
Abstract 

 ZENG, CHANG. GaN MOSFETs Structures and Process Flows for Logic 

Applications. (Under the direction of Doug W. Barlage). 

 

 Advances in material quality and device processing have led to promising results 

for III-nitride electronic devices for high frequency applications. Numerous groups 

have report that GaN metal semiconductor field effect transistors (MESFETs) exhibit 

excellent device characteristics. However, a major concern of such devices is the 

leakage from the Schottky gate. As an alternative , the use of an insulated gate metal 

oxide semiconductor (MOS) structure reduces both gate leakage and power 

consumption. As described in this work, there are more potential advantages than 

reduced leakage by adopting a MOS structure in the III-N system. The scalability of 

this prototype device is shown with simulation to have the potential to support gate 

lengths below 10nm. 

 In this dissertation, methods to demonstrate a unique GaN based NMOS devices 

with minimum gate length of 0.7µm are described. Significant progress has been 

made on this challenging problem. The goal of this research is to introduce the 

processing methods and structures that will be suitable as a test vehicle for evaluating 

material interfaces in the GaN-Ga2O3-gate dielectric system. One of the aspects of this 

work is that a multi-wafer sapphire to device process time is less than one month. 

That enables the capacity to evaluate novel deposition schemes through electrical 

measurements in a timely manner. 



 Furthermore, the process described here integrates re-grown GaN contacts. The 

pursuit of this is to allow maximum dopant incorporation and maximum abruptness in 

the source drain region to maximize the transistor’s cut off frequency performance as 

well as the critical Ion performance. This process flow is also established as way to 

study hetero-geneous source drain properties. A method to analyze the n-i-n structure 

is presented in some detail. This n-i-n structure, along with the gate oxide, is the 

secondary key component to demonstrating a GaN MOS transistor with competitive 

performance properties for digital and RF applications. 

 Of significance is the ability to fabricate a MOS device centered around the 

re-growth of N-type III-N material on intrinsically doped GaN. This method is 

directly related to the overall research goal to achieve a compound semiconductor 

MOSFET suitable for scaling below 10nm. This initial challenge of establishing a 

suitable experimentation vehicle has been met by the work described in this thesis. 

The intention of this work is to provide the experimental framework for the 

exploration of a variety of materials required to synthesize a complimentary GaN 

MOS system suitable for scaling to dimensions below 10nm. 
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Chapter 1 
 
 

1. Introduction 

 Advances in material quality and device processing have led to promising results 

for III-nitride electronic devices for high temperature and high power applications [1, 

2]. Gallium Nitride (GaN) based devices have demonstrated high-temperature 

operation with little or no degradation up to 300C. Other groups have report that GaN 

metal semiconductor field effect transistors (MESFETs) and heterostructure field 

effect transistors (HFETs) exhibit excellent device characteristics [3-13]. However, 

leakage from the Schottky gate of such devices is a major concern for operation at 

elevated temperatures. As an alternative, the use of an insulated gate metal oxide 

semiconductor (MOS) structure reduces both gate leakage and power consumption [1, 

2]. This is unlike the Metal- Insulator- Semiconductor- Heterostructure- Field- Effect- 

Transistors (MISHFET) currently being explored by other research groups [14-21] 

and represents a departure in the way the device is designed and operated. This wor k 

reports the preliminary experiments and theoretical justifications for pursuit of this 

device. 
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1.1 Our work. 

Our work is designed to demonstrate a GaN MOSFETs suitable for low power 

giga scale levels of integration. There are several steps that we have to achieve  to 

reach these goals. 

First, we put a significant amount of efforts with identifying gate dielectrics for 

deposition. A gate dielectric and electrode stack with low threshold voltage and low 

interface state density (D it) is required for a low pow er device. Choice of the gate 

electrode is required to achieve appropriate threshold voltage control. Current 

experimental results have shown that a threshold voltage of 3.5V is achievable with 

using a Nickel gate electrode [20]. This was in spite of having a large series resistance 

that remained prior to electrons entering the channel. Nickel, Titanium and Aluminum 

gate has been explored in this work. To bring the threshold voltage down to a more 

manageable level, below 1V, a Titanium gate electrode is initially used (See Chapter 

2). Gadolinium is a potential gate electrode with a work-function (2.9-3.1eV) suitable 

for ITRS road map requirements. It is also predicted to be compatible with several 

high-k gate dielectrics. 

Second, a key problem with the current III -N based MESFET and HFET 

transistors that are seen as a key enabler in microwave power components is the 

presence of a significant quantity of traps at the surface of the devices. For maximum 

performance, the surface should be largely excluded from the operation of the device. 

Consequently, these traps have largely dominated the performance and design of high 

performance microwave devices in III-V semiconductors and is seen as a key 
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inhibitor to future device performance enhancements. This work describes an 

experimental vehicle to study this issue independent of gate electrode and processing 

issues. 

Third, we established the process flow for re-grown contacts in the GaN system. 

Re-grown contacts in the GaN system have been demonstrated and optimized to a 

level sufficient for device demonstration. Dopant levels in the re-grown source-drain 

have been achieved equal to the active dopant levels demonstrated at NCSU in bulk 

growth conditions. The process flow will be further developed as the oxide 

optimization is carried forward. 

This work describes the demonstrated key components required to create an 

experimental test vehicle to produce a unique transistor structure for evaluation of 

gate dielectrics and methods of source drain doping on GaN based MOSFET devices. 

The target device is indicated in Figure 1.1 with key components illustrated. The 

largest proportion of this work has centered on demonstrating a reliable horizontal 

n-i-n structure suitable for reliable gate dielectric evaluation. This has been a focus on 

demonstration of a re-growth process for n-type source drains. We have dedicated 

approximately 60 sapphire wafers and multiple deposition growths to complete. The 

device was successfully made and the measurements results will be shown in Chapter 

7. 
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Figure 1.1 Experimental structure for testing of GaN as MOS device.  The dimensions will be shown in 

Chapter 7. 

Key components of GaN MOS device : 

1. Ohmic Contacts: Re-grown contacts in the GaN system have been demonstrated 

and optimized to a level sufficient for device demonstration so that the full advantage 

of the capabilities of this interface can be taken.  

2. Gate dielectric: A gate dielectric with low interfacial density of states is required so 

that the Fermi level is not pinned at the interface and the charges can be accumulated 

or inverted, depending on the polarity of the applied voltage. Insulating materials 

being studied include AlN, SiO2, Si3N4, SiO2/Ga2O3, Mgo and Ga2O3 (Gd2O3).  
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3. Gate material: A gate material with low threshold voltage is needed for low power 

device. Nickel (work-function 5.1 to 5.4eV), Titanium (work-function 4.3-4.4eV) and 

Aluminum (work-function 4.0-4.3eV) gate has been explored in this work. Other 

more electronegative materials should be explored. 

4. Channel material: Intrinsic or low doping GaN is used as channel. Currently the 

thickness prohibits a well controlled pinch off region. 

5. Substrate: The current substrate  is 2” C-plane sapphire with a thin layer of AlN 

buffer layer. 

1.2 Conclusion. 

A MOS structure with minimum gate length of 0.7um for testing of GaN as a 

MOS device is shown. The mask set and process flow are described in detail. This 

structure will be suitable as a test vehicle for evaluating material interfaces in the GaN 

oxide and evaluate gate materials for GaN system. 
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Chapter 2 
 
 
 

2. Backgrounds 

2.1 Some basic semiconductor theory needed for GaN 

MOSFET. 

2.1.1 A brief history of MOSFET. 

The basic idea on which the MOS transistor is based is over half a century old 

due to J. E. Lilienfeld, who obtained the first patents in early 1930s [2], but was not 

successfully demonstrated until 1960. The main technological problem was the 

control and reduction of the surface states at the interface between the oxide and the 

semiconductor which is also a major problem on building compound semiconductor 

MOSFETs including GaN. Other patents were obtained by O. Heil [2]. Initially it was 

only possible to deplete an existing n-type channel by applying a negative voltage to 

the gate. Such devices have a conducting channel between source and drain even 

when no gate voltage is applied and are called depletion-mode devices. 

A reduction of the surface states enabled the fabrication of devices which do not 

have a conducting channel unless a positive voltage is applied. Such devices are 

referred to as "enhancement-mode" devices. The electrons at the oxide -semiconductor 

interface are concentrated in a thin "inversion" layer. By now, most MOSFETs in 
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production are enhancement-mode devices. Logic devices depend on complimentary 

P and N type MOS transistors to achieve low power. Demonstration of the n-type 

device is focused on here; however , the process flows indicated could easily be 

adapted for a P-type device. 

2.1.2 Simple preview of MOSFET transistor. 

The metal-oxide-semiconductor field-effect transistor (MOSFET) is often called 

a unipolar or majority carrier device, because the current is transported by only 

majority carriers. The MOSFET is a four terminal device with Gate, Source, Drain 

and Substrate (Body). The gate electrode is separated from the substrate by gate oxide. 

The channel between the gate electrode and the substrate is capacitively coupled via 

the electric field in the oxide. The conductance of the channel can be modulated by 

varying the electrical field. That is, gating action of the gate electrode controls the 

current flow between the source and the drain. If the channel is fully depleted, 

however, the MOSFET becomes a three -terminal device; the substrate connection 

becomes virtual and will no longer be controlled by an independent voltage. The 

description of this device will be introduced later in this chapter. 

The n-type Metal-Oxide-Semiconductor Field-Effect-Transistor (MOSFET) 

consists of a source and a drain, two highly conducting n-type semiconductor regions 

which are isolated from the p-type substrate by reversed-biased p-n diodes. A metal 

(or poly-crystalline) gate covers the region between source and drain, but is separated 

from the semiconductor by the gate oxide. The basic structure of an n-type MOSFET 

and the corresponding circuit symbol are shown in Figure 2.1. 
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Figure 2.1: Cross section and circuit symbol of an n-type Metal – Oxide – Semiconductor  – Field – 

Effect  - Transistor (MOSFET). 

As can be seen on the Figure 2.1, the source and drain regions are identical. It is 

the applied voltages which determine which n-type region provides the electrons and 

becomes the source, while the other n-type region collects the electrons and becomes 

the drain. The voltages applied to the drain and gate electrode as well as to the 

substrate by means of a back contact are referred to the source potential, as also 

indicated on the Figure 2.1. 

A top view of the same MOSFET is shown in Figure 2.2, where the gate length, L, 

and gate width, W, are identified. Note that the gate length does not equal the physical 

dimension of the gate, but rather the distance between the source and drain regions 

underneath the gate. The overlap between the gate and the source and drain region is 

required to ensure that the inversion layer forms a continuous conducting path 

between the source and drain region. Typically this overlap is made as small as 

possible in order to minimize its parasitic capacitance and off leakage current. 
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Figure 2.2: Top view of an n-type Metal-Oxide-Semiconductor - Field-Effect-Transistor (MOSFET). 

The flow of electrons from the source to the drain is controlled by the voltage 

applied to the gate. A positive voltage applied to the gate, attracts electrons to the 

interface between the gate dielectric and the semiconductor. These electrons form a 

conducting channel between the source and the drain, called the inversion layer. No 

gate current is required to maintain the inversion layer at the interface since the gate 

oxide blocks any carrier flow. The net result is that the current between drain and 

source is controlled by the voltage which is applied to the gate. 

The typical current versus voltage (I-V) characteristics of a MOSFET is shown in 

the Figure 2.3. 
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Figure 2.3: Typical current versus voltage (I-V) characteristics of a MOSFET. 

2.1.3 MOSFET Threshold voltage. 

The threshold voltage of a MOSFET is usually defined loosely as the gate voltage 

at which strong inversion is established. In an NMOS, the substrate of the transistor is 

composed of p-type silicon which has more positively charged holes compared to 

electrons. When a voltage is applied on the gate, an electric field causes the electrons 

in the substrate to become concentrated at the region of the substrate nearest the gate 

causing the concentration of electrons to be equal or exceed to that of the holes, 

creating a depletion region or inversion region. When the concentration of electrons 

reaches a value of the original hole concentration, strong inversion is established. 

