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As an essential component for all power electronic systems, power 

semiconductor devices have a major impact on the economy, determining the cost and 

efficiency of the power electronic systems.  As Si based devices have approached their 

theoretical material limits, wide bandgap materials such as GaN and SiC are attracting 

a lot of interests for drastic performance improvements to meet the severe operation 

requirements in the future.  In addition, optical applications based on group-III nitrides 

have attracted tremendous interests in recent years, along with the material growth 

advancements. This dissertation focuses on high voltage GaN-based field effect 

transistors for high voltage, low loss power switching applications, as well as rare 

earth doping in GaN particles for optical applications.  

AlGaN/GaN heterostructure field effect transistors were designed, fabricated, 

and characterized to systematically study the effects of the key design parameters on 

current density and off-state breakdown voltage.  However, the breakdown criterion of 

1 mA/mm is impractical for real applications, because of the unacceptably high power 

consumption at the off state.  Moreover, the lack of an appropriate surface passivation 

has long been a bottleneck for the GaN high voltage switching research community. 

To solve these problems, AlGaN/GaN metal-insulator-semiconductor heterostructure 

field-effect transistors were designed, fabricated and characterized, with HfO2 as the 



 

gate insulator and surface passivation.  These devices exhibited breakdown voltages of 

1035 V for a gate-drain spacing of 10 µm, specific on-resistances of 0.9 mΩ-cm2, 

ultra-low gate and drain leakage currents, and minimized current slump under pulse 

measurements.  This is the best performance ever reported on GaN-based power-

switching devices, which efficiently combines device forward, reverse, and switching 

characteristics.  The performance of GaN devices is evidenced for the first time to go 

beyond the theoretical material limit of SiC. 

Eu doping in GaN for optical applications was also investigated in this 

dissertation. The effect of growth temperature on crystallinity, Eu incorporation and 

luminescence was investigated, and the Eu doping concentration was extracted non-

destructively by strain analysis of the correlated Raman and X-ray Diffraction data. 

Furthermore, electrophoretic deposition was developed to fabricate thin films out of 

the nanoparticles. 
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CHAPTER 1 

Introduction 

 

1.1 GaN-based wide bandgap semiconductors for high power switching 

applications  

Power semiconductor devices and smart power integrated circuits count for 

about $20 billion of business nowadays.  As an essential component for all power 

electronic systems, power semiconductor devices have a major impact on the economy, 

determining the cost and efficiency of the power electronic systems.  Among the 

various power semiconductor devices, power-switching transistors count for a huge 

percentage of the market, they have been widely developed for applications such as 

power supplies, motor controllers, factory automation, dc-dc converters and other 

switched circuit systems, etc.  [1-2]  

Silicon has long been the semiconductor of choice for power switching devices.  

Silicon power electronics have developed from bipolar transistors to metal-oxide-

semiconductor field effect transistors (MOSFETs) and then continue to evolve to 

trench FETs and superjunction FETs, etc.  Silicon MOSFETs have made dramatic 

improvements in figures of merit to effectively serve a wide variety of applications.  

However, silicon power devices are quickly approaching their theoretical limits of 

performance.  It is strongly desired to develop an alternative power device technology 

platform to meet the ever-increasing market needs, which can deliver much better 

performance than the existing state-of-the-art silicon devices, as well as have a much 

broader variety of applications. 
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 Wide bandgap semiconductors, such as GaN and SiC, offer several advantages 

over Si.  Unique material properties, such as wide bandgap, high saturation velocity, 

high electric breakdown strength, make GaN and SiC very attractive candidates.  

Table 1.1 shows the essential material properties of major semiconductors.  Compared 

to that of Si devices, the power loss of a GaN or a SiC switching device can be 

remarkably reduced, resulting in much lower power consumption as well as the 

reduction of the cooling systems.  The improved efficiency for the control of electric 

power will result in the conservation of fossil fuels, and as a consequence, the 

environmental pollution can be reduced.  Moreover, many applications require high 

blocking voltage, high switching frequency, and high operation temperature that the 

present Si power semiconductor devices cannot handle. 

Since the breakdown electric field strength is ~3.5 MV/cm for GaN, the 

AlGaN/GaN heterojunction field-effect transistors (HFETs) are promising for high 

voltage switching applications over 1 kV.  In addition, the AlGaN/GaN HFETs have 

two-dimensional electron gas channels with low sheet resistances; hence the low on-

resistance operation is possible.  The high saturation velocity of the carriers further 

makes high frequency switching a feasible feature of this kind of devices.  These new 

switching devices will benefit the industries such as automotive, computer laptop, 

consumer and industrial power supply, power distribution systems, etc, as well as the 

military applications such as in radar (shipboard, airborne, and ground) and space 

electronics, etc.  For instance, the introduction of these GaN FETs will significantly 

increase the fuel efficiency of the best-in-class hybrid vehicles.  The application of the 

GaN FETs will increase the efficiency and drastically decrease the size of power 

supplies used for consumer and industrial products.  It is the objective of this 

dissertation to explore the possibility of applying GaN heterostructure field effect 
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transistors (HFETs) to high power switching applications, and try to tackle some 

major problems hindering the practical applications of the GaN technology. 

  

 Table 1.1. Essential material properties of major semiconductors at room temperature. 

 
Electron 

saturation 
drift 

velocity 
(cm/s) 

Breakdown 
electric field 

(MV/cm) 

Bandgap 

(eV) 

Thermal 
conductivity 

(W/cm-K) 

Dielectric 
constant 

Si 1 ×107 0.3-0.6 1.1 1.5 11.9 

GaAs 2 ×107 0.4-0.7 1.4 0.5 12.9 

SiC 

(4H) 
2 ×107 2.2-3.5 3.3 3-5 9.7 

GaN 2.5 ×107 3.5-5.0 3.4 2.0 9.0 

 

1.2 Rare earth doping in GaN for optical applications 

Besides the electronic applications, group III-nitride materials also have wide 

applications in optoelectronic devices, such as light-emitting diodes (LEDs), ultra-

violet or blue lasers, and full color displays, etc.  High efficiency GaN-based LEDs for 

blue, green, and amber colors have been commercialized in recent years with high 

efficiency, brightness, and lifetime.  These LEDs have wide applications in traffic 
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light, automotive, illumination, displays and medical equipments.  Group-III nitrides 

can also be used in other optoelectronic devices such as laser diodes (LDs).  The first 

green laser diodes from indium gallium nitride was recently reported in 2009, which is 

promising for a new generation of tiny full-color projectors.  The application of GaN 

based blue laser allows higher storage density (40 Gb) of a compact disc, and is the 

foundation of the modern “blue-ray” DVD players.  Other applications of GaN based 

LDs include ultraviolet photo detectors in solar blind detectors, missile launching 

detection, flame detector, and sensors in combustion industry, etc.   

Recently, rare earth element doped GaN has attracted a lot of interest, because 

of the decreased luminescence quenching effect at room temperature, as compared to 

the conventional semiconductors Si or GaAs.  The luminescence efficiency is 

extremely low in indirect bandgap semiconductors such as Si, as both photon and 

phonon are required for the conservation of energy and momentum.  Compared to 

other semiconductors such as GaAs (direct bandgap semiconductor), rare earth 

elements have higher luminescence efficiency in GaN.  In addition, GaN, as a 

chemically and thermally stable material, is a robust host for rare earth doping.  So far, 

most efforts have been focused on doping of rare earth elements in thin film format of 

GaN, such as thin films grown by molecular beam epitaxy, chemical vapor deposition, 

or sputtering.  The rare earth elements are incorporated in the film either by in-situ 

doping or by post-growth implantation.  However, there is not much work on the rare 

earth doping of GaN in the form of a powder.  As a powder, GaN will allow many 

flexible applications.  GaN nanoparticles can be used in thin film transistors, 

electroluminescence devices, medical imaging, and optical emitters, etc.  It is the 

objective of this dissertation to explore ways to efficiently dope rare earth element Eu 
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into GaN powders, and determine the actual content of the dopants, and explore ways 

to deposit GaN particles and nanoparticles into solid films. 

1.3 GaN-based power switching field effect transistors and Eu doped GaN 

particles and nanoparticles in this dissertation 

In GaN-based heterostructure systems, semi-insulating (SI) SiC and sapphire 

are the commonly used substrates.  Compared to SiC, sapphire substrates offer several 

advantages such as low cost and availability of large wafer size, even though the heat 

dissipation characteristic of sapphire is worse than that of SiC.  The GaN buffer layer 

is typically doped with acceptors (Fe or C) to compensate the residual donor 

impurities, presumably Si and O.  A highly resistive GaN buffer is demanded in order 

to get a complete channel pinch-off of the device and a high off-state breakdown 

voltage.  At the time of this dissertation, the growth technology of AlGaN/GaN on Si 

is not as mature as that on sapphire.  The higher lattice and thermal mismatches of 

GaN and Si produce a higher density of dislocations and even cracks, compared to 

GaN on sapphire or GaN on SiC.  In this dissertation, AlGaN/GaN epitaxial material 

structures grown on sapphire are widely used for device fabrications. 

In addition to the research on GaN based high power switching devices, we 

also explore rare earth doping in GaN powder for optical applications.  The powder 

format is suitable for many flexible applications as mentioned in a previous section; 

however, it is much less studied compared to the thin film format.  In addition, the 

content of the rare earth element in powders is not easy to determine as in a thin film.  

And it has been a common practice that the initial mixing content of rare earth in the 

starting material is taken as the real amount in the fabricated powder.  In this 

dissertation, we investigate the effects of growth conditions on efficient doping of Eu 



	   6 

into GaN powders by structural and optical characterizations, and determine the 

content of doped rare earth elements in GaN powder by a strain analysis correlating 

the experimental data.  
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CHAPTER 2 

Device Physics of GaN HFETs And Material Perspective  

Of Rare Earth Doped GaN 

 

GaN was first synthesized in 1938 by Juza and Hahn via reacting ammonia 

with Ga melt at high temperatures. [3]  In 1969, GaN was first grown via chemical 

vapor deposition by Maruska and Tietjen. [4]  In the early work, all the GaN obtained 

were n-type even without any intentional doping, nitrogen vacancies and impurities 

such as silicon and oxygen residuals assumed to be the donors.  The lack of suitable 

substrate materials also made it difficult to grow high quality epitaxial GaN films.  In 

the early 1990s, p-type GaN:Mg was finally obtained by either low energy electron 

beam irradiation or annealing in N2 at higher temperature than 750 °C. [5] [6]  The 

successes in growing high quality GaN films on foreign substrates, as well as  

realizing p-type GaN, led to an explosion in GaN research.  In this chapter, the crystal 

structure and polarity of GaN will be reviewed first, and why it is an ideal candidate 

for high voltage, high power and high temperature switching devices will be discussed 

next.  Finally, this chapter concludes with a description on the material advantages of 

GaN for rare earth doping for optical applications. 

2.1 Crystal structure 

The thermodynamically stable phase of group III nitrides (GaN, InN, AlN, etc) 

is a hexagonal wurtzite structure, although other phases such as zincblende and 

rocksalt are also available.  As most of the practical devices are of the wurtzite phase, 
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we focus on this particular crystal structure.  In this structure, atoms are tetrahedrally 

bonded with neighboring atoms of the other type, with three hybrid bonds in one layer 

and the fourth hybrid bond in another layer, as shown in Figure 2.1.  The unit cell of 

this type of structure is hexagonal with a basis of four atoms, two of each kind.  The 

wurtzite structure is usually characterized by three parameters: the edge length of the 

basal hexagonal a0, the edge height of the lattice cell c0, and the ratio of the anion-

cation bond length along the <0001> direction over c0, which is commonly noted as 

u0.  The subscript “0” indicates that the values are from the equilibrium lattice.  In an 

ideal wurtzite crystal, u0=0.375 and c0/ a0=1.633.  These are important as the degree of 

non-ideality from these numbers indicates the strength of polarization in the crystals, 

as will be discussed later in this chapter.  By convention, the <0001> direction is 

defined along the c-axis from a Ga atom to a N atom, and the resulting structure is 

called a Ga-face polarity.  In other words, the N atoms are staying on the top-side of 

the hybrid bonds along <0001> direction.  In the case of nitrogen atoms staying on the 

bottom side of the covalent bonds along <0001> direction, it is called N-face polarity.  

Many interesting material properties, and thus device characterizations, are related to 

this feature.  
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Figure 2.1. Schematic crystal structures of the wurtzite Ga-face GaN and N-face GaN. 

Table 2.1 shows the lattice constants of the group III nitrides (GaN, InN, AlN) 

in the wurtzite phase at room temperature.  Among these three compounds, GaN 

structure is the closest to the ideal structure.  The chemical bonds of group III nitrides 

are predominantly covalent.  However, there is a significant ionic component in the 

bond, due to the large difference in the electronegativity between the anion and the 

cation.  The fact that there is lack of inversion symmetry along the <0001> direction 

has a tremendous effect on the group III nitrides materials, and will be mentioned 

frequently later in the chapter.  
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Table 2.1. Lattice parameters of major group-III binary nitrides at room temperature. 

