductor 

Materials 33 

Material properties of the common semiconductors are seen in Table 1.1. for 

comparison 4-6. Higher operating voltages require a high electrical breakdown 

field (Ec) which means that the semiconductor should have larger bandgap energies 

(Eg). Additionally, it allows us to operate materials at elevated temperatures and 

provide radiation hardness. For high power and high-frequency operation, materials 

should have high charge carrier mobility (µn) and high saturation velocity (sat). In 

power electronics, thermal conductivities of the individual components are crucial. 

Semiconductors that are used in a power electronic system should have high thermal 

conductivities to remove dissipated heat through the active region. Failure of the 

device operation could happen due to poor thermal conductivity. Common 

semiconductors, like GaAs and InP, are poor thermal conductors which makes them 

not suitable for high-temperature applications compared to GaN. The relative 

permittivity (r), which reflects the capacitive loading of a transistor, affects the 

transistor terminal impedances. Lower relative permittivity makes GaN enable 20% 

more currents and higher microwave output power. 
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GaN-based (GaN) based High Electron Mobility Transistor (HEMT) devices, 

especially AlGaN/GaN devices, have had a great interest due to their unique material 

properties which makes them promising candidates for microwave power devices 

compared to Si and GaAs based devices. Wide bandgap (3.4 eV of GaN and 6.2 eV 

of AlN), high saturation electron drift velocity (2x107 cm/s) and large electrical 

breakdown strength (3x106 V/cm) are suitable for harsh environments. Due to high 

electron mobility and high critical breakdown field of GaN and high thermal 

conductivity of SiC, these material systems demonstrate high breakdown voltages, 

low loss, high-speed switching, and high operating temperatures compared to Si, 

GaAs, and InP material system. Low loss and high-speed features make GaN-based 

electronic devices to save energy and reduce the size of electronics. To be more 

specific, GaN-based devices are utilized in medium voltage applications 7. 

Table 1.1 Material Properties for Common Semiconductors at 300K 

Properties GaN 

AlGaN/Ga

N 

SiC Diamond Si GaAs 

AlGaAs/ 

GaAs 

InP 

InAlAs/ 

InGaAs 

Band Gap 

Energy 

Eg  (eV) 

 

3.44 

 

3.26 

 

5.45 

 

1.12 

 

1.43 

 

1.35 

Electric 

Breakdown 

Field, 

Ec (MV/cm) 

 

3.0 

 

3.0 

 

10.0 

 

0.3 

 

 

 

0.4 

 

0.5 

Saturated 

Electron 

Velocity, 

sat (x107cm/s) 

 

2.5 

 

2.0 

 

2.7 

 

1.0 

 

 

1.0 

 

1.0 

Electron 

Mobility, 

µn (cm2/V.s) 

900 

2000x 

 

700 4800 

 

1500 8500 

10000y 

 

5400 

10000z 

 

2DEG Density, 

Ns (x1013cm-2) 

1.0 

 

N.A N.A N.A <0.2 <0.2 
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Table 1.2 (continued) 

Properties GaN 

AlGaN/Ga

N 

SiC Diamond Si GaAs 

AlGaAs/ 

GaAs 

InP 

InAlAs/ 

InGaAs 

Thermal 

Conductivity, 

  (W.cm/K) 

 

1.3 – 2.1 

 

3.7- 4.5 

 

22 

 

1.5 

 

 

0.5 

 

0.7 

Relative 

Permittivity, 

r 

 

9.0 

 

10.1 

 

5.5 

 

11.8 

 

12.8 

 

12.5 

x,y and z values for corresponding heterostructures 

1.2 III-Nitride Materials 

III-Nitride semiconductors such as aluminum nitride (AlN), gallium nitride (GaN), 

and indium nitride (InN) and their ternary and quaternary compounds which have 

wide bandgap (WBG) have a great potential for various semiconductor devices 

including optoelectronic devices (emitters and detectors) and high-temperature, 

high-power and high-frequency devices. At ambient conditions, hexagonal wurtzite 

structure is thermodynamically more stable which consists of two interpenetrating 

hexagonal close-packed lattices. Ⅲ-Nitrides including GaN, InGaN, or AlGaN are 

grown by metalorganic chemical vapor deposition (MOCVD) or molecular beam 

epitaxy (MBE). Epitaxial films have typically 0001 orientation with the surface 

corresponding to Ga-face (Figure 1.2.) when they are grown by MOVPE. Ga-face 

exhibits a smooter surface compared to N-face GaN epitaxial films. 

 



 

 

5 

 

Figure 1.2. Wurtzite Unit Cell of GaN with Two Polarities. ‘Ga-Face’: Gallium Plane 

is on the Top of 0001Plane and ‘N-Face’: Nitrogen Plane is on the top of 

0001Plane 34 

In cubic zinc-blende structure, which is symmetric and non-polar lattices, gathered 

great interest for optoelectronic devices. Besides, low temperature cubic form of 

GaN and InN have a direct bandgap, while AlN has an indirect bandgap. On the other 

hand, the application of electronic devices are based on hexagonal wurtzite crystal 

structures.  

Room temperature band gap values of the III-Nitrides are 3.4 eV, 6.2 eV, and 0.7 eV 

for GaN, AlN, and InN, respectively. III-Nitrides are polar materials, with both 

piezoelectric and spontaneous polarization arising from strain and the high 

electronegativity of gallium and nitrogen atoms.  

The polarization direction depends on the crystal orientation. The polarity of GaN 

depends on the substrate and, growth method, and growth conditions. Polarity plays 
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a vital role when considering the formation of defects during the material growth of 

heterostructure and influencing the final device performance. 

Figure 1.3 shows the bandgap versus lattice constant of wurtzite III-N materials. The 

typical III-Nitride heterostructure includes a GaN buffer layer followed by growing 

a ternary or quaternary barrier layer. At the junction of the two crystal, the difference 

in polarization between GaN and ternary alloy (barrier layer) increase the carrier 

concentration in the electrically charged region. Due to the discontinuity of the 

conduction band at the boundary of two semiconductors, the electron diffusing from 

the ternary alloy into the GaN buffer layer is confined at the interface called two-

dimensional electron gas (2DEG). The thickness of the ternary alloy barrier layer 

grown on the GaN buffer layer is typically tens of nm thick and has a wider bandgap 

than GaN, i.e. AlInN and AlGaN. The typical thicknesses of AlGaN are about 10-30 

nm with an aluminum composition of about 20-40 %. The aluminum content of 

AlGaN layers determined by the tensile stress induced by lattice mismatch [32]. 

AlInN barrier layer, on the other hand, can be grown with 83 % Al composition and 

lattice match to GaN buffer layer. AlInN barrier layer exhibits large carrier density 

and hence higher output current densities and high thermal/chemical stability against 

harsh environments [8]. 

 

Figure 1.3. Lattice Constant versus Bandgap of III-Nitrides (a), Band Structure of 

the AlInN/GaN Heterostructure (b) 35 
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There are remarkable electrical features of 2DEG in III-Nitrides materials. For 

example, Al0,26GaN/GaN heterostructures and lattice-matched AlInN/GaN 

heterostructures show a typical charge carrier concentration of 1x1013 cm-2 and 

2x1013 cm-2, respectively. In general, the 2DEG carrier concentration of GaN-based 

heterostructures 10 times higher compared to AlGaAs/GaAs heterostructures. 

AlGaN/GaN heterostructures with the highest electron velocity 3x107 cm/s and the 

mobility of 2000 cm2/V. s have been reported [9], which are close to the theoretical 

simulations [10,11]. 

Thin native-oxide layers (Ga2O3 and Al2O3), formed on the top surface, are used as 

passivation layers and highlight the potential applications for electronic devices. 

Progress in material growth and microfabrication techniques have been accelerated 

by the intensive research in the field of optoelectronic device in past decades.  

1.2.1 Crystal Structure 

GaN has a wurtzite crystal structure that consists of alternating biatomic closely-

packed planes of gallium and nitrogen pairs with ABAB sequence [12] see Figure 

1.4. Choosing proper substrate and tuning epitaxial growth conditions can however 

result in metastable cubic zinc-blende structures. Most of the research is however 

focused on hexagonal wurtzite GaN structures due to the difficulties with the growth 

conditions of cubic GaN crystals.  
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Figure 1.4. Ga-Face Crystal Structure of Wurtzite GaN 36 

The majority of all GaN studies are done on crystals grown along the c-axis (0001 

direction) which is called Ga-face polarity. Crystals grown in 0001 direction is 

called N-face polarity GaN. The definition of the polarity is coming from the Ga-N 

bonds parallel to the c-axis. In N-face GaN crystal, nitrogen atoms are below the Ga 

atoms, where Ga-face GaN has Ga atoms above nitrogen atoms. 

The unit cell of wurtzite GaN is hexagonal with tetrahedrally bonded four atoms. 

The chemical bonds of III-Nitrides are predominantly covalent. There is no inversion 

symmetry in 0001 direction called the c-axis which means that the position of an 

atom with coordinates (x, y, z) is not invariant to the position (-x, -y, -z). 

Crystals with different polarity behave differently. For example, N-face crystals have 

lower crystal imperfections and can be etched chemically [13] whereas Ga-face 
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crystals have a smoother surface and chemically inert. Almost all HEMTs are based 

on Ga-face due to better electron transport properties [14]. 

Crystal parameters which are basal hexagon (ao), the height of the hexagonal lattice 

cell (co), and the cation-anion bond length ratio (uo) along with c-axis units of co at 

300K defines the wurtzite III-Nitride lattice are seen in Table 1.2. The subscript ‘uo’ 

indicates that the values belong to the lattice at the equilibrium state. An ideal 

wurtzite crystal exhibits a co/ao ratio of √
8

3
=1.633 and uo is 0.375 [15]. 

Table 1.3 Common Semiconductor Material for RF Application 16 

 

Parameter 

 

Ideal 

 

AlN 

 

GaN 

 

InN 

ao (Å) - 3.112 3.189 3.540 

co (Å) - 4.982 5.185 5.705 

co/ao (exp.) - 1.601 1.626 1.612 

co/ao (cal.) 1.633 1.619 1.634 1.627 

uo 0.375 0.380 0.376 0.377 

 

1.2.2 Polarization in III-Nitrides 

The nitrogen atom makes the GaN-based materials unique when considering GaAs-

based and InP-based semiconductors due to its smallest size and highest 

electronegativity in group V elements. In this regard, nitrogen has a strong influence 

on the material properties of GaN. The electrons belong to the covalent bond affected 
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by the Coulomb forces of the nitrogen nucleus. This covalent bond has stronger 

ionicity compared to other III-V materials which result in polarization if the crystal 

has a lack of inversion symmetry. 

As mentioned in section 1.2.1, wurtzite III-N materials do not possess inversion 

symmetry along the c-axis. Without having inversion symmetry and ionicity of 

metal-N bonds result in a strong polarization along the c-axis which is called 

‘Spontaneous Polarization’ occurred in strain-free III-N lattice [16].  

Not only the strong ionicity of covalent bonds but also crystal imperfections also 

affects the strength of spontaneous polarization. Spontaneous polarization in III-

Nitride crystals induced by covalent bond along with  0001 direction. The other 

three covalent bonds in the crystal structure have equal ionicity and are aligned in 

opposite directions which are called compensation polarization. Compensation 

polarization act against the 0001 direction and causes a decrease in net 

spontaneous polarization. When the angle between these three bonds increases with 

decreasing ca/ao ratio results in a decrease in compensation polarization which 

increases net spontaneous polarization [17]. 

The magnitude of the net Spontaneous Polarization (PSP) increases from GaN to AlN 

as shown in Table 1.3. 

Table 1.4 Spontaneous Polarization (PSP) in III-Nitrides affected by Lattice Non-

Ideality 

Parameter Ideal GaN InN AlN 

co/ao 1.633 1.626 1.612 1.601 

PSP (C/m2) -  -0.029 -0.032 -0.081 
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Table 1.4 clearly shows that increasing crystal non-idealities PSP increases from 

GaN to AlN. 

Due to the externally applied stress to the III-Nitride lattice, crystal parameters ao 

and co change to manage applied stress. As a result, a change in polarization strength 

is observed. This additional polarization stress arising from strain is called 

‘Piezoelectric Polarization’.  

Piezoelectric coefficient e33 and e31 are as follows; [18]; 

PPE=e33Z+e31(X+Y)                                       (Eq. 1.1) 

Z=(c-c0)/c0 : strain along c-axis,  

x=Y=(a-a0)/a0 : in-plane strain  

a0 and c0 are lattice constants at equilibrium. It is assumed that the in-plane strain is 

isotropic. The relation between different strains;  

Z=-2
c13

c33
x                                                    (Eq. 1.2) 

c13 and c33 are elastic constants and the following equation yields Piezoelectric 

Polarization with the help of using Eq.1.1 and Eq.1.2  

PPE=2. 
a- a0

a0
 (e31-e33

c13

c33
)                                      (Eq. 1.3) 

In III-N semiconductor materials the term (e31 − e33
c13

c33
) is always be negative since 

the coefficients e31, e33, and c13 are always negative, positive, and positive, 

respectively. This means that the layers under tensile stress (aa0) has a negative 

PPE and the layers under compressive stress (aa0) has a positive PPE. 

Lacking of inversion symmetry in III-N crystal structures leads to a strong electric 

dipole in each of unit cells along 0001 direction, see Figure 1.5 (a). The net 

polarization in III-Nitrides is compensated and a net sheet charge on the top and 

bottom surface of the layer, see Figure 1.5. (b) [19].     
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The spontaneous polarization (PSP) is always negative in III-Nitrides which means 

that PSP and PPE are parallel for layers under tensile stress and anti-parallel for layers 

under compressive stress [20]. Figure 1.5. shows that strain-induced piezoelectric 

effect can be used to tune total polarization in the material. The magnitude of the 

polarization effect in III-Nitride materials is much greater than other common III-V 

materials such as GaAs and InP [16]. 

 

Figure 1.5. Polariation in wurtzite GaN 34 

1.3 Advantages and Disadvantages of GaN 

Table 1.1 shows the material properties of common semiconductor materials used in 

electronics such as GaAs, SiC, GaN, Si, and InP. For electronic applications, wide 

bandgap (WBG) semiconductors along with high breakdown voltage and high 

electron velocity make them unique for high-power and high-frequency applications 

that cannot be realized in the other materials system listed in Table 1.1.  

The thermal properties of GaN-based devices are another superior property 

compared to counterparts. Having higher thermal conductivity of GaN enables them 

to dissipate power more easily and allows devices to operate with having less 

degradation compared to GaAs and InP-based devices.  



 

 

13 

High saturation velocity (sat) and high charge carrier mobility (µn) are desirable 

when considering a high-frequency and high current operation. When comparing 

GaAs and InP material system GaN-based transistor suffers from lower mobility. 