If the gate voltage is be low the threshold voltage, the transistor is turned off and 

ideally there is no current from the drain to the source of the transistor. 
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If the gate voltage is larger than the threshold voltage, the transistor is turned on, 

due to there being more electrons than holes in the substrate near the gate creating a 

channel where current can flow from drain to source. 

The threshold voltage is analyzed to also address a change in material system. For 

any semiconductor, the threshold voltage equals the sum of the flatband voltage, twice 

the bulk potential and the voltage across the oxide due to the depletion layer charge, 

or: 

FFFBT VV φγφ 220 ++=             (2.1) 

where the flatband voltage, FBV , is given by: 
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 Another expression of threshold voltage is: 
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where dQ  is the total depletion charge and mad WqNQ −=  and mW  is the 

maximum depletion width, a
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 For GaN, eVEg 4.3= kTE
VCi

geNNn /)( −= =6.5 × 10-11 cm-3. However, in real 

GaN, the carrier density will be much higher because of the impurities and defects. 

Assume a substrate doping of 1.90×1010 C/cm2, the calculated maxim depletion width 

is 3.56× 10-02 which is much higher than our GaN body height which is 3.00×10-05, 

thus we use our GaN body thickness as mW . 
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 The following parameters are used: T: 300K; Gate metal: Ti(w ork function 

4.33eV); Gate dielectric: Si3N4 with thickness 30A. The calculated threshold voltage 

is 0. 972V. In this calculation, I assumed that the interface charge densities is 

1.00 × 1012 C/cm2.  

 From equation 2.1 and 2.2, threshold voltage changes linearly with metal work 

function. Threshold voltage also changes with body doping (channel doping). Figure 

2.4 shows the change of threshold voltage vs. metal work function for different 

channel doping. We assumed that all parameters remain intact other than body 

(channel) doping and metal work function. 

 
Figure 2.4: Threshold voltage vs. metal work function for different channel doping. 

From Figure 2.4, with lower channel doping, the threshold voltage will be lower. 

If we change the gate metal from Nickel to Titanium, we can also reduce the threshold 

voltage. Threshold voltage also changes with gate dielectric material. Changes in 

either dielectric constant or dielectric thickness will cause the threshold voltage to 

Threshold voltage calculation for GaN MOSFET
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change. If the ga te dielectric thickness changes from 30A to 15A, the threshold 

voltage drops to 0.672V. Thus it’s possible to build low threshold voltage GaN 

MOSFET with proper  gate material, gate dielectric and body doping. This kind of 

MOSFET can be used in low -moderate power application. 

2.1.4 Depletion mode and enhance mode MOSFET 

A depletion mode device (also called a normally on MOSFET) has a channel in 

resting state that gets smaller as a reverse bias is applied, this device conducts current 

with no bias applied. The threshold voltage of such device is negative. An 

enhancement mode device (also called a normally off MOSFET) is built without a 

channel and does not conduct current when there is no gate voltage; increasing 

forward gate bias forms a channel that conducts current. The threshold voltage of such 

device is positive.  

From the calculation in section 2.1.3, it’s possible to build both depletion mode 

and enhancement mode GaN MOSFET.  

2.1.5 SOI technology and terminology 

Silicon on heteroepitaxial substrate materials have been available since the 1970s, 

among them such popular technologies like silicon on sapphire (SOS) and silicon on 

glass, which have classic use in radiation-high environments, liquid crystal displays 

(LCDs) and charge-coupled device (CCD) detectors [2]. 

Silicon on insulator (SOI) has seen increasing commercial interest and improved 

availability since in the early 1990s. As the bulk silicon CMOS processes are reaching 

their limit in terms of device miniaturization and fabrication, SOI technology gives a 
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good alternative to that. SOI technology is considered to take the CMOS processing to 

its ultimate scalability [3]. 

As the scaling continues it becomes harder to fabricate MOS transistors without 

compromising performance due to undesirable effects such as threshold voltage 

roll-off, drain induced barrier lowering (DIBL) and degraded subthreshold slope. 

These effects cause device to device variations, increase the off current, and decrease 

the on current. Beside the short channel effects a number of technological barriers 

exist. As the gate length is reduced the wavelength of the light for the lithography 

equipment needs to reduce. Manufacturing such optical equipment at smaller 

wavelength becomes harder due to the availability of materials that should be used for 

these wavelengths. As gate length is reduced, gate oxide thickness must also be 

reduced, resulting in an increase in quantum mechanical tunneling in excessively high 

electric fields. Eventually silicon oxide must be replaced with a high-k material so 

that the physical thickness of the material can be increased. As the device length is 

reduced higher doping is required in between the source and drain which in turns 

increases the parasitic capacitance between diffused source, drain and substrate. The 

doping profile of the devices needs to be controlled more accurately with each new 

generation, and the implantation and annealing technology needs to keep up with the 

stringent requirements of very sharp doping profiles. Considering all these facts for a 

long time search for the breakthrough technology has been undergoing. 

Compare to the threshold voltage expression (equation 2.1 and 2.2) for traditional 

MOSFET, the threshold voltage for fully –depleted SOI devices is given as [76] 
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Where Qsb is the surface charge between the silicon film and the buried oxide, tSi is 

the silicon film thickness and 
Si

Si
Si t

C
ε

= . The threshold voltage is no longer 

determined by the maxim depletion width because the whole silicon body is depleted. 

However, for partilly depleted SOI devices, the threshold voltage go back to equation 

2.1 and 2.2. Our GaN MOSFET is also SOI device, thus equation 2.1 and 2.2 are no 

longer valid. We should use equation 2.3 for threshold volta ge calculation. Thus 

Figure 2.4 has to be modified.  

 Because there is a AlN buffer between our GaN body and sapphire substrate. Qsb 

should be much lower than the interface desity between gate and gate dielectric in 

section 2.1.3.  Assume Qsb =5.00 ×1010 C/cm2, the calculated threshold voltage value 

for 30A of Si3N4 gate oxide MOSFET reduces to 0.555V. And Figure 2.4 becomes: 
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Threshold voltage calculation for GaN MOSFET
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Figure 2.5: Threshold voltage vs. metal work function for SOI devices with different channel doping. 

Silicon-on-insulator (SOI) technology gives many advantages over bulk silicon 

CMOS processing. In particular higher speed, lower power dissipation, high radiation 

tolerance, lower parasitic capacitance, low short channel effects, high subthreshold 

voltage swing, manufacturing compatibility with the existing bulk silicon CMOS 

technology. 

SOI MOSFETs can be categorized into fully depleted (FD) and partially depleted 

(PD) MOSFETs based upon the depletion layer state. In partially  depleted state, 

semiconductor film thickness is larger than sum of the width of depletion regions 

from back and front ends. So there is no interaction between these regions, and there 

exists a piece of neutral semiconductor beneath the front depletion region. If this 

neutral piece of semiconductor, called “body”, is connected to ground by a “body 

contact”, the  characteristics of the device is exactly same as the bulk device. But if 

this body is left electrically floating, the device will basically behave as a bulk device, 

Aluminum 
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but with the notable exception of two parasitic effects, the first one is kink effect or 

floating body effect, and second one is the presence of parasitic open based NPN 

bipolar transistor between source and drain. On the other hand if the thickness of the 

silicon film is small and depletion region from both sides meet at the threshold 

voltage, then the device is called fully depleted. Fully depleted devices are virtually 

free of kink effect, if their back-interface is not in accumulation region [76]. 

The first SOI transistors, dating back to 1964, were partially depleted devices 

fabricated on silicon-on-sapphire (SOS) substrates. SOS technology was successfully 

used for numerous military and civilian applications and is still being used to realize 

commercial HF circuits in fully depleted CMOS. The GaN MOSFET in this work, 

however, is fully depleted devices fabricate on GaN-on-sapphire substrates. 

2.1.6 MESFET introduction 

The first GaN device exercised is a GaN MESFET. A brief overview of MESFET 

devices with an analysis of this device is included here. 

The Metal-Semiconductor-Field-Effect-Transistor (MESFET) consists of a 

conducting channel positioned between a source and drain contact region as shown in 

the Figure 2.6. The carrier flow from source to drain is controlled by a Schottky metal 

gate. The control of the channel is obtained by varying the depletion layer width 

underneath the metal contact which modulates the thickness of the conducting 

channel and thereby the current. 
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Figure 2.6: Cross section view of a MESFET. 

The key advantage of the MESFET is the higher mobility of the carriers in the 

channel as compared to the MOSFET. Since the carriers located in the inversion layer 

of a MOSFET have a wavefunction which extends into the oxide, their mobility - also 

referred to as surface mobility - is less than half of the mobility of bulk material. As 

the depletion region separates the carriers from the surface their mobility is close to 

that of bulk material. The higher mobility leads to a higher current, transconductance 

and transit frequency of the device. 

One disadvantage of the MESFET structure is the presence of the Schottky metal 

gate. It limits the forward bias voltage on the gate to the turn-on voltage of the 

Schottky diode. This turn-on voltage is typically 0.7 V for Schottky diodes. The 

threshold voltage therefore must be lower than this turn-on voltage. As a result it is 

more difficult to fabricate circuits containing a large number of enhancement-mode 

MESFET. 
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The higher transit frequency of the MESFET makes it pa rticularly of interest for 

microwave circuits. While the advantage of the MESFET can provide superior 

microwave amplifier or circuit, the limitation by the diode turn-on is tolerated. 

Typically depletion-mode devices are used since they provide a larger current and 

larger transconductance and the circuits contain only a few transistors, so that 

threshold control is not a limiting factor. The buried channel also yields a better noise 

performance as trapping and release of carriers into and from surface states and 

defects is reduced. 

The use of GaN rather than silicon MESFETs provides two more significant 

advantages: first of all the room temperature mobility is larger, while the saturation 

velocity is about twice that in silicon. Second it is possible to fabr icate semi-insulating 

(SI) GaN substrates which eliminate the problem of absorbing microwave power in 

the substrate due to free carrier absorption.  

The material properties of III–V compounds, such as GaAs, allow the 

component/device designer to miniaturize devices, resulting in multiple devices on a 

single chip and increased functionality over a smaller working area. To date, this has 

been successfully applied only to low voltage applications, particularly in the wireless 

communications area. The benefits of these compounds are also useful at higher 

voltages and powers. However, as voltage, power, and/or switching frequency 

increase, device performance and efficiency are negatively impacted by voltage 

breakdown. Table 2.1 shows the comparison between GaAs and GaN on switching 
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performance characteristics. From the table we can see that improvements at higher 

voltage and power can be achieved by GaN [4]. 

Table 2.1 : Comparison between GaAs and GaN on switching performance characteristics [4] . 

 

2.2 General introduction of III-V III-N materials 

III-V nitrides are the focus of intense materials research and device development.  

The III-V nitrides materials are suitable for use in extreme environments due to their 

chemical inertness, large bandgap and resistance to radiation. They are ideal for high 

frequency, high-power applications because they have large avalanche breakdown 

fields, high thermal conductivities and large high-field electron drift velocities. Their 

direct band gaps also make them suitable for optoele ctronic devices. Various devices 

such as passivation barriers, ohmic contacts in integrated circuits, light-emmitting 

diodes (LEDs), UV photo detectors, reflector stacks, high electron mobility transistors, 

heterostructure field effect transistors (HFETs), metal insulator semiconductor field 

effect transistors (MISFET or MOSFET)and surface acoustic wave devices have been 

fabricated using III-V nitrides and their alloys [5]. 

Table 2.2 shows physical properties of major semiconductor materials which can 

be applied to high frequency electronic devices. GaN has highest saturation velocity 

and breakdown field among the listed semiconductor materials. Breakdown field is 
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almost one order of magnitude larger than those of Si and GaAs All these make GaN 

ideal candida tes for high-frequency, high-power, high-temperature applications. In 

addition to these attractive physical properties, GaN also has relatively large thermal 

conductivity (compare to silicon). 

Table 2.2: Physical properties of major semiconductor materials  which can be applied to high 

frequency electronic devices. 