Material AlN GaN InN 

a0,  Å 3.112   3.189 3.541  

c0,  Å 4.982  5.185 5.705  

c0/a0  1.601  1.626  1.612  

u0 0.380   0.376 0.377 

 Psp, C/m2 -0.081   -0.029 -0.032 

 

2.2 Polarization in group-III nitrides 

As mentioned above, in group-III nitrides, because of the strong electron 

negativity of the nitrogen atom, the covalent bonds with the group III atoms have 

stronger ionicity compared to other III-V covalent bonds.  This strong ionicity will 

induce macroscopic polarization if the crystal lacks inversion symmetry, which is 

exactly what happens along the c-axis with group-III nitrides.  This polarization effect 

occurs in the group-III nitrides without any external influence, and thus it is called 

spontaneous polarization.  In the tetrahedron, there are three covalent bonds pointing 

in non-vertical directions.  The resulting polarization from these three bonds is aligned 

in the opposite direction of the vertical bond, and thus serves to counteract the 

polarization of the other bond.  In an ideal lattice where c0/a0 equals 1.633, the 

spontaneous polarizations in the opposite directions along the c-axis would cancel out.  

As this c/a ratio deviates from the ideal value, the spontaneous polarization gets 
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stronger.  And the strength of the spontaneous polarization depends on the non-ideality 

of the crystal lattice.  For the group-III nitrides, the strengths of the spontaneous 

polarization increase from GaN to InN to AlN, as the deviations from the ideal value 

of 1.633 increase, as shown in Table 2.1.  The spontaneous polarization values for the 

group-III binary nitrides are shown in Table 2.1. 

The non-ideality of the crystal lattice can be changed externally too. The lattice 

parameters can be altered when stress is applied to the lattice.  This externally induced 

polarization in the group-III nitrides is called piezoelectric polarization.  If the nitride 

crystal is under a biaxial tensile stress, the lattice constant a0 will increase and c0 will 

decrease, resulting a decreased c0/a0 ratio further away from 1.633 (the biggest c0/a0 

ratio among group-III nitrides is 1.6259 for GaN, which is still smaller than the ideal 

value of 1.633).  In this case, the piezoelectric and spontaneous polarizations are in the 

same direction, and the overall polarization is increased.  If the nitride crystal is under 

a biaxial compressive stress, the lattice constant a0 will decrease and c0 will increase, 

resulting an increased c0/a0 ratio toward the ideal value of 1.633.  In this case, the 

piezoelectric and spontaneous polarizations are in the opposite directions, and thus the 

overall polarization is decreased.  The detailed calculations of the piezoelectric 

polarization are given in the following paragraph. 
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Figure 2.2. Polarization induced sheet charge density and directions of the 

spontaneous and piezoelectric polarization in Ga- and N-face strained and relaxed 

AlGaN/GaN heterostructures (ref 7). 

According to Bernardini and Fiorentini [8], the strength of piezoelectric 

polarization (PPE) can be calculated by: 

    (2.1) 
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where  and  are the in-plane strains, which are assumed to be isotropic, and can 

be determined by , and  is the strain along the c-axis and is 

expressed as .   and  are related with the elastic constants: 

    (2.2) 

where  and  are elastic constants.   and  are the piezoelectric coefficients.  

Combing equations (2.1) and (2.2), we get the expression of piezoelectric polarization 

as: 

    (2.3) 

The elastic constants and piezoelectric coefficients of group-III binary nitrides 

are given in Table 2.2. [8]  In the wurtzite group III-nitrides,  is always  

negative.  As a result, layers in tensile stress ( >0) will have negative 

piezoelectric polarization and layers in compressive stress will have positive 

piezoelectric polarization.  As mentioned before, the spontaneous polarization is 

always negative because of the smaller c/a ratio compared to the ideal value of 1.633.  

As a consequence, for layers in tensile stress, the spontaneous and piezoelectric 

polarizations are aligned in the same direction enhancing each other (both negative), 

and for layers in compressive stress, the two are in opposite directions counteracting 

each other. 
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Table 2.2 Elastic constants and piezoelectric coefficients of group-III binary nitrides. 

Material AlN GaN InN 

c13, GPa 94 68 70 

c33, GPa 377 354 205 

e33, C/m2 1.50 0.67 0.81 

e31, C/m2 -0.53 -0.34 -0.41 

 

2.3 Polarization induced charges in GaN-based heterostructures 

As discussed above, both spontaneous and piezoelectric polarizations are 

present in group-III nitrides.  The charge induced by the polarizations can be 

expressed as: 

     (2.4) 

By convention, the positive polarization vector indicates the motion of positive 

charges.  In group-III nitrides, the positive polarization is in the <0001> direction.  

When a heterojunction, or an abrupt interface, is formed in group-III nitrides, a 

polarization discontinuity occurs at the interface.  This polarization discontinuity is 
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closely related to an important phenomenon-the formation of two dimensional electron 

gas.  In an abrupt heterojunction, the polarization induced sheet charge at the interface 

of the two layers can be expressed as: 

   (2.5) 

This equation gives the sheet density of the spatially fixed polarization charges, which 

does not necessarily mean the free carrier density.  For group-III nitride based 

electronic devices that we are interested in, the top layer is generally a 

pseudomorphically grown epitaxial AlGaN film with various contents of Al, and the 

bottom layer is a thick GaN film.  In AlxGa1-xN, the spontaneous polarization can be 

expressed as: 

   (2.6) 

And the piezoelectric and elastic constants can be expressed as [8]: 

   (2.7) 

    (2.8) 

    (2.9) 

             (2.10) 

            (2.11) 

The amount of the fixed polarization charge at the interface of AlGaN/GaN can be 

calculated using the above equations (2.3) through (2.11).  The polarization charge 

formed at the AlGaN/GaN interface as a function of the Al mole fraction is shown in 

Figure 2.3.  The fixed polarization charge increases with Al fraction in AlGaN, and 
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both spontaneous and piezoelectric polarizations contribute significantly to the total 

polarization charges according to Figure 2.3. 

 

 

Figure 2.3. Polarization induced sheet charge at the AlxGa1-xN/GaN interface as a 

function of Al mole fraction in AlxGa1-xN barrier. 

This induced polarization charge in turn generates an electric field, which will 

shape the conduction band.  In the next section, the formation of two-dimensional 

electron gas (2DEG) will be discussed and the band diagram of the AlGaN/GaN 

structure will be considered. 
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2.4 Band diagram and 2DEG  

 Figure 2.4 shows a schematic band diagram of a typical AlGaN/GaN 

heterostructure and the corresponding sheet charges formed at the surface and 

interface.  This structure has a Ga-polarity, with a thin (25 nm) AlGaN layer 

epitaxially grown on top of a thick (~1.5 µm) GaN buffer.  In this structure, the 

surface potential of the AlGaN layer is pinned with the schottky contact.  The electric 

field in the AlGaN will push the conduction band toward the Fermi level in the 

vicinity of the heterojunction.  As a narrower bandgap semiconductor compared to 

AlGaN, GaN will have a conduction band edge below the Fermi level at the 

heterojunction, and thus a two-dimensional electron gas sheet forms here to 

compensate the positive polarization charge at the heterojunction.   

 An accurate way to calculate the free electron sheet charge density can be done 

using a sophisticated simulation tool such as C-BAND developed by M. Foisy [9], 

which solves coupled Schrödinger and Poisson equations.   However, a much simpler 

algorithm is appreciated for device engineering purposes.  A semi-classical approach 

can be used to estimate the density of the free electron sheet at the heterojunction, [10] 

as expressed below: 

           (2.12) 

where is the polarization sheet charge at the AlGaN/GaN interface, q is the 

electronic charge, ε0 is the free space permittivity, ε(x) and d are the dielectric constant 

and thickness of the AlGaN layer, respectively, x is the Al mole fraction in the AlGaN 

barrier,  is the Schottky barrier height, EF is the Fermi level at the heterojunction 

with respect to the conduction band edge of GaN, and ∆EC is the conduction band 
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offsetat the AlGaN/GaN interface. The dielectric constant, the Schottky barrier height, 

and the Fermi level can be approximated by the following formulas [7]: 

                   (2.13) 

                   (2.14) 

     
 
EF (x) = E0 (x) +

π2

m*(x)
ns (x)              (2.15) 

where the effective electron mass m*=0.22m0, and the ground sub-band level of the 

2DEG E0(x) can be expressed as: 

     
 
E0 (x) =

9πq2

8ε0 8m*(x)
ns (x)
ε(x)

⎛

⎝
⎜

⎞

⎠
⎟

2
3

            (2.16) 

The conduction band offset at the AlGaN/GaN heterojunction can be expressed as: 

                    (2.17) 

And the bandgap of AlxGa1-xN is experimentally determined as [11]: 

              (2.18) 

As the AlGaN barrier thickness is increased, the 2DEG density increases toward the 

fixed polarization charge value.  For thinner AlGaN barrier layers, the 2DEG density 

decreases due to increased surface depletion.  For barrier layers of the same thickness, 

the higher the Al mol fraction, the higher the 2DEG density at the heterojunction.  
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Figure 2.4. Schematic diagram of the conduction band potential of an AlGaN/GaN 

structure.  The sheet charges at the surface and interface are also shown. 

 

2.5 GaN/AlGaN/AlN/GaN HEMT structure 

In this dissertation, the most commonly used structure is the 

GaN/AlGaN/AlN/GaN epitaxial structure.  Compared to a typical AlGaN/GaN 

heterostructure, this structure has a thin (1-2 nm) GaN cap-layer and a thin (1 nm) AlN 

inter-barrier layer.  The GaN cap-layer can increase the effective barrier height by 

AlGaN GaN 
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allowing the negative piezoelectric charge on the top of AlGaN layer to be positioned 

within the barrier structure, and thus can lower the gate leakage current and improve 

the reliability of the materials. [12]  A schematic conduction band diagram is shown in 

Figure 2.5.  The effective surface barrier height is given as [12]: 

 

            (2.18) 

where  is the Schottky barrier height on the top GaN surface, is the conduction 

band offset at the interface, and εGaN and εAlGaN are the dielectric constants of GaN and 

AlGaN respectively, dGaN and dAlGaN are the thicknesses of the top GaN layer and the 

AlGaN layer respectively.  In the GaN cap layer, there is only spontaneous polarization, 

and thus negative surface charges exist.  To satisfy charge neutrality across the 

epitaxial heterostructure, a large positive compensating charge at the surface is 

required.  Following the same logic as shown in the previous sector with AlGaN/GaN 

strucure, the 2DEG density in the channel in the structure with a GaN cap is calculated 

to be [12]: 

           (2.19) 

where every symbol has the same meaning as mentioned above in this chapter. 
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Figure 2.5. Schematic diagram of the conduction band potential of a 

GaN/AlGaN/AlN/GaN structure.  The sheet charges at the surface and interface are 

also shown. 

The insertion of a thin AlN inter-barrier layer can help obtain better 

confinement of the 2DEG, as the electrons in the channel now see a higher barrier.  As 
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a consequence, hot electron real space transfer to the barrier is suppressed, and high 

power high frequency and low noise device performance can be expected. 

2.6 Material advantages of GaN as a host for rare earth doping  

The group III nitrides cover a very broad range of energies, from 0.7 eV for 

InN to 6.2 eV for AlN at room temperature, and the emission wavelengths range from 

the infrared to the deep ultraviolet.  The group III nitride ternaries such as InGaN or 

AlGaN can have tunable and continuous bandgaps from 0.7 to 6.2 eV, depending on 

the concentration of In or Al respectively.  As a consequence, group III nitrides have 

wide applications in optoelectronic devices such as light-emitting diodes, lasers and 

full color displays.  Furthermore, when doped with rare earth elements, these group III 

nitrides show very promising applications as electroluminescent devices.   

The lanthanide rare earth elements have a partially filled inner shell (4f 
n), 

shielded from its surroundings by completely filled outer shells (5s2 and 5p6).  

Because of this shielding, the transitions between 4f levels result in very sharp optical 

emissions from the ultraviolet to the infrared.  The emission wavelengths are 

determined by the transition energy difference between different orbital levels and are 

nearly independent of the host material.  However, the emission probability strongly 

depends on the host material.  Because of severe thermal quenching and low rare earth 

solubility, conventional semiconductors, such as Si and GaAs, have shown very 

limited photoemission at room temperature.   

However, because of the wide bandgap, semiconductors such as GaN are of 

great interest when they are doped with rare earth elements, because of the much 
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decreased luminescence quenching effects at room temperature, compared to the 

conventional semiconductors such as Si or GaAs.   

In recent years, Er, Eu, Tm and other rare earth elements have been doped into 

GaN thin films, by either in-situ doping or ion implantation after growth.  The films 

are mostly grown by metal-organic chemical vapor deposition (MOCVD) or 

molecular beam epitaxy (MBE), sputter, or other techniques.  However, there is not 

much work that focuses on rare earth doping in GaN in the form of a powder. 
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CHAPTER 3 

GaN Based Heterojunction Field Effect Transistors  

For Power Switching Applications 

 

 Power semiconductor devices have been developed for high power switching 

operations in motor control, factory automation, power supplies, dc-dc converters and 

other switching circuit systems, as mentioned in a previous section of this dissertation.  

Off-state drain-source breakdown voltages BV and specific on-resistance ARon are 

among the most important parameters for evaluating power switching devices.  And 

the driving force is to increase BV and reduce ARon.  Though Si power devices have 

long been dominating the commercial market, recent developments have brought the 

Si power semiconductor technology to the theoretical BV-ARon limits of the materials. 