These lower values, on the other hand, are adequate for transistors operating at high 

power conditions. Although GaN is suffering from low mobility, it has higher 

saturation velocity and wider bandgap which makes them convenient materials 

operating at a higher frequency and higher power applications compared to other 

common semiconductor materials. The drawback of the GaN is having difficulties 

in finding large wafers and the high cost of the GaN substrates. 

There are several figures of merits that have been proposed to make the comparison 

clearer. These figures of merit utilize the most important material properties 

considering high-frequency and high-power applications into a number that reflects 

the relative strength of each semiconductor material. For instance, the Johnson’s 

Figure of Merit (JFOM) takes in to account the saturated electron velocity and 

breakdown voltage to define a number for a certain semiconductor for high-

frequency handling capability [21]. The JFOM for GaN is 93 times compared to 

GaAs and 728 times compared to Si. Another figure of merit that defines high-power 

handling capability is Beliga’s Figure of Merit (BFOM) is calculated considering 

electron mobility, relative permittivity, and electric breakdown field [22].  The 

BFOM for GaN is 11 times compared to GaAs and 133 times compared to Si. JFOM 

and BFOM clearly show that GaN offers much better performance for high-

frequency and high-power applications compared to both Si and GaAs. 
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Figure 1.6. Electronic Application of GaN-based devices 

1.4 GaN for RF Applications 

Energy saving is still the most important concern in recent technologies which 

implies that high power efficiency and low power loss are detrimental for power 

devices [23]. Utilizing better materials to develop efficient power devices in modules 

is an effective way of saving energy. In this respect, power efficiency is vital in RF 

applications where a large amount of data with high speed and accuracy. For 

instance, 5G mobile communication needs much bigger data traffic with fast to 

transmit and receive which requires low loss and low energy consumption [24]. RF 

module is the main component that consumes a large amount of energy by releasing 

a large amount of heat. 

GaN has a large bandgap (3.4 eV) and high saturation velocity (2.5x107 cm/s) which 

makes it a suitable material for transistors that operates at high-frequency and high 
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voltage operation compared to common semiconductor materials [25,26]. Si-based 

transistor devices have been using at low-frequency (3 GHz). GaAs and InP-based 

devices can be used at higher frequencies with low operation voltages. Low 

breakdown fields of these materials limits their RF performances, output powers, and 

operating voltages. GaN-based transistors show comparable frequency gain at high 

operation voltage which results in high output power. Unique material properties and 

outstanding performance of GaN devices make them be utilized in a wide range of 

RF applications. GaN-based RF devices already have been using in base stations and 

military applications [27,28]. Although each semiconductor material has more or less 

suitable, GaN-based transistors can be applied to various applications in different 

frequencies. 

The superior power density of GaN, compared to Si LDMOS, helps wide band gap 

technology to dominate the RF power devices market. Depending on the bandwidth 

and power density not only AlGaN/GaN heterostructure but also AlN/GaN, 

AlInGaN/GaN and, AlInN/GaN alloys can be utilized which shows higher electron 

mobility due to the large polarization [29,30].  

Common semiconductors for suitable RF application are listed in Table 1.4 below 

31.  

Table 1.5 Common Semiconductor Material for RF Applications 

Material Radar Military Wireless Optical Wired 

Broadband 

Si 

 

High Peak 

Power 

High Power, 

High 

Linearity 

   

SiGe Low Noise, 

High 

Frequency, 

High Integration 

 Low Noise, High 

Frequency, High 

Integration 

High Speed, 

Low Noise, 

High 

Integration 

High 

Integration 

GaAs Low Noise, 

High 

Frequency,  

Low Noise, 

High 

Frequency,  

Low Noise, High 

Frequency, 

High Linearity  

High Voltage, 

Low Power, 

High Linearity 

High 

Linearity 



 

 

16 

Table 1.5 (continued) 

Material Radar Military Wireless Optical Wired 

Broadband 

InP    High Speed, 

High Voltage, 

Low Power 

 

GaN High Frequency, 

High Power, 

High Efficiency 

High 

Frequency, 

High Power, 

High Efficiency 

High 

Frequency, 

High Power, 

High Efficiency 

 High 

Linearity, 

High 

Efficiency 

 

1.5 Research Aim 

Due to its unique material properties, GaN is the most powerful alternative for 

devices designated at higher power, higher temperature, and higher frequency RF 

applications. One of the biggest advantages of GaN is the possibility of growing 

AlGaN/GaN heterostructures which yield high 2DEG density with high electron drift 

mobility. 

In this work, we aimed to develop methods of creating ohmic contacts, which does 

not require high-temperature annealing of metal stacks, called non-alloyed ohmic 

contacts for AlGaN/GaN HEMT devices designated for Ka-Band applications. 

MOCVD regrown InGaN layers and ALD grown AZO films were utilized as non-

alloyed ohmic contacts.  

The final goal of this research was to optimize alloyed ohmic contacts, develop 

MOCVD grown of InGaN layers and ALD grown of AZO films as non-alloyed 

ohmic contacts for GaN-based HEMTs for Ka-band applications. Detailed 

comparison of GaN-based HEMTs for Ka-band applications with alloyed and non-

alloyed ohmic contacts was systematically investigated. 
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CHAPTER 2  

2 PROCESS TECHNOLOGIES FOR ALGAN/GAN HEMT 

2.1 AlGaN/GaN HEMT Structure 

Device operation in this thesis is based on the properties of heterostructures. A 

heterostructure could be formed by using two semiconductors having different 

energy bandgap (Eg), permittivities (r), work functions (s), electron affinity (s). 

Figure 2.1 shows the energy band diagram of semiconductors with different material 

properties. 

After making contact with wide and narrow bandgap semiconductors, a discontinuity 

in the conduction band and valance band is observed. A quantum well is formed at 

the boundary which is called Two-Dimensional Electron Gas (2DEG) due to 

discontinuity at the conduction band. Increasing doping of wide bandgap 

semiconductor causing separation of electrons from donor atoms and collected as 

2DEG channel under heterointerface.  
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Figure 2.1. Energy Bandgap of Two Semiconductor Before (a) and After Contact 

(b) 

Apart from other III-V semiconductor materials where doping is crucial to induce 

2DEG, the AlGaN/GaN heterostructure does not need any doping which means that 

2DEG is induced without having any kind of doping. 2DEG is created in 

AlGaN/GaN heterostructure with the help of spontaneous and piezoelectric 

polarization which produces very high electron concentration even without having 
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doping. Doping free mechanism also decreases trap related phenomenon in device 

performance.  

These devices are typically used by forming heterostructure with epitaxial growth of 

GaN followed by an AlGaN layer results in 2DEG created at the junction in the GaN 

side.  

The effect of strain and growth face on the direction of piezoelectric and spontaneous 

polarization in III-Nitride heterostructures are seen in Figure 2.2, below. 

 

Figure 2.2. Direction of PSP and PPE on different faces on GaN under strain [32] 

A relatively thin AlGaN barrier layer on the top of a high resistive GaN layer to 

create an AlGaN/GaN heterostructure. Due to the differences in bandgap energies 

band bending occurs and 2DEG created by electrons in the upper side of the GaN 

layer. Having lack of inversion symmetry in 001 direction and large ionicity of 

covalent bond in wurtzite crystal induces a strong spontaneous polarization (PSP) in 

001 direction. Because of the lattice parameter differences, piezoelectric 
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polarization (PPE) occurs in III-Nitrides which is much larger than traditional III-V 

semiconductors. 

Figure 2.3. below shows the direction of polarization and band diagram of Ga-polar 

AlGaN/GaN heterostructure. 2DEG is created at the junction in the very top side of 

the GaN buffer layer. 

 

Figure 2.3. Ga-Polar of AlGaN/GaN Heterostructure with direction of PSP and PPE (a) and 

2DEG formation (b) 

The effects of polarization in III-Nitride are large and it generates 2DEG without any 

doping. The maximum electron density for such a structure could reach up to about 

2x1013 cm-2. High electron mobility up to 2000 cm2/V. S at 300K (77K) is achieved 

in the 2DEG channel [2]. 

2.2 Principle of HEMT 

The High Electron Mobility Transistor (HEMT) which is also called Modulation 

Doped Field Effect Transistor (MODFET) gained much interest in high-frequency 

and high power devices. HEMT is a three-terminal device. The cross-section and 
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geometry of a typical HEMT structure are seen in Figure 2.4. The current flowing 

between the drain (D) and source (S) is controlled by applying a voltage to the gate 

(G) terminal as seen in Figure 2.5. The quality of the 2DEG channel determines the 

electron transport along with the interface and properties of the final device. 2DEG 

quality is depending on both substrate, growth method, doping level, and purity of 

sources that are used for epitaxial growth. 

 

Figure 2.4. Cross-Section View of GaN-Based HEMT Structures 2D and 3D [2] 

The 2DEG conductivity is given by [12]; 

=qnsµ                                                          (Eq. 2.1) 

where q is the elementary charge of the electron, ns is the electron concentration and 

µ is the mobility of electrons. Channel conductivity of the heterostructure is 

governed by both mobility and carrier concentration. 
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Figure 2.5. Energy Band Structure of GaN-based HEMT a) Zero bias and b) 

Negative bias [2] 

When a positive voltage is applied to the drain contact leads to the flow of current 

along 2DEG due to the potential drop between drain and source contact. The amount 

of the current flowing through the source and drain contact is controlled by the gate 

voltage, Vg. Increasing the gate voltage to higher negative values cause to decrease 

in the drain current. Further increasing Vg to more negative values cause to channel 

pinched-off which is called pinch-off voltage. 

An electron can flow between the source and drain contact for a certain Vg value 

above the pinch-off voltage. The saturation drain-source current, IDSS, is defined as 

the maximum saturation current passing through drain and source ohmic contacts   

Typical output characteristics and dependence of IDSS on applied voltage (VDS) of a 

GaN-based HEMT device is shown in Figure 2.6 below.  
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Figure 2.6. GaN-based HEMT Device Output Characteristics [34] 

The gate width (Wg) and the gate length (Lg) are the most important physical 

parameters of the HEMT devices. Other important parameters of the HEMT device 

is the gate-source distance (LGS) and gate-drain distance (LGD). Lg is crucial in 

determining the operating frequency and the current flowing through the device 

depends on the Wg [13]. As a result, narrow gate-width (Wg) devices are utilized for 

low current and low noise applications whereas the wide gate-width (Wg) is utilized 

for high power electronic devices. 

Some important quantities for electrical characterization of HEMT devices are the 

saturation current, gm is the transconductance, ft is the current gain frequency and the 

fm is the maximum oscillation frequency. The output characteristics ID is a function 

of VDS and VGS. ID is proportional to the channel with Wg so that the unit is mA/mm.  

𝑔𝑚 =
𝐼𝐷

𝑉𝑔𝑠
                                                     (Eq. 2.2) 

𝑔𝑚,𝑒𝑥𝑡 =
𝑔𝑚

1+𝑔𝑚𝑅𝑠
                                                 (Eq.2.3) 
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where gm is the intrinsic transconductance, Rs is the source resistance which is the 

sum of the sheet resistance between gate and source contact (Rsh,gs) and Rc [14]. 

𝐼𝑑𝑠 ∝
𝑊𝑔

𝐿𝑔
                                                       (Eq.2.4) 

where Wg and Lg are gate width and gate lenght, respectively[14]. 

𝑓𝑡 =
𝑠𝑎𝑡

2𝐿𝑔
=

𝑔𝑚

2(𝐶𝑔𝑠+𝐶𝑔𝑑)
                                            (Eq.2.5) 

where sat is the electron saturation velocity[14]. 

𝑓𝑚𝑎𝑥 =
𝑓𝑡

2√2𝑓𝑡𝑅𝑔𝐶𝑔𝑑+𝐺𝑑𝑠𝑅𝑖𝑛
                                         (Eq.2.6) 

where Cgs is the gate-source capacitance, Cgd is the gate-drain capacitance, Gds is the 

output conductance, Rg is the gate resistance, Rin is the input resistance consisting of 

the gate, source, and channel components[14]. 

The first AlGaN/GaN HEMT was reported by Khan in 1994 [15]. The gate length 

(Lg) was 0.25 µm exhibited a current IDSS of about 60 mA/mm with a 

transconductance (gm) of 27 mS/mm and without any reported microwave 

performance. Later on, Aktaş [16] et al. reported a device with an Lg of 3 µm and 

Wg of 40 µm that exhibits an IDSS of about 500 mA/mm with a transconductance of 

120 mS/mm on the doped structure [38]. The first power data for AlGaN/GaN 

HEMT were reported for a 30 nm thick Al0.15GaN barrier on a thin buffer at UCSB 

[17]. The power density was 1.1 W/mm with a power-added efficiency (PAE) of 

18.6% was obtained at 2 GHz. It was found that output power was limited by heating 

which results in poor electron transport in the 2DEG channel due to the lower crystal 

quality. Increasing GaN buffer thickness to 2-3 µm and barrier layer up to 40 nm 

improved the power density up to 1.57 W/mm at 4GHz [18].  The power performance 

of Al0.5GaN HEMT with an Lg of 0.25 µm was investigated. An increase in output 

power was observed from 0.35 W to 1 W at 8 GHz but the power density decreased 

from 3.3 W/mm to 2 W/mm due to heating effects of the larger device when 

increasing Wg from 100 µm to 500 µm [19]. 
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Both DC and RF performance of GaN-based devices continue to be improved due to 

the betterments in both qualities of the materials and microfabrication techniques 

[20]. High-performance AlGaN HEMT on sapphire with a gate length of 0.25 µm 

and transconductance of 400 mS/mm have been reported with fT of 85 GHz and 

fmax of 151 GHz [21]. To decrease the self-heating effect and improve device 

performance, several reports have been published on high resistivity SiC substrates 

[22-23].  HEMT devices on a SiC substrate with an Lg of 0.12 µm yielded an extrinsic 

transconductance of 217 mS/mm and a current density up to 1.19 mA/mm where the 

cutoff frequency was 101 GHz and maximum oscillation frequency was 155 GHz 

[24]. Power densities of 13.8 W/mm at 2 GHz have been published by Lossy et al 

[25]. 

The pioneering studies for undoped AlGaN/GaN heterostructures were initiated by 

Cornel University. The highest output power of 11.2 W/mm at 10 GHz was reported 

for AlGaN/GaN HEMT grown on SiC substrate after proper surface passivation. 

Later on, MBE growth of AlGaN/GaN HEMT on Si substrates with an Lg of 0.5 µm 

yielded maximum transconductance of 160 mS/mm and current density of 600 

mA/mm where fT and fmax where 17 GHz and 40 GHz, respectively [26]. High-

performance AlGaN/GaN HEMT devices reported with a power density of 1 W/mm 

for 150x1 µm gate at 4 GHz where 28 GHz and 50 GHz, respectively [27]. The 

higher output power of 6.6 W/mm at 2 GHz has been reported [28]. 