Material Si GaAs GaN 4H-SiC  6H-SiC 
Band-Gap (ev) 1.10 1.40 3.39 3.26 3.00 
Intrinsic carrier 
concentration (cm-3) 

1.5x1010 1.8x106 1.9x10-10 8.2x109 2.3x106 

Relative permittivity 11.8 12.8 9.0 10.0 9.7 
Mobility (cm2/V) 1350 8500 1250 720(a) 

650(b) 
370(a) 
50(b) 

Breakdown field 
(106V/cm) 

0.3 0.4 3.3 2.0 2.4 

Saturation Velocity 
(107cm/s) 

1.0 2.0 2.5 2.0 2.0 

Thermal conductivity 1.5 0.5 2.1 4.5 4.5 
Direct or Indirect I D D I I 
(a) [1120 ] direction. (b)[0001] direction 

2.3 GaN MOSFET introduction. 

GaN-based MESFETs are very attractive for power applications at high 

frequencies. This technology offers great potential for providing much higher output 

power, operational voltage, and operating temperature for radiofrequency (RF) power 

amplifiers than is currently possible with GaAs in the frequency range from X-band to 

Ka-band.  For these devices the fT and fMAX values are typically in the 20GHz range 

and are therefore best suited to applications at frequencies below 7GHz. However, 

leakage from the Schottky gate of such devices is a major concern for operation at 

elevated temperatures. The problems regarding device stability in GaN MESFETs at 

high temperatures can be overcome by using GaN-based MOSFETs (or MISFETs). 
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The GaN MOSFETs provide lower leakage currents and reduce power consumption. 

Another advantage of MOSFETs is a large fT over its MESFET counterpart, due to a 

lower capacitance between source and gate. Also, GaN MOSFET has a low threshold 

voltage (<1V) and can be used as low power device. 

The most important requirement for having a GaN MOSFET is to have an oxide 

or insulator deposited or grown on GaN, which gives a low interfacial density of 

states (Dit). As a consequence, the Fermi level is not pinned at the insulator/GaN 

interface and the charges can be accumulated or inverted, depending on the polarity of 

the applied voltage. Insulating materials being studied for GaN MOS diodes and 

MOSFETs include AlN, SiO 2, Si3N4, SiO2/Ga2O3 and Ga2O3 (Gd2O3). Minimum Dit 

values of 1-2x1011cm-2 eV-1 have been reported for SiO2 [64-68], Si3N4 [65, 67]and 

Ga2O3 [69-74]. 

2.4 Comparison between GaN and Si. 

Presently silicon dominates digital logic applications. However, the feature sizes 

of silicon devices approach values where fundamental physics limitations lead to 

diminishing returns on investment in further scaling. Thus advanced research and 

development in microelectronics are focusing on new materials that might have 

significant or even overwhelming advantages over silicon in certain applications. 

GaAs and related III-V compounds have proved to be superior for microwave and 

millimeter wave applications. Wide band gap semiconductor materials, such as SiC, 

GaN and related compounds, look increasingly attractive for many applications where 

high electron mobility, high current carrying capabilities, a high thermal conductivity, 
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high temperature operation, and a high breakdown field make them superior to silicon. 

In this section, we will investigate the feasibility of GaN to be channel material as the 

gate length shrinks to sub-10nm. We will first give the nanoscale Figure of merits for 

material comparison. Then we will use a device simulator to model the electrical 

performance if we use GaN as the channel materia l for planar fully depleted 

semiconductor on insulator (SOI) device at sub-10nm gate length and compare it with 

silicon based devices. After that, we will review the current progress for GaN MOS 

research.  

At first, we need some Figure of merits (FOM) to compare these novel materials. 

2.4.1 Key considerations in Nanoscale FOM. 

To compare the different material as the candidate for nanoscale device, we need 

some Figure of merits. For digital application, the important parameters are off-state 

current, on-state current and non-ideal sub-threshold effects. For off-state current, 

thermal emission, band-to-band tunneling and quantum tunneling are major 

mechanisms. Thermal emission is enhanced when the gate length scales down due to 

drain-induced barrier lowering effect (DIBL). Thermal emission is also the function 

of mobility, intrinsic carrier density and temperature. So a material with lower 

mobility, lower intrinsic carrier concentration and higher thermal conductivity is a 

good candidate. Band gap of semiconductor has big impact on the possibility of 

band-to-band tunneling, so wider band-gap material is better. Therefore, gate length 

Lg and band gap Eg are two important parameters related to off current. The 

relationship is given in equation 2.4. It means that to keep the same off current Ioff, 
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wide band gap (E g) materials can have smaller limit for gate length (Lg) scaling. At 

the same time, lower intrinsic carrier concentration for GaN can also limit minimum 

Ioff. 

ggoff LEI ×∝)log(               (2.4) 

The following equations give the Figure of merit when we compare different 

channel materials. Equation 2.5 and 2.6 give the limits on controlling off current 

dictate limits on gate length scaling. Low thermal conductivity can aggravate turn-off 

performance, so equation 2.7 is the thermal consideration for Figure of merit. 
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Large density of states can maximize field at which carriers transfer to low 

velocity states. Large inter-valley separation can maximize velocity achieving, 

increased average saturation velocity. Equations 2.8 and 2.9 give the figure of merit to 

consider on-current. Equation 2.10 is another figure of merit to compare CV/I and 

cut-off frequency. The mobility dependence in equation 2.10 is strongest at long gate 

lengths; it is reduced at smaller gate lengths. At minimum gate length, the average 

velocity approaches saturation velocity vsat , the relationship is shown in equation 2.11. 
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CV/I and Cut-off Frequency: 
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Cut-off Frequency at Minimum Gate Length (ftmax(diffusion)/f tmax(tunneling)): 
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Dielectric: 
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Table 2.3 shows the FOM comparison for selected semiconductor materials. It 

shows the advantage of GaN to be the material of small dimension devices. But the 

FOM calculation assumes that the process and material challenges for GaN has been 

solved properly, such as the quality of wafer and the gate dielectric etc. The test 

vehicle to systematically explore these problems is the primary purpose of this work.  

Key materials properties for electronic device applications are mobility and 

saturation velocity, intrinsic carrier concentration, thermal conductivity, and 

availability of a high quality gate insulating layer for field effect. As we can see from 

table 2.2, the electron saturation velocity in GaN is 2 × 107cm/s which is twice the 



 28 

saturation velocity in Silicon and GaAs. This translated into higher turn-on current in 

very small dimension devices. Lower relative permittivity and much lower intrinsic 

carrier concentration make GaN to be a very promising candidate for the 

semiconductor material of fully depleted architecture device. Very lower intrinsic 

carrier concentration can also decrease junction leakage because of less minority 

carrier concentration. Higher band gap of GaN can suppress band to band tunneling 

efficiently. High voltage operation is also enhanced because of the large band gap of 

3.4eV for GaN which lead to a large breakdown field of 2000 kV/cm in comparison to 

300kV/cm for Silicon and 400kV/cm for GaAs.  

Table 2.3: FOM Comparison (Si as reference). 

 

Indium Antimonide (InSb) has the highest bulk mobility among all the 

semiconductor materials known (50 times bigger than Silicon) and very high 

saturation velocity (5 times bigger than Silicon) from table 2.2. But narrow band gap 

and large intrinsic carrier density which is six orders of magnitude higher than that of 

silicon are major drawbacks of InSb. Figure 2.7 shows the drift velocity comparison 

between InSb, Silicon and GaN. Figure 2.7 (a) shows the very high saturation velocity 

for InSb. The peak drift velocity in InSb is seen to occur at a field much lower than 

normal operating fields. Figure 2.7 (b) shows in Silicon drift velocity saturates at 
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around 10kV/cm. Figure 2.7 (c) shows in GaN drift velocity saturates at very high 

electrical field, around 300kV/cm. The saturation velocity is about double tha t of 

Silicon. The velocity overshoot is a unique effect in GaN. If device is designed 

properly, the optimized turn-on current should be even higher. Could we use InSb and 

GaN as material to make low dimension MOSFET? 

Figure 2.8 shows the simulation results for InSb based fully depleted SOI 

MOSFET. Figure 2.8 (a) shows that 200nm is the minimum gate length wit h 

manageable off current. That is because of the narrow band gap and high intrinsic 

carrier concentration for InSb. But Figure 2.8 (b) shows the comparison results 

between InSb and Silicon with the same device structure at 200nm gate length. 

Because of much higher mobility, InSb based MOSFET ha s much higher turn-on 

current than Silicon. Also because of the lower saturation electrical field, InSb based 

device can get to saturation region faster, which is good for low power device. 

Although InSb based device shows many advantages, it can not be the material for 

low dimension MOSFET because of off-state leakage. 

 

 
      (a)                    (b)                     (c) 
Figure 2.7: Drift velocity comparison between InSb, Silicon and GaN. (a) Drift velocity vs. Electrical 

field in InSb. (b) Drift velocity vs. Electrical field in Si at 77K and 300K. (c) Drift velocity vs 

Electrical filed in wurtzite (curve 1) and zinc blende (curve 2). 
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    (a)                                       (b) 
Figure 2.8: Id-Vg and Id-Vd curves for InSb based SOI device.  (a) Id-Vg curves for InSb based SOI 

device. (b) Id-Vd curves for comparison between InSb and Silicon based SOI device. 

2.4.2 GaN device performance and comparison with Silicon 

As we discussed in the previous section, GaN is a promising candidate for small 

feature MOSFET. We will compare simulations between the  electrical performance of 

Silicon and GaN based devices in this section. We choose the planar fully depleted 

SOI device structure  and with same doping profile  for GaN and Silicon. According to 

ITRS2016, we use the 9nm physical gate length and 0.5nm EOT. The device structure 

is shown in Figure 2.9. With the current process challenge for GaN, this study could 

be used to project the future technology and give the research directions. 
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Figure 2.9: Device structure for Simulation. 

The printed gate length is 13nm and the physical gate length Lg is 9nm. In order 

to get nearly ideal sub-threshold swing and small drain induced barrier lower (DIBL) 

effect, the silicon body must be very thin and fully depleted. The thickness of silicon 

body should be approximately 1/3 of gate length for Silicon fully depleted SOI device, 

so 3nm is used.  

Oxide thickness has become a major concern as scaling continues. The oxide 

thickness must be scaled not to improve the speed of the device, but to minimize the 

short channel effects (SCE) by returning control over the channel to the gate. At 

thicknesses of around 1.6 nm, SiO 2 suffers from an intolerable increase in direct 

tunneling current, i.e. it becomes too leaky. Therefore, high-k gate dielectrics are 

being investigated to replace SiO 2. Since exact k values are not known for particular 

materials, we compare SiO2 and high-k dielectrics by referring to the equivalent oxide 

thickness (EOT), which indicates the equivalent thickness of SiO2 required to produce 



 32 

the same capacitance-voltage curve as obtained from a high-k dielectric. The oxide 

thickness is chosen to be 0.5nm according to ITRS2016, in real device at this gate 

length, high-k material could replace SiO 2 with the same EOT. 

Industry has recognized that metal gates are required in MOSFET devices [75] 

mitigate the effects of poly-silicon gate depletion, boron penetration and threshold 

voltage variation due to dopant fluctuation effects. The major challenges with metal 

gates are selecting of the proper work function for NMOS and PMOS devices and 

solving the complex processing issues associated with using metal gates - a discussion 

which we do not pursue here. Metal is used as gate electrode in our simulation. Proper 

gate work function is used to fix Ioff to ITRS2016 requirement (0.5µA/µm). 

Lsp is the distance between gate and source/drain, which is important for the 

Miller capacitance of the device. Raised source/drain is used to get less series 

resistance. 

For physical models, we used the hydrodynamic (or energy balance) model to 

describe carrier transport. The mobility model is different with Silicon simulation. For 

materials such as GaN and other materials with a similar band structure, a negative 

differential mobility can be observed for high driving fields. This effect is caused by a 

transfer of electrons, heated in the high electric field, into an energetically higher side 

valley with a much larger effective mass. Transferred electron model can describe this 

effect, as given by equation 2.13: 
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satυ  is the saturation velocity and is given by: 

)(
0T

T
BA satsatsat υυυ −=  

for vsat > vsat,min. Otherwise, vsat =  vsat,min. F is the driving field and is expressed in 

terms of the carrier thermal energy.  