[13]   Meanwhile, wide bandgap semiconductors, especially GaN and SiC, are of 

tremendous interest due to the fact that they allow faster switching with lower losses, 

higher blocking voltage, higher operating temperature, and improved radiation 

hardness, etc.  Power device figure of merit (FOM), BV2/Ron, has been widely used to 

directly compare devices with different BV and Ron ratings from the material property 

point of view.   

 Compared to SiC power devices, GaN-based heterojunction field effect 

transistors (HFETs) have much lower on-resistance and higher BV because of the 

higher sheet carrier density ns in the two-dimensional electron gas (2-DEG) channel 

and larger electric breakdown field.  In other words, they have much higher power 

device FOM than their SiC counterparts.  Recent improvements in material growth 

and device design have allowed the developments of high BV GaN-based HFETs on 
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sapphire substrates with ARon below the theoretical limits of Si. [14] [15] [16] 

In this work, highly resistive C-doped GaN buffer layers grown on 2-in. c-

plane sapphire substrates were employed for the fabrication of the high-power 

switching GaN-based HFETs.  Without any field plate design, the fabricated devices 

exhibited a very high off-state BV of 1580 V and a low ARon of 4.0 mΩ-cm2.  This 

result approaches the SiC theoretical limit.  The BV-ARon performance of the 

fabricated devices also showed a linear trend with variations of Lgd, indicating a 

predictable performance.  In addition, the effects of the source and drain contact 

lengths Ls and Ld on the specific on-resistance ARon were also investigated and 

optimized. 

Many applications require power switching devices with not only high 

breakdown voltages but also high current ratings.  In this dissertation, large periphery 

AlGaN/GaN HFETs were designed, fabricated, and characterized.  A current level as 

high as 8 A was obtained with a breakdown voltage of 680 V for a gate-drain spacing 

of 10 µm.   

As enhancement mode devices are attracting a lot of interest in recent years for 

their obvious advantages in switching circuits, such as simpler circuit, safer operation, 

and integration of depletion mode devices and enhancement mode devices.  In this 

dissertation, a CF4 plasma treatment approach was tried, and a pinch-off voltage as 

high as +3 V was achieved.  However, modified CF4 plasma treatments or alternative 

approaches are suggested to be sought, in order to substantially improve the 

performance of the devices. 

 



	   26	  

3.1 Material structure 

The material structure started with a 30 nm of AlN nucleation layer on a c-

plane sapphire substrate, on top of which the AlGaN/GaN heterostructure was grown 

by Metal-Organic chemical vapor deposition.  The GaN layer was 1.8 µm and it was 

carbon doped to enhance the resistivity.  A 27 nm of un-intentionally doped (UID) 

Al0.28Ga0.72N was deposited on the GaN layer, capped with a 1 nm UID GaN layer.  

Room temperature C-V measurements showed a ns of about 8×1012 cm–2 in the 2-DEG 

channel and the carrier concentration of the C-doped GaN buffer layer was lower than 

1×1013 cm–3. 

3.2 Device fabrication 

The schematic cross-section of the fabricated device is shown in Figure 3.1.  

Cr/Pt was first put down on the chip as the stepper alignment mark.  Thereafter, 

Ti/Al/Mo/Au was evaporated as the source and drain ohmic contacts.  Rapid thermal 

annealing (RTA) was performed at 800 °C in N2 for half a minute.  Prior to the mesa 

isolation, a hard bake at 95 °C was carried out for 2 minutes.  Then, mesa etching was 

performed in an ICP-RIE etcher using a chlorine-based gas mixture (Cl2/BCl3/Ar).  

On-chip transfer length measurements showed an ohmic contact transfer resistance of 

0.5 Ω-mm and a sheet resistance Rs of 540 Ω/ �.  Next, a silicon oxide layer of 600 nm 

thick was put down by plasma enhanced chemical vapor deposition and then wet-

etched to open the device active area.  The oxide layer on the mesa etched area was to 

eliminate pad-to-pad current leakage.  Afterwards, a Ni/Au metal stack was 

evaporated and lifted off as the gate contact.  Before the SiN passivation, the device 

was annealed in N2 at 500 °C for 10 minutes to stabilize the surface.  Finally, a SiN 

layer of 60 nm thick was put down by PECVD at 300 °C.  The source-gate spacing Lsg 
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and gate length Lg of all the fabricated devices were 2 µm.  The gate width Wg was 

250×2 µm. The gate- drain spacing Lgd of 5, 10 and 16 µm was designed to check the 

device performance.  The source contact length Ls and drain contact length Ld were 

both varied from 7 to 40 µm to optimize the device characteristics. 

 

 

 

Figure 3.1. Schematic cross-sectional view of fabricated AlGaN/GaN HFETs (S: 

source; G: gate; D: drain; Ls/Ld: source/drain contact length; Lsg: source-gate spacing; 

Lg: gate length; Lgd: gate-drain spacing). 
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3.3 Device characterization and discussion 

 Figure 3.2 shows the on-state I-V characteristics of the fabricated devices with 

varying Lgd.  The DC characteristics were measured with an HP4142B modular 

source/monitor and microwave probes, and Vgs was swept from +1 V to -4 V with the 

step of -1 V.  Maximum drain current density IDS,max was measured at Vgs of +1 V.  

The measured IDS,max under VGS = +1 V were 460, 410 and 360 mA/mm for Lgd of 5, 

10, and 16 µm, respectively.  The negative resistance of the on-state I-V 

characteristics was due to the heating effect because of the low thermal conductivity of 

the sapphire substrate.  The device active area A was defined by the mesa etching 

process, which included both the source to drain region and the source/drain contact 

regions (A = (Ls+Lsg+Lg+Lgd+Ld)Wg).  The device on-resistance Ron was measured at 

the drain current density of IDS,max/2.  The specific on-resistance ARon was defined as 

the product of A and Ron.  Variations of ARon and IDS,max with Lgd is shown in Figure 

3.2 inset.  With increasing Lgd, ARon increased gradually and IDS,max decreased 

correspondingly.  For Lgd of 5, 10 and 16µm, ARon of 1.4, 2.4 and 4.0 mΩ-cm2 were 

obtained, respectively.  If the device active area A' was defined by the source to drain 

region only (A' = (Lsg+Lg+Lgd)Wg), the specific on- resistance A'Ron would be 0.5, 1.2 

and 2.3 mΩ-cm2 for Lgd of 5, 10 and 16 µm, respectively.  For comparison, the 

theoretical specific channel resistance ARch, given by Eq. (3.1), was also plotted in 

Figure 3.2 inset. 

 
    A'Rch= A'Lsd/Wgnsqµn =103Lsd

2Rs [mΩ-cm2]             (3.1) 

Comparing the measured values of A'Ron and the theoretical values of A'Rch, it was 

observed that A'Ron was mostly dominated by A'Rch for devices with long Lgd, 

suggesting that channel resistance between gate and drain determines the on-resistance 
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for larger Lgd (larger BV region) and thus GaN HFETs should be more suitable for 

high voltage operations as switching devices. 

 

 

Figure 3.2. On-state DC characteristics of devices with varying Lgd.  Inset shows the 

effect of Lgd on specific on-resistance and ID,max. 

 Figure 3.3 shows the effects of source and drain contact length on IDS,max and 

ARon.  It was clearly observed that IDS,max was independent of either Ls or Ld, and ARon 

increased linearly with Ls or Ld due to the increase of A.  The effects from Ls or Ld are 

very similar.  It is thus concluded that smaller ohmic contact lengths are desirable for 

obtaining lower on-resistance without any degradation in current density. 



	   30	  

 

 

Figure 3.3. Effects of ohmic contact lengths (LS and LD) on ARon and ID,max. 

Transfer characteristics were measured at VDS of 5 V and shown in Figure 3.4.  

A pinch-off voltage Vp of -3.5 V and a maximum transconductance gm,max of 120 

mS/mm were obtained.  Here, Vp was defined as the intercept of the linear 

extrapolation of the drain current density at gm,max on the gate bias axis.  Both Vp and 

gm,max were observed to be independent of Lgd.  It was also shown that the device with 

a smaller Lgd exhibited much better linearity over the range of the applied gate-source 

bias.  
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Figure 3.4. Transfer characteristics of the fabricated devices. 

Breakdown measurements were performed using a Tektronix 370A curve 

tracer under VGS of -5.5 V.  A high BV of 1580 V was obtained for the device with Lgd 

of 16 µm, as shown in Figure 3.5.  BV is defined at 1 mA/mm current level, which is 

conventionally used for microwave devices built of similar materials, and this criteria 

current (1 mA/mm) should be much lowered in the future for power switches, with 

improvements in material quality and/or device process technology to allow much 

lower current leakages.  In a later section of this dissertation, we discuss another 

technology, which will allow an ultra low leakage current to be the new criterion for 

the future high-performance power switching GaN devices.  Since the average 

breakdown field along the channel was ~1 MV/cm for the design of Lgd = 16 µm in 

this case, there is still room for process and material improvements, as the theoretical 
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breakdown field strength for AlGaN is ~3 to ~5 MV/cm.  The measured BVs 

increased with Lgd and were 400, 770 and 1580 V for Lgd of 5, 10 and 16 µm, 

respectively. 

 

Figure 3.5. Off-state drain-source breakdown waveform of the fabricated device with 

Lgd = 16 µm. 

Figure 3.6 presents the BV-ARon relations for the fabricated devices with Lgd 

of 5, 10 and 16 µm.  The linear BV-ARon behavior with Lgd in the log-log plot 

suggested a predictable performance of devices with Lgd.  A BV of 1580 V and ARon 

of 4.0 mΩ-cm2 were obtained from the fabricated devices on sapphire substrate and it 

is the best ever reported for high power GaN based HFETs fabricated on sapphire 

substrates to the best of our knowledge, at the time of the publication of this work. 
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Figure 3.6. ARon-BV behavior of the fabricated devices (LS = LD = 7 µm). 

In summary, high BV GaN-based HFETs with low ARon were fabricated and 

characterized on sapphire substrates.  The fabricated devices exhibited a high BV of 

1580 V and a low ARon of 4.0 mΩ-cm2, without any field plate design.  This is a 

record high achievement for GaN-HFETs on sapphire substrates, to the best of our 

knowledge.  It was observed that ID,max was independent of LS/LD, indicating smaller 

LS/LD were preferred for lower ARon.  Strong dependences of ARon, ID,max and BV on 

Lgd were also studied.  ID,max decreased with increasing Lgd, while ARon and BV 

increased with Lgd.  The linear relation between ARon and BV in the log-log plot 

confirmed that the device performance was predictable with the variation of Lgd. 
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3.4 Large periphery AlGaN/GaN HFETs 

 In many applications of power switching transistors, large current rating is 

required in addition to high breakdown voltage.  In this dissertation, we designed, 

fabricated, and characterized some large periphery GaN-based transistors to 

accommodate the need for high output current, and recognized some problems with 

the large periphery device designs. 

The epi-structure in this process consists of a 26 nm of un-intentionally doped 

(UID) Al0.29Ga0.72N deposited on the GaN layer, capped with a 1 nm UID GaN layer.  

Room temperature C-V measurements showed a ns of about 8×1012 cm–2 in the 2-DEG 

channel and the carrier concentration of the C-doped GaN buffer layer was lower than 

1×1013 cm-3. 

The device fabrication  process is a slightly different technology than the 

previous one, as a dielectric bridge is applied between the source and the gate.  In this 

process, Cr/Pt was first put down on the chip as the stepper alignment mark.  

Thereafter, Ta/Ti/Al/Mo/Au was evaporated as the source and drain ohmic contacts.  

Rapid thermal annealing (RTA) was performed at 800 °C in N2 for half a minute.  

Prior to the mesa isolation, a hard bake at 95 °C was carried out for 2 minutes.  Then, 

mesa etching was performed in an ICP-RIE etcher using a chlorine-based gas mixture 

(Cl2/BCl3/Ar).  On-chip transfer length measurements showed an ohmic contact 

transfer resistance of 0.6 Ω-mm and a sheet resistance Rs of 515 Ω/ �.  Next, a silicon 

oxide layer of 300 nm thick was put down by plasma enhanced chemical vapor 

deposition and then wet-etched to open the device active area.  The oxide layer on the 

mesa-etched area was to eliminate pad-to-pad current leakage.  Afterwards, a Ti/Au 

metal stack was evaporated and lifted off as the pad metal.  Then, another thick silicon 

oxide layer was deposited and wet etched before Ti/Au gate metal stack was 
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evaporated and lifted off.  Before the SiN passivation, the device was annealed in N2 

at 500 °C for 10 minutes to stabilize the surface.  Finally, a SiN layer of 60 nm thick 

was put down by PECVD at 300 °C.  The source-gate spacing Lsg and gate length Lg 

of all the fabricated devices were 2 µm.  The gate width Wg was 1×40 and 1×110 mm.  

The gate-drain spacing Lgd of 10 µm was applied.  The source contact length Ls and 

drain contact length Ld were both fixed at 7 µm. 

Figure 3.7 shows a picture of the fabricated device.  Different from the 

previous device with a T-shape layout, these devices have a comb-like structure.  DC 

current-voltage and breakdown characteristics were measured.  For the device with a 

periphery of 40 mm, a maximum current of 5 A was obtained.  For the device with a 

periphery of 110 mm, a maximum current of 8 A was obtained.  A breakdown voltage 

of 680 V was measured for a gate-drain spacing of 10 µm. 