Recent progress for GaN-based HEMT devices has been summarized in Table 2.1. 

below. As shown in Table 2.1. decreasing the Lg down to sub-100 nm regime with a 

novel production technology allows improving the frequency performances. 
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Table 2.1 Recent Progress for GaN-based HEMT Devices 

Lg 

(nm) 
IDSS(A/mm) fT (GHz) 

fmax 

(GHz) 

f 

(GHz) 

Pout 

(W/mm) 
Susbtrate Ref. 

20 4 342 518   SiC [29] 

20  454 444   SiC [30] 

30 1.57 245 13   SiC [31] 

30 1.80 300 33   SiC [32] 

30 1.50 370 30   SiC [33] 

30 1.90 400 33   SiC [34] 

50 2.10 221 290   SiC [35] 

60 2.10 210 55   SiC [36] 

60 1.65 183 191 38 2.70 SiC [37] 

70 1.65 162 176   SiC [38] 

75 1.05 152 149 40 2.00 Si [39] 

75 0.80 170 210   SiC [40] 

80 1.10 114 230 40 1.25 SiC [41] 

80  176 70   Si [42] 

 

2.3 Semiconductor-Metal Contacts 

Production of electronic devices requires putting two or more dissimilar materials 

(semiconductors, metals, insulators) together. The interface between these materials 

becomes very important because it affects the electrical properties (transport) of the 

devices. 
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In general, contacts in metal-semiconductors could be divided into two types which 

are Schottky contacts and Ohmic contacts. Metal-semiconductor contacts are 

characterized by the energy difference between the conduction band edge of the 

semiconductor and the metal Fermi Level (EF) which is called ‘Barrier Height’. The 

design of Schottky or Ohmic contact is quite different. For Schottky contacts, Barrier 

Height should be high enough to have proper current rectification. On the other hand, 

in ohmic contacts, the Barrier Height should be as low as possible to have a low 

resistance connection between semiconductors and metals. 

A typical energy band diagram is seen in Figure 2.7 for metal and n-type 

semiconductors which are isolated and electrically neutral. The work function of 

semiconductor (s) is less than that of the metal work function (m), where  is the 

electron affinity, Efm is Fermi levels for metal and semiconductor, respectively.  

This is the most common case while forming semiconductor-metal contacts. Ec is the 

conduction band edge, Ev is the valance band edge and Efs and Efm are Fermi levels 

for metal and semiconductor, respectively. This is the most common case while 

forming semiconductor-metal contacts. 

 

Figure 2.7. Metal and n-type Semiconductor a) before and b) after contact where 

m is greater than that of s [69] 
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The Fermi levels must be equal at thermal equilibrium and the vacuum level should 

be continuous. These two requirements determine the energy band diagram for the 

ideal metal-semiconductor contact. For this case, the Schottky Barrier Height (b) is 

given by; 


𝑏

= 𝑞
𝑚

− 𝑞                                               (Eq.2.7) 

In this case, the electron starts to move metal until the Fermi Levels are equal. The 

amount of the band bending is called ‘Built-in Potential’ (Vbi) which is a barrier for 

electrons in the conduction band of semiconductor which is trying to flow into metal. 

There are several ways for charge carriers transported through a semiconductor-

metal junction is 45; 

i) Thermionic Emission (TE): Carriers transport to metal by 

passing over Vbi 

ii) Thermionic Field Emission (TFE): Tunneling of hot charge 

carriers through the top of Schottky Barrier Height (b) 

iii) Field Emission (FE): Carrier tunneling through the whole 

Schottky Barrier Height (b), which is preferred for Ohmic 

Contacts  

The band alignment for p-type semiconductor and metal is shown in Figure 2.8. The 

barrier height is Eg+q(-m) for holes traveling from metal to semiconductor and q 

(s-m) for holes traveling from semiconductor to metal. 

As a result, metal with a higher work function is desired to form ohmic contact to 

the p-type semiconductor whereas metal with lower work function is a good choice 

to form ohmic contact to the n-type semiconductor. 



 

 

33 

 

Figure 2.8. Metal and p-type Semiconductor a) before and b) after contact where s 

is greater than that of m [69] 

2.3.1 Ohmic Contact to GaN 

An ohmic contact is a junction between semiconductor and metal that allows charge 

the carrier to flow on both sides without distortion of the signal. Ohmic contacts obey 

Ohm’s Law; 

𝑉 = 𝐼𝑥𝑅                                                       (Eq.2.8) 

which is a linear relationship between current and voltage.  

Ohmic contacts are very important parts of the solid-state device since it directly 

affects the power consumption and internal heating of the device which are key 

factors when considering device performance. An ideal ohmic contact could be 

capable of delivering current flow with a negligible drop of voltage across contacts. 

The current-voltage graph of the contact should be linear and symmetric. Contact 
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resistance is strongly depending on processing parameters used during 

microfabrication. As a result, it is very crucial to develop ohmic contacts with low 

contact resistance before the realization of any device [46,47]. 

The realization of ohmic contacts requires a thin, highly doped region at the metal-

semiconductor junction. To make ohmic contact to GaN material is to use metals 

with appropriate work functions. High-temperature annealing in nitrogen ambient 

serves a thin highly doped region as desired for tunnel contact. 

The realization of ohmic contacts requires a thin, highly doped layer at the interface. 

To make ohmic contact to GaN material is to use metals with appropriate work 

functions. High-temperature annealing in nitrogen ambient serves a thin highly 

doped region as desired for tunnel contact. 

In recent years, much research has been conducted to get low resistance ohmic 

contacts to AlGaN/GaN heterostructures by universities and companies. The 

formation of low resistance ohmic contact to GaN is challenging due to the wide 

bandgap of GaN-based materials. Al [48,49], Ti [50] and Ti/Al [48] metal stacks 

have been widely used to have lower contact resistance. 

A new metallization scheme was introduced by Fan et al. [51] where they used 

Ti/Al/Ni/Au in which new metals (Ni and Au) were added on the top of Ti/Al layers. 

This configuration of metals had a specific contact resistivity of ρc~8.9 x10-8 .cm2 

at the optimal annealing condition. After this report, a standard Ti/Al/X/Au ohmic 

contact metallization scheme where X is Pt [52], X is Ni [53], X is Mo [54] and some 

other variants are used for GaN-based heterostructures. 

Individual metal has its specific role in metal a stack which are described as follows 

[50,54]; 

Ti: Serve as an adhesion layer and reacts with nitrogen in GaN/AlGaN layers 

and forming TiN which has a lower work function and causes to decrease 

SBH and help to make proper contact formation. It also generates N-
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vacancies within GaN/AlGaN which cause to material highly n-doped and 

increase tunneling probability of electrons through a thin potential barrier  

Al: Reacts with Ti to form Al3Ti layer that prevents Ti from oxidation. It also 

reacts with epilayer and forms AlN, resulting in N-vacancies which improves 

contact resistance. 

Pt, Ni or Mo: used as a barrier metal for inter-mixing of Al and Au which 

forms high resistive Al2Au phase known as ‘purple plague’. These metal 

layers play an important role in forming both lower ohmic contact resistance 

and surface morphology. 

Au: To prevent oxidation of Ti and Al during high-temperature annealing 

and improve contact resistivity 

Apart from a metal work function, there are different carrier transport mechanism at 

the junction of metal-semiconductor materials that depends on the semiconductor 

doping level as seen in Figure 2.9 below. 

Figure 2.9. Carrier transport mechanisms for lightly, moderate, and highly doped   

semiconductor/metal interface 
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In general, the Thermionic Emission (TE) is the dominant mechanism for the 

electrons when the doping level, ND, of the semiconductor is lower than 1 × 1017cm−3 

and ρc expressed as follows [44]; 


𝑐

=
𝑘

𝑞𝐴∗∗𝑇
𝑒

𝑞𝐵
𝑘𝑇                                                     (Eq.2.9) 

where A** is Richardson constant, q is the elementary charge and k is Boltzman 

Constant  

In this case, c is not dependent on the ND. W, which is defined as the space charge 

region is thick enough and electrons should gain enough thermal energy to pass over 

the Schottky Barrier Height, B. 

Thermionic Field Emission (TFE) mechanism is dominant when the range of 

doping in  1 × 1017 cm−3< ND< 1 × 1019 cm−3. The space charge region W gets 

sufficiently narrow and permits to tunneling of thermally excited electrons. In this 

case, ρc can be described as follows where E00 is the characteristic energy; 


𝑐
~𝑒

𝐵

𝐸00𝑐𝑜𝑡ℎ(
𝐸00
𝑘𝑇

)                                  (Eq.2.10) 

where 𝐸00 =
𝑞ℎ

4


𝑁𝐷

0𝑚∗                                (Eq.2.11) 

Field Emission (FE) is dominant when the semiconductor doping exceeds ND> 1 × 

1019cm−3. In the Field Emission case, the space charge region W gets very thin and 

permits the tunneling of the electron through the junction. The contact resistance, ρc, 

could be described as follows; 


𝑐

~𝑒
𝐵

𝑁𝐷                          (Eq.2.12) 

In the case of Field Emission (FE), Eq. 2.12 clearly shows that the specific contact 

resistance strongly depends on both B and ND. 

Metals with a lower SBH (B) are crucial for obtaining low specific contact 

resistance. 
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Figure 2.10 shows the SBH of the various metals for both p-type and n-type GaN. 

Experimental results showed that Ti and Al metals are the best choices when 

considering ohmic contact to n-type GaN where SBH in the range of 0.4–0.5 eV. 

 

Figure 2.10. Literature survey of Schottky Barrier Height for different metals as a 

function of Metal Work Functions 44 

Several alternatives (Ta, W, Cr, Pt, ZrB2, V, etc.) with different combinations and 

layer thicknesses have been used to form ohmic contacts to n-type GaN where 

specific contact resistances are in the range of 10−2 – 10−7 .cm2.  Specific contact 

resistance depends on various parameters like metal thickness and work function, the 

doping level of the semiconductor, and annealing conditions as seen in Figure 2.11 

44. 

Annealing of metal stacks is an important step for making ohmic contacts. Annealing 

temperatures have to be tuned to create reliable ohmic contact with a smooth surface. 

Metal surface roughness is critical for the next coming lithography steps. Ti and Al 
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can react with GaN and form TiN or thin AlN resulted in lowering barrier height or 

making direct contact with 2DEG by the generation of N-vacancies under the ohmic 

contact. These N-vacancies have been introduced that occur electron tunneling 

through a heavily bent conduction band. However, Ti and Al are sensitive to oxygen 

which increases their resistivities during high-temperature annealing. Thus, most of 

the cases adapt cap metals above the Al to suppress oxidation of the under metals, 

such as molybdenum (Mo) or nickel (Ni) [62,63,64]. These metals also play a role 

as barrier metals that make gold (Au) cannot diffuse downward when high-

temperature annealing is performed. 

 

Figure 2.11. Changing of contact resistivity with annealing condition a) [65] b) 

where individual studies were listed by G. Greco in his paper [44] 

Ti/Al/x/Au multilayer, where x could be Pd, Pt, and Mo metals, are widely used and 

characterized at elevated temperatures in order to have alloyed ohmic contacts to n-

GaN and AlGaN/GaN HEMT structures. The function of the Au metal is to prevent 

the underlying metal stack from oxidations during high-temperature annealing. 

Barrier metals (Pd, Pt, and Mo) are used to prevent the mixing of Ti, Al with Au 

metal and improve the reliability of the ohmic contacts. Decreasing ρc with 

increasing temperatures explained by the thermionic field emission mechanism [66].  
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2.3.2 Schottky Contacts to GaN 

Schottky contacts do not allow any current through them unless a critical voltage is 

applied. A large amount of current passes through the Schottky contact when critical 

voltage is applied which is called the forward bias region. When voltage is applied 

in the opposite direction and no current flows through the device, it is called the 

reverse bias region. However, if the applied voltage is increased beyond some value, 

the breakdown occurs, and generally, contact is destroyed by a huge amount of 

current flow through the contacts. 

Schottky contacts are one of the important blocks for HEMT devices. The key 

parameter of the junction is the Schottky Barrier Height (SBH) ( B) which controls 

both electron transport across the interface and width of the depletion region in the 

semiconductors.  

When considering the SBH of metal contacts to GaN, it is obvious that barrier height 

strongly depends on metal work function. However, many researchers have found 

that  B weakly depends on metal work function 55,56. 

Schottky Barrier Heights (SBH) of Pt, Ni, Pd, Au and Ti are 1.04 eV 56, 0.99 eV 

57, 0.94 eV 56, 0.94 eV 56, and 0.58 eV 58,respectively, on n-type GaN. Their 

work functions are 4.3 eV for Ti, 5.1 eV for Au and Pd, 5.15 eV for Ni, and 5.65 eV 

for Pt. The diffidence in SBH is smaller than the difference in their work function 

which implies that the metal work function is not the only factor that determines 

SBH of metals to n-type GaN. The same situation is also valid for metal p-type GaN.  

The suitable gate contacts for microwave devices are Schottky contacts due to their 

switching speeds between forward and reverse current which is on the order of 

picoseconds.  

Schottky gates designed for microwave applications should have the following 

features 14; 

- Low gate and drain leakages currents 
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- Low gate resistance 

- High breakdown voltages  

- Good thermal stability 

- Good adhesion 

In order to have high breakdown voltage, low drain leakage currents, and low gate 

leakage currents Schottky Barrier Height (SBH) between the gate metal and AlGaN 

barrier layer should be as high as possible. The work function of the metal which is 

used as a gate metal has a stronger influence on the Schottky Barrier Height (SBH). 

Schottky Barrier Height (SBH) also depends on both defect density of the films used, 

local stoichiometry variation, process details and etc. 

Ni and Ir are known to have the best adhesion to AlGaN and GaN epilayers which is 

important to avoid any metal peel off during device microfabrication. Good thermal 

stability is another important parameter for metals that are used for gate metal. 

Channel temperatures of GaN-based HEMT could reach up to 400 oC, depending on 

the substrate used, bias condition, and power dissipation 59,60,61. The resistance 

of the Schottky gates should be since it determines not only the input impedance but 

also influence fmax, maximum available gain (MAG), and noise figure of the devices. 

The gate resistance decreased by using a T-shaped gate (mushroom gate) geometry. 
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CHAPTER 3  

3 COMPARISON OF ALLOYED AND NONALLOYED OHMIC CONTACTS IN 

ALGAN/GAN HEMTs 

Entire microfabrication processes were performed in the Nanotechnology Research 

Center (NANOTAM) at Bilkent University. In this part, the process flow of GaN-

based HEMTs is described along with some key factors which are detrimental to 

process steps. 

In this work, epitaxial layers of HEMT structures were grown on both Al2O3 and SiC 

substrates by MOCVD. Figure 3.1. shows the HEMT stack layers grown on Al2O3 

substrates and the corresponding 2DEG properties determined by Hall Effect 

measurements. 