Figure 2.10 (a) illustrates the Id -  V g Curves at 4.6eV gate work function for GaN 

based MOSFET. GaN based devices show much less off-state leakage at different 

source/drain doping concentration than Silicon based devices. Wider band gap is the 

major reason. Lower mobility and much intrinsic carrier density also have 

contributions. 

Figure 2.10 (b) shows the Id -  V g Curves at fixed Ioff. It’s the trade -off between 

turn-on current and short channel effects. Because we can use metal gate work 

function to control the off current, higher source/drain doping concentration can be 

used to get higher turn-on current. But at the same time, the sub-threshold swing will 

be bad, and then the switching power will be higher. 

 

    (a)            (b) 
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Figure 2.10: Id-Vg curves for different source/drain doping concentration for GaN based fully depleted 

N-type MOSFET. (a) Id -  Vg Curves at 4.6eV gate work function for GaN based MOSFET. (b) Id -  V g 

Curves at fixed Ioff. 

Figure 2.11 (a) illustrates the Id -  V g Curves at 5eV gate work function for GaN 

based MOSFET. Unlike the Silicon based device, with thicker body, GaN based 

device does not show the GIDL leakage current, which is good, but at the same time, 

seems short channel effect getting worse. When we fixed the off-state current Ioff in 

Figure 2.11 (b), it is clearer that 3nm is the best choice, which is the same as the value 

we used in silicon based device. 

To compare with simulation results on silicon based device, we choose 1 × 1020 

as source/drain doping concentration in GaN based device. This value is currently 

presumed to be impossible. While not the focus of this thesis, heterostructure source 

drain FETs are seen as the most appropriate approach to study. It is emphasized that 

this work focuses on the test vehicle and methods of fabrication that would enable this 

work. What is of most interest is that the wide band gap of the channel which enables 

even higher source/drain doping concentration and higher turn-on current for GaN , 

while  not for silicon because of the off -state leakage. Figure 2.12 shows the Id -  V g 

and Id -  V d Curves for GaN based device. Even with 1×1020 source/drain doping 

concentration, GaN can still have more than two times higher turn-on current with the 

same fixed Ioff.  

But Figure 2.12 (b) shows some strange curves. It seems the device is still in 

linear region. The current does not get saturation yet. It is due to the higher saturation 

electrical field for GaN than silicon. If the device works at linear region, it will be 

difficult for circuit designer to use this device in the circuits. To let the device to 
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saturate, we want higher electrical fields. So we need higher drive voltage or smaller 

device dimension. Higher drive voltage is not what we want because of power and 

density issue. So we can make device smaller to get saturated curves. It means that for 

even smaller than 9nm gate length device, GaN can be a choice. The drive voltage is 

increased to 5V in Figure 2.13. The currents start to saturate with higher drive current. 

 

 

     (a)          (b) 
Figure 2.11: Id - Vg Curves for Diff erent Body Thickness for GaN based Fully Depleted N-Type 

MOSFET. (a) Id -  Vg Curves for Fixed Gate Work Function. (b) Id -  V g Curves with Fixed Ioff. 

 

 

     (a)                                    (b) 
Figure 2.12: Id - Vg and Id - Vd Curves for GaN Based SOI Device. (a) Id -  Vg Curves for Vd = 

0.05V and Vd = 0.8V (b) Id -  V d Curves Vg = 0V, 0.2V, 0.4V, 0.6V, 0.8V 
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Figure 2.13: Id -  Vd Curves Vg = 0V, 0.2V, 0.4V, 0.6V, 0.8V for 5V Vdd. 

Table 2.4 shows the comparison between GaN based device and Silicon base d 

device for the same structure. The sub-threshold swing and DIBL shows similar 

results. But GaN based device shows double saturation drive current (actually not 

saturated yet) and triple transconductance. Unlike silicon, there are still many process 

challenges facing GaN based MOSFET. In the later section, we will discuss the GaN 

based device architecture and the optimizations are needed, especially for our devices. 

Table 2.4 : Simulation results comparison between GaN and Silicon. 
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2.5 Literature review a nd state of arts 

Table 2.5 shows the historical development of GaN-based electronics [6]. 
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Table 2.5: Historical development of GaN-based electronics. 

Year Event Authors 
1938 First attempts to synthesize GaN Juza and Hahn 
1969 GaN by hydride vapor phase epitaxy Maruska and Tietjen 
1971 First MIS LEDs 

GaN by MOCVD 
First surface acoustic wave crystals observed  

Pankove et al. 
Manasevit et al. 
Dingle et al. 

1974 GaN by MBE Akasaki and Hayashi 
1983 AlN intermediate layer by MBE Yoshida et al. 
1986 Specular films using AlN buffer Amano et al. 
1989 p-type Mg-doped GaN by LEEBI and GaN p-n 

Junction LED 
Amano et al. 

1991 GaN buffer layer by MOCVD Nakamura 
1992 Mg activation by thermal annealing AlGaN/GaN 

two-dimensional electron gas 
Nakamura et al. 
Khan et al. 

1993 GaN MESFET 
AlGaN/GaN HEMT 
Theoretical prediction of piezoelectric effect in 
AlGaN/GaN 

Khan et al. 
Khan et al. 
Bykhovskt et al. 

1994 InGaN/AlGaN DH blue LEDs (1 cd) 
Microwave GaN MESFET 
Microwave IIFET, MISFET 
GaN/SiC HBT 

Nakamura et al. 
Binari e t al. 
Binari et al.; Khan et al 
Pankove et al. 

1995 AlGaN/GaN HEMT by MBE Ozgur et al. 
1996 Doped channel AlGaN/GaN HEMT 

Ion-implanted GaN JFET 
340V VGD AlGaN/GaN HEMT 
First blue laser diode 

Khan et al. 
Zolper et al. 
Wu et al. 
Nakamura et al. 

1997 Quantification of piezoelectric effect 
AlGaN/GaN HEMT on SiC 

Asbeck et al. 
Binari et al. 

1998 p-n junction in LEO GaN 
HEMT in LEO GaN 
First AlGaN/GaN HBT 
First GaN MOSFET 

Kozodoy et al. 
Mishra et al.  
McCarthy et al. 
Ren et al. 

1999 GaN BJT (n-p-n) Yoshida et al. 
2000 First p-n-p GaN/AlGaN HBT 

First p-n-p GaN BJT 
Zhang et al. 
Zhang et al. 

The first attempts to synthesize GaN were made by Juza and Hahn [10] in 1938. 

They obtained mall needles of GaN by passing ammonia over hot gallium. Grimmeiss 

et al. [11] used the same method and obtained small crystals of GaN in 1959. The PL 
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spectra of the small GaN crystals were also measured by Grimmeiss  et al. [11]. The 

first large area GaN layers on sapphire was deposited by Maruska and Tietjen [12] in 

1969. They used the CVD (chemical vapor deposition) method. The concentration of 

electrons due to background doping was very large in all these early samples. To give 

rise to background n-type conductivity, several centers were proposed. A center 

consisting of a nitrogen vacancy surrounded by four  gallium atoms was shown to be 

able to act as an efficient donor [8]. Residual impurities like oxygen and silicon were 

also considered as possible donors [8]. Many groups published papers supporting one 

model or another. There is no consensus even today as to which centers give rise to 

large electron concentration in the as fabricated samples. 

The availability of large area samples [12] gave impetus to GaN research. The 

first reports of fabricating GaN based blue LED were by Pankove et al. [8, 13]. This 

LED has a metal/insulating GaN:Zn/n -GaN (m-i-n  or MIS) diode structure. Different 

concentrations of Zn were contained in the  n-GaN layers and the Zn concentration 

determines the wavelength of the emitted light. By decreasing Zn concentration, the 

wavelength could be blueshifted. Blue and green color could be easily obtained. At 

about the same time, i.e., in 1972, a Mg-doped electroluminescent diodes emitting in 

the violet region was also fabricated [14]. Other important research of that period 

includes [15-27] study of negative electron affinity [15], surface  acoustic wave 

generation [16], and solar blind UV detectors [8]. Dingle et al [28] reported the first 

observation of stimulated emission from small GaN crystals in 1971. Until the late 

1970s the quality of GaN was not very good because of the difficulties in p doping 
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and making good ohmic contacts. The results of optical and electrical measurements 

were not reproducible [9]. This hampered the progress of research on the III–nitrides. 

A more detailed account of the early work is given in the reviews of Pankove  [8] and 

Monemar [9]. 

Significant improvements have been made in materials quality since 1980. 

Yoshida et al.[17] are the first of growth of good quality epilayers. They were also the 

first to use the two-step method of growth. It was reported by them that if an AlN 

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

the layers improves. Akasaki, Amano and co-workers investigated and optimized the 

two-step method in 1988/1989 [18, 19]. A thin buffer layer of A lN is first grown on 

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

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

For the growth of our GaN body, the two-step method is also used with AlN as the 

buffer layer. 

The first p-type conductivity in GaN was also first observed by Amano et al. [18]. 

As grown Mg-doped GaN layers have a very high resistance. Amano et al. [18] were 

interested in studying cathodoluminescence (CL) of Mg-doped GaN. They observed 

that electron irradiation has two effects on the behavior  of GaN : Mg. First, it increases 

the efficiency of the luminescence by up to 2 orders of magnitude. Second, the sample  

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

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

irradiation (LEEBI) was  responsible for the p-type conduction. Akasaki et al. [20] 
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also showed that Mg is an acceptor with energy of activation equal to 160 meV. In 

1992 Van Vechten et al. [21] suggested that Mg: H complexes are formed in the as 

grown Mg-doped GaN and therefore hydrogen passivates the Mg acceptors. It is 

known that hydrogen passivates acceptors in silicon. Hydrogen is dissociated from Mg 

and diffuses out during the electron beam irradiation [8]. Later it was found that 

annealing the Mg-doped GaN layers at  750 °C in nitrogen or vacuum also 

activates the Mg acceptors [22]. First InxGa1–xN films over sapphire over the whole 

range 0<x<1 of composition were grown by Matsuoka et al. [23] GaN films were 

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

500–600 °C depending on the In concentration. The V/III ratio used was high, 1.6×104 

to 2×106. 

The most important in fabricating LEDs is to have a heterostructure technology, 

laser diodes (LDs), and FETs. An AlGaN barrier or cladding layers is needed for the 

heterostructures. First AlGaN layered structures were grown by Khan et al. [24] in 

1990 and by Itoh et al. in 1991[25]. First InGaN/GaN layered structures were grown 

by Nakamura et al. [26] in 1993. Electron microscopy studies showed that the  

concentration of defects in the best GaN epilayers was very large, ~1010 cm–2 [28]. 

Photoconductivity experiments showed a large absorption tail; an abrupt Urbach edge 

was not observed. This showed that a large density of states in the band gap was 

produced by the defects. 

The progress in designing and fabricating GaN devices became very rapid by 

middle 1990s because a lot of knowledge and experience in technology had 
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accumulated. The first p-n junction GaN LED was fabricated by Akasaki and 

co-workers [ 19, 29, 48-50] in 1989. Room temperature stimulated emission and lasing 

action were demonstrated at about the same time. Nakamura and his colleagues at 

Nichia Laboratories brought the blue and green LEDs to level so that they could be 

commercialized [51-55] in the mid 1990s. Nakamura and co-workers published 

several reviews on the GaN -based LEDs and LDs [51-55]. Khan et al. [30] reported 

the surface mode emission from GaN. Kim et al. [31] measured the optical gain. After 

that, a large number of  reports on the fabrication of the optically pumped lasers with 

improved performance is published. Song and Shan [35] have reviewed the subject 

and have given an extensive list of references. The evolution of thresholds of 

stimulated and lasing emission has been plotted by these authors in chronological 

order from 1994 to March 1997.  