  

 

Figure 3.7. A picture of a fabricated device with the gate width of 110 mm. 
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There is an interesting phenomenon observed from devices with different 

peripheries.  As the device periphery increases by either increasing the unit gate width 

or the number of gates, the current density decreases, as plotted in Figure 3.8 and 

Figure 3.9.  There might be several reasons causing this effect.  However, this might 

be mainly due to the potential drop on the source, which literally adds negative bias 

along the gate.  This has been preliminarily evidenced by Kelvin probe measurements, 

and should be further studied. 

Different approaches to enhance current density for large periphery devices are 

proposed in chapter 7 of this dissertation. 

 

 

 

 

 

 

 

 

Figure 3.8. Current density variations with number of gate fingers for the same unit 

gate width. 
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Figure 3.9. Current density variations with unit gate finger width for 2-finger devices. 

3.5 Enhancement mode device based on AlGaN/GaN HFETs 

Because of the 2DEG channel inherent in the AlGaN/GaN heterostructure, 

most GaN HFET devices are normally on and are called depletion mode devices.  

However, enhancement mode devices (normally off) are of great interest for power 

switching applications.  Firstly, enhancement mode devices will allow simpler circuits, 

as only single polarity voltage supply is required.  Secondly, enhance mode devices 

will offer increased safety, which is especially important for high power switching 

applications.  Thirdly, the availability of enhancement mode devices will allow the 

integration of both depletion mode and enhancement mode devices in digital 

electronics.   
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The material structure was similar to what was previously used for large 

periphery devices in section 3.4.  In this process, Cr/Pt was first put down on the chip 

as the stepper alignment mark.  Thereafter, Ta/Ti/Al/Mo/Au was evaporated as the 

source and drain ohmic contacts.  Rapid thermal annealing (RTA) was performed at 

800 °C in N2 for half a minute.  Prior to the mesa isolation, a hard bake at 95 °C was 

carried out for 2 minutes.  Then, mesa etching was performed in an ICP-RIE etcher 

using a chlorine-based gas mixture (Cl2/BCl3/Ar).  On-chip transfer length 

measurements showed an ohmic contact transfer resistance of 0.6 Ω-mm and a sheet 

resistance Rs of 510 Ω/ �.  Next, a silicon oxide layer of 300 nm thick was put down by 

plasma enhanced chemical vapor deposition and then wet-etched to open the device 

active area.  Then, before Ni/Au gate metal stack was evaporated and lifted off, the 

gate region was treated with CF4 plasma.  Before the SiN passivation, the device was 

annealed in N2 at 500 °C for 10 minutes to stabilize the surface.  Finally, a SiN layer 

of 60 nm thick was put down by PECVD at 300 °C.  

As mentioned above, we applied CF4 treatment underneath the gate in order to 

both deplete the carriers in the channel and modulate the local potential.  From the 

transfer characteristics as shown in Figure 3.9, it was observed that the 

transconductance of the device was 0 mS/mm at gate bias of 0 V, which suggested that 

the device was normally off, and the pinch-off voltage was +3 V.  The DC current-

voltage characteristics were plotted in Figure 3.10, from which it was observed that 

when the gate was biased at a high voltage in order to obtain a relatively high drain 

current, there was a current offset due to the gate leakage from the damage of F- ions. 
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Figure 3.10. Transfer characteristics of the enhancement mode AlGaN/GaN HFETs. 

 

Figure 3.11. On-state DC characteristics of the enhancement mode devices. 
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 Future work to lower the leakage current by minimizing the plasma damage 

and to increase the current density is desired.  Possible approaches are discussed in 

chapter 7 of this dissertation. 
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CHAPTER 4 

GaN Based Metal-Insulator-Semiconductor Field Effect Transistors  

With HfO2 As Gate Dielectric And Passivation 

 

The performance and reliability of AlGaN/GaN HFETs suffer from problems 

such as current slump and high gate and drain leakage, and these problems have to be 

solved in order to achieve practical applications.  Current slump may cause 

degradation of switching capabilities and increase in on-resistance.  Passivation has 

been widely studied as a solution for suppressing current slump by encapsulating the 

surface states.  However, while traditional passivation layers, such as Si3N4, can 

alleviate the current slump phenomena [17], they are not easily reproducible and tend 

to deteriorate the breakdown characteristics.[18][19]  Other approaches, such as pre-

passivation plasma treatments, annealing and/or field-plates employments, can 

alleviate the current slump as well, [20][21][22] however, they tend to increase the on-

resistance and/or create other problems.  For Schottky gates, the high leakage current 

precludes the realization of high breakdown voltage and incurs high power 

consumption as well.   

There are many reports lately on the applications of insulators as gate dielectric 

and/or device passivation. [23][24][25]  While some can suppress the gate leakage 

current, they tend to induce current slump, or lower the BV, or increase the on-

resistance.  A complete answer for high power switching devices, which can solve the 

entangled problems of current slump, persistent gate leakage, premature breakdown 

while maintain a low on-resistance, is still lacking now. 
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In this dissertation, we report the current slump-free HfO2 metal-insulator-

semiconductor heterostructure field-effect transistors (MISHFETs) with a specific on-

resistance (ARon) of 0.9 mΩ-cm2 and a BV of 1035 V with 10 µm of gate-drain 

spacing, without any field-plate design. In addition, the gate/drain leakage current 

before the hard breakdown is as low as several tens of nA/mm. 

4.1 Material structure 

The material structure started with a 30 nm of AlN nucleation layer on a 

sapphire substrate, on top of which the AlGaN/GaN heterostructure was grown by 

Metal-Organic chemical vapor deposition (MOCVD).  In between the AlGaN barrier 

and the GaN buffer, there was a 1 nm of AlN inter-barrier layer.  The buffer layer was 

optimized to enhance the resistivity.  The barrier layer was 23 nm with Al percentage 

of 27%.  The structure was capped with 2 nm of GaN.  Room temperature C-V 

measurement showed a carrier density of 9.3×1012cm-2 in the two-dimensional 

electron gas channel and the carrier concentration in the buffer was lower than 1×1013 

cm-3. 

4.2 Device fabrication 

The schematic cross-section of the fabricated device is shown in Figure 4.1.  

Cr/Pt was put down as the stepper alignment mark.  Thereafter, mesa etching was 

performed in an ICP-RIE etcher using a chlorine-based gas mixture.  Then, 

Ta/Ti/Al/Mo/Au ohmic metal stack was evaporated.  After a rapid thermal annealing, 

on-chip transfer length measurements showed an ohmic contact transfer resistance of 

0.6 Ω-mm and a sheet resistance of 390 Ω/�.  Next, a 15 nm of HfO2 was put down by 
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atomic layer deposition (ALD).  Afterwards, a Ti/Au metal stack was evaporated and 

lifted off as the gate contact.  Finally, a Si3N4 additional layer was put down by 

plasma-enhanced CVD as an encapsulation layer to prevent problems such as arcing 

due to environmental conditions.  The source-gate spacing Lsg was fixed at 1.5 µm and 

the gate length Lg was 1 µm. The gate width Wg was 125 µm × 2. The gate-drain 

spacing Lgd was 10 µm. The source/drain contact lengths Ls/Ld were fixed at 7 µm. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Schematic cross-sectional view of the fabricated HfO2 AlGaN/GaN 

MISHFETs. (Ls/Ld: source/drain ohmic contact length, Lsg: source-gate spacing, Lg: 

gate length, Lgd: gate-drain spacing). 
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4.3 Device characterization and discussion 

The on-state DC JDS-VDS curves, as shown in Figure 4.2, were measured with a 

HP4142B modular source/monitor and microwave probes, with VGS swept from +1 V 

to -6 V with the step of -1 V.  The maximum current density JDS,max was 575 mA/mm.  

The negative slope of the on-state JDS-VDS characteristics was due to the heating effect 

because of the low thermal conductivity of the sapphire substrate.  The device active 

area A was defined by the mesa etching process and it included both the source-to-

drain region and the source/drain contact regions (A=(Ls+Lsg+Lg+Lgd+Ld)×Wg).  The 

device on-resistance Ron was measured at JDS =JDS,max/2 of the on-state dc JDS-VDS 

curves at VGS=0 V.  The specific on-resistance ARon was defined as the product of Ron 

and A, which was measured to be 0.9 mΩ-cm2.  Transfer characteristics were 

measured at VDS of 5 V.  The peak transconductance gm,max of the MISHFET was 160 

mS/mm, and the threshold voltage VT was -6 V (not shown).  For comparison, the 

gm,max and VT for the HFET fabricated on the same wafer were 182 mS/mm and -4.5 

V, respectively.  Because of the high dielectric constant (~21) of the HfO2 which 

translates to efficient gate modulation compared to low dielectric constant insulators, 

the decrease in transconductance for the MISHFETs is below 15% and the increase in 

threshold voltage is small, as compared to the HFETs.  It is also worth mentioning that 

the gate voltage swing increased ~20% for the MISHFETs as compared to HFETs, 

suggesting a more linear behavior, and thus lower nonlinear distortions in switching 

applications can be expected. 
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Figure 4.2. On-state DC characteristics of the fabricated HfO2 AlGaN/GaN 

MISHFETs. JDS,max=575 mA/mm @VGS=+1 V, ARon=0.9 mΩ-cm2. Transfer 

characteristics (not shown) showed gm,max=160 mS/mm, VT= -6 V for the MISHFETs, 

and gm,max=182 mS/mm, VT= -4.5 V for the HFETs fabricated on the same wafer. 

Pulsed I-V was performed to investigate the current slump aspect in the 

fabricated HfO2 MISHFETs, using a “return current” technique proposed and used in 

literature. [26][27][28]  A pulse generator, an oscilloscope, a DC power supply and a 

probe test station were used for the measurements.  For these measurements, the drain-

source bias was fixed constant at a value in the saturation regime (VDS=8 V), which 

was commonly used to reveal current slump.  The gate voltage was then pulsed at a 

frequency of 100 KHz with a 50% duty cycle.  The gate voltage pulse amplitude 
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varied from a negative value VGP up to 0 V (open channel).  The current measured 

immediately after the gate voltage returns to zero is referred to as the “return current” 

IPLS(0).  For devices free of current slump, the return current for any value of VGP is 

equal to the steady state DC current at zero gate bias IDC(0), i.e. IPLS(0)/IDC(0)=1.  The 

deviation of the “return current” from IDC(0) is a measure of the degree of current 

slump.  The plot of the pulsed return current normalized to the dc current at zero gate 

bias versus the gate voltage normalized to the threshold voltage was shown in Figure 

4.3 for both the MISHFET and the HFET fabricated on the same chip.  For HFETs, 

the surface trap related current slump was clearly pronounced.  However, for the 

MISHFET, the device current at negative gate pulse voltages returned to its dc value, 

indicating that the presence of HfO2 layer eliminated the current slump completely.   

It is also observed that the current increases slightly for the MISHFET, 

possibly due to the 50% reduction in heat generation under the pulse measurements.  

The pulsed and DC transfer curves for the HfO2 MISHFET were also shown in Figure 

4.3.  It is noted that the threshold voltages for the MISHFET are the same under the 

pulse and DC conditions.  This suggests that the defect density at the interface 

between HfO2/AlGaN is very low at the applied frequency.  The low interface defect 

density might be the main reason for the current slump suppression.  
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Figure 4.3. Pulsed I-V characteristics of the HfO2AlGaN/GaN MISHFETS and HFETs 

fabricated on the same wafer. The pulse width is 10 µs, duty cycle 50%. The return 

current was measured immediately after gate pulse removal.  A decrease in return 

current from DC value at zero gate bias IDS(0) is indicative of the current collapse.  

In literature, there are many reports on the high breakdown voltages obtained 

from AlGaN/GaN FETs.  However, limited by material quality and process 

technology, the breakdown voltages have been widely defined at a current level as 

high as 1 mA/mm.  By this criterion, the off-state power consumption is too high at 

high operating voltages, making the devices not practical for real applications.  In this 

work, the off-state breakdown characteristics of the fabricated MISHFETs were 

measured using a Tektronix 370A curve tracer under VGS of -8 V.  Almost all the 

devices measured were biased to destruction.  As shown in Figure 4.4, the gate 
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leakage and drain leakage currents right before the device breakdown were as low as 

50 nA/mm. A hard breakdown at 1035 V was repeatably tested for the MISHFETs 

with gate-drain spacing of 10 µm, without any field plate design.  

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Off-state breakdown characteristics of the fabricated HfO2 AlGaN/GaN 

MISHFETs (Lgd=10 µm).  Gate and drain leakage currents right before breakdown at 

1035 V were 50 nA/mm.  

Figure 4.5 presents the BV-ARon relations for the fabricated MISHFETs with 

Lgd=10 µm together with some previous results from [29].  The performance of a BV 

of 1035 V with an ARon of 0.9 mΩ-cm2 is the best ever reported for GaN-based FETs 

fabricated on sapphire substrate up to now.  The power device figure of merit 

(BV2/ARon) was about 1.2×109 V2/(Ω-cm2).  The complete elimination of current 
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slump, as shown by the pulsed measurements which simulate the normal device 

operation, and the significantly low leakage currents make the HfO2 MISHFETs 

excellent candidate for high power switching applications.  