 

Figure 3.1. Layer stacks of HEMT structure grown by MOCVD and corresponding 

2DEG Properties 

Electrical properties of the patterned ohmic contacts were determined using the 

linear transfer length method (TLM). Typical geometry of the metal contact pads and 

a sample resistance versus spacing curve are seen in Figure 3.2, below. 
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Figure 3.2. Schematic of patterned metal contacts with (a) TLM structure and 

measurement of (b) R-d curves with four-point probes [25] 

The sample was etched down to the GaN buffer layer for device isolation. This is 

done for isolating conductive epilayers to restrict current flow in the region where 

TLM metal pads are produced. Predefined metal contact pads were deposited on the 

wafer in a way that increasing pad spacing. A constant current was passed between 

metal pads and voltage drop between these two pads was measured and used to 

obtain total resistance. Separate voltage sense and current source are essential in 

order to ignore the probe resistance which is important for measurement accuracy 

when the measured total resistance is relatively low. Then, the same measurements 

were performed for the successive metal pads. Measured total resistances are plotted 

on a linear graph as a function of pad spacing, d. 
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Measured total resistance is R(d), between two successive metal contacts with 

spacing d, is given by; 

R(d) = 2Rc + Rsemi                                              (Eq. 3.1) 

Where Rc is the resistance between metal and semiconductor and Rsemi is the 

resistance of semiconductor where; 

Rsemi = Rshx
d

W
                                                    (Eq.3.2) 

Rsh is the sheet resistance of the semiconductor. Hence, we have; 

R(d) = 2Rc + Rshx
d

W
                                            (Eq.3.3) 

By plotting R(d) versus d gives we have Rc and Rsh.  

Rc = (Intercept x W)/2                                            (Eq. 3.4) 

Rsh = slopexW                                                 (Eq. 3.5) 

Contact resistance depends on the size of the contact. Therefore, specific contact 

resistivity, c  


𝑐

=  𝑅𝑠ℎ𝑥𝐿𝑇
2                                                      (Eq. 3.6) 

where LT is the current transfer lenght. 

The standard process flow sequence is depicted in Figure 3.3. Epi-wafer was diced 

into 15 mm x 15 mm pieces and followed by a standard ACE/ISO cleaning. Standart 

lithography processes were utilized to form TLM patterns with the dimensions of 

W/L: 200 µm / 100 µm and spacing were 2 µm, 3 µm, 4 µm, 5 µm, 7 µm, 10 µm, 14 

µm, and 20 µm between pads. In order to make electrical isolation of the TLM pads 

Inductively Coupled Plasma – Reactive Ion Etching (ICP-RIE) processes were used 

to form mesa isolation by etching epitaxial layers down to GaN buffer layer.  

In order to optimize the contact resistance, Rc, alloyed ohmic contacts different metal 

stacks, and Rapid Thermal Annealing (RTA) conditions and recessed non-alloyed 
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ohmic contacts were fabricated. In this study, AlGaN/HEMT on Al2O3 substrates 

were utilized for determining the quality of fabricated ohmic contacts. 

 

Figure 3.3. Microfabrication Process Sequence for TLM Patterns 

3.1 Ohmic Contacts to AlGaN/GaN HEMTs 

In alloyed ohmic contacts, a Rapid Thermal Annealing (RTA) process (above 800 

oC) is necessary to obtain low contact resistances for Ti-based metal stacks. Thermal 

degradation of epitaxial layers could be happening at such high annealing 

temperatures. Deterioration of surface morphology of Ti-based metal schemes after 

high-temperature annealing decrease edge acuity that affect the accurate alignment 

of the gate electrodes. 

In addition to morphological deterioration, epitaxial degradation could also happen 

due to the high-temperature annealing that closes to epitaxial growth temperatures. 

High-temperature processes that are used for microfabrication processes could 

potentially affect the quality of epitaxial layers which results in an increase of sheet 
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resistance, Rs. An increase in Rs pushes knee voltage (Vknee) to higher values, 

decreases Ids, and hence kills device performance. 

As seen in Figure 3.4., the presence of an unstable edge morphology due to high-

temperature thermal annealing (which is above the Al melting point of 660 oC) 

ultimately affects the device parameters. Any decrease in RTA temperature results 

in an increase in ohmic contact resistance which kills device performance. 

To alleviate this problem, one needs to develop a new way of making ohmic contacts 

without a need for the RTA process performed at elevated temperatures.  

 

Figure 3.4. SEM images of a) deteriorated surface morphology of ohmic contacts 

due to high temperature annealing and b) acceptable ohmic contact morphology 

3.1.1 Varying Al Thicknesses 

An alloyed or planar ohmic contact is the simplest and standard method to fabricate 

ohmic contact to GaN HEMTs. A planar metal contact is formed by standard 

microfabrication processes (lithography and metalization) and followed by rapid 

thermal annealing (RTA) under a suitable condition. It is important to tune RTA 

conditions (temperature, time and etc.) in order to have well-defined edge profiles 

which are important for next coming lithography and other microfabrication steps.  
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In this study, we utilized different metals, metal stacks, and RTA temperatures in 

order to tune both contact resistance and metal edge profiles. 

Ti, Al, Ni, and Au metal were deposited by the e-Beam Evaporation system. Contacts 

were then annealed at 825 oC for 30 sec in a nitrogen ambient. SEM inspection and 

TLM measurements were performed using four contact probe on 100 µmx200 µm 

contact pads with the spacing of 2 µm, 3 µm, 4 µm, 5 µm, 7 µm, 10 µm, 14 µm, and 

20 µm.  

Table 3.1 shows the metal stacks deposited by e-Beam and corresponding contact 

properties including contact resistance and edge definitions. Ohmic contact 

resistances with varying Al thickness can be seen in Figure 3.5. Increasing Al 

thicknesses in metal stacks helped to improve contact resistance but surface 

morphology and edge acuity of the metal pads were worsened. 
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Table 3.1 Ohmic Metal Stacks with varying Al Thicknesses and Corresponding 

Contact Features 

Metal 

Stacks 

(nm) 

Sample  

Code 

Rc (.mm) 

Rs (/sq) 

Edge Definition  

(SEM Images) 

Remarks 

 

 

Ti-Al-

Ni-Au 

20–60–

40–50  

 

 

 

Al-60 

 

 

Rc: 1.62 

Rs: 440 

 

 

Acceptable metal 

surface morphology, 

clean edge acuity but 

high contact resistance 

which is not 

acceptable 

 

 

 

Ti-Al-

Ni-Au 

20–

100–

40–50  

 

 

 

Al-100 

 

 

Rc: 0.51 

Rs: 371 

 

 

Acceptable metal 

surface morphology, 

clean edge acuity and 

acceptable contact 

resistance 

 

 

 

Ti-Al-

Ni-Au 

20–

120–

40–50  

 

 

 

Al-120 

 

 

Rc: 0.40 

Rs: 346 

 

 

Low contact resistance 

but not acceptable due 

to distorted line edges 

and surface 

morphology with 

increasing Al 

thickness.  
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Table 3.1 (continued) 

Metal 

Stacks 

(nm) 

Sample  

Code 

Rc (.mm) 

Rs (/sq) 

Edge Definition  

(SEM Images) 

Remarks 

 

 

Ti-Al-

Ni-Au 

20–

150–

40–50  

 

 

 

Al-150 

 

 

Rc: 0.33 

Rs: 448 

 

 

Low contact resistance 

but not acceptable due 

to distorted line edges 

and surface 

morphology with 

increasing Al 

thickness. 
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Figure 3.5. TLM Measurements of Ohmic Contacts with Different Al Thicknesses 

a) Contact resistance (Rc) and b) Sheet Resistivity (Rsh) 
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Although it helps to improve contact resistances the use of thicker Al metal within 

metal stacks resulted in distorted metal edge lines and metal balls in the source and 

drain region due to the low melting of Al which is about 660oC. These problems 

make the gate lithography difficult to define a proper gate with clean source-drain 

openings. Al thickness was set to 100 nm in order to have better edge acuity and 

lower contact resistance which was 0.51 ohm. mm. Apart from the metal stack with 

60 nm Al, we obtained almost similar Rc values ranging from 0.3 ohm. mm – 0.6 

ohm. mm. It was seen that the ohmic contact morphology of the fabricated devices 

exhibited a remarkable difference. It is well known that Al metal within metal stacks 

diffuse in epilayers and forms AlN which results in N-vacancies in the epilayer hence 

heavily doped interface is formed. This heavily doped region improves tunneling 

current which is responsible for ohmic contact formation. Increasing Al thickness in 

our case helped us to improve contact resistance to some extent with reasonable 

surface morphology. Further increasing Al content in metal stacks resulted in 

distorted edge definition and metal bumps due to the low melting point of Al metal 

which is around 660 oC. 

The Rapid Thermal Annealing (RTA) process was also optimized in order to 

improve contact resistivity with the metal stacks where Al thickness was kept at 100 

nm. As seen in Figure 3.6., it was observed that contact resistance down to 0.45 

ohm.mm with a reasonable surface morphology when increasing RTA temperature 

up to 850 oC/45 sec. Further increasing RTA temperature helped to improve contact 

resistance below 0.37 ohm.mm but the contact morphology started to deteriorate. 
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Figure 3.6. TLM Measurements of Ohmic Contacts with Different RTA Conditions 

3.1.2 Alternative Barrier Metals 

Molybdenum (Mo) is used as a barrier metal in order to avoid intermixing of gold 

and aluminum. Ti/Al-based alloyed ohmic contacts showed an improved metal line 

definition and surface morphology. Ga in AlGaN layer diffuses through the metal 

leaving behind Al-rich AlGaN interface and reacts with Mo due to its high reactivity 

with Mo and hence forming the Ga-Mo3 phase. Ga vacancies filled by N atoms which 

cause nitrogen vacancies. The high concentration of N vacancies results in heavy 

doping and hence reduces contact resistance [1,2]. 

Al diffusion into the Ti barrier, on the other hand, introduces the Al-Ti phase which 

has a lower resistivity than that of Ti. Low contact resistance can be achieved by 

using Ti as a barrier metal.  
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Table 3.2 Ohmic Metal Stacks and Corresponding Contact Features 

Metal 

Stacks 

(nm) 

Sample 

Code 

Rc (.mm) 

Rs (/sq) 

Edge Definition 

(SEM Images) 

Remarks 

 

Ti-Al-Ni-

Au 

20–100–

40–50  

 

 

Ni-

Barrier 

 

Rc: 0.41  

Rs: 451 

 

 

Smooth mateal 

surface 

morphology 

Clear line 

definition  

Lower Contact 

resistance 

 

 

Ti-Al-Mo-

Au 

20–100–

40–50  

 

 

Mo-

Barrier 

 

Rc: 0.50 

Rs: 424 

 

 

Metal morphology 

got worse with Mo 

contact 

Line definition is 

not acceptable 

Lower Contact 

resistance 

 

 

Ti-Al-Ti-

Au 

20–100–

40–50  

 

 

Ti-

Barrier 

 

Rc: 0.31 

Rc: 351 

 

 

Metal morphology 

got worse with Ti 

contact 

Line definition is 

not acceptable 

Lower Contact 

resistance 
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Different barrier metals that were annealed at the same RTA condition (850 oC/30 

sec) yielded similar contact resistance in between 0.3-0.4 ohm.mm but contact edge 

definitions were varying (see Figure 3.7.). The best edge definition was achieved 

using the Ni barrier comparing with Ti and Mo barrier.  

 

Figure 3.7. TLM Measurements of Ohmic Contacts with Different Barrier Metal a) 

Contact resistance (Rc) and b) Sheet Resistivity (Rsh) 
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3.2 Non-Alloyed Recessed Ohmic Contacts to AlGaN/GaN HEMTs 

For the re-growth InGaN process, the SiO2 mask was deposited by PECVD as a 

regrown mask. The thickness of the SiO2 mask was about 400 nm and contact pads 

were patterned by standard optical lithography using an appropriate resist and proper 

lithography parameters.  Next, the ICP-RIE process was used in order to obtain 

recessed ohmic patterns. SiO2 openings and recess etch patterns with a depth of 

~80nm were formed for non-alloyed ohmic contacts by CF4 and BCl3/Cl2 plasma, 

respectively. Wafer was loaded to the MOCVD chamber for re-growth of the InGaN 

layer with a thickness of about 90 nm. TMGa, TMIn, and NH3 sources were used to 

grown InGaN layers. The growth temperature was set to 825 oC with a pressure of 

400 mbar. Following by SiO2 mask removal and Cr-Au (20 nm-100 nm) evaporation 

without having any RTA treatment. 

The simulation was carried out in order to have a band diagram of the junction at the 

interface according to experimental results published in our InGaN studies [67-68]. 

Figure 3.8 shows that In0.12GaN with a carrier concentration above 1019cm-3 has an 

SBH of around 0.2 eV with a narrow peak profile. This simulation indicates that 

InGaN could have great potential for re-grown ohmic contact. 

 

Figure 3.8. a) Cross Section of device and b) Schematics of Band Diagram of 

Junction  
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Sequential process flow for obtaining re-growth InGaN ohmic contacts on a 

patterned wafer is depicted in Figure 3.9, below. A corresponding Hall Effect 

Measurement of InGaN layers was shown in Fİgure 3.10. 

 

Figure 3.9. TLM Measurements of Ohmic Contacts with Different Barrier Metal 

A bare sapphire substrate was co-loaded to the reactor chamber as well in order to 

obtain electrical properties of the InGaN layer.  
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Figure 3.10. Hall Effect Measurement of InGaN Layer Grown on Co-Laded 

Sapphire Substrate  

Table 3.3 Non-Alloyed Ohmic Contacts and Corresponding Contact Features 

Metal Stacks Rc (.mm) 

Rs (/sq) 

Edge Definition 

 

Cr-    Au 

20 nm- 100 nm 

 

0.33 .mm 

471 /sq 
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Cr/Au-based metal stacks were used as an ohmic contact metallization for the HEMT 

structure under investigation. The electron-beam evaporation method was used to 

form ohmic contacts using standard photolithography methods. RTA process did not 

apply for non-alloyed ohmic contact which helps to have much better metal 

morphology as seen in SEM images. TLM measurements revealed that contact 

resistance was between 0.25 .mm- 0.40 .mm which is one of the best ohmic 

contact resistance achieved during our work. High carrier concentration in InGaN 

layers resulted in lower contact resistance due to lower and narrow SBH and promote 

carrier movement through the barrier as discussed in Chapter 2.3.1. 

Although being a complicated process that adds several additional fabrication steps 

(sacrificial SiO2, MOCVD re-growth, dry etch, etc.) it helps much to decrease 

contact resistance and improve surface morphology which is crucial for next coming 

fabrication steps. Non-alloyed ohmic contact process yield excellent edge definition 

compared to alloyed ohmic contacts which are a result of using the non-RTA process. 