The injection lasers were first demonstrated in 1995 by Akasaki and collaborators 

[50]. Nakamura and co-workers reported the laser diode in 1996, which was followed 

by rapid improvements in the performance of the lasers. Akasaki et al. [36] fabricated 

a laser diode  emitting 376 nm also in 1996. This is the shortest  wavelength injection 

laser that has ever been made. A room temperature cw laser emitting at ~4000 nm 

with more than 6000 h lifetime was demonstrated by Nakamura in 1998 [55]. 

The first reports of GaN based transistors were by Khan et al. [37] in 1993 with 

the demonstration of a GaN metal semiconductor field effect transistor (MESFET) 

and an AlGaN/GaN HEMT. Both transistors had gate lengths of 4um. In 1994, the 

fabrication of a heterostructure bipolar transistor using p-type 6H SiC as the base and 
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n-type GaN as the  emitter was reported [38]. Rapid improvements made in the  

performance of the FETs are discussed in the reviews in Refs 59, 61 and 63. The 

FETs have been fabricated on both sapphire and SiC substrates. SiC has higher 

thermal conductivity and FETs grown on SiC substrates seem to show  better 

performance. The first GaN MOSFET was fabricated in 1998 by Ren et al.[7]  
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Chapter 3 
 
 
 

3. GaN regrowth and GaN etching 

3.1 Regrowth. 

Re-grown contacts in the GaN system have been demonstrated and optimized to a 

level sufficient for device demonstration. The good quality of regrowth is very 

essential to achieve current required by ITRS roadmap (chapter 7). Figure 3.1 (a) 

shows the initial attempts demonstrating capacity for selective re-growth. Selectivity 

was demonstrated but it lacked sufficient uniform morphology for device 

demonstration. The process was optimized to deliver uniform morphology regrown 

contacts as indicated in Figure 3.1 (b). Figure 3.1 (c) shows the final cross section of 

MOSFET to be made utilizing these contacts. The detailed re-grown region process 

optimization will be shown in Chapter 8 of this paper. 

The resistivity of the re-growth region was lower than 2×10-4 ohm-m for a silicon 

doping of ~5 × 1018/cm3. Further work includes cross-section TEM studies to 

determine the crystal structure and orientation. XRD was not performed as this effect 

of morphology was observed only for selected area growth. The morphologies of 

non-uniform nucleation in Figures 3.1 (a) resemble that of a similar growth performed 

by Suda et al using MOMBE at 800oC which resulted in cubic GaN [13]. Our study 
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also agrees with a re-growth of GaN on etched GaN templates by He et al using 

plasma MBE where a lowering of temperature enhanced coalescence and uniform 

growth [14]. For re-growth to occur, there should be a GaN template material in the 

recess. Hence, the etch stop during the recess etch is a very important step in device 

processing. 

 

           (a)                            (b)                       (c) 
Figure 3.1: Optimization of re-growth contact and final device structure. Initial attempts demonstrating 

capacity for selective re-growth is shown in the left.  Selectivity was demonstrated but it lacked 

sufficient uniform morphology for device demonstration.  The process was optimized to deliver 

uniform morphology re-grown contacts as indicated in the middle SEM graph.  The final MOSFET to 

be made utilizing these contacts shown in cross section on the right. 

3.2 GaN etching 

The GaN processing techniques is crucial in order to achieve good performance 

of GaN based devices. Originally only fast dry etching technique is available in our 

lab. However, it’s necessary to have a slow wet etching method that will give us good 

surface roughness. Many wet GaN etching methods have been tried. The most of GaN 

etch are done by plasma etching which has disadvantages such as easy to generate 

ion-induced damages and difficult to obtain smooth etched sidewall [3, 4]. Several 
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wet GaN etch techniques have been tried including photo-enhanced electrochemical 

(PEC) wet etch [5-7], photo-assisted cryogenic etch (PAC) [8], Crystallographic wet 

etch [9] , photo-assisted anodic etch [10] , Wet chemical digital etch of GaAs at room 

temperature [11], and PEC binary etch using K2S2O8 and KOH [12]. We tried the 

PEC binary GaN etching technique using potassium persulphate K2S2O8 and 

potassium hydroxide KOH is selected among the above GaN web etching techniques. 

Instead of using an ultraviolet (UV) light source, we tried not to use any special light 

sources. For better surface roughness control, we employed a technique named digital 

etch. The experimental details and the experimental results will be shown in this 

section. 

Several etching techniques have been reviewed and the etch rate and surface 

roughness are summarized in Figure 3.2, Figure 3.3 and Table 3.1. 

 
Figure 3.2: Etch rate of several etching techniques. 

Figure 3.2 shows several of the published data of GaN wet etch rate. As it can be 

seen the GaN wet etch usually requires an oxidization agent and a reduction agent. 
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The Citric Acid/H2O2 wet etch [11] shows the highest etch rate about 580 nm per 

minute, while other etch techniques such as KOH PEC [5][6], and Tartaric 

Acid/Ethylene glycol etch [10] also show promising etch rate. 

 
Figure 3.3: GaN surface roughness after etch using several etching techniques. 

However besides etch rate, the surface roughness is crucial to GaN based device 

processing. Fig ure 3.3 shows the published data of GaN surface roughness after wet 

etch. The Potassium Hydroxide (KOH) PEC etch and Cl2 with ArF excimer laser etch 

show promising GaN surface roughness after etching. The Potassium 

persulfate/Potassium Hydroxide (K 2S2O8/KOH) etching method [12] shows a good 

surface roughness too. 
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    Table 3.1 : Review of different GaN Etching Techniques. 
No. 
 

Electrolyte 
used 

Method Etch Rate (nm/min) Roughness 

1 KOH PEC[5][6] 50 for 0.02M 
>300 for 0.04M 

1.5nm 

2 NaOH PEC[5]  80 NA 
3 HCl PEC[7]  1.5-40 NA 
4 H3PO4 Crystallographic 

wet etch[9] 
13-32 NA 

5 Tartaric 
Acid/Ethyle
ne Glycol 

Photo-assisted 
Anodic 
etching[10] 

160 81.5nm 

6 AZ400K 
developer 

PEC[5]  110 NA 

7 Cl2+ArF 
excimer 
Laser (dry 
etch) 

PAC[8]  84 @210K  1.7nm 

8 K2S2O8 + 
KOH 

PEC[12] 50 7nm 
 

9 Citric 
Acid/H2O2 

(2:1) (GaAs 
etching) 

Oxidation/ 
Reduction[11] 

570 2.3nm 

 

In our experiment, the PEC binary GaN etching method is selected because of the 

following reasons: 1). Binary etch enables better control and precision as shown in the 

Figure 3.1, 3.2 and Table  3.1. 2). It does not require sophisticated equipment. 3) It can 

be conducted at both room temperature and higher temperature. 4) It does not require 

any electrode. And 5). External stimulus is not required. 

Several GaN samples are grown on C plane sapphire substrate by MOCVD. The 

thicknesses of two n-GaN films are about 500nm and 700nm respectively. The 

intrinsic GaN film is about 1um, and the p-GaN film is about 1um. The aluminum 

nitride (AlN) buffer layer is used between GaN and sapphire. The silicon is used as n 
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type dopant, the n-GaN doping concentration is 5×1018 cm-3 and 1×1018 cm-3, 

respectively. The p-GaN is doped with Mg and the doping concentration is about 

1×1016 cm-3. 

All of the GaN films have been patterned with a LED mask, then 200 nm Ni layer 

has been deposited on the GaN films using E-beam deposition, after Ni lift-off, the 

patterned GaN films left with Ni and GaN films. 

The K2S2O8 acts as an oxidizing agent and KOH acts as a reducing agent. The 

relevant reactions in the GaN binary etch might be the following according to 

Bardwell et al [12], but in our experiment we do not use the ultraviolet light: 

+− ++→+ peGaNphotonGaN            (3.1) 

2
3

2
1

3 NGapGaN +→+ ++             (3.2) 

−−− →+ 2
4

2
82 2 SOeOS              (3.3) 

*
4

2
82 2 −− →+ SOphotonOS             (3.4) 

*2
4

*
4 OHSOOHSO +→+ −−−             (3.5) 

−−− →+ 2
4

*
4 SOeSO               (3.6) 

−−− →+ OHeOH               (3.7) 

+−− +→+ HOOHO 32              (3.8) 

The etching process is carried out in the following cycles: 1) Soak in  5% 

K2S2O8 solution for 30 seconds; 2) Wash in DI water for 30 seconds; 3) Soak in 10% 

KOH for 30 seconds; 4) Wash in DI water for 30 seconds; 5) Repeat above steps for 

50 cycles. 6) Blow dry with Nitrogen. Following the above procedure, we have tried 
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the K2S2O8/KOH binary etch on intrinsic GaN, n-GaN and p-GaN films at room 

temperature, 50°C, and 75°C. 

The Dektak 3030 profilometer is used to measure the GaN surface profile before 

and after the binary etch. The patterned Ni to GaN step height difference before and 

after binary etc h is the GaN etched away. 

 
Figure 3.4: GaN K 2S2O8/KOH binary etch rate vs. temperature. 

Figure 3.4 shows the intrinsic GaN, n-GaN and p-GaN films etch rate (in 

nm/cycle) versus temperature from room temperature 25°C up to 75°C. Note 1 cycle 

takes about total 2minutes (30 seconds’ of 5% K2S2O8, 30 seconds’ of KOH and 60 

seconds of DI water). The etch rate is not as high as in [12] because of two reasons. 

First, we didn’t use ultraviolet light source which can obviously increase the chemical 

reaction rate. Second, we did in the “Digital” way of wet etch, so basically we 

intentionally reduced the GaN etch rate in order to achieve better surface roughness 

control. 
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Figure 3.5: GaN K 2S2O8/KOH binary etch rat e Arrhenius law. 

Figure 3.5 displays the plot of the etch rate achieved in nm per minute versus one 

over temperature. The etch rate is plotted as log scale, the linearity of the etch rate 

curves show that the GaN wet etch rate versus temperature also follows Arrhenius law 

relation. The GaN wet etch rate is around 1nm/min. and increase to around 2nm/min. 

at 75°C. The n-GaN has highest etch rate; the possible reason might be higher doping 

concentration and more defects which make it easier for initial etching to start. 

3.3 Conclusions. 

The K2S2O8/KOH binary etch is successfully performed on intrinsic GaN, n 

doped GaN and p doped GaN films on sapphire at room temperature and elevated 

temperature, respectively. The etch rate-temperature relationship agree with A rrhenius 

law. The etch rate is relatively low but it can control the surface roughness with high 

precision. The in-depth study is needed for the binary etch, but the room temperature 

experimental results shown in this study demonstrated very promising results of GaN 
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surface roughness control. Future study includes adding UV so that etch rate could be 

increased. For our GaN MOSFET process, fast etch rate is required so that we still use 

dry RIE etch technology. However, wet etch technology will be very useful for future 

GaN MOSFET processing including the spacer channel/gate process flow which will 

be shown later in this work. 
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Chapter 4 
 
 
 

4. GaN MESFET 

Advances in material quality and device processing have led to promising results 

for III-nitride electronic devices for high temperature and high power applications. 

GaN metal semiconductor field effect transis tors (MESFETs) exhibit good device 

characteristics. Thus the first set of devices exercised is a set of MESFETs. We used a 

mask set with minimum feature of 1.4um. The final device structure is similar to our 

0.7um MOSFET (Chapter 7) except that the gate length is 1.4um instead of 0.7um. 

Furthermore, the interconnect pad is relatively larger. 

4.1 Process flow of our MESFET 

Figure 4.1 through 4.7 show the process flow of our MESFET. The process flow 

of MESFET is similar to the process flow of MOSFET shown in Chapter 7, except 

that there is no gate dielectric growth/deposition during the process flow. 
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Figure 4.1: Channel formation: Growth of i -GaN, n--GaN, p--GaN on Double side polished wafer in 

Metal Organic Chemical Vapor Deposition (MOCVD). An AlN buffer layer is first grown. A channel 

is grown on top of this buffer layer. The GaN body thickness is about 1000nm. 