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Relations between specific on-resistance (ARon) and breakdown voltage 

(BV) for the fabricated HfO2AlGaN/GaNMISHFETs (Lgd=10 µm) on sapphire in this 

work and the fabricated HFETs from ref 29. 

In summary, AlGaN/GaN MISHFETs using HfO2 as passivation and gate 

dielectric has been fabricated and characterized. In addition to being completely 

current slump-free, and having significantly low leakage currents until right before a 

hard breakdown, the MISHFETs exhibit excellent device performance of 0.9 mΩ-cm2 

Ref	  29	  
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specific on-resistance with 1035 V breakdown voltage for gate-drain spacing of 10 

µm, without any field plate design. 

4.4 Charges in the passivated AlGaN/GaN structure 

In another experiment, HfO2 films of different thickness were put down by 

ALD at the same temperature on small pieces from the same wafer with an 

AlGaN/GaN epi-structure.  Capacitance-voltage (CV) characterizations using a Hg 

probe was carefully performed at 10 KHz.  The voltage drop on the backside Hg 

contact was accounted for in the forward bias region.  The 2DEG density (ns) and 

pinch-off voltage (Vp) variations with film thickness were shown in Figure 4.6.  With 

an increase in film thickness, ns and Vp both increased.  Using the observed 

accumulation capacitance, the dielectric constant of HfO2 was estimated to be 21, 

which agrees well with reported data in literature.  The refractive index was measured 

to be 2.05 at 6300 Å wavelength by ellipsometry. 



	  

	   51	  

 

 

 

 

 

 

 

 

 

Figure 4.6. Variations of 2DEG charge density (ns) and pinch-off voltage (Vp) with the 

thickness of HfO2 film. 

 The polarization induced electron density can be estimated by elementary 

electrostatics.  The band structure and surface and interface charges for HfO2 

passivated AlGaN/GaN structure is shown in Figure 4.7.  In the case, we can set four 

Gaussian boundaries at the interfaces to obtain the relation between electric fields and 

charges on the Gaussian surfaces.  Suppose the electric field in AlGaN layer is E1, the 

electric field in GaN layer is E2 and the electric field in the HfO2 passivation layer is 

E3, then we can get the following equations according to Gauss’ law: 

−εinE3(x) = −σ s1 − qNinx    (4.1) 

Device fabrication started with Cr/Pt as the stepper alignment mark. Thereafter, mesa etching was performed in an ICP-
RIE etcher using a chlorine-based gas mixture (Cl2/BCl3/Ar). Then, Ta/Ti/Al/Mo/Au was evaporated as the source and 
drain ohmic contacts. Rapid thermal annealing (RTA) was performed at 800°C in N2 for half a minute. On-chip transfer 
length measurements (TLM) showed an ohmic contact transfer resistance of 0.6 -mm and a sheet resistance Rs of 
530 . Then 20nm of HfO2 was deposited at 300 C by plasma atomic layer deposition (ALD) for the MISHFETs. 
Afterwards, a Ni/Au metal stack was evaporated and lifted off as the gate contact. The source-gate spacing Lsg and gate 
length Lg of all the fabricated devices were 2µm. The gate width Wg was 250!2µm. The gate-drain spacing Lgd was 
10 m. The source contact length Ls and drain contact length Ld were both 8µm.  
 
3. RESULTS AND DISCUSSION 
 
HfO2 films of different thickness were put down by plasma ALD at 300°C on small pieces from the same wafer. 
Capacitance-voltage (CV) characterizations using a Hg probe was carefully performed at 10KHz. The voltage drop on 
the backside Hg contact was accounted for in the forward bias region. The 2DEG density (ns) and pinch-off voltage (Vp) 
variations with film thickness were shown in Fig.2. With an increase in film thickness, ns and Vp both increased. Using 
the observed accumulation capacitance, the dielectric constant of HfO2 was estimated to be 21, which agrees well with 
reported data in literature[6]. The refractive index was measured to be 2.05 at 6300Å wavelength by ellipsometry.  
 
In the case with a dielectric layer on top of AlGaN/GaN epi-structure, the induced sheet charge in the 2DEG channel 
( n ) can be expressed as[8]: 
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Where 

1p
is the AlGaN polarization charge, 

2p
the GaN polarization charge, 

T
the amount of trapped positive charge 

at the insulator/AlGaN interface, 
inN the volumetric charge in the insulator, 

int the thickness of the insulator, in the 
permittivity of the insulator, BC the series capacitance of the dielectric and the AlGaN barrier, 2C  the capacitance of the 

GaN layer, 
inC the capacitance of the insulator, the top side potential, the substrate potential, metal/AlGaN barrier 

height, m* the effective electron mass in GaN, * 2m the density of states per unit energy, q the electronic charge. 
According to this model, the charge density at the HfO2/AlGaN interface was determined to be about 1.7!1013 cm-2. 
And there were no volumetric charges in the bulk HfO2 film. 
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Fig. 2. Variations of 2DEG charge density (ns) and pinch-off voltage (Vp) with the thickness of HfO2 film. 

 
Fig. 3 shows the on-state I-V characteristics of the regular HFETs and the MISHFETs. The drain-source current 
densities at gate biases of +2V are comparable to each other. A higher drain-source current density can be obtained at a 
higher gate bias in the case of MISHFETs. Large gate leakage has been a problem hindering the development of 
AlGaN/GaN HFETs. The maximum drain current is limited due to any gate leakage which degrades the gate 
capacitance at forward gate bias. On the other side, at off-state, the maximum applied drain bias is limited due to the 
premature breakdown caused by the high voltage drop between the gate and drain[9]. Fig. 4 compares the gate leakage 
current for the regular HFETs and the MISHFETs. It is seen that the MISHFET demonstrated several orders of 
magnitude decrease in gate current compared to the regular HFETs. Specifically, a six orders of magnitude lower 
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−εAlGaNE1 = −σ s1 − qNintin +σT − σ p1    (4.2) 

εAlGaNE1 + εGaNE2 = σ p1 − σ p2 − σ n    (4.3) 

−εGaNE2 = σ p2 − σ s2     (4.4) 

whereεin ,  εAlGaN ,  εGaN  are the permissivities of the insulating HfO2, AlGaN, and GaN, 

respectively, σ s1  and σ s2 are the surface charges from absorbed ions and/or surface 

states on HfO2 and bottom surface of GaN, respectively, is the volumetric charge 

in HfO2,  is the distance away from the surface of the passivation layer, σ p1  and σ p2

are the polarization induced charges in AlGaN and GaN, respectively, is the charge 

density at the HfO2/AlGaN interface, and is the charge density in the 2DEG 

channel.  Demanding that there is charge neutrality across the epi-structure, we have:  

σ n = σT − σ s1 − σ s2 − qNintin    (4.5) 

where is the thickness of the passivation layer.  Furthermore, we have the following 

expressions: 

    (4.6) 
 

   (4.7) 
 

    (4.8) 
 

where is the backside potential of the GaN layer, tGaN  and tAlGaN are the thicknesses 

of the GaN and AlGaN layers, is the effective barrier height, is the potential 

drop on the passivation layer, ΔEC
in  and ΔEC are the conduction band offset at the 



	  

	   53	  

HfO2/AlGaN interface and that at the AlGaN/GaN interface, respectively, is the 

magnitude of the energy depth of the quantum well determined by the electron density 

in the well.  For simplicity, we assume all the electrons occupy the lowest sub-band, 

and obtain: 

    (4.9) 
 

where
 
Ns =

m*

π2 is the density of states per unit energy and per unit area, is the 

effective mass of electrons in GaN, q is the electronic charge. 

From equations (4.6) to (4.8), we have: 

    (4.10) 
 

Combining the above equations, we can get the induced sheet charge in the 2DEG 

channel: 
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where is the series capacitance of the dielectric and the AlGaN barrier, and  is the 

capacitance of the GaN layer,  is the capacitance of the insulator, ψ is the top-side 

potential, φ is the substrate potential, and they can be expressed in the following 
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equations: 

      
cB =

1
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tAlGaN
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    (4.12) 
 

            (4.13) 
 

            (4.14) 
 

      ψ = φB − ΔEC − ΔEC
in     (4.15)  

 

 

 

 

 

 

 

 

 
 

Figure 4.7. Conduction band diagram of the passivated AlGaN/GaN epi-structure with 

labeled Gauss’ boundaries for the analysis in Section 4.5. 



	  

	   55	  

According to equation (4.11) and the data shown in Figure 4.6, which showed 

a lack of increase of carrier density with a square increase of insulator thickness, it can 

be concluded that there are no volumetric charges in the HfO2 film.  Detailed study of 

the charge at the HfO2/AlGaN interface is currently on going, and the preliminary data 

showed very clean interface.  The details will be published elsewhere. 
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CHAPTER 5 

Eu Doped GaN Particles And Nanoparticles  

For Optical Applications 

 

GaN materials doped with rare earth elements have been extensively studied in 

recent years as a luminescent material.  They are promising for a wide variety of 

applications, such as optoelectronic and photonic devices, high-efficiency low-cost 

solar cells, optical coatings, and various types of sensors.  The rare earth elements, 

especially some of the lanthanide elements, have played an important role in this, and 

it is the special characteristics that contribute to their popular applications as dopants 

for luminescence.  For example, in the lanthanide series, the 5s2 and 5p6 sub-shells are 

completely filled, and the electrons in the 4f sub-shell are strongly localized and do not 

participate in chemical bonding.  As a consequence of this shielding, the intra 4f shell 

transitions result in very sharp optical emissions and the optical and magnetic 

characteristics of these elements are relatively independent of the host environment.  

However the host material does have a strong effect on the radiative transition 

probability and thus the photoemission intensity.  In Si and GaAs, photoemission is 

very limited at room temperature due to low solubility and severe temperature 

quenching. [30]  But as the bandgap of the host semiconductor increases, the thermal 

quenching effect dramatically decreases. [30]  And thus GaN comes into attention as a 

very attractive host material. 

By choosing appropriate rare earth dopants, narrow line-width emissions can 

be obtained at selected wavelengths from ultraviolet to infrared.  Visible emissions at 
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red, green, and blue wavelengths from GaN doped with Eu, Er, and Tm have led to the 

development of flat-panel display devices.  Infrared emission at 1.5 µm from Er doped 

GaN electroluminescence devices has been applied to optical telecommunications 

devices.  Ways to incorporate rare earth elements into GaN include ion implantation 

and in-situ doping during growth.  Ion implantation is known to induce damage into 

the crystal, which is not completely removable by thermal annealing, even if it can 

allow a good control of dopant concentration independent of the material growth 

conditions.  Furthermore, it is hard to get uniform doping in bulk materials due to the 

limited penetration depth of the heavy rare earth elements.  In-situ doping does not 

suffer from the mentioned damage and thus allows for efficient emission, and uniform 

doping is easily achieved by nature.  However, it has its own challenges too.  First of 

all, a good understanding and control of the growth process is indispensable.  

Secondly, a high crystallinity of GaN material is normally achieved under conditions 

that prevent the incorporation of the optimum amount of rare earth concentration into 

GaN.  And high crystallinity is required to obtain efficient radiative emission.   

Rare earth doped GaN materials are typically grown in the form of thin films. 

[31]  The few reported works on Eu doped GaN powders include a combustion 

method using Ga(NO3)3⋅6H2O, Eu(NO3)3⋅6H2O and N2H4 as starting materials [32]; 

ammonolysis of the freeze-dried precursors made with Ga(NO3)3⋅6H2O, 

Eu(NO3)3⋅5H2O,GaCl3, EuCl3, GaF3,+HF, EuF3 as starting materials [33]; and a two-

stage vapor-phase method where Ga and NH3 react to provide GaN in the first stage 

and GaCl reacts with NH3 on the seeds with impurity doping in the second stage[34], 

etc.  Recently, we developed a simple, low-cost, and high-yield process to convert Ga 

into high-quality GaN using Bi as a wetting agent. [35]  In this dissertation, we focus 
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on the effective incorporation of Eu in GaN powder, and methods to accurately 

determine the Eu contents in the GaN powders. 

5.1 Fabrication of Eu doped GaN particles and nanoparticles  

 A solid solution of Eu, Bi, and Ga was formed prior to the formation of the 

GaN:Eu powder.  The initial precursors were 99.9999% gallium, 99.999% bismuth, 

and 99.9% europium.  About 25 grams of Ga were mixed with 1.25 mol% of Eu and 3 

mol% of Bi in a purified Ar glove box.  The mixture was sealed in a quartz tube under 

vacuum and then heated to 970 °C for ~20 hours.  The alloy was then quenched in air 

to reduce the amount of inter-metallic formation in the melt.  Special care was taken to 

make a homogeneous alloy.  Upon cooling of the alloy to room temperature, the solid 

product was transferred to a quartz tube to make the GaN:Eu powders.  

After purging the tube with flowing Ar for 20 min, the temperature was 

brought up and the gas switched to 99.9999% NH3 for reaction.  After 5 hours of 

reaction, the layered chunk product was taken out and ground into fine powders with 

particle size of about 3 µm as observed by SEM.  Any residual Bi can be removed by 

annealing the powder at 1020 °C for a few hours under flowing ammonia.  At this 

temperature, the Bi equilibrium vapor pressure is about 1,000 times higher than that of 

Ga and 1,000,000 times higher than that of the Eu. 

5.2 Material characterizations and analysis 

The samples grown at different temperatures were characterized with 

photoluminescence, X-ray diffraction, and Raman spectroscopy. 