3.3 Fabrication of AlGaN/GaN HEMT for Ka Band Applications 

Entire microfabrication processes were performed in the Nanotechnology Research 

Center (NANOTAM) at Bilkent University. In this part, the process flow of GaN-

based HEMTs was described along with some key factors which are detrimental to 

process steps.  

The outcome of both alloyed and non-alloyed ohmic contact optimizations which 

was described in previous Chapters 3.1 & 3.2 was implemented to the GaN-based 

HEMT processes for Ka-band applications. 

3.3.1 Device Description and Process Technology 

In this section, the processing steps of the HEMT device was described in detail 

including MOCVD growth of epilayers of AlGaN/GaN heterostructures on the 
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various substrate followed by wafer cleaning, ohmic contacts, Schottky contacts 

interconnect metallizations, passivation, and air-bridge technology. 

Microfabrication steps and their sequence was described in detail. The individual 

step and cross-section of the device are shown in Figure 3.11. 

Sample cleaning which is the very first step of the microfabrication process is 

important not only for photoresist adhesion but also for further microfabrication 

processing and proper device operation. Considering other III-V semiconductors, 

GaN and AlGaN have a unique surface. Solvent cleaning and wet etching using 

common acids/bases do not produce atomically clean surfaces. Cleaning and wet 

etching are effective in removing oxides and other contaminants. 

 

Figure 3.11. Descriptive Process Flow for GaN HEMT with Alloyed and Non-

Alloyed Ohmic Contacts 

There are organics and inorganics residues and native oxides (i.e. Ga2O3) on the 

surface of the AlGaN/GaN HEMT structure. Standart cleaning procedure with 

acetone and isopropyl alcohol is used to remove organic contaminants. Oxygen 
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plasma could be an alternative way of removing organics as well. In order to remove 

native oxide and inorganic parts NaOH, NH4OH, and (NH4)2S are used. Common 

acids like HF and HCl are used for removing oxides. There are also some acid 

mixtures (HCl: H2O, HCl: H2O, aqua reggia and etc.) that were investigated in 

literature and elsewhere.  

Microfabrication sequences of HEMT devices is described starting with ohmic 

contacts, mesa isolation, nitride passivation, gate formation, metal contact 

thickening, and ending with passivation and air-bridge formation. A sample of SEM 

photo which shows microphotography of fabricated HEMT with Source (S), Drain 

(D), Gate (G) contacts and their thickened metal pads. 

a) Alloyed Ohmic Contact Metalization Formation (includes multiple 

steps) 

a- Non-Alloyed Ohmic Contact Formation 

a-1) SiO2 Mask by PECVD for Re-Growth InGaN 

a-2) Patterning of SiO2 Mask and Recess Etching for Re-Growth InGaN 

(includes multiple steps)  

a-3) MOCVD Re-growth InGaN and followed by Cr/Au by E-Beam 

Evaporator 

a-4) SiO2 Mask Removal  

b) Mesa isolation by BCl3/Cl2 plasma etching and PECVD SixNy deposition 

(includes multiple steps) 

c) T-Gate Lithography (includes multiple steps) 

d) Gate Metalization by Ni/Au Evaporation by E-Beam Evaporator 

e) Gate passivation by PECVD SixNy  

f) Interconnect Metalization 

g) Air-Bridge Formation (includes multiple steps) 

SEM and FIB images of typical HEMT device fabricated at NANOTAM-Bilkent 

University with an Lg of 0.15m and multiple fingers are shown in Figure 3.12.  
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Figure 3.12. Microphotograph of a sample HEMT structure with S, D, and G contacts 

a) SEM image and b) FIB image 

3.3.1.1 MOCVD Growth of AlGaN/GaN Heterostructure 

To develop an epitaxial layer designed for Ka-band (26.5-40 GHz) is the heart of the 

HEMT device. Individual layers have to be considered carefully. 

AlGaN/GaN HEMT structure normally employs doped GaN buffer with carbon or 

iron to reduce leakage current through unintentionally doped buffer during growth 

conditions. Trapping effects due to the acceptor level of the dopant carbon or iron 

atoms alleviated by adding a ‘transition GaN buffer’ between 2DEG and doped GaN 

region. There have been several studies reported in literature without using doped 

GaN buffer and a commercial epi-wafer has been also released by SweGaN 3-6. 

More detailed explanations regarding the growth mechanisms of GaN on SI-SiC and 

sapphire have been already reported by A. Grzegorczyk [7] and Mariusz Rudzinski 

[8], respectively. 

GaN device for the Ka-band application requires a high-frequency response 

compared to other microwave applications. Special consideration should be given to 

the determination of the Al composition and layer thicknesses of the AlGaN barrier. 

To avoid the short channel effect [9], both gate length (Lg) and thickness of the 

AlGaN barrier should be carefully considered. GaN HEMT devices require an aspect 
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ratio (Lg/tchannel) over 10 where this value is between 3-6 for GaAs devices [10-11]. 

Table 3.4 shows the GaN HEMT results of several groups for Ka-band applications. 

Table 3.4 GaN HEMT for Ka Band [12] 

Groups % Al dAlGaN 

(nm) 

Lg 

(m) 

Aspect Ratio 

(Lg/dAlGaN) 

fmax @V 

(GHz) 

Operation f 

(GHz) 

Operation 

Voltage 

(V) 

HKUST 26 18 0.2 9.5 180 

@24 

- - 

ETH-

Zurih 

26 17.5 0.2 10.2 118 

@10 

40 20 

IEMN 26 12.5 0.125 8.6 125 @4 - - 

IEMN 100 6 0.1 16.6 192 

@15 

40 15 

NEDI 28 20 0.15 10 63 @24 35 24 

Triquint 31.5 - 0.25 - - 35 20 

Toshiba 30 - 0.18 - - 31 24 

UCSB 32 2512 0.16 13.3 155 @5 30 30 

Toshiba 30 15 0.15 10 140 

@24 

28 24 

 

In this study, epitaxial structures of AlGaN/GaN HEMTs were grown on SI-SiC 

substrates using the Aixtron Epilab II MOCVD system. Before starting epitaxial 

growth a nitridation step was applied for 3 min. A 0.1 µm HT AlN buffer was grown 

at 1120 oC, followed by a 1.2 µm Fe-doped ud-GaN layer grown at 1050 oC. To 

prevent 2DEG electrons from trapping and uid-GaN layer was grown between 2DEG 

and Fe-doped GaN layer with a thickness of 0.7 µm. An ud-GaN channel with a low 

carbon concentration (<1x1016 cm-3) grown at relatively higher growth pressure with 

a thickness of 0.2 µm. A 1nm thick AlN spike layer followed by a 20-22 nm 

Al0.29GaN barrier layer and epitaxial growth ended up a 2 nm thick GaN cap layer. 

The use of AlN spike layer between the Al0.29GaN barrier layer and ud-GaN channel 

is to enhance electron mobility and electron confinement in the 2DEG channel. 
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Figure 3.13. Structure of AlGaN/GaN HEMT on 3’’ SI-SiC by MOCVD 

During growth, in-situ laser reflectance interferometry was performed in order to 

monitor growth rate, surface roughness, and layer thickness, which is shown in 

Figure 3.13. Wafer bow was below 5µm and curvature was almost zero.  

To investigate the material properties of HEMT epi-wafers non-contact and non-

destructive measurements were performed. Lehighton Contactless Mobility 

Mapping system was used to investigate 2DEG properties as shown in Figure 3.14. 

Measurements showed that HEMT on 3’’ SI-SiC wafer has a Nb of 1.24x1013 cm-3, 

µ of 1877 cm2/V.s, and sheet resistance (ρ) of 256 /sq. 
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Figure 3.14. 2DEG Properties of HEMT on 3’’ SI-SiC 

Al content of the AlGaN barrier layer and its uniformity over 3’’ SI-SiC substrate 

was measured by the Nanometrics PL system which is shown in Figure 3.15. 

Measurements showed that Al composition was 28.7% and deviation was below 3 

%. The emission wavelength of the AlGaN barrier was around 315 nm and the 

deviation was below 0.4% which indicates that the CCS reactor produces quite 

uniform epilayers on a 3’’ substrate. 

 

Figure 3.15. a) Al composition and b) emission wavelength of AlGaN Barrier layer 

of HEMT structure on 3’’ SI-SiC 
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X-ray analysis was performed to investigate the crystal quality of the AlGaN/GaN 

HEMT structure. The asymmetric -2 spectrum is shown in Figure 3.16. Individual 

peaks are seen in the spectrum and Kiessig fringes [13] are easily seen in the 

spectrum which is evidence of the smooth surface of the grown epilayers. AlN (002) 

and GaN (002) reflections are seen at 34.5o and 36o, respectively. 

Figure 3.16. 2Theta-Omega Reflection of GaN HEMT on SI-SiC 

In order to assess the crystal quality symmetric (002) and asymmetric (102) scans 

were performed which is a reliable method for film quality. Screw and mixed time 

threading dislocations (TD) results in a broadening of FWHM of (002) scans while 

FWHM of (102) are affected by all types of dislocations [14-15].  

As seen in Figure 3.17, the rocking curves were measured around the (002) and (102) 

reflections of the GaN layers and exhibited a FWHM of 209 arcsec and 284 arcsec, 

respectively. Such low FWHM values indicate that GaN grown on SI-SiC has low 

dislocation density which is important for GaN RF devices. 
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Figure 3.17. a) Omega Scan of 002 and b) 102 reflection of GaN HEMT on SI-SiC 

3.3.1.2 Alloyed and Nonalloyed Ohmic Contacts 

Quality of the ohmic contacts of the HEMT device is one of the most important 

parameters that affect device performance. Since HEMTs are small voltage and large 

current devices, transconductance and saturation currents depend on the quality of 

metal contacts and hence their resistance. It is very important to have lower ohmic 

contact resistance for HEMT devices where the 2DEG region is approximately 20-

30 nm deep from the surface. Due to its wide bandgap natüre, it is important to 

choose proper metal for both lower Schottky Barrier height to AlGaN (GaN) and 

good adhesion. Schematic illustration of both alloyed and non-alloyed InGaN 

regrown ohmic contacts are shown in Figure 3.18, below. 



 

 

72 

 

Figure 3.18. Schematic illustration of a) Alloyed and b) Non-Alloyed Ohmic 

Contacts 

In the case of alloyed ohmic contacts, microfabrication starts with wafer cleaning 

with solvent or acids, ohmic contact pads were formed by optic lithography using an 

appropriate resist and proper lithography parameters for alloyed ohmic contacts. 

Contacts were deposited on the patterned surfaces via e-beam lithography. The metal 

stacks were arranged according to lower ohmic contact resistance and better edge 

acuity. Ti-Al-Ni-Au metals were evaporated with a thickness of 20 nm, 100 nm, 40 

nm, and 50 nm, respectively. The Souce-Drain spacing is 2.5 µm. Metal contacts 

were annealed at 850 oC/30 sec under N2 ambient. TLM measurements were showed 

that contact resistance (Rc) was 0.43 .mm.  

Figure 3.19 shows the micrograph of patterned metal contacts before and after RTA 

processes. It is important to obtain smoother surface morphology of metal contacts 

for the next coming process steps. Deterioration in edge acuity of metal contact not 

only affects microfabrication processes but also affects the device performance.  
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Figure 3.19. Microphotograph of Alloyed-Metal Contact Source and Drain a) before 

and b) after RTA Processes 

Non-alloyed ohmic contacts, microfabrication starts with wafer cleaning with 

solvent and acids in order to remove surface contaminants and followed by SiO2 

mask which was deposited with PECVD. The thickness of the SiO2 mask is about 

400 nm and contact pads were patterned by optic lithography using an appropriate 

resist and proper lithography parameters.  Next, the ICP-RIE process was used in 

order to obtain recessed ohmic patterns. SiO2 openings and recess etch patterns with 

a depth of ~80 nm were formed for non-alloyed ohmic contacts by CF4 and BCl3/Cl2 

plasma, respectively. Wafer was loaded to the MOCVD chamber for re-growth of 

the InGaN layer with a thickness of about 90 nm. 

 

Figure 3.20. Microphotograph of Non-alloyed-Metal Contact Source and Drain a) 

before and b) after MOCVD Re-Growth of InGaN 
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Carrier concentrations of MOCVD Re-Growth InGaN Layer were measured by Hall 

Effect measurement from the co-loaded sapphire (see Figure 3.21) substrate where 

InGaN thickness was ~90 nm. It is clearly seen that carrier concentration above 

1020cm-3 which indicates that the layer was degenerately doped. This doping level is 

desired for pushing fermi level downwards, enhance field emission of charge carriers 

and results in a decrease of contact resistance.  

 

Figure 3.21. Hall Effect Measurement of Re-Growth InGaN Layer grown on co-

loaded 3’’ Al2O3 substrate 

Next, the SiO2 mask was removed by diluted HF, and Cr/Au ohmic contact pads 

were patterned by optic lithography and followed by evaporation of Cr (10 nm) /Au 

(100 nm) metals for non-alloyed ohmic contacts. A stabilization bake was performed 

at 250 oC for 30 sec under N2 ambient. SEM images of the non-alloyed ohmic 

contacts with Cr/Au metal can be seen in Figure 3.22, below. Sharp and clear metal 

edges and smooth surface morphologies are an indication of better alignment of gate 

metals and enhance device performance. 
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Figure 3.22. Microphotograph of a) Non-alloyed-Metal Contact with Cr/Au metal 

and b) Mesa Isolation of Active Region 

As seen in Figure 3.23., TLM measurements were showed that the total contact 

resistance (Rc-total) of non-alloyed ohmic contact was 0.30 .mm which was well 

below alloyed ohmic contact resistance of 0.43 .mm. 
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Figure 3.23. TLM measurement of a) Ti-Based alloyed ohmic contacts, b) MOCVD 

regrown InGaN non-alloyed ohmic contacts, and c) resistance versus contact spacing 

Table 3.5. shows the TLM results of both alloyed and non-alloyed ohmic contact. 

Non-Alloyed ohmic contact yielded not only a smooth surface which is important 

for the next coming fabrication steps but also a lower Rc-total value which is critical 

for device performance such as Ids, gm, and ft. 
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Table 3.5 TLM Results of Alloyed and Non-Alloyed Ohmic Contacts 

Process Rc-total (.mm) Rsh (/sq) 

Non-Alloyed Ohmic Contact 0.30 359 

Alloyed Ohmic Contact 0.43 339 

 

Additional TLM measurements were also conducted in order to investigate 

individual components of total contact resistance (Rc-tot) for MOCVD regrown 

InGaN nonalloyed ohmic contacts where metal/InGaN contact resistance Rc, InGaN 

access resistance RInGaN and InGaN/2DEG interface Rinterface as shown in Figure 3.24, 

below. 