 

 
Figure 4.2: Mesa formation using metal mask: The first post growth step is isolation of the channel. For 

photolithography level 1, Mesa Mask is used. There is a pre-photolithography step including clean and 

bake of the sample. 5nm Cr and 200nm Ni is deposited then lifted off in acetone. 
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Figure 4.3: Identification of the mesa. Ni and Cr are used as mask to identify mesa. GaN is etched 

using Plasmatherm RIE. Gas used here is BCl3. The etch rate is about 180A/min. 

 

Figure 4.4: Removal of metal: Ni and Cr are removed in remover solution. Ni etch contains HNO3 

while Cr etch contains perchloric acid and ceric ammonium nitrate. 
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Figure 4.5: Photolithography Level 2: Ohmic mask is used in this step. The target of this step is to 

identify the ohmic contact region. Ohmic metal deposition: Ohmic metal Ti-Al-M o-Au (~165nm) is 

deposited in e-beam then lifted off in acetone. The deposition step is followed by a RTA anneal step. 

The condition for RTA anneal is 850C for 60 seconds. The reason we choose 60 seconds will be stated 

in later chapter. 

 
Figure 4.6: Photolithography Level 3: Gate mask is used here. The target of this step is to put down 

1.4um length metal gate. Gate material is 200nm of Ni. The metal is put down using e-beam then lifted 

off in acetone. 
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Figure 4.7: Photolithography Level 4: Interconnect mask is used here. The target of this step is  to put 

down interconnect metal pad for measuring purpose. 5-15nm of Ni and 200-500nm Au will be put 

down using e-beam then lifted off in acetone. 

4.2 Experimental results of the MESFETs 

Figure 4.8 shows the actual MESFET device measured, similar  as the GaN 

MOSFET shown later in Chapter 7 except for the gate length and width. 
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Figure 4.8: Top view of two-finger 65um MESFET. 

Both DC and high frequency measurements were performed on our GaN 

MESFET. Figure (a) shows the Id - Vd curves of our MESFET and Figure (b) shows 

the Ig - Vg curves of the above  device. 



 67 

Id vs. Vd Curves
65 um, 2 finger device
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Figure 4.9: Id-Vd and Id-Vg curves of GaN MESFET. (a) Id-Vd curve. (b). Ig-Vg curve. 

As expected, the Schottky gate of MESFET is the major leakage concern and the 

turn-on voltage for Schottky gate is around 0.7V . High frequency measurement 
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results are shown in Figure 4.10 and 4.11. The fT of our MESFET is about 3GHz and 

the fmax is about 9GHz.  

 
 

 
(a) 

(b) 
Figure 4.10: High frequency measurement of the GaN MESFET. The device exhibits a fT of about 

3GHz. (a) Current gain (H21, in dB) vs. Frequency at Vg=-1V and Vd=6V and 8V. (b) fT vs. gate 

voltage at Vd=6V and 8V. 
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(a) 

 

(b) 
Figure 4.11: High frequency measurement of the GaN MESFET. The device exhibits a fmax of about 

9GHz. (a) Voltage gain (U, in dB) vs. Frequency at  Vg=-1V and V d=6V and 8V. (b) fmax vs. gate 

voltage at Vd=6V and 8V. 
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calculated to be 16 GHz [1]. Typical literature results indicate that the gate length- cut 

off frequency product is above 3 GHz [2]. The cut off frequency of our device is 

much lower than the theoretical value. There are two reasons for this. First, from the 

DC curves of our MESFET, there is no pinch off which means we cannot deplete the 

whole GaN body. There is extra leakage from non-depleted GaN body thus extra 

conductance is added to the device which reduces fT. The other reason is drawn in 

Figure 4.12. For our device, the area between gate and source/drain are exposed. 

These exposed areas will trap electrons to the surface thus causing a depletion layer 

underneath the surface. Thus fT is reduced by these depletion layers. 

 
Figure 4.12: Reason for low fT  for our GaN MESFET devices. 
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4.3 Conclusion 

 A set of GaN MESFETs with minimum gate length of 1.4um is made 

following the process flow shown in this chapter. One of the major problems with this 

set of devices is that the Schottky gate leakage is high and the device architecture is 

not well optimized. Despite this, we can show that our process is very successful, 

including ohmic contac ts, lithography, gate lift off process etc.   
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Chapter 5 
 
 
 

5. N-I-N structure 

The n-i-n structure is the foundation as well as a critical part of a fully depleted 

MOSFET. Also, n-i-n structure is the best structure to examine the quality of 

regrowth source/drain.  Figure 5.1 shows the actual n-i-n device. Different gate 

dielectrics were also put down so that the interface traps can be included in the 

measurement through a lateral high-frequency measurement. Thus, the n-i-n structure 

serves two purposes as a development vehicle to the GaN MOSFET: 

1.  Evaluation of source drain resistance from regrown contact process. 

2.  Sensitive measurement of interface states through C-V frequency 

spectroscopy. 

Figure 5.2 shows the SEM images of the n-i-n structure. The n-region thickness 

measured by Dektak profilometer was ~300nm as expected. The morphology looks 

smooth with pits on the surface as seen in the SEM images. The origin of these pits is 

possibly due to artifacts arising during the recess etching prior to re-growth. This 

evidence is further reason for developing controlled etching as described in Chapter 3. 

 



 74 

 
Figure 5.1: SEM Micrograph indicating the layout of the n-i-n structure. 
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(a) 

 
(b) 

Figure 5.2: SEM images of the n-i-n structure. (a) Top view. (b) Tilted view  
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Figure 5.3: Equivalent circuit of the n-i-n structure. The n-i-n structure offers a preferable 

PRC /1/ ratio. 

5.1 Electrical Characterization and Analysis 

Figure 5.3 shows the equivalent circuit of the n-i-n structure. DC current voltage 

(IV) characteristics of the n-i-n structures were measured from up to 25V using the 

HP4142B DC source. Small signal S-parameters were also measured for the one port 

n-i-n structure using a HP 8510C network analyzer from 50 MHz to 10 GHz with the 

DC bias set to 0V. 

N-I-N structures classically show space charge limited transport due to the lack of 

background doping. With a bias few times greater than the thermal voltage (kT/q), the 

IV characteristics of these devices exhibit space charge limited transport and the I-V 

characteristics are given by the Mott-Gurney limit : 
2

3

9
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s n dv
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The characterized devices have a drain to source spacing of 1.9µm and a gate 

width of 2×75µm. Using the measured junction depth of 0.3µm (300nm) and a 

dielectric constant of 8.9 for GaN the extracted value of mobility is 625 cm2/V.s (see 

Figure 5.4). 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Measured (markers) and modeled (solid line) IV characteristics of n-i-n structures. 
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Figure 5.5: Extracted value of capacitance of the n-i-n structure in fF. 

S-parameters measurements were used to extract the capacitance of the two n-i 

junctions in series with each other. The measured S-parameters were converted to Z 

parameters to give the impedance of the device. Assuming a series RC structure 

shown in Figure 5.3, the capacitance is given as : 

( )
1

IN

C
imag Zω

= −               (5.2) 

The extracted value of junction capacitance is shown in Figure 5.5 which is 61 fF 

with zero bias between the two terminals of n-i-n structure. 
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Figure 5.6: Extracted capacitance of the n-i-n structure plotted against bias. 

The extracted value of capacitance plotted against bias is shown in Figure 5.6. 

The capacitance remains constant from -20V to 20V. This can be explained by the 

fact that the device is essentially a fully depleted region (intrinsic structure) between 

two heavily doped contacts which gives a constant capacitance because the depleted 

region does not change with bias. 

 
Figure 5.7: the n-i-n structure in TCAD simulation. 
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5.2 Simulation re sults of n-i-n structure 

ISE-TCAD was used to simulate the GaN-n-i-n structure. In order to obtain a 

better fit to our measurements, the low field electron mobility is used 850 cm2/Vs, 

without introducing the trapping effect; the DC simulation results are shown in Figure 

5.8. And with midbandgap deep donor level (or hole neutral traps) introduced, the low 

field current is approaching the measurement current (Figure 5.9). While with deep 

accepter level introduced, the simulation shows the low field current deviates further 

from the measurement current. 
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Figure 5.8: the IV curve for GaN NIN structure with donor introduced and accepter introduced. 

The TCAD trap models give us the following parameters for the donor traps 

(Figure 5.9). 
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Id vs Vd for W=75nm GaN NIN 
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               (a)          (b) 
Figure 5.9: the trap model in TCAD. (a) Trap energy distribution. (b) One level Trap Parameters in 

band gap.   

The single level trap effect is modeled and simulated, the effect on trap parameter 

ND donor concentration, and on trap energy level E0 with reference to GaN mid 

bandgap level is shown in the  Figure 5.10 and 5.11. The other trap parameters do not 

contribute to the DC simulation in our TCAD trap model.  From Figure 5.10, with 

higher trap concentration, the low field current simulated is closer to the measurement, 

but the high field current simulated is also increased and start to deviate from the 

measurement.  From Figure 5.11, the trap energy level also affect the DC current 

simulation, the trap level E0=0.5eV matches close with measurement current. 
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                  (a)             (b) 
Figure 5.10: The IV curve of n-i-n structure simulated for different donor level in eV comparing with 

several measurement runs. (a) Linear scale. (b) Semi-log scale. 
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Id vs Vd for W=75nm GaN NIN 
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                  (a)             (b)  
Figure 5.11: The IV curve of n-i-n structure simulated for different donor concentration comparing 

with several measurement runs. (a) Linear scale. (b) Semi-log scale. 

5.3 Conclusion 

The proper behavior of n-i-n device characteristics shows that the fabrication of 

highly doped re -growth ohmic contacts is successful (The experimental result of 

ohmic contact resistivity measurement will be shown later in Chapter 9). This is an 

important step in the  fabrication of GaN MOSFETs. 
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Chapter 6 
 
 
 

6. Nano Scaled Triple Gate Transistors/ 

Methods of Manufacturing for sub 100nm 

Features Using Conventional Lithography 

6.1 Motivation 

According to 2004 International Technology Roadmap for Semiconductor (2004 

ITRS), the high performance (HP) MOSFET physical gate length will be scaled to 

9nm (22nm technology node) in 2016 [1]. As shown in Table 6.1, the Equivalent 

physical Oxide Thickness (EOT) will be 0.5nm, nominal power supply voltage Vdd 

will be only 0.8volts, and the nominal NMOS sub-threshold leakage current at 25 C 

(Isd leak) will be about 0.5µA/µm. 

This chapter will discuss the theoretical motivations for pursuit of triple gate 

MOSFET structures with minimum dimensions below 20nm. It will also include a 

technique to achieve sub 100nm dimensions suitable for exploration of sub 100nm 

devices. These two divergent topics are included together because both address the 

theme of required components and theory required for scaling beyond the preliminary 
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devices presented in this dissertation. Along with the design rule results indicated 

previously, the industrial foundations for a scalable triple gate wide band gap process. 

Table 6.1: Device Performance Target from 2004ITRS [1]. 

 

As CMOS technology continues to scale downward, conventional materials and 

structures prove inadequate for maintaining acceptable device characteristics. Thus, to 

meet the scaling requirements set forth in the International Technology Roadmap for 

Semiconductors (ITRS), novel structures must replace the bulk CMOS. Among the 

most promising candidates to replace the CMOS is the FinFET (double-gate 

MOSFET) [2] and triple -gate MOSFET [3]. As shown in Figure 6.1, FinFET and 

tri-gate are non-planar structures compared to single gate structure with fully depleted 

SOI architecture. They use double or triple gates to control the cha nnel, so they have 

better current performance and short channel effects. 

For single gate MOSFET, the thickness of silicon (T si) should be around Lg/3 to 

keep the body fully depleted, thus Tsi scales with Lg so ultra-thin silicon body is 

required. But when the thickness is ultra-thin, the uniformity is hard to control. 