	  

	   59	  

5.2.1 Photoluminescence 

Photoluminescence was carried out with both above bandgap and below 

bandgap excitation laser sources.  Specifically, above and below bandgap excitations 

were performed using a HeCd laser (325 nm) with a band pass filter and an Ar laser 

(488 nm) with a low pass filter, respectively.  The laser power was 500 mW for each.  

All photoluminescence characterizations were carried out at room temperature.  Red 

luminescence was observed from both excitations, as shown in Figure 5.1.  The 

strongest emission peak at 622 nm corresponds to the 5D0→7F2 transition within the 4f 

sub-shell of Eu3+, which is a hypersensitive electric dipole type transition.  This peak 

position remained at 622 nm for all the samples grown at different temperatures.  The 

full-width at half-maximum (FWHM) of this peak is about 2.2 nm for samples grown 

above 970 °C, indicating that the red emission is sharp and well defined compared to 

the previously reported values for MBE films (FWHM=4 nm).   

Another minor peak at 665 nm corresponds to the 5D0→7F3 transition arising 

from non-negligible total angular momentum mixing.  It is noted that the 5D0→7F0 

transition at 582 nm was absent, which indicates that the amount of Eu3+ at interstitial 

sites is negligible.  Figure 5.1 also shows that the photoluminescence intensity 

increased with increasing growth temperature up to 1000 °C, and then slumped at 

1030 °C, which may be ascribed to the variation of the amount of Eu effectively 

incorporated in the crystals, and will be described in a later section. 
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Figure 5.1. Photoluminescence of the samples pumped by the HeCd laser (325 nm). 

Inset shows the PL pumped by the Ar laser (488 nm). 

A photoluminescence scan was performed with above bandgap excitation (325 

nm) on sample no.6 in this work and the optimum sample from the previous work 

from ref 35, and these two samples were both grown at 1000 °C.  The 

photoluminescence spectra were shown in Figure 5.2.  It is observed that the band 

edge emission of GaN was suppressed, and as a consequence, the yellow background 

of GaN disappeared.  The luminescence intensity at 622 nm was much higher than the 

reference sample.  The relative brightness of these two samples were roughly 
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compared by integrating the area under the Eu peaks, and it was found that the 

brightness of sample no.6 in this work was about 8 times higher than the reference 

sample, indicating that the energy was more efficiently transferred to Eu3+ instead of 

being lost to deep levels.    

 

	  

Figure 5.2. A comparison of photoluminescence pattern between sample no. 6 in this 

work and an optimum sample from ref. 35 collected under the same conditions. 

Sample no.6 

Sample in ref 35 
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5.2.2 X-ray diffraction 

 The samples were characterized with high-resolution X-ray diffraction 

(HRXRD) using Cu Kα radiation.  The XRD patterns of the as-made samples were 

shown in Figure5.3.  It can be clearly observed that the Ga has been fully converted to 

single phase hexagonal GaN for samples grown at temperatures above 970 °C 

(including) except for the sample grown at 1030 °C. The FWHMs of the (0002) peak 

range from 270 to 350 arcsec, indicating that the powders are highly crystalline 

compared to previously reported values (FWHM=422-539 arcsec).  Sub-optimal 

sample no.7 grown at 1030 °C shows some weak peaks of Ga, possibly due to the 

decomposition of GaN.  After Bi removal, the Bi peaks in Figure5.3 disappeared.   

 

Figure 5.3. X-ray diffraction spectra, using Cu Ka radiation on the as-made powder 

samples before Bi removal. 
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Afterwards, the new XRD peaks were fitted and lattice constants extrapolated 

using JADE 7 program.  The variation of lattice constants with growth temperature is 

shown in Figure5.4.  The error range for the lattice constants is calculated to be ± 

0.0002 Å.  As shown in Figure 5.4, the lattice constants gradually increase with the 

growth temperature, with sample no.6 grown at 1000 °C having a = 3.189 Å and c = 

5.185 Å, and then a slump at 1030 °C for sample no.7.  The lattice constants of a pure 

GaN powder sample without Eu doping grown at 1000 °C are found to be smaller (a = 

3.186 Å and c = 5.178 Å) than those of sample no.6 grown at the same temperature 

with Eu doping.  It is well known that the majority of the Eu3+ ions occupy the 

substitutional Ga3+ trivalent ionic states when incorporated in GaN.  Greater 

incorporation of Eu increases the lattice constants, as Eu is much bigger in size than 

Ga, with a corresponding increase in bond length.  

 

Figure 5.4. Variations of lattice constants with growth temperatures for the powders 

after Bi removal. 
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5.2.3 Raman spectroscopy 

Raman spectra were collected at room temperature on a Dilor XY 800 system 

using the 514.5 nm line of a CW Ar+ laser as excitation source. The spectra obtained 

on the powder samples are shown in Figure 5.5. The E2(high) phonon peak at 567 cm-1 

and A1(LO) peak at 734 cm-1, characteristic of unstrained GaN are marked by the 

dotted lines in Figure5.5. The FWHMs of the deconvoluted E2 peaks were shown in 

the inset of Figure 5.5.  It is noted that sample no. 6 has the narrowest FWHM, 

indicating again the best crystalline quality at 1000 °C. Figure 5.5 clearly shows that 

the E2 peak shifts to lower phonon frequency with increasing growth temperature up to 

1000 °C and then a decrease in ∆ (E2) for sample no. 7 grown at 1030 °C.  

 

Figure 5.5. Raman spectroscopy using 514.5 nm Ar+ laser at room temperature. The 

inset shows the FWHM of the E2 peaks. 
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5.3 Eu content and free carrier density analysis 

The residual stress in a material can be induced both by uniaxial or biaxial 

strain caused by the lattice mismatch and difference in thermal expansion coefficient 

from the sub-layer as well as by hydrostatic strain due to the incorporation of 

impurities in the lattice.  Although the ground powder has a layered structure as shown 

by SEM, indicating a possibility of uniaxial/biaxial strain caused by the growth, we 

focus on the Eu incorporation induced hydrostatic stress, as it is the more likely case 

in this work.  It is known that larger (smaller) dopant atoms, compared to the host 

lattice atoms, can introduce tensile (compressive) hydrostatic stress.  Kisielowski et al. 

have proposed a model to quantitatively analyze the strain in a material including both 

components. [36]  The linearly superimposed model is expressed as: 

εc = (1− bC) 1−
2νσ a

E
⎛
⎝⎜

⎞
⎠⎟
−1    (5.1) 

b = 1
3
1− rs

rh

⎛
⎝⎜

⎞
⎠⎟

3⎛

⎝
⎜

⎞

⎠
⎟
1
N

    (5.2) 

where is the strain along c-axis, b the expansion (contraction) coefficient, rs is the 

radius of solute atoms, rh is the radius of the host atoms, N is the concentration of the 

host matrix, C is the concentration of point defects (dopant concentration), is the 

Possion’s ratio, is the stress along a axis and E is the Young’s modulus.  

 Since the Eu3+ ions mainly occupy the substitutional trivalent Ga3+ sites, and the 

amount of interstitial Eu3+ is negligible as discussed previously, we estimated the 

dopant point defect concentration as the effective substitutional Eu incorporation.  By 
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using the parameters listed in Table 5.1and C as a fitting parameter, we obtained the 

relation between the strain and the E2 Raman shift for varying concentrations of Eu 

dopants as shown in Figure5.5.  The measured data from this work are included.  The 

slope of these lines is determined by the elastic constants, related by the Raman factor. 

The parallel line displacement is ascribed to the incorporation of the Eu.  It is clearly 

observed from Figure 5.6 that the greater the effective Eu incorporation in GaN, the 

more the parallel line shifts upward, corresponding to larger lattice constants (greater 

hydrostatic strain).  Using this method, sample no. 6 shows a maximum effective Eu 

doping of 4.5×1020 cm-3 corresponding to 0.5 at%. This is consistent with the PL 

results (Figure 5.1) showing red luminescence intensity increasing with Eu 

incorporation.  These results are also consistent with the XRD lattice constants trend 

(see Figure 5.3).  Sample no. 7 grown at 1030 °C has much lower effective Eu 

incorporation. This may be due to the high equilibrium vapor pressure of Eu at higher 

temperatures reducing the amount of available Eu in the reactants.  The Raman 

spectrum for sample no.7 shows a broad peak between the E2(high) and A1(LO) 

phonons, which may be related to lattice disorder as a similar observation has been 

made on a high temperature annealed GaN film. 
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Figure 5.6. Effective Eu incorporation amount determined by the model in ref 36. 

Inset shows the PL intensity variations with effective Eu incorporation content. 

Table 5.1 Parameters used for the strain-Raman shift analysis using the Kisielowski 

model [36]. 

 E(GPa) Raman factor (GPa cm)-1 (Å) (Å) N(cm-3) 

0.23 290 4.2 0.947 0.62 8.8×1022 
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Because of the interaction between the A1(LO) longitudinal optical phonons 

and the collective excitations of free carriers (plasmons), free carrier density 

information can be extracted from the A1(LO) modes.  Using Raman factor of 3.2 

(GPa×cm)-1 for A1(LO) mode according to Perlin et al., [37] the A1(LO) Raman shifts 

caused by strain may be deducted from the total A1(LO) frequency shift.  The Raman 

shifts due to phonon–plasmon coupling are listed in Table 5.2.   

 

Table 5.2 Relevant parameters for A1(LO) modes for different samples and free carrier 

densities estimated based on [36]. 

 Sample no. 
                                (growth temp) 
 
A1(LO) Raman shift(cm-1) 

3  
(970ºC) 

4  
(980ºC) 

5  
(990ºC) 

6  
(1000ºC) 

Measured total -5 -9 -11 -12 
Due to strain -5.3 -6.7 -7.4 -7.7 

Due to phonon-plasmon coupling 0.3 -2.3 -3.6 -4.3 
Free carrier densities (cm-3) <1×1017 

 

Estimated based on the formalism of Wetzel et al. [36], the sample grown at 

1000 °C has a free carrier density lower than 1×1017 cm-3, indicating again the high 

quality of the Eu doped powder. 
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CHAPTER 6 

Thin Film Deposition Using The High-Quality 

Low-Cost GaN Powder 

 

GaN layers are typically deposited on sapphire, SiC, and AlN substrates by 

Molecular Beam Epitaxy, Metal Organic Chemical Vapor Deposition or Hydride 

Vapor Phase Epitaxy techniques.  The costs for depositing GaN layers are quite high 

due to the growth techniques and expensive substrates.  Furthermore, because of the 

mismatching of lattice constants and thermal expansion coefficients between GaN and 

the substrates, only certain substrates as mentioned above with small sizes, e.g. 2-4 

inches substrates, are available.  So far, GaN deposition by the common growth 

techniques on other substrates, such as flexible plastic substrates and glass substrates, 

especially on large substrates, are not available.   

The GaN films can be utilized to make light emitting devices and random laser 

devices, etc.  In this dissertation, we developed an electrophoresis deposition method 

to deposit GaN particles and nanoparticles onto substrates such as indium tin oxides, 

which can be easily scaled up to large sizes. 

6.1 Spin coating of GaN particles and nanoparticles 

Spin coating process is a solution process to deposit layers.  This technique 

does not require special substrates, and the substrates can be of a large size.  More 
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importantly, this is an extremely low-cost process.  Although the layer produced by 

this technique is polycrystalline, these essential advantages still make spin coating an 

attractive technique.  

 Methyl Cellulose (MC) was dissolved into DI water with a concentration of 

10mg/ml.  MC is used as a dispersant for GaN particles.  Then fine grounded GaN 

particles were added into the solution, with a varying GaN to MC weight ratio of 3:1 

to 5:1.  Afterwards, the solution was stirred and sonicated.  The solution was 

centrifuged at 7500 rpm for 10 min.  Large particles that are not disaggregated or 

dispersed are removed from the dispersion.  The solution was collected for the spin 

coating process.  3000 rpm for 30 sec was used for the coating, followed by 

calcination at 450  ºC for half an hour.  At this temperature, the MC will react with 

oxygen in the air and form CO2and H2O vapor and thus be removed. After half an 

hour, a thin GaN layer is left on the surface.  It is worth noting that GaN does not react 

with oxygen at this temperature.  Depending on the film thickness desired, the spin 

coating and calcinations can be repeated multiple times.   

 GaN films deposited by spin coating demonstrated the polycrystalline phase 

with a wurtzite structure, as shown by the X-ray diffraction patterns.  From scanning 

electron microscopy, it was clearly observed that the coverage of the substrate was 

low, with voids in the film.  Although preliminary material and optical 

characterizations showed promising applications for the spin coated GaN particles, 

GaN films of a continuous and dense quality will be highly preferred. 
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6.2 Electrophoretic deposition of GaN particles and nanoparticles 

Electrophoretic deposition can be applied to any fine powder systems 

including metals, semiconductors, polymers and even glasses.  It is an efficient way to 

produce coatings of literally any size.  It is well known that sedimenting suspension of 

large particles tend to produce non-uniform deposited films.  And electrophoretic 

deposition from settling suspension can lead to gradients in deposited films, i.e., 

thinner above and thicker deposit at the bottom, if the deposition electrodes are placed 

vertical to the deposition container.  In this dissertation, a deposition cell was designed 

and custom-made to avoid this problem.   