 

Figure 3.24. Components of Total Contact Resistances, Rc-tot, of MOCVD regrown 

InGaN nonalloyed ohmic contacts 

Figure 3.25. shows that the TLM measurement of metal/InGaN layers. The contact 

resistance (Rc) was around 0.07 .mm and the sheet resistance, Rsh, of InGaN 

62/sq. The lower value of Rc than other reported values was due to the degenerately 

doped InGaN layers [17].  
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Figure 3.25. Ohmic contact patterns for MOCVD growth of InGaN on sapphire (a) 

and resistance versus contact spacing (b) 

3.3.1.3 Mesa Isolation and Passivation 

In order to have mesa isolation, a 100 nm deep mesa etch process was performed by 

BCl3/Cl2 plasma for both alloyed and non-alloyed ohmic contacts. The rest of the 

process technology for GaN HEMT was identical in order to compare alloyed and 

non-alloyed ohmic contacts on the performance of HEMT devices for Ka-band 

applications. Devices were passivated with a PECVD SixNy layer with a thickness of 

100 nm. 



 

 

79 

3.3.1.4 T-Gate Formation and Gate Passivation 

In order to have T-shaped gate geometry, two steps of E-beam lithography with 

PMMA were carried out. The gate length (Lg) was 0.15 µm and the gate head was 

0.50 µm (see Figure 3.26.) 

 

Figure 3.26. Microphotographs of 0.15m Gate Foot patterned by Electron-Beam 

Lithography 

A Ni/Au metal stacks were deposited for Schottky contacts. An RTA process was 

performed at 300 oC for 5 min under the N2 ambient for stabilization. The Source-

Drain spacing is 2.5 µm and the Gate was placed at the center between source and 

drain contacts. 

Scanning Electron Microscopy (SEM) images of AlGaN GaN HEMT with an Lg of 

0.15 m is shown in Figure 3.27, below.  
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Figure 3.27. Microphotographs of 0.15m Gate Foot patterned by 2-steps of 

Electron-Beam Lithography 

3.3.1.5 Interconnect Metallization and Air Bridge Formation 

Metal pads were thickened by the deposition of Ti/Au metals after necessary optical 

lithography in order to have better contacts. Lifted metal lines –Air Bridges are 

necessary to connect multiple sources in our process to make sources in equipotential 

which are seen in Figure 3.28 below. Air Bridges have defined special lithography 

processes followed by electroplating of gold metal with a thickness of around 4µm. 
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Figure 3.28. Microphotographs of a) Thickened Metal Pads and b) Air-Bridges by 

Electroplating Process 

3.4 DC Characterization of HEMT with Alloyed and Nonalloyed Ohmic 

Contacts 

Typical drain output characteristics are shown in Figure 3.29. The linear region 

where drain current (Ids) is proportional to the drain-source voltage (Vds) and the 

saturation region where Ids is quasi-independent of drain-source voltage (Vds).  

Output characteristics, which is seen in Figure 3.29, of the fabricated devices with 

alloyed and non-alloyed ohmic contacts were measured where source-drain spacing 

(S-D) is 2.5 µm, and gate length (Lg) is 0.15 µm.  

On resistances (Ron) which highly depends on contact resistance, Rc, were extracted 

from output characteristics. Ron obtained corresponding to Non-Alloyed and Alloyed 

Ohmic contacts are 2.74 .mm and 3.18 .mm, respectively. In order to decrease 

power losses, one should need to decrease on-resistance, Ron.  

Maximum drain current density (Ids) of 0.94 A/mm and 0.88 A/mm were obtained 

for the sample with non-alloyed ohmic contacts and alloyed ohmic contacts, 

respectively at Vgs=1 V. It clearly shows that higher contact resistance for alloyed 

ohmic contacts has significant effects on Ids. It is widely known that the RF output 

power of a transistor is directly proportional to maximum available drain current 
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density, Ids. It implies that it is crucial to improve Ids in order to increase the output 

power of a transistor. 

 

Figure 3.29. DC Characteristic of Alloyed and Non-Alloyed HEMT with Lg=0.15 

m (2x50 m), S-D Spacing is 2.5 m 
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Knee Voltages, Vknee, were also extracted from output characteristics which also 

highly depends on contact resistance. Increasing contact resistance (Rc) increases 

Vknee as well, and results in lower output power as seen in the formula below where 

Pout could be expressed in terms of Vknee and Vbreakdown voltages; 

Pout =
1

8
 x Ids x (Vbreakdown − Vknee)                              (Eq. 3.7) 

As seen from Eq. 3.7, it is desirable to have lower Vknee (V) for better DC and RF 

performance. Vknee voltages were 3.9 V and 4.2 V for non-alloyed ohmic contacts 

and alloyed ohmic contacts, respectively. 

The maximum transconductance, gm, obtained for non-alloyed ohmic contacts and 

alloyed ohmic contacts were 337 mS/mm and 314 mS/mm, respectively. The highest 

value of gm is important in order to push the cut-off frequency (ft) to higher values. 

ft = 2(
Lg

e
+ Cgs(Rs + Rd) −1                                        (Eq. 3.8) 

Table 3.6 Comparison of Output Characteristics of HEMT with Alloyed and Non-

Alloyed Ohmic Contacts 

 W 

(m) 

LDS/ Lg 

(m) 

Rc 

(.mm) 

Ron 

(.mm) 

Ids 

(A/mm) 

gm (@6V) 

(mS/mm) 

Vknee 

@Vgs=1V 

Non-Alloyed 

Ohmic Contact 

 

 

2x50 

 

 

 

2.5 / 0.15 

 

0.30 2.74 0.94 337 3.9 

Alloyed Ohmic 

Contact 

0.43 3.18 0.88 314 4.2 

 

It is clearly seen that non-alloyed ohmic contacts have significantly improved DC 

characteristics of the fabricated transistors by decreasing contact resistance, Rc. 

Lower access resistance and on-resistance improved output characteristics compared 
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to alloyed ohmic contacts. These results showed the potential of non-alloyed ohmic 

contacts for improving the high-frequency performance of the transistor. 

3.5 RF Characterization of HEMT with Alloyed and Nonalloyed Ohmic 

Contacts 

The cutoff frequency, ft, and the maximum frequency of oscillation, fmax, are two 

important parameters for evaluating device performance where ft is the frequency at 

which the current gain is equal to unity and the fmax is the frequency at which the 

maximum available gain or unilateral power gain U is equal to unity. 

Figure 3.30 shows the evolution of the ft and fmax from the magnitudes in decibels 

versus frequency. The extrapolation by a slope of -20 dB/dec helps to evaluate ft and 

fmax for devices having alloyed and non-alloyed ohmic contacts. 
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Figure 3.30. Small Signal RF Performance of a) Non-Alloyed and b) Alloyed HEMT 

with Lg=0.15 m and S-D Spacing is 2.5m 

Utilizing non-alloyed ohmic contacts by using MOCVD re-growth of heavily doped 

InGaN under evaporated metalization allowed us to remove high-temperature 

annealing. This technique helps us to improve contact resistance of drain and source 

and surface morphology of the deposited metal pads which is crucial for further 

device fabrication processes. 
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The difference in high-frequency performance was attributed to the lower contact 

resistances (see Eq.3.8) and higher gm. This result is consistent with the well-known 

expression for the limiting frequency of current amplification ft. Here, Rs and Rd are 

resistances of the source and drain, Cgs is the gate-source capacitance, and ve is the 

drift velocity of electrons. Lower contact and on-resistance, better transconductance, 

and higher ft and fmax were demonstrated, see Table 3.7, compared to alloyed ohmic 

contacts. 

The dependence of fmax to ft can be expressed as follows; 

fmax
ft

2√(Ri+Rs+Rg)gds+(2ft)RgCgd

                               (Eq. 3.9) 

Ri, Rs, and Rg are channels, source, and gate resistance, respectively. Cgd is the gate-

drain parasitic resistance, gds is the output conductance. 

Throughout equations 3.8 and 3.9, the improvement of the frequency performance 

of the fabricated AlGaN/GaN HEMT’s could be made by improving ohmic contact 

characteristics.  

For alloyed ohmic contacts, a cut of frequency (ft) of 33.5 GHz and maximum 

oscillation frequency (fmax) of 67.5 GHz were obtained on the gate length of 0.15 µm 

with a device geometry of 6x75 µm and S-D spacing was 2.5 µm.  

For non-alloyed re-grown InGaN ohmic contacts, a cut of frequency (ft) of 36,8 GHz 

and maximum oscillation frequency (fmax) of 75.0 GHz were obtained on the gate 

length of 0.15 µm with a device geometry of 6x75 µm and S-D spacing was 2.5µm. 

A notable improvement of small-signal performance, with lower Ron and higher gm, 

were obtained for non-alloyed re-growth InGaN ohmic contacts compared to alloyed 

ohmic contacts.  

InGaN re-growth contacts have been used to have non-alloyed ohmic contacts in 

AlGaN/GaN HEMTs for Ka-band applications which improved not only for contact 
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resistance but also surface morphology which is crucial for next coming alignment 

steps. 

Table 3.7 Comparison of ft and fmax for AlGaN/GaN HEMT with Alloyed and Non-

Alloyed Ohmic Contacts 

 W 

(m) 

LDS/ Lg 

(m) 

Ft 

(GHz) 

Fmax 

(GHz) 

MAG (dB) 

@37GHz 

Alloyed Ohmic Contact  

6x75 

 

 

2.5 / 0.15 

 

33.5 67.5 5.2 

Non-Alloyed Ohmic 

Contact 

36.8 

 

75.0 6.4 

 

 

Load-pull measurements were done using the on-wafer measurement system from 

Maury Microwave in order to compare the power performance of the fabricated 

HEMTs with alloyed and non-alloyed ohmic contacts at 35GHz for the fabricated 

6x75 µm (0.45 mm) devices with an Lg of 0.15 µm. The devices were biased at Vds= 

20 V with a quiescent current of 100 mA/mm. 

Figure 3.31 shows active load-pull results of both HEMT with alloyed and non-

alloyed ohmic contacts. HEMT with alloyed ohmic contacts exhibited a linear gain 

of above 6.6 dB which is 0.3 dB higher compared to HEMT with alloyed ohmic 

contacts. 
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Figure 3.31. Power Performance of a) Non-Alloyed and b) Alloyed 6x75 m HEMT 

with Lg=0.15 m and S-D Spacing is 2.5 m at 35 GHz 

Drain efficiency (D) is a measure of how much DC (PDC) power is converted into 

microwave output power (Pout) is defined in Eq.3.10 [16];  
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Drain Efficiency (DE) =
Pout

PDC
                                  (Eq. 3.10) 

Maximum Drain Efficiency of the fabricated HEMTs with alloyed ohmic contacts 

has almost 60% which is 3% higher compared to HEMT with alloyed ohmic 

contacts. At 3 dB compression, HEMT with non-alloyed and non-alloyed ohmic 

contacts have 31.42 dBm and 31.02 output power which corresponds to 3.07W/mm 

and 2.80 W/mm, respectively for the devices with 6x75 µm (0.45 mm) devices with 

an Lg of 0.15 µm. The improved power performance of the HEMTs with non-alloyed 

ohmic contacts can be attributed to the increase in Ids, gm, and reduced contact and 

on-resistances as tabulated in Table 3.6. 

Simulations by Zhao [18] have shown that contact resistances and their temperature 

coefficients (Rs and Rd) have an impact on the large-signal performance of HEMTs. 

An experimental study performed by J.S. Moon [24], has shown that decreasing 

source access resistance significantly improves transistor DC performance which has 

a great influence on RF performance as well. 

3.6 Results and Discussions 

Varying Aluminum Thicknesses 

Increasing Al thicknesses in metal stacks helped to improve contact resistance, Rc, 

which is crucial for device performance. But metal droplets were observed in source-

drain spacing with increasing Al thicknesses which deteriorates device performance. 

In this work, clear source-drain spacing with an acceptable contact resistance of 0.51 

.mm was achieved with an Al thickness of 100nm.  

Lower contact resistance could be also possible by increasing Al thickness within 

the metal stack without having metal droplets within source-drain spacing. Thermal 

stress within the metal stack could be decreased by dividing the total thickness of Al 

into two or more separate Al layers while keeping the total thickness is same. In this 

method, Ti metal could be used as a separation metal layer for successive Al layers. 
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Varying RTA Conditions 

Different annealing conditions were investigated in order to have lower contact 

resistance. The contact resistance of 0.45 .mm was achieved with a reasonable 

metal surface morphology and clear source-drain spacing at 850oC for 30 sec under 

nitrogen ambient. Increasing annealing temperature yielded deteriorated metal 

surface morphology that affects gate alignment steps in HEMT production. 

Higher annealing temperature not only deteriorates metal surface morphology but 

also affects the epitaxial quality of the wafer. Researchers tend to have lower 

annealing temperatures with recess etching technology. This method enables a direct 

touch to 2DEG region and eliminates the necessity of high-temperature annealing. 

Varying Barrier Metals 

Ti, Mo and, Ni metals were used as an ‘Barrier Metal’ in order to prevent intermixing 

of Au with Al which results in high resistive ‘purple plague’. In our study, we did 

not observe purple-plague in our metal alloys. The contact resistance of 0.41 .mm 

was achieved with a reasonable metal surface morphology and clear source-drain 

spacing with Ni barrier metal. The metal stacks with Ti barrier metal yielded lower 

contact resistance of 0.31 .mm with distorted edge acuity which is not acceptable. 

Distorted edges not only affected gate alignments but also cause the local variation 

of source-gate-drain distances which kills device performance. 

Recently some other metals (Ta, W, and etc.) have been used within metal stacks. 

Melting points of these metals are higher compared to Ni and other barrier metals. 

This implies that special care should be given to the evaporation of these metals. 

MOCVD Regrown InGaN Non-Alloyed Ohmic Contact 

One of the unique parts of this work is developing MOCVD regrown InGaN non-

alloyed ohmic contact for HEMT devices. In this work, degenerate doped In0.12GaN 

layers were grown on sapphire substrate with doping of 7.4x1019cm-3. Silvaco 

simulations showed that n-doped In0.12GaN layers had only 0.2eV SBH to GaN 
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HEMT which is much lower compared to Ti metal (~0.4 eV). Non-alloyed recessed 

ohmic contacts yielded 0.33 .mm with an excellent metal surface morphology and 

edge acuity compared to alloyed metal contacts. To do the best of our knowledge, it 

is the first time MOCVD grown n-doped InGaN layers were used as a non-alloyed 

ohmic contacts to GaN HEMT device. 

This process requires recess etching of epitaxial layers in order to direct contact to 

the 2DEG region. The plasma etching process should be also optimized in order to 

avoid any etch artifacts which result in higher contact resistance. Contact resistance 

improvement could be done by removing native oxide right before MOCVD growth. 