Unfortunately, process control for the manufacturing process requied for a scalable 
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fully depleted SOI has yet to provide sufficient threshold voltage uniformity for a 12” 

wafer. We compare the three architectures for the least threshold voltage variability 

for a given variability in substrate dimension.  

For non-planar double-gate FinFET devices, the transistor structure most often 

considered for future scaled transistors [4], the thickness requirement for the silicon 

between the two gates is relaxed to approximately the electrical gate length, or 

two-thirds the physical gate length since each gate controls half the body thickness [5]. 

However, since it is smaller than the physical gate length, the most critical 

lithography step in printing the double-gate transistor becomes the patterning of the 

Fin, rather than the physical gate length patterning [5]. More importantly, the tall 

vertical structure of the FinFET device presents significant challe nges to device 

fabrication, since the transistor is fabricated vertical to the wafer plane on processing 

tools developed largely for planar horizontal devices. 

For non-planar tri-gate MOSFET, as shown in Figure 6.1, Tsi can be taller than 

single -gate and shorter than double-gate. The width of gate (Wsi) can be wider than 

double-gate. So tri-gate device structure relaxes silicon body dimensions by 2-3 times 

thicker than single-gate and by 2 times wider than double-gate FINFET as shown in 

Figure 6.2. 
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Figure 6.1: Single-gate, Double-gate and Tri -gate Devices. 

 
Figure 6.2: Thicker Wider bodies for Tri-Gate Devices [16]. 

Thus tri-gate structure seems to be the best candidate for novel structure to meet 

the scaling requirements for International Technology Roadmap. 



 88 

6.2 Analytical threshold voltage model for design and 

evaluation of tri-gate MOSFETS 

6.2.1 Introduction 

In this section, a purely analytical model to describe the threshold voltage of 

tri-gate structure is presented. The intent is to have a model that is capable of doing 

rudimentary first order comparisons of the threshold voltage with respect to 

dimension and material type. Because tri-gate structure is a 3-dimentional structure, I 

start from a three-dimensional (3-D) Poisson’s equation with only the inversion 

charge term solved analytically for an undoped or lightly doped tri-gate MOSFET. 

 Figure 6.3 illustrates the device used for calculation purposes. This is compared 

to the similar structure for a double gate device as found in [7, 8]. The immediate 

advantage that this structure affords is the control of charge from three sides while 

remaining more easily fabricated than a complete wrap-around gate. This is an 

attempt to develop an analytical model to evaluate this assertion.  
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Figure 6.3: Illustrative diagram of the Tri-Gate device used for the model. 

6.2.2 Model derivation 

Figure 6.3 illustrates the device used for calculation purposes. The 3-D Poisson’s 

equation for the channel region can be written as  
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With boundary conditions: 

biVyx =)0,,(ϕ                    (6.2) 

DSbi VVLyx +=),,(ϕ                 (6.3) 

And from electrical field continuity: 
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Where: 

q:  Electronic charge 

Siε : Permittivity of silicon 

in : Intrinsic carrier density 

biV : Build-in voltage, )ln(
i

D
bi n

N
q

kT
V =  

MSΦ : Work function difference between gate and intrinsic silicon 

VGS: Gate voltage  

VDS: Drain voltage 

ND: Source/Drain doping concentration 
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Fφ : Non-equilibrium quasi-Fermi lever referenced to the Fermi level in the source, 

satisfying the following boundary conditions: 

biF Vyx =)0,,(φ                (6.8) 

DSbiF VVLyx +=),,(φ              (6.9) 

[9][10] 

 The coordinates and some definitions are shown in Figure 6.3. 

 We assume 1/ >>kTqϕ  so that the hole density is negligible. The depletion 

charge introduced by the difference between non-equilibrium quasi-Fermi level and 

the Fermi level in the source can also be omitted [7, 11]. In other words , Fφ , the 

Quasi-Fermi level is assumed to be zero everywhere except at the end of channel (z=L, 

where L is the channel length), where it reaches VDS. This omission is justified if the 

silicon film is undoped or lightly doped [7, 8]. It is anticipated that a typical tri-gate 

device will have close to zero doping.  

 Now we have a 3-D poisson’s equation for the channel region with only the 

mobile charge density: 
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and boundary conditions (6.2), (6.3) become: 

biVyx =)0,,(ϕ                     (6.11) 

biVLyx =),,(ϕ                 (6.12) 

 Although this Fφ  approximation will give result independent of VDS and we can 

not calculate drain induced barrier lowering (DIBL) using the final result, it 

nonetheless gives us a satisfactory description of VTH dependence on device 
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parameters at a given VDS [8]. Equation (6.10) can be solved in a similar way as [8]. 

A  1-D Poisson equation in the gate direction with the solution to a 3-D Laplace 

equation [12, 13], The 1-D Poisson equation in the channel length direction 

(z-direction, as shown in Figure 6.3) is solved to capture the major functional 

dependence of ),,( zyxϕ , the remaining 3-D equation to amend and complement the 

1-D result  [8]. That is, ),,( zyxϕ  is to be sought in the following form: 

),,()(),,( 10 zyxzzyx ϕϕϕ +=              (6.13) 

)(0 zϕ is the solution to the 1-D Poisson equation:  
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With boundary conditions  

biV=)0(0ϕ                  (6.15) 

biVL =)(0ϕ                  (6.16) 

And ),,(1 zyxϕ  is the solution to the remnant 3-D equation: 
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With boundary conditions: 

0)0,,(1 =yxϕ                                            (6.18) 

0),,(1 =Lyxϕ                               (6.19) 
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(6.14) was solved by [8] and the solutions are: 
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We can use only the first term of the Taylor expansion of 1ϕ
kT
q

e  [8] 

(6.26) becomes: 
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(6. 27) can be solved by separating varia bles: 

Let )()()(),,(1 zGyFxEzyx =ϕ  and apply this to (6.27): 
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which can be separated as  
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Where H, I are constants for a certain device. 

The solution of (6.29) and (6.30) are: HxHx eCeCxE −+= 21)(              (6.32) 

and   

IyIy eCeCyF −+= 43)(               (6.33) 

respectively [8]. 
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The solution of (6.35) can be found in [14] 
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Where 1C , 2C , 3C , 4C , 5C , 6C  are constants to be solved. 

Apply the boundary conditions 0)( 0 ==zzG  and let the real part and imaginary 

part of the equation equal to zero, respectively. 

We can get: 
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From the boundary conditions 0)( ==LzzG  we can get two same equations. 

Now we can have two possibilities:  065 =− CC  or 065 =+ CC  

Apply 065 =− CC  to G(z): 
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Apply 065 =+ CC  to G(z) 
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(6.40) gives real value for 0<z<L while (6.41) gives complex value for 0<z<L, so 

065 =− CC  is what we want. 

Apply 065 =− CC  to G(z) and (6.39): 
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Equation 6.43 contains only one variable a ; theoretically this equation can be used to 

solve a . But because tan  function is a multi-value function, Equation 6.43 will 

result in infinity numbers of a  values. aand H will be discussed later. 

 Compare to tox1 and tox2 , tox3 can be approximated as infinity, i.e. ( 6.21) can be 

approximated as: 

0
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=
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Apply (6.32) to boundary conditions (6.6) and (6.7), we have 

2
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We have 2 possibilities again:  21 CC =  or 21 CC −=  

If 21 CC = , )()( 11
HxHx eeCxE −+=  

If 21 CC −=  )()( 121
HxHx eeCxE −−=  

From Figure 1, the channel is symmetric along x direction, i.e., 
dx

xdE )(  should be 

equal to zero at x=0.  

0
)(

0
1 ==xdx

xdE  

10
2 2

)(
HC

dx
xdE

x ==  

01 ≠C  and 0≠H  or E(x) is a constant. Therefore 21 CC =  holds and 

)()( 11
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Now: 
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or 
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Let 541 CCCC =  , apply C and (6.46’) to the last unused boundary conditions (6.4): 
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The threshold voltage is defined as when the minimum sheet density of inversion 

carriers, Qinv reaches a value QTH..  This value is considered for identifying the 

turn-on condition [8, 15]. G (z) reaches its min value at z=L/2. At this cross section,  

α
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Figure 6.4: Illustrative diagram of the cross section of a working Tri-Gate device for 10nm (Gate Width)  

Lower right corner and 30nm [16].  The diagram is a composite based on approximations based on 

[16, 18, 21-24]. T he blue indicates a low probability of finding an electron, while the red indicates a 

high probability of finding an electron. 

For the small channel tri-gate MOSFETs (less than 10nm), the current exists 

across the whole channel because it will be inverted, while for large channel tri-gate 

MOSFETs, the current density is within a certain distance from the channel/oxide 

surface and reaches the maximum value on each corner (Figure 6.4) [16, 18, 21-24]. 

Therefore, the inversion charge should have a similar density distribution in the 

region shown in Figure 6.4. We can assume that Qth has uniform distribution in the 

area shown in Figure 6.4 and the density is equal to the value at the central of gate 1, 

(i.e.
2

,0 2w
yx == in Figure 6.3). Then the total inversion charge Qth is this value times 

the area shown in Figure 6.4. 
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Final expression of VTh 
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Where tinv, the thickness of inversion charge in the channel, requires an estimate 

to be made.  For calculations that are subsequently presented a graphical analysis of 

the data presented in [16, 18, 21-24] is used to determine a value of 3nm. All 

subsequent analysis makes an assumption of inversion thickness of 3nm. This 

approximation is suitable for Silicon but would have to be adjusted for other material 

types. N is a function of L and will capture most of the gate length dependence of Vth. 

N also has a functional dependence on w 1, w2 and the oxide thickness. 
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ε  as for long channel device. 

omϕ  is the minimum potential in the source-channel-drain without the influence of a 

gate bias. [8] 

 The Qth, inversion charge density, needs to be measured or determined.   

However, the cross section dimensional dependence of  the threshold voltage (Figure 

6.5) can still be plotted for the case when w1=w2. A strong increase in the threshold 

voltage is observed at small dimensions. This has potential usefulness in the design of 
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devices with near intrinsic levels of doping. This is exactly the level of doping 

considered to be relevant for the doping relevant fully depleted SOI structures. 

 The manufacturability can also be compared vs. a two dimensional structure. This 

is done be comparing the sensitivity, as assessed by the first derivative with respect to 

the channel width, of the threshold formula obtained here. This is compared with the 

analysis of [8] in Figure 6.6. Based on this result we can predict from these two 

analytical models that the tri-gate architecture is more manufacturable (has lower 

threshold voltage variance with respect to change in dimension) than a double gate 

device of similar dimension. An estimation of inversion layer thickness is also 

included for the plot [9, 11]. 
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Figure 6.5: The delta threshold voltage (compared to W1=W2=10nm) vs. the body width. (Long Gate 

length assumption.) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6: Manufacturability is compared for tri-gate and double gate devices by comparing the first 

derivative of the threshold voltage with respect to gate width. The Tri-gate is preferred due to a lower 

variation with respect to the minimum dimension. 
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6.2.3 Theoretical calculation vs. Simulation results. 

 The commercial TCAD simulator DESSIS from ISE has been used for the 

simulation work. Three-dimensional device simulation based on a drift-diffusion 

carrier transport model was performed for the tri-gate devices with metal gates. 

Poisson equation is the major physical equation to use as well as electron and hole 

continuity equations to verify the analytical model. Physical models also include band 

gap narrowing effect. Mobility model includes doping-dependent effect, interface 

degradation effect and high field saturation effect.  

 The devices with different Lg and different W are simulated. Figure 6.7 shows 

meshed result of one tri-gate device.  

 

Figure 6.7: Meshed Result For Tri-Gate Device Simulation. 

 Gate length is the most important parameter in device scaling. The relationship 

between threshold voltage and gate length for planar devices is well known. But for 

tri-gate non-planar transistor, no analytical model could describe this relationship 

before. Figure 6.8 shows our simulation data fitting with our analytical model curve. 

The simulation is based on the tri-gate device with Wg1 =Wg2 =Wg3 = 20nm. The 
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gate length changes from 100nm to 20 nm. For this range, there is a good fit between 

the data and the  analytical curve. Below 10nm, quantum effect will be more important. 