Figure 6.1 shows the schematic drawing of the designed deposition cell.  In 

this deposition cell, there are two parallel slots for the anode and cathode, with the 

anode being a conductive metal plate, and the cathode being the substrate of interest.  

These two plates are designed to be parallel to the bottom of the solution container in 

order to enhance the uniformity of the deposited film.  Between these two plates, the 

top one was the deposition substrate facing down, and the metal plate anode was 

displaced one inch below.  It was designed so that the natural gravity can help select 

smaller particles to deposit onto the substrate and sift out large particles, which are 

more likely to settle under the effect of gravity.  Ideally, the mobility of the particles 

due to electrophoresis is higher than that due to gravity.  
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Figure 6.1. A schematic drawing of the designed and custom-made electrophoretic 

deposition cell of GaN nanoparticles. 

As mentioned above, in order to make uniform solution, particles of small size 

are preferred.  The size of the as-grounded particles is about 3-5µm.  To make 

nanoparticles, these pure or rare earth doped GaN as-grounded particles were further 

treated using a mechanical nano-scission technique (details not disclosed by the 

collaborator).  Then the size and the size distribution of the nanoparticles were 

characterized using the dynamic light scattering technique.  Dynamic light scattering 

is also known as photon correlation spectroscopy.  It is typically conducted in a liquid 

media and measures Brownian motion and relates it to the size of the particles.  This is 

realized by illuminating the particles by a laser and analyzing the intensity fluctuations 

in the scattered light.  The relationship between the particle size and its speed due to 
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Brownian motion is defined in the Stokes-Einstein equation.  In this measurement, the 

laser excitation used is red light at about 633nm. 

Figure 6.2 showed the size distribution patterns of several samples in the same 

lot after nano-scission.  Record 1 showed the particle size of 220 nm in this sample, 

while record 3 showed the particle size of about 1 µm in that sample.  Other samples 

had particle sizes between 220 nm and 1 µm.  Then the sample solution with 220 nm 

average particle size was taken for the electrophoretic deposition.  

 

 

Figure 6.2. Size distribution of several samples measured using dynamic light 

scattering technique from the same lot (initial large-size particles) after different nano-

scissions. 

The right dispersant is also very important for electrophoretic deposition.  High 

dielectric constant of the dispersant is demanded to prevent the flocculation of the 
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particles.  Low viscosity of the dispersant is another requirement, as high viscosity of 

the dispersant might cause too much impedance to the particles and thus reduce the 

electrophoretic mobility.  In this dissertation, we chose ethanol and/or isopropyl 

alcohol as the dispersant, in which about 100 mg of GaN powder was mixed with 

about 30 ml of the dispersant.   

GaN powders are semiconducting in nature.  It was thus very critical to add a 

small amount of charging agent into the solution so that the particles could be charged 

electrically.  This is the most important factor that makes the electrophoretic 

deposition feasible.  In this work, we added a small amount of magnesium nitrate into 

the solution.  It wasalso discovered that the magnesium nitrate served not only as the 

electrolyte to positively charge the particles but also helped with the adhesion of the 

powders to the substrate. 

 The substrate used was 120 nm of indium tin oxide (ITO) on glass, which served 

as the cathode in the deposition cell, and the anode used was a piece of copper foil of 

the size of 1 inch by 1 inch.  The deposition cell was made of Teflon.  The 

nanoparticles were deposited onto the substrates by the constant voltage mode.  

During the deposition, constant stirring is applied.  Figure 6.3 showed the X-ray 

diffraction pattern of a film made of Er doped GaN nanoparticles.  It is clearly 

observed that the film is polycrystalline.  According to the standard GaN powder X-

ray diffraction pattern, the (10 1) peak should be the strongest.  However, in the 

deposited film, the (0002) peak showed the highest intensity, which indicates that the 

GaN particles are highly oriented on the substrate.  This phenomenon also occurred in 

the case of spin coating where the intensity ratio of (0002) peak to (10 0) peak was 

about 20, but was much less severe in the electrophoretic deposition, with an intensity 

ratio of about 1.6.  This can be explained by the film deposition mechanism detailed 
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below.   

 A scanning electron microscope image of the as-grounded Eu doped GaN 

powder is shown in Figure 6.4.  It shows that the dominant morphology of these 

particles is platelet, with typical aspect ratios ranging from 5 to 10.  Due to this 

preferred morphology of the GaN particles, these particles prefer to lie flat with their 

c-planes parallel to the substrate surface during the spin coating process.  The high-

speed spinning favors this orientation preference as well.  In the electrophoretic 

deposition process, the particles were accelerated in the electric field, and the 

morphology preference was not as strong as in the case of spin coating.   

 A cathodoluminescence spectrum was shown in Figure 6.5 for a Eu doped GaN 

film deposited by the electrophoretic deposition.  The cathodoluminescence was 

conducted at room temperature with a 5 KeV electron excitation source focused on a 5 

mm diameter spot.  The high luminescence intensity at 615nm from this film and 

narrow full width at half maximum (3nm) indicate the excellent optical properties of 

the Eu doped GaN layer deposited by electrophoresis.  One prominent feature of the 

electrophoretically deposited films is that they are continuous films, with substrate 

coverages of higher than 95%.  The adhesion of the film to the substrate is also strong, 

especially with the small amount of magnesium nitrate added into the solution.  After 

ultrasonic in acetone for 10 minutes, the films still look intact.  It is expected that if the 

particles used to make the solution are smaller in size, the films can be even a better 

quality in terms of continuity and adhesion. 
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Figure 6.3. X-ray diffraction pattern of electrophoresis deposited Er doped GaN 

nanoparticles. 

 



	  

	   77	  

 

 

 

Figure 6.4. Scanning electron microscope image of as-ground Eu doped GaN particles. 
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Figure 6.5. Cathodoluminescence spectrum of the electrophoretically deposited Eu 

doped GaN nanoparticles. 

 With the technique developed previously, GaN nanoparticles can be 

deposited on any conductive substrates, such as ITO, doped Si, metallic film, etc., or 

conductive regions on a substrate to make dense and smooth films.  Advantages of 

using this method include low-cost, easily scaled-up for large area, suitable for 

flexible substrate, low-temperature process, etc.  Further work is being carried in 

Professor Spencer’s group at Cornell University. 
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CHAPTER 7 

Summary And Future Work 

 

 This dissertation has presented work on GaN based state-of-the-art high 

performance power switching field effect transistors, including device design, 

fabrication, and characterizations, as well as rare earth doping in GaN power, 

including material growth, and characterizations, and electrophoretic deposition of 

GaN nanoparticles, the finding of the right catalyst to charge the GaN particles, the 

development of the optimal deposition recipes, and the design of the deposition cell.  

This concluding chapter summarizes the main achievements and attempts to address 

the future work. 

7.1 GaN based power switching HFETs 

In one study, different ohmic designs in terms of dimensions were applied to 

investigate the effects on the device performance such as specific on-state resistance.  

It was found that from source/drain contact lengths of 7 to 40 µm, the current density 

remained the same, thus hints that minimal lengths should be used to obtain minimal 

specific on-resistance.  It was also observed that as the gate-drain spacing increases, 

the breakdown voltage increases.  Based on the fact that the burn-out marks were only 

found in the gate-drain region after the destructive breakdown measurements, it can be 

concluded that the gate-drain breakdown was the dominant factor in the device 

breakdown.   
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As the gate-drain spacing was increased, the channel resistance increased 

gradually, and the current density decreased.  The linear behavior on the log-log 

relation of ARon and BV suggests that the device performance was very predictable 

with a variation in the gate-drain spacing.  

In another study, large periphery devices were designed, fabricated, and 

characterized.  These devices had gate widths of 16, 40, and 110 mm.  Although total 

currents as high as 5 and 8 A were obtained on 40 and 110 mm devices, a dramatic 

decrease in current density was observed when the device periphery was increased.  It 

is proposed that the potential drop along the source contact might be the main reason, 

as it literally adds negative bias on the gate causing the decrease in current density.  

This is supported by some preliminary Kelvin probe measurements.  Further study is 

required. 

To increase current density for large periphery devices, we proposed several 

approaches.  Firstly, the ohmic stack thickness can be increased.  Suppose the 

maximum current density of an AlGaN/GaN device is  that can be assumed to be 1 

mA/mm, the current density can be expressed as: 
 

               (7.1) 

where  is the device periphery,  is an exponential factor and ,  is the 

resistance of the contact region where current flows in,  is the threshold voltage of 

the device.  By increasing the ohmic (especially the source contact) thickness from 

less than 0.5 to 6 µm, the  value decreases from 26.7 to 2.2 Ω for 1 mm long Au.  In 

this calculation, the current is assumed to flow in 3 , being the transfer length of 

the ohmic contact.   According to equation (4.1), the drain current density can be 
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dramatically increased by increasing the ohmic metal thickness from 0.5 to 6 µm, as 

shown in Figure 7.1.  Figure 7.1 also correlates well with the measured data from 

Figure 3.8 in Chapter 3, suggesting that equation (7.1) is a valid model.  A potential 

process challenge is to develop self-aligned ohmic and electroplating steps.   

Secondly, the device layout design can be optimized to have a certain number 

of fingers and an optimal gate finger width.  Thirdly, from the measurement point of 

view, wire bonding can be applied to eliminate parasitic spreading resistance from the 

needle probes.  Fourthly, because of the inferior thermal conductivity of the sapphire 

substrate, ways to improve heat dissipation should help improve current density of the 

device.  For instance, wafer thinning, flip-chip bonding, or even good passivation can 

be of great help.  Lastly, material quality improvement is demanded, so that lower 

sheet resistance can be obtained without degrading other properties.  

As mentioned in Chapter 3, most GaN HFET devices are normally on due to 

the 2DEG channel inherent in the AlGaN/GaN heterostructure.  Although 

enhancement mode devices were achieved in Chapter 3, which had a pinch-off voltage 

of +3 V, the leakage current should be further reduced.  For future work, an optimal 

CF4 plasma treatment condition should be explored, in order to reduce plasma damage 

to the barrier layer.  A thin layer of insulator is proposed to be applied on top of the 

treated gate region, as a more effective way to reduce the leakage current.  
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Figure 7.1. Effect of ohmic contact thickness on drain-source current density based on 

equation (7.1). 

7.2 GaN based power switching MISHFETs 

 Record-high performance in terms of specific on-resistance, breakdown 

voltage, current slump behavior, and leakage currents was achieved in this 

dissertation.  With the advances of technology developed in this work, the prevalent 1 

mA/mm criterion for breakdown measurements of GaN based devices can be 

abandoned from now on, and leakage currents on the order of nA/mm will allow much 
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less power consumption at the off-state of the devices, and much higher current on/off 

ratio.  The ohmic contact technology developed in this process will allow future GaN 

devices to have a lower contact resistance after a thermal anneal at a much lower 

temperature compared to the prevalent technology.  This is beneficial in many ways, 

such as a good morphology, which is especially important when the source-gate 

spacing is shortened for better performance in microwave and RF devices.  It also 

helps to achieve high breakdown voltages as the local electric field of the ohmic area 

can be alleviated to prevent premature breakdown.  The low specific on-resistance 

benefits from this technology as well.  Current slump was minimized using this 

technology.  The passivation by HfO2 might surpass the prevalent Si3N4 technology in 

terms of effectiveness and reliability. 

 Future work might include interface charge studies, which is currently on-

going but not included in this dissertation, and also approaches to obtain enhancement 

mode devices combining this technology with others. 

7.3 Rare-earth doping in GaN particles for optical applications 

 Eu was efficiently doped into the GaN powders to obtain a high 

luminescence output.  The effects of growth temperature on the crystallinity, 

photoluminescence, and Raman characteristics were systematically studied.  An 

optimal growth condition was suggested that gave the best material and luminescence 

quality in the studied range.  Furthermore, the content of the rare earth element in GaN 

was determined fitting the correlated micro-Raman with X-ray diffraction data with a 

sophisticated model, and this provides an accurate approach for determining rare earth 

content in particles and nanoparticles.  Previously, it was a common practice to take 

the amount of the nominal rare earth elements in the material mix as the actual doping 
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content in powders, as it was difficult to measure trace amount of element in powders, 

as compared to thin films. 

 Further work includes optimizing other rare earth dopants in GaN.  For 

example, Tm can act as dopants in GaN to realize blue light emission.  

 Electrophoretic deposition is an effective method to deposit films on flexible 

substrates of any size.  A deposition cell has been designed and custom made.  An 

appropriate dispersant and charging agent has been utilized in the deposition.  