HEMT Device Fabrication for Ka-Band Applications 

Alloyed and non-alloyed ohmic contact technologies developed in this study were 

successfully implemented in order to fabricate HEMT devices for Ka-Band 

applications. GaN HEMT epitaxial structures were successfully grown on SI-SiC 

substrates with an Nb of 1.24x1013 cm-3, µ of 1877 cm2/V.s, and sheet resistance (ρ) 

of 256 /sq where Al content of about 28 %. 0.15 µm gate length (Lg) technology 

was used in order to operate fabricated HEMT devices in Ka-band. Fabricated 

HEMT devices yielded contact resistances of 0.30.mm and 0.43 .mm for 

MOCVD regrown InGaN non-alloyed ohmic contacts and alloyed ohmic contacts, 

respectively.  

An improvement in both DC and RF performance was observed for the HEMT 

devices with MOCVD regrown InGaN non-alloyed ohmic contacts. Maximum Ids 

current of 0.94 A/mm was achieved with a transconductance of 337 mS/mm (@6V) 

which were attributed to lower contact resistance of MOCVD regrown InGaN non-

alloyed ohmic contacts. An improvement in small-signal measurements were also 

observed. For alloyed ohmic contacts, a cut of frequency (ft) of 33.5 GHz and 

maximum oscillation frequency (fmax) of 67.5 GHz were obtained. For MOCVD 

regrown InGaN non-alloyed ohmic contacts, a cut of frequency (ft) of 36,8 GHz and 

maximum oscillation frequency (fmax) of 75.0 GHz were obtained. Large-signal 

measurements showed that, at 3 dB compression, HEMT with MOCVD regrown 



 

 

92 

InGaN non-alloyed ohmic contacts had 31.42 dBm and 31.02 output power which 

corresponds to 3.07W/mm and 2.80 W/mm, respectively for the devices with 6x75 

µm (0.45 mm) devices with an Lg of 0.15 µm. The improved power performance of 

the HEMTs with non-alloyed ohmic contacts can be attributed to the increase in Ids, 

gm, and reduced contact and on-resistances. 

To further improve device performances not only ohmic contact resistance need to 

be reduced but also the epitaxial design of the HEMT structure needs to be improved. 

For higher frequencies, AlGaN barrier thickness should also be decreased by 

avoiding ‘short channel effects’ (Lg/tbar10).  

On the other hands, plasma etching conditions and post-plasma treatments should 

also be considered in detail. Native oxides is the main root cause of an increase in 

contact resistance and should be removed prior to MOCVD regrown InGaN layer. 
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CHAPTER 4  

4 ALD GROWTH OF ALUMINUM DOPED ZINC OXIDE (AZO) AS A NON-

ALLOYED RECESSED OHMIC CONTACT FOR GAN HEMT STRUCTURES 

We aimed to develop an alternative way to produce non-alloyed ohmic contact to the 

MOCVD method for GaN-based HEMT devices. MOCVD re-growth technique 

requires high temperatures bringing a risk to already formed HEMT epitaxial layers 

and expensive to operate. 

Entire AZO development processes were performed in the Thin Films and Coatings 

Laboratory at Middle East Technical University (METU). In this part, the process 

flow of AZO growth by ALD and characterization of AZO thin films along with the 

characterization on HEMT structures are covered. 

4.1 ALD Growth of AZO Films 

4.1.1 Initial ALD of AZO Trials 

At first, AZO thin films with a fixed cycle ratio of 20:1 were deposited with atomic 

layer deposition (ALD) at 160 oC, 180 oC, and 200 oC on silicon and quartz substrates 

to investigate the effect of growth temperature on structural, optical, and electrical 

properties of the films. To study the effects of Al content on electrical and optical 

properties, ALD AZO thin films deposited on insulating and transparent quartz glass 

substrates. ALD AZO thin films deposited on Si wafers for investigating structural 

properties. 

Pulse/purge time sequence for one ZnO cycle was DeZn (15 ms) / purge (10 s) /  DI 

water (15 ms) / purge (10 s). To have a particular Al doping into ZnO, a single layer 

of Al2O3 was inserted after a set of ZnO sequences which is called ‘supercycle’ as 

seen in Fİgure 4.1., below. In this work, a supercycle composed of 20 cycles of ZnO 
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sequence and a single Al2O3 layer sequence with pulse/purge time of TMAl (15 ms) 

/ purge (10 s) /  DI water (15 ms) / purge (10 s). 

 

Figure 4.1 Cross-section view of the AZO thin films grown by thermal ALD on 

silicon and quartz substrates. 

The atomic percentage of AZO thin films deposited on Si substrates determined by 

the XPS depth profile which is shown in Figure 4.2., below. Carbon was only 

detected on the surface due to possible contamination. The atomic percentage of Al 

was between 1.5 %- 4.0 % and did not show any systematic behavior at this 

temperature range. At around 80 nm depth (~12 min sputter time) Zn, O, and Al 

dropped to zero and the Si signal increased at a certain level which indicates AZO 

thin films were completely removed from the sputter region.  
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Figure 4.2 The atomic percentage of Zn, O, Al, C and Si elements, deposited at 

200oC, as a function of depth from the surface as determined by depth-profiling XPS 

(left) and Al percentage of AZO thin films deposited at 160 oC, 180 oC, and 200 oC 

(right) 
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The surface morphology of the deposited AZO thin films on Si substrate was 

determined by AFM measurements. As seen in Figure 4.3., it shows that AZO thin 

film growth at lower temperatures has a smooth surface. This is because of the low 

mobility of add-atoms at lower deposition temperatures. At increasing temperatures, 

atoms tend to form more crystalline films, and the surface became rougher. 

 

Figure 4.3 AFM micrograph for AZO thin films deposited at (a) 160 oC, (b) 180 oC 

and (c) 200 oC and (d) RMS values 

An increase in Eg was observed in AZO thin films which are believed to be due to 

the Burstein-Moss Shift 1. ZnO thin films have n-type conductivity 2 and the 

addition of Al3+ ions pushes the Fermi level into the conduction since all of the 

deposited AZO thin films exhibited a carrier concentration above 1020cm-3 which is 

responsible for the increase in Eg. As seen in Figure 4.4., increasing deposition 

temperatures pushed Eg from ~3,35 eV to 3,47 eV which is an indication of 

increasing Al content in AZO films where the ideal bandgap of pure ZnO is 3.27 eV 

and Al2O3 is 8.7 eV.  
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Figure 4.4 The transmission spectrum of AZO thin films (a) and Tauc Plot (b) 

Electrical properties were investigated by Hall effect measurements. Figure 4.5. 

shows the electrical resistivity (), electron mobility (µe), and carrier concentration 

(Nb) of AZO thin films deposited quartz glass substrates at 160 °C, 180 °C, and 200 

°C which corresponds to Al compotion of 2.6%, 2.3%, and 3.1%, respectively. 

 

Figure 4.5 Room Temperature Hall Effect Measurement Results of AZO thin films; 

Carrier Concentration, Mobility and Resistivity with respect to deposition 

temperature. 
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It is known that the Al impurities can produce both ionized impurity centers and 

conduction electrons depending on deposition conditions. Increasing deposition 

temperature enhances Al diffusion into the ZnO layers and substitution of Al3+ into 

Zn2+ sites which results in charge donation and hence decreases resistivity 3-4. 

It was observed that Al incorporation in AZO films was slightly increasing in a small 

range with increasing deposition temperatures which was attributed to change in 

individual growth per cycle (GPC) for ZnO and Al2O3 layers. It is known that GPC 

for ZnO layers is decreasing with deposition temperatures above 150oC where GPC 

remains almost the same for Al2O3 films deposited in between 160oC and 200oC. The 

change in GPC with varying deposition temperatures resulted in an increase in Al 

composition which gave rise to carrier concentration in AZO films. All AZO thin 

films exhibited high electron concentration above 1020 cm-3 and increasing 

deposition temperature improved resistivity11. 

4.1.2 Optimization of AZO films for Non-Alloyed Ohmic Contacts 

After examining the effect of temperature on electrical and optical properties, further 

fine optimization to AZO growth parameters were made to use in HEMT devices 

For this purpose, AZO thin films with varying cycle ratios were deposited with ALD 

at 200 oC and 225 oC on silicon and quartz substrates to investigate the effect of cycle 

ratio on the optical and electrical properties of the films. We aimed to observe the 

deviation of electrical properties of AZO films with varying cycle ratio. The outcome 

of this study was implemented for AZO ohmic contacts to GaN HEMT devices. 

Pulse/purge time sequence for one ZnO cycle was DeZn (15 ms) / purge (10 s) /  DI 

water (15 ms) / purge (10 s). To have a particular Al doping into ZnO, a single layer 

of Al2O3 was inserted after a set of ZnO sequences which is called ‘supercycle’ as 

seen in Figure 4.6., below. In this work, a supercycle composed of x cycles of ZnO 

sequence and a single Al2O3 layer sequence with pulse/purge time of TMAl (15 ms) 

/ purge (10 s) /  DI water (15 ms) / purge (10 s). 
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Figure 4.6. Cross-section view of the AZO thin films grown by thermal ALD on 

silicon and quartz substrates.  

The thickness of the AZO films deposited on the Si substrate was determined by the 

stylus profilometer after the etching surface with diluted HF: DI (1:100) solution for 

10sec. In this part, the thickness of the AZO films was fixed to ~100nm by 

considering previous growth parameters including growth temperature, growth rate, 

and cycle ratio. As seen in Figure 4.7., a surface profilometer (Dektak) was used in 

order to determine the thickness of AZO films deposited at 200oC. 

Figure 4.7. SEM (a) and Stylus Profilometer image (b) of AZO thin films deposited 

at 200 oC after wet etch with diluted HF: DI (1:100) 
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Details of the growth parameters and corresponding Al content contents are shown 

in Table 4.1. It is seen that increasing the ZnO cycle resulted in a decrease in Al 

content within AZO films as expected.  

Table 4.1 Summary of the AZO films grown at 200 °C and 225 °C 

ALD  

Deposition Temperature (oC) 
Sample Code ZnO/Al2O3 Cycle Al % (XPS) 

200 

16:1 16:1 4.15 

18:1 18:1 3.65 

21:1 21:1 3.1 

25:1 25:1 2.8 

225 

15:1 15:1 3.99 

20:1 20:1 2.66 

27:1 27:1 2.03 

30:1 30:1 1.88 

 

XPS measurements of the AZO samples with different cycle ratios and growth 

temperature did not produce a significant difference in both Al percentage and Eg 

values. 

As seen in Figure 4.8., increasing deposition temperatures pushed Eg from ~3.30 eV 

to 3.39 eV which is an indication of increasing Al concentration which was also 

confirmed by XPS measurements. Transmission measurement also showed all 

samples exhibited above 85% transmission in the infrared to UV region. It was seen 

that the degenerate doping in AZO films pushed band gap of ZnO films (~3.27eV) 

to higher levels of about 3.4 eV which is comparable with GaN (3.44eV).  
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Figure 4.8 Eg of ALD grown AZO films with varying ZnO cycles grown at 200oC 

and 225oC  

Electrical properties were investigated by Hall effect measurements. Figure 4.4. 

shows the electrical resistivity (), electron mobility (µe), and carrier concentration 

(Nb) of AZO thin films deposited quartz glass substrates at 200 °C and 225 °C.   

Hall effect measurements were in good agreement with bandgap values calculated 

from transmission measurements. It was seen that bandgap of the AZO materials 

grown in this work was precisely tuned with adjusting cycle ratios and growth 

temperatures.  
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Figure 4.9 RT Hall Effect Measurement Result of AZO thin films a) Carrier 

Concentration and Mobility values and b) resistivity values 

In the case of lower Al doping (ZnO:Al2O3 ratio  25:1) Al3+ impurities are 

incorporated as interstitials or substitutional into ZnO matrix. Increasing Al doping 

by decreasing cycle ratio results in the formation of Al2O3 clusters which acts as 

carrier traps and increase resistivity.  



 

 

107 

It is also known that the Al impurities can produce both ionized impurity centers and 

conduction electrons depending on deposition conditions. Increasing deposition 

temperature enhances Al diffusion into the ZnO layers and substitution of Al3+ into 

Zn2+ sites which results in charge donation and hence decreases resistivity 3-4. All 

AZO thin films exhibited high electron concentration above 1020 cm-3 and increasing 

deposition temperature improved electron mobility. 

In our study, AZO growth conditions were selected to have higher carrier 

concentration and lower resistivity which is comparable with MOCVD growth of 

In0.12GaN layers. We aimed to utilize ALD grown AZO films as non-alloyed ohmic 

contacts in GaN-based HEMT devices designed for high-frequency applications. 

4.2 Non-Alloyed Recessed AZO Ohmic Contacts in GaN HEMTs 

Silvaco simulations were carried out in order to evaluate the band diagram of the 

AZO contact at the interface according to the characterization results of the AZO 

thin film grown at 200 oC. 

Comparison of both material properties and bandgap diagram of re-grown In0.12GaN 

and AZO films showing the possibility of the AZO films could be a promising 

candidate for non-alloyed ohmic contacts. Figure 4.10 showed that the Fermi level 

of both materials below the conduction band due to degenerate doping which pushes 

the Fermi level above the condyction band (Burstein-Moss Shift). In the case of AZO 

contact, there is no SBH is observed where the In0.12GaN layer has 0.2eV barrier 

height.  

Comparing with re-grown InGaN layers which require expensive equipment (i.e 

MOCVD) and elevated temperature ALD of AZO has several advantages. 

Conformal coating of AZO films for recessed ohmic contacts, lower process 

temperatures, simplified processes, and lower costs makes ALD of AZO a promising 

candidate for non-alloyed ohmic contacts. 
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Figure 4.10 a) Cross Section of the device and b) Silvaco Simulations of In0.12GaN 

and c) AZO films 

In this part, the same epitaxial structure with an electron concentration of ~1.2x1013 

cm-2, mobility of 1748 cm2/V.s, and sheet resistance of 283 /sq was used in order 

to have a better insight to the relation between alloyed, recessed alloyed, and 

recessed AZO ohmic contacts to AlGaN/GaN HEMTs.  