Preliminary deposition conditions have been explored and the deposited films were 

characterized.  Further work on the electrophoretic deposition should focus on 

optimizing the deposition conditions to enhance film quality, adding surfactants in the 

solution, and using nanoparticles of smaller size, etc. 
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APPENDIX  
 
 

Process flow of high voltage GaN based HFETs 
 

 
1. Alignkey  

 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Dehydration bake:  115°C, 2 min 

(3) Photoresist spin:  LOR5A (3000 rpm) 

(4) Bake   180°C, 5min 

(5) Photoresist spin  SPR 955 (4000 rpm) 

(6) Bake:   90°C, 2 min  

(7) Exposure:   AutoStep offset=0, t=0.25s 

(8) Develop:   MIF 300, 65s, DI rinse 

(9) Observation:  Microscope 

(10) Descum:   Branson, T=75°C, t=1 min 

(11) Wafer clean:  BOE 30:1, 30 sec 

(12) Metal evaporation: Ti/Pt 

(13) Photoresist strip:  1165 overnight 

 

Note: 

Ti/Pt (E-gun evaporation with tooling factor of 80%) 
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2. Ohmic contacts 

 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Dehydration bake:  115°C, 2 min 

(3) Photoresist spin:  LOR5A (3000 rpm) 

(4) Bake   180°C, 5 min 

(5) Photoresist spin:  SPR 955 (4000 rpm) 

(6) Bake   90°C, 2 min 

(7) Exposure:   AutoStep offset=0, t=0.25s 

(8) Develop:   MIF 300, 65s, DI rinse 

(9) Observation:  Microscope 

(10) Descum:   Branson, T=75°C, t=1 min 

(11) Wafer clean:  BOE 30:1, 30 sec 

(12) Metal evaporation: Ti/Al/Mo/Au 

(13) Photoresist strip:  1165 overnight 

 

Note: 

Ti/Al/Mo (E-gun evaporation with tooling factor of 98%) 

Au (Thermal evaporation with tooling factor of 78%) 
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3. Mesa isolation 
 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Dehydration bake:  115°C, 2 min 

(3) Photoresist spin:  P20 (4000 rpm) 

(4) Photoresist spin:  SPR 955 (4000 rpm) 

(5) Bake:   90°C, 2 min  

(6) Exposure:   AutoStep offset=0, t=0.25s 

(7) Develop:   MIF 300, 65s, DI rinse 

(8) Observation:  Microscope 

(9) Descum:   Branson, T=75°C, t=1 min 

(10) Hard bake:  95°C, 2 min 

(11) Etching:   PT770, Ar/BCl3/Cl2, 400W, 15 mT  

(12) Photoresist strip:  1165 overnight 
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4. Ohmic resistance measurements 
 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Pattern check:  Microscope 

(3) Strip:   Branson: 0.5-2 min 

(4) Pattern check:  Microscope 

(5) On-chip TLM:  Probe station 

 

Note: 

Strip time depends on surface conditions 

TLM should be measured at multiple locations on each chip 
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5. Oxide insulation 
 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Dehydration bake:  115°C, 2 min 

(3) Oxide deposition:  IPE PECVD, T=275°C, P=450mT, 44W 

(4) Photoresist spin:  P20 (4000 rpm) 

(5) Photoresist spin:  SPR 955 (4000 rpm) 

(6) Bake:   90°C, 2 min  

(7) Exposure:   AutoStep offset=0, t=0.25s 

(8) Develop:   MIF 300, 65s, DI rinse 

(9) Observation:  Microscope 

(10) Descum:   Branson, T=75°C, t=1 min 

(11) Bake   95°C, 10 min 

(12) Oxide etch:  BOE 6:1 

(13) Wafer clean:  DI rinse 

(14) Observation:  Microscope 

(10) Photoresist strip:  1165 overnight  
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6. Gate 
 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Photoresist strip:  Branson, T=75°C, t=1-3 min 

(3) Observation:  Microscope 

(4) Dehydration bake:  115°C, 2 min 

(5) Photoresist spin:  LOR10A (3000 rpm) 

(6) Bake:   180°C, 5 min 

(7) Photoresist spin:  SPR 955 (4000 rpm) 

(8) Bake:   90°C, 2 min  

(9) Exposure:   AutoStep offset=0, t=0.25s 

(10) Develop:   MIF 300, 75s, DI rinse 

(11) Observation:  Microscope 

(12) Descum:   Branson, T=75°C, t=1 min 

(10) Wafer clean:  BOE 30:1, 30 sec 

(11) Metal evaporation: Ni/Au 

(12) Photoresist strip:  1165 overnight 

 

Note: 

Ni (E-gun evaporation with tooling factor of 98%) 

Au (Thermal evaporation with tooling factor of 78%)  
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7. Pad 
 

(1) Wafer clean:  Acetone, methanol, IPA 

(2) Photoresist strip:  Branson, T=75°C, t=1-3 min 

(3) Observation:  Microscope 

(4) Dehydration bake:  115°C, 2 min 

(5) Photoresist spin:  LOR10A (3000 rpm) 

(6) Bake:   180°C, 5 min 

(7) Photoresist spin:  SPR 955 (4000 rpm) 

(8) Bake:   90°C, 2 min  

(9) Exposure:   AutoStep offset=0, t=0.25s 

(10) Develop:   MIF 300, 75s, DI rinse 

(11) Observation:  Microscope 

(12) Descum:   Branson, T=75°C, t=1 min 

(10) Wafer clean:  BOE 30:1, 30 sec 

(11) Metal evaporation: Ti/Au 

(12) Photoresist strip:  1165 overnight 

 

Note: 

Depending on specific process goals, this step may be combined with the gate 

metallization step 

Ti (E-gun evaporation with tooling factor of 98%) 

Au (Thermal evaporation with tooling factor of 78%)  
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8. Si3N4 Passivation 

 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Observation:  Microscope 

(3) Photoresist strip:  Branson, 75°C, 1-3 min 

(4) Observation:  Microscope 

(5) Wafer clean:  Acetone, methanol, IPA 

(6) Bake:   500°C, 10 min in N2 

(7) Dielectric deposition PECVD, 300°C, 550 mT, 50W 

(8) Photoresist spin:  P20 (4000 rpm) 

(9) Photoresist spin:  SPR 955 (4000 rpm) 

(10) Bake:   90°C, 2 min 

(11) Exposure:   AutoStep offset=0, t=0.25s 

(12) Develop:   MIF 300, 65s, DI rinse 

(13) Observation:  Microscope 

(14) Descum:   Branson, T=75°C, t=2 min 

(15) Dry etch:   PT72, CF4, 150W, 40 mT 

(16) Observation:  Microscope 

(17) Photoresist strip:  1165 overnight 
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10. Device characterization 
 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Observation:  Microscope 

(3) Photoresist strip:  Branson, 75°C, 1-3 min 

(4) Observation:  Microscope 

(5) Measurements:  Probe station 
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Process flow of high voltage GaN based MISHFET 

 
 

1. Alignkey  
 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Dehydration bake:  115°C, 2 min 

(3) Photoresist spin:  LOR5A (3000 rpm) 

(4) Bake   180°C, 5min 

(5) Photoresist spin  SPR 955 (4000 rpm) 

(6) Bake:   90°C, 2 min  

(7) Exposure:   AutoStep offset=0, t=0.25s 

(8) Develop:   MIF 300, 65s, DI rinse 

(9) Observation:  Microscope 

(10) Descum:   Branson, 75°C, 1 min 

(11) Wafer clean:  BOE 30:1, 30 sec 

(12) Metal evaporation: Ti/Pt 

(13) Photoresist strip:  1165 overnight 

 

Note: 

Ti/Pt (E-gun evaporation with tooling factor of 80%) 
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2. Mesa isolation 

 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Dehydration bake:  115°C, 2 min 

(3) Photoresist spin:  P20 (4000 rpm) 

(4) Photoresist spin:  SPR 955 (4000 rpm) 

(5) Bake:   90°C, 2 min  

(6) Exposure:   AutoStep offset=0, t=0.25s 

(7) Develop:   MIF 300, 65s, DI rinse 

(8) Observation:  Microscope 

(9) Descum:   Branson, 75°C, 1 min 

(10) Hard bake:  95°C, 2 min 

(11) Etching:   PT770, Ar/BCl3/Cl2, 400W, 15 mT  

(12) Photoresist strip:  1165 overnight 
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3. Ohmic contacts 
 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Dehydration bake:  115°C, 2 min 

(3) Photoresist spin:  LOR5A (3000 rpm) 

(4) Bake   180°C, 5 min 

(5) Photoresist spin:  SPR 955 (4000 rpm) 

(6) Bake   90°C, 2 min 

(7) Exposure:   AutoStep offset=0, t=0.25s 

(8) Develop:   MIF 300, 65s, DI rinse 

(9) Observation:  Microscope 

(10) Descum:   Branson, 75°C, 1 min 

(11) Wafer clean:  BOE 30:1, 30 sec 

(12) Metal evaporation: Ti/Al/Mo/Au 

(13) Photoresist strip:  1165 overnight 

 

Note: 

Ti/Al/Mo (E-gun evaporation with tooling factor of 98%) 

Au (Thermal evaporation with tooling factor of 78%) 
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4. Ohmic resistance measurements 
 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Observation:  Microscope 

(3) Strip:   Branson, 0.5-2 min 

(4) Pattern check:  Microscope 

(5) On-chip TLM:  Probe station 

 

Note: 

Strip time depends on surface conditions 

TLM should be measured at multiple locations on each chip 
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5. Gate insulation/Passivation 
 
 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Dehydration bake:  115°C, 2 min 

(3) Observation:  Microscope 

(4) HfO2 deposition:  ALD, 200-300°C 

(5) Photoresist spin:  P20 (4000 rpm) 

(6) Photoresist spin:  SPR 955 (4000 rpm) 

(7) Bake:   90°C, 2 min 

(8) Exposure:   AutoStep offset=0, t=0.25s 

(9) Develop:   MIF 300, 65s, DI rinse 

(10) Observation:  Microscope 

(11) Descum:   Branson, 75°C, 1 min 

(12) Etch:   PT740, Ar/Cl2/BCl3, 150W, 15 mT 

(13) Strip:   1165 overnight 
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6. Oxide insulation 
 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Dehydration bake:  115°C, 2 min 

(3) Oxide deposition:  IPE PECVD, T=275°C, P=450mT, 44W 

(4) Photoresist spin:  P20 (4000 rpm) 

(5) Photoresist spin:  SPR 955 (4000 rpm) 

(6) Bake:   90°C, 2 min  

(7) Exposure:   AutoStep offset=0, t=0.25s 

(8) Develop:   MIF 300, 65s, DI rinse 

(9) Observation:  Microscope 

(10) Descum:   Branson, 75°C, 1 min 

(11) Bake   95°C, 10 min 

(12) Oxide etch:  BOE 6:1 

(13) Wafer clean:  DI rinse 

(14) Observation:  Microscope 

(10) Photoresist strip:  1165 overnight  
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7. Gate/Pad 

 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Observation:  Microscope 

(3) Strip:   Branson, 1-5 min 

(4) Wafer clean:  Acetone, methanol, IPA 

(5) Dehydration bake:  115°C, 2 min 

(6) Photoresist spin:  LOR10A (3000 rpm) 

(7) Bake   180°C, 5 min 

(8) Photoresist spin:  SPR 955 (4000 rpm) 

(9) Bake   90°C, 2 min 

(10) Exposure:   AutoStep offset=0, t=0.25s 

(11) Develop:   MIF 300, 75s, DI rinse 

(12) Observation:  Microscope 

(13) Descum:   Branson, 75°C, 1 min 

(14) Wafer clean:  BOE 30:1, 30 sec 

(15) Metal evaporation: Ti/Au 

(16) Photoresist strip:  1165 overnight 

 

Note: 

Ti (E-gun evaporation with tooling factor of 98%) 

Au (Thermal evaporation with tooling factor of 78%) 
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8. Si3N4 Encapsulation 
 

(1) Wafer clean:  Acetone, methanol, IPA 

(2) Observation:  Microscope 

(3) Photoresist strip:  Branson, 75°C, 1-3 min 

(4) Observation:  Microscope 

(5) Wafer clean:  Acetone, methanol, IPA 

(6) Bake:   500°C, 10 min in N2 

(7) Dielectric deposition PECVD, 300°C, 50W, 550 mT 

(8) Photoresist spin:  P20 (4000 rpm) 

(9) Photoresist spin:  SPR 955 (4000 rpm) 

(10) Bake:   90°C, 2 min 

(11) Exposure:   AutoStep offset=0, t=0.25s 

(12) Develop:   MIF 300, 65s, DI rinse 

(13) Observation:  Microscope 

(14) Descum:   Branson, 75°C, 2 min 

(15) Dry etch:   PT72, CF4, 150W, 40 mT 

(16) Observation:  Microscope 

 (17) Photoresist strip:  1165 overnight 
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9. Pad (optional) 
 

(1) Wafer clean:  Acetone, methanol, IPA 

(2) Photoresist strip:  Branson, 1-3 min 

(3) Observation:  Microscope 

(4) Dehydration bake:  115°C, 2 min 

(5) Photoresist spin:  LOR10A (3000 rpm) 

(6) Bake:   180°C, 5 min 

(7) Photoresist spin:  SPR 955 (4000 rpm) 

(8) Bake:   90°C, 2 min  

(9) Exposure:   AutoStep offset=0, t=0.25s 

(10) Develop:   MIF 300, 75s, DI rinse 

(11) Observation:  Microscope 

(12) Descum:   Branson, 75°C, 1 min 

(10) Wafer clean:  BOE 30:1, 30 sec 

(11) Metal evaporation: Ti/Au 

(12) Photoresist strip:  1165 overnight 

 

Note: 

Depending on specific process goals, this step may be combined with the gate 

metallization step 

Ti (E-gun evaporation with tooling factor of 98%) 

Au (Thermal evaporation with tooling factor of 78%) 
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10. Device characterization 
 
(1) Wafer clean:  Acetone, methanol, IPA 

(2) Observation:  Microscope 

(3) Photoresist strip:  Branson, 1-3 min 

(4) Observation:  Microscope 

(5) Measurements:  Probe station 
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