At first, HEMT on the Al2O3 substrate was diced into 15mmx15mm chips and TLM 

patterns were defined by ICP RIE using BCl3/Cl2 plasma on chips after standard 

cleaning processes via ACE/ISO. The recessed etch dept was around ~90 nm and 

SEM images were taken in order to confirm the etch depth and profile of the 

processed samples. In order to check the thickness of ALD of AZO films a control 

sapphire sample was co-loaded to the ALD chamber and thickness measurement was 

performed with the help of this control sample after partially etched by diluted HF 

(HF:DI & 1:100). Figure 4.11 shows both the recess depth of the sample and AZO 

film thickness acquired by the stylus profilometer. 
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Figure 4.11 a) SEM Image of Recessed Samples with an etch depth of ~88nm and 

b) Thickness of ALD of AZO measured by Stylus profilometer 

A control sample was also processed and alloyed ohmic contacts with Ti-20nm/Al-

100 nm/Ni-40 nm/Au-50 nm metals were evaporated and followed by RTA 

performed at 850 oC/30 sec under N2 ambient in order to monitor recess etch 

reliability. Processed samples were summarized in Table 4.2 and 4.3 
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Table 4.2 Summary of the Samples for AZO Ohmic Contact Study 

Sample Code Purpose 

Control Sample 

- 90nm recessed 

- Oxygen Plasma Ashing @30W for 5min 

- Diluted HF Treatment for 1 min 

- Ti(20nm)/Al(100nm)/Ni(40nm)/Au(50nm) 

- RTA Treatment @850oC for 30sec under 

N2 ambient 

In order to control 

reliability of ICP RIE etch 

Process and Post 

Treatments 

AZO Ohmic Contact 

- 90nm recessed 

- Oxygen Plasma Ashing @30W for 5min 

- Diluted HF Treatment for 1 min 

- 100 nm ALD of AZO (see Table 4.2 

below) 

- Pulse Times: TMAl: 15msec & 

DEZn:15msec 

- Cr(20nm)/Au(100nm) Evaporation 

- RTA Treatment @250oC for 30sec under 

N2 ambient 

 

6 different AZO growth 

condition was used to 

evaluate the AZO films as 

an non-alloyed ohmic 

contact 

ALD of AZO thin films deposited at 200 oC and 225 oC where the individual recipes 

were previously optimized. It is known that a small amount of Al (i.e. Zn: Al > 15:1) 

acts as substitutional or interstitial atoms in the ZnO matrix resulting in a decrease 

in resistivity. Increasing Al doping causes Al2O3 clusters which increase the 

resistivity of AZO films. Hall Effect measurements were performed for AZO films 

grown on sapphire substrates and revealed that the resistivity of AZO films was 

consistent with other reported values in the literature. TLM patterns were transferred 

to samples via wet etching (HF:DI & 1:100), optic lithography, and e-beam 

evaporation of Cr-Au metals (20 nm-100 nm). A stabilization bake was performed 

at 250 oC for 30 sec under N2 ambient. 
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Table 4.3 Summary of the Deposition Details and Hall Measurement Results of 

AZO Samples for AZO Ohmic Contact Study 

Sample 

Code 
T

g
(

o
C) 

ZnO : Al
2
O

3
 

Cycle Ratio 

Total AZO 

Thickness (nm) 

Hall Effect Measurement 

N
s
 (cm

-3
) µ(cm

2
/V.s) ρ(W.cm) 

17:1 

200 

17:1 

100 

1.46 5.27 8.29 

26:1 26:1 1.45 6.78 6.34 

35:1 35:1 0.58 2.78 3.81 

15:1 

225 

15:1 2.26 6.09 4.52 

18:1 18:1 2.14 8.84 3.30 

25:1 25:1 2.29 8.47 3.20 

 

Figure 4.12 SEM Image of Recessed a) AZO and b) Alloyed Metal Ohmic Contacts 

The surface morphology of the alloyed ohmic contacts and AZO ohmic contacts are 

shown in Figure 4.12. The surface morphology of the AZO contacts was much better 

compared to alloyed ohmic contacts which are important for next coming 

lithography processes and the line definition is clear which is crucial for transistor 

reliability. 
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Figure 4.13 TLM Measurement of Recessed Ohmic Contacts – ‘Control Sample’ 

As seen in Figure 4.13., It was found that the contact resistance of the control sample 

was 2.34 .mm which was much higher compared to non-recessed alloyed ohmic 

contacts. This deviation on contact resistance was attributed to both the ICP-RIE 

etching process and the not optimized post-treatments. It is well known that plasma 

etches processes introduce etch residue depending on the used chemistry [5-7]. It 

was considered that remaining to etch residue on the recessed ohmic region resulted 

in poor ohmic contact characteristics.  

The measured contact resistance of the recessed AZO sample was so high and ohmic 

characteristics could not be achieved as seen in Figure 4.14. The contacts exhibited 

Schottky characteristics instead of ohmic characteristics. This was attributed to the 

much lower process temperature compared to the ‘Control Sample’ which has a 

contact resistance of 2.34 .mm and plasma etch damages. In the case of higher 

RTA treatment for ‘Control Sample’ help to recover etch based damages [8-9].  
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Figure 4.14 Measurement of AZO Ohmic Contacts to GaN HEMT 

4.2.1 Side-Wall Issues 

SEM images of the etched region prior to AZO deposition is seen in Figure 4.15, 

below. It is seen that the angle of the side-wall of the etched region was about 65o, 

which was well below 90o, which means that 2DEG that is created in the GaN buffer 

layer may be weakened since the AlGaN barrier layer above the said region is 

partially removed and the thickness of the barrier is not enough to induce electron 

gas in the region. This could be another drawback in order to have acceptable contact 

resistance.  
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Figure 4.15 a) SEM Image of Recessed Samples with an etch depth of ~88nm and 

b) Thickness of ALD of AZO measured by Stylus profilometer 

It is considered that the origin of the non-vertical side-wall problem was the 

thickness of the photomask (PR). It is well known that the thickness of the PR mask 

should be thinner for recess etching. In plasma etching processes both physical and 

chemical etching takes place and by-products need to be evacuated in a certain time. 

Increasing PR thickness increase the evacuation time of etching species within the 

mask opening region and promotes chemical etching which is isotropic. The 

thickness of the PR mask was about 1.5µm for our recess etching processes. Isotropic 

etch was promoted at the bottom of the mask opening which resulted in an inclined 

side-wall with ~65o as seen in Figure 15. 

Figure 16 shows the schematics of a PR mask with two different thicknesses. For 

recess etching, it is important to use special photoresists, dielectrics or metal masks.  
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Figure 4.16 Schematics of Photomask (PR) for recess etching of HEMT wafer a) 

Thick resist b) thinner resist 

4.2.2 Effect of Post-Plasma Conditions 

In GaN HEMT microfabrication Cl-based plasma is used to etch the desired region. 

Plasma etchs residues and artifacts are removed by plasma or wet etch processes 

depending on process needs.  

In this work, ICP RIE etching was performed by using SF6 + Ar plasma followed by 

post-treatment including diluted HF cleaning of the etched regions. HF treatment 

could potentially induce a defect in GaN materials. Fluorine based plasma cleaning 

provokes shallow traps in recessed ohmic region and prevent electron flowing over 

the region 16. 

A high concentration of fluorine ions may diffuse into the material and trap the 

2DEG electrons which are responsible for ohmic contacts. This may cause a 

depletion in 2DEG electrons and results in an increase in ohmic contact resistance 

101415. 
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Figure 4.17 Schematic illustration of immobile negative charges under source and 

drain contacts 

4.3 Results and Discussions 

Optimization of ALD of AZO growths 

In this part, various growth conditions were used in order to investigate the material 

properties of AZO films. Increasing deposition temperatures resulted in lower GPCs 

for ZnO layers and corresponding Al contents were increased for AZO films. 

Substitution of Al3+ into Zn2+ sites promoted by increasing Al content in AZO films 

which results in charge donation and increase the carrier concentration. An increase 

in Eg was attributed to the doping level and be explained by the filling of the lowest 

levels of the available states in the conduction band.  

Varying ZnO:Al2O3 cycle ratio also at a fixed deposition temperature also affected 

bandgap of the AZO films. In this case, Al composition of the growing films were 

modulated by cycle ratio. Increasing ZnO:Al2O3 ratio resulted in lower Al content in 

AZO films as expected. For a given deposition temperature, the relationship between 

ZnO:Al2O3 ratio and Al content in AZO films was almost linear and inversely 

proportional as indicated in Table 4.1. It was seen that a two-fold increase in 

ZnO:Al2O3 ratio resulted in a  a two-fold decrease in Al content in AZO film.  
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Fine-tune of bandgap values of AZO films within the range 3.30 eV and 3.40 eV was 

successfully demonstrated by optimizing both deposition temperatures and cycle 

ratio of growth conditions.  

Initial trials showed that AZO films were degenerated doped and film resistivities 

were in 10-3 .cm, the same order in lowest reported values by R.M. Mundle et al 

11,12. We observed that increasing deposition temperatures caused a slight 

increase in mobility which was attributed to improved crystal quality compared to 

AZO films grown on lower deposition temperatures. Electrical and optical 

characterization of AZO films exhibited similar properties with MOCVD regrown 

InGaN films. 

ALD grown AZO films as Non-Alloyed Ohmic Contact for Gan HEMT 

Silvaco simulations revealed that AZO films could be replaced with MOCVD 

regrown InGaN layer. 

Optimized AZO films were implemented in non-alloyed ohmic contact study. Initial 

trials did not yield expected results and contacts exhibited Schotkky characteristic 

instead of the ohmic characteristic as seen in Figure 4.14. This was attributed to non-

proper etching of side-wall and fluore effect from SF6 based ICP plasma etching 

and/or HF based post-etch cleaning processes. 
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CHAPTER 5  

5 CONCLUSION AND FUTURE PLAN 

5.1 Conclusions 

The objective of this work focused on the ohmic contact process technologies of 

GaN-based High Electron Mobility Transistors (HEMT) for Ka-band applications. 

The goal of this work was to develop an ohmic contact technology that does not 

require annealing of its metal pads. So that resulting ohmic contacts should have the 

following features;  

- The improved surface roughness of the ohmic contacts for the next 

processing steps 

- Improved line definition and removed metal spread for small S-D spacing 

HEMTs 

- Reduced contact resistance for improved RF device performance. 

Initially, we optimized both alloyed and MOCVD regrown InGaN non-alloyed 

ohmic contacts on HEMT on sapphire substrates and achieved;  

- alloyed ohmic contact with 0.51 .mm for the ‘Sample Al-100’  

- alloyed ohmic contact with 0.45 .mm for the ‘Sample RTA 850oC/30sec’ 

- alloyed ohmic contact with 0.41 .mm for the ‘Sample Ni Barrier’.  

- non-alloyed ohmic contact with 0.33 .mm for the ‘MOCVD regrown 

InGaN non-alloyed sample’ 

- excellent metal surface morphology, clear metal edges and clear source-drain 

spacing for the ‘MOCVD regrown InGaN non-alloyed sample’ 
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In this thesis first time experimented and obtained results: 

- MOCVD regrown InGaN layers were utilized as non-alloyed ohmic contacts 

for GaN-based HEMT devices 

- Ohmic contact resistance of 0.33.mm was obtained with MOCVD regrown 

InGaN layers for GaN-based HEMT devices for Ka-Band applications 

- ALD grown AZO films were utilized for the first time as non-alloyed ohmic 

contacts for GaN-based HEMT devices 

For alloyed ohmic contact ‘Sample Ni-Barrier’ technology was selected for HEMT 

device processing.  

In Chapter 3.3, GaN-based HEMT structures grown on 3’’ SI 4H-SiC substrates and 

0.15 µm gate length and Wg of 75 µm technologies were utilized to fabricate HEMT 

device for Ka-band applications. HEMT on SI-SiC devices with alloyed ohmic 

contacts exhibited a contact resistance of 0.43 .mm whereas HEMT on SI-SiC 

devices with non-alloyed MOCVD grown InGaN ohmic contacts exhibited a contact 

resistance of 0.30 .mm with an excellent surface morphology and edge acuity. It is 

well known that the deviation in S-D spacing results in detrimental effects for HEMT 

1-4. 

In Chapter 3.4, the DC performance of the fabricated devices with alloyed and non-

alloyed ohmic contacts showed a current density, Ids, of 0.94 A/mm and 0.88 A/mm, 

respectively. The transconductance, gm, of the fabricated devices with alloyed and 

non-alloyed ohmic is 337 mS/mm and 314 mS/mm, respectively.  

Measured ft/fmax was for alloyed and MOCVD regrown InGaN non-alloyed ohmic 

contacts were 33.5 GHz/67.5 GHz and 36.8 GHz/75.0 GHz, respectively. The 

maximum available gain at 37 GHz obtained for alloyed and MOCVD regrown 

InGaN non-alloyed ohmic contacts was 5.2 dB and 6.4 dB, respectively. To do the 

best of our knowledge, MOCVD regrown InGaN non-alloyed ohmic contact 

technology was used by our group.  
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At 3dB compression, HEMT devices with MOCVD regrown InGaN non-alloyed 

ohmic contacts and alloyed ohmic contacts exhibited an output power of 31.42 dBm 

and 31.02 dBm which corresponds to 3.07 W/mm and 2.80 W/mm, respectively for 

the devices with 6x75 µm (0.45 mm) devices with an Lg of 0.15 µm.  

In Chapter 4, aluminum-doped inc oxide (AZO) films grown by Atomic Layer 

Deposition (ALD) were demonstrated, and thin-film characterization was 

performed. Band gap of AZO films were in the range of 3.3 eV to 3.4 eV and carrier 

concentration was above 1020cm-3 which is comparable with MOCVD growth of 

InGaN layer. Material properties (carrier concentration, mobility and etc.) of AZO 

thin films exhibited a potential for non-alloyed ohmic contacts for AlGaN/GaN 

HEMTs which is supported by the Silvaco simulations in Chapter 4.1.3. Initial 

attempts for having AZO ohmic contacts for AlGaN/GaN HEMTs were not 

successful due to non-optimized process conditions including recess etching and 

post-treatments. 

5.2 Future Plan 

In this research, MOCVD growth of AlGaN/GaN HEMT on 4H SI-SiC for Ka-band 

applications and devices technologies focusing on the method of making alloyed and 

non-alloyed ohmic contacts were described. However, there are some important 

issues still remaining to be solved. The following action list includes some research 

topics for future works; 

• Fine tune of epitaxial design (Al composition in barrier, barrier thickness, 

back barriers and etc.)  

• More accurate simulations dedicated to the Ka-band epi structure and 

device geometry should be carried out in order to improve transistor 

performance. 

• Optimization of etching processes for having vertical side-wall. For 

recess etching of the source and drain contact region it is important to 
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have vertical side-walls in order not to deplete electrons in 2DEG as seen 

in Figure 4.13. It is important to use a thin mask for recess etching which 

helps to have a vertical side-wall profile. This could be accomplished by 

using proper resist or metal mask as well.  

• Fluor-free plasma etch should be selected to avoid unintentional flourine 

doping in GaN materials  

• Fluor-free post etch treatment. Post-etch treatment is also very important 

and should be performed prior to AZO growth and treated samples should 

be loaded to the ALD chamber avoiding the formation of native oxides 

(i.e Ga2O3 or Al2O3) between 2DEG and AZO films. 2DEG electrons and 

results in an increase in ohmic contact resistance 1011 

Detail of the ALD of AZO work for future studies is shown in Table 5.1 below.  

Table 5.1 Optimization of ALD of AZO ohmic contacts processes prior to HEMT 

device fabrication 
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