Our analytical model is classical model; maybe not fit the real data any more. But if 

we add some quantum correcting coefficients to our model, it will fit below 20nm.  
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Figure 6.8: Comparison between simulation and analytical model: Threshold voltage vs. gate length. 

 Tri-gate devices with different gate width are also simulated to verify our 

analytical model. The results are shown in Figure 6.9. The gate length is chosen as 

60nm, gate width changes from 10 nm to 50nm. We use the same value for three gate 

width which means that the cross-section of channel is square. It is good for process 

because either small thickness (Wg1, Wg3) or  small gate width (Wg2) is difficult to 

achieve. Wg1 and Wg3 depend on SOI wafer and Wg2 depends on etching 

technology. Figure 6.9 shows that the simulation data fit the model again. Compared 

with Figure 6.8, the threshold voltage shift with relation to ga te width is not as much 

as VTH shift with relation to gate length. The similar conclusion can also be got from 
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the analytical formula. (Describe why L is more important than W in formula.)  
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Figure 6.9: Comparison between simulation and analytical model: Threshold voltage vs. channel width. 

6.2.4  Conclusions and future works 

 A framework for assessing fundamental device properties of tri-gate devices is 

presented here. This work is a first step to develop simple analytical methods for 

assessing the performance and determining a design formula for the tri-gate MOS 

structure. This work offers insight into the depletion charge behavior of the triple gate 

structure that is essential to successful tri-gate device design. It agrees well with initial 

simulation and offers an analytical examination of the material parameters. 

6.3 Process flow for tri-gate channel/gate using spacer 

technology 

6.3.1 Process flow for tri-gate channel/gate 

Fabrication process flow for silicon tri-gate channel/gate using spacer technology 

is demonstrated. Our process begins with SOI wafers (Figure 6.10). A silicon oxide 
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layer is first grown on the channel layer (Figure 6.11). This layer will be used as the 

mask for later etching. About 500A of poly-silicon is then deposited by PECVD 

(Figure 6.12) followed by the pattern of this layer to form poly-silicon blocks  (Figure 

6.13).  S i3N4 is used as the spacer material to form spacers (Figure 6.14 and 6.15), 

followed by spacer trim and removal of poly-silicon blocks (Figure 6.16). Si3N4 

spacer is used as the mask to etch SiO 2 layer underneath (Figure 6.17) and SiO2 is 

used as the mask to etch channel materials (Figure 6.18). After removal of Si3N4 and 

SiO2, the spacer channel is formed (Figure 6.19). When fully developed it is estimated 

that a SOI sample to channel formation can be implemented routinely in only two 

weeks. The ability to selectively etch SiO2 over Si3N4 is critical for the process flow. 

Figures 6.10 through 6.19 show  the cross section of each process step. The whole 

process flow is in Appendix. 

 

Figure 6.10: The process begins with SOI wafers. The thickness of channel materials will determine the 

final channel height. 
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Figure 6.11: A silicon oxide layer is first grown or deposit ed on the channel layer. T he thickness of this 

oxide layer is about 30 to 50nm. 

 
Figure 6.12: About 50nm of poly -silicon is then deposited by PECVD. 

 

Figure 6.13: Poly-silicon is patterned to form blocks. 
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Figure 6.14: Si3N4 is used as spacer materials. The thickness is less than 30nm because the thickness 

of Si3N4 and  the poly -silicon thickness determine the channel width.  

 
Figure 6.15: Spacer formed. 
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Figure 6.16: Spacer trimmed and poly-silicon removed. 

 

 

Figure 6.17: SiO2 etching using Si3N4 as mask. 
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Figure 6.18: Channel materials etching using Si3N4 and SiO2 as masks. 

 
Figure 6.19: Removal of Si3N4 and SiO2-spacer channel/gate formed. 

6.3.2 Experimental results  and conclusions 

A brief description of process flow is shown above. We performed cycle s of 

process flow on silicon SOI wafers. The SEM image of spacer channel formed is 

shown in Figure 6.20. The channel width (gate length) given by SEM is about 200nm. 
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Figure 6.20: SEM image of spacer channel. 

 
Figure 6.21: AFM image of spacer channel. 

Figure 6.21 shows the AFM image of spacer channel. The spacers are smooth and 

the width and height of spacers are uniform. The surface roughness is also good for 

SiO2 underneath spacer. Theoretically, by using this technology, we should be able to 

make spacers with width less than 10nm. The reason that our spacer channel/gate 

width is larger than expected is mainly because of the process control issue. Thus, 
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future work is still needed to exploit the technique’s full potential.  Process 

optimization of the nature required for realization of a consistent spacer gate structure 

is described in Chapter 8.  

 



 111 

References 

[1] International Technology Roadmap for Semiconductor. Process integration, devices & 

structures, 2004. Available from URL http://public.itrs.net. 

[2] H-S. P. Wong and P. M. Solomon D. J. Frank. IEDM, pages 407–410, 1998. 

[3] Doug Barlage etc. Transistor elecments for 30nm physical gate lengths and beyond.  IEDM, 

2000. 

[4] X. Huang and W.-C. Lee. IEDM, pages 67–70, 1999.  

[5] G. Gen Pei etc. IEDM , pages 103–106, 2001.  

[6] Robert Chau, Jack Kavalieros, Brian Doyle, Anand Murthy, Nancy Paulsen, 

Daniel Lionberger, Douglas Barlage, Reza Arghavani, Brian Roberds and Mark 

Doczy. Components Research, Logic Technology Development, Intel Corporation, 

2001.  

[7] Y. Taur, IEEE Trans. Electron Devices, vol.48, pp. 2861-2869, Dec. 2001. 

[8] Q. Chen, E. M. Harrell and J. D. Meindl, IEEE Trans. Electron Devices, vol.50, pp. 

1631-1637, Jul. 2003.  

[9] Chih-Tang Sah, Fundamentals of Solid-State Electronics. World Scientific Publishing  

Co. Pte. Ltd 1991. 

[10] Y. Taur and T. H. Ning, Fundamentals of Modern VLSI Devices. Cambridge, U. K. 

Cambridge Univ. Press, 1998 

[11] J. R. Hauser and M. A. Littlejohn, Solid-State Electron., vol. 11, P. 667, 1968. 

[12] B. Agrawal, V. K. De, and J. D. Meindl, in proc. 24th ESSDERC, 1993, pp. 919-926. 

[13]T. N. Nguyen, Ph.D. Dissertation, Stanford Univ., Stanford, CA, 1984. 



 112 

[14]E. Kamke, Differentialgleichungen Losungsmethoden Und Losungen. Leipzig, Germany: 

Akademische Verlagsgesellschaft Becker & Erler Kom. –GES 1943. 

[15]Y. Ma, Z. Li, L. Liu, L. Tian, and Z. Yu, Solid-State Electron., vol. 44, pp. 401-407, 2000 

[16]R. Chau, B. Doyle, J. Kavalieros, D. Barlage, A. Murthy, M. Doczy, R. Rios, T. Linton, 

R. Arghavani, B. Jin, S. Datta and S. Hareland. SSDM 2002  

[17] M. Lemme, T. Mollenhauer, W. Henschel, T. Wahlbrink, H. Kruz, ULSI 2003 

[18] B. Doyle, B. Boyanov, S. Datta, M. Doczy, S. Hareland, B. Jin, J. Kavalieros, T. Linton, 

R. Rios and R. Chau, Intel Corporation. 

[19] J. T. Park, J. P. Colinge, IEEE Trans. Electron Devices, vol.49, No.12 Dec 2002. 

[20] Y. Tsividis, Operation and Modeling of The MOS Transistor McGraw-Hill Companies, 

Inc. 1987. 

[21] S.Venkatesan, Gerold W. Neudeck, Robert F. Pierret, IEEE Electron Device 

Letters, Vol. 13, No.1 pp. 44-46, Jan. 1992. 

[22] Juan A. Lopez-Villanueva, Pedro Cartujo-Cassinello, Francisco Gamiz, Jesus 

Banqueri, Alberto J. Palma, IEEE Trans. Electron Devices, vol.47, pp. 141-146, Jan. 

2000.  

[23] Thomas Ernst, Sorin Cristoloveanu, Gerard Ghibaudo, Thierry Ouisse, Seiji 

Horiguchi, Yukinori Ono, Yasuo Takahashi, Katsumi Murase, IEEE Trans. Electron 

Devices, vol.50, pp. 830-838, Mar. 2003 

[24] Lixin Ge, Jerry G. Fossum, IEEE Trans. Electron Devices, vol.49, pp. 287-294, 

Feb, 2002.  

 



 113 

Chapter 7  
 
 
 

7. The GaN MOSFET 

7.1 Introduction 

A significant limitation in the fabrication of III-N MOSFET relates to the 

formation of ohmic contacts for enhancement-mode MOSFET structures. Unlike 

existing III-N HFET devices, which include a high free-carrier density two 

dimensional electron gas (2DEG) in the semiconductor substrate, a MOSFET in 

either accumulation or inversion mode requires low free-carrier concentrations for the 

semiconductor channel to have an off-state. The applied gate bias enhances the 

free-carrier density in the channel, turning on the FET. Unfortunately, a low 

free-carrier density substrate is problematic for the formation of ohmic contacts, a 

problem usually dealt with in silicon MOS through self-aligned ion implantation. The 

high annealing temperatures associated with activating implanted dopants to 

substitutional sites limits the use of ion implantation for III-N MOSFET fabrication. 

To overcome these difficulties, selected area epitaxial regrowth of doped III-N 

materials was developed to form source -drain contacts on otherwise low-doped III-N 

epitaxial substrates, yielding the needed n+/n-/n+, n+/i/n+ or n+/p-/n+ structures. 

Contact re -growth was performed by MOVPE using a silicon nitride dielectric mask 
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defining plasma etched recesses in the source -drain region. A significant acceleration 

in the growth rate and surface roughening was observed following re -growth relative 

to a non-selective area epitaxial growth due to the reduced fill-factor, motivating a 

general change in MOVPE operating conditions during re-growth. As the re-growth 

was intentionally designed to limit the lateral extent of the source-drain regions, the 

MOVPE re-growth process was performed under conditions limiting lateral 

overgrowth. III -N MOSFET structures with epitaxial regrown contacts are projected 

to provide a pathway for low threshold voltage devices suitable for amplifier or logic 

applications. 

7.2 Importance of re-growth in achieving high performance 

GaN MOSFET 

A series of simulations were performed with ISE TCAD to determine the impact 

of source drain doping on the overall device performance. Beyond contact resistance , 

a high level of doping with an abrupt contact is required to achieve performance 

levels commiserate with ITRS levels of performance. This mirrors the requirements in 

Si. GaN has the added complication of having a very wide band gap and makes 

dopant activation a challenge Planar. 
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Figure 7.1: On current and subthreshold slope vs. S/D doping for Silicon and GaN devices. The actual 

GaN doping density is about 1× 1018. However, we chose to simulate devices with higher source/drain 

doping to show the trends. 

Figure 7.1 shows the on current and subthreshold slope vs. S/D doping for Silicon 

and GaN devices. For higher S/D doping, GaN devices have higher on current and 

lower subthreshold swing. Regrowth technology is one of the best ways to achieve 

required S/D doping. 

7.3 Process flow of GaN regrowth MOSFET 

Fabrication process flow is discussed. Our process begins with bare sapphire 

wafers. A buffer layer is first grown. A channel is grown on top of this buffer layer 

(Figure 7.2). The first post growth step is isolation of the channel (Figure 7.3 to 7.5). 

A blanket deposition of Si3N4 (Figure 7.6) is followed by a formation of a gate with a 

gate mask of minimum gate length of 0.8µm for initial gate mask (Figure 7.7). This 

gate mask is then used to form the re -growth mask out of the Si3N4 (Figure 7.8). The 

Ideal 
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area for re-grown contact is etched away (Figure 7.9). The metal mask is then 

removed (Figure 7.10). The contacts are then selectively re-grown (Figure 7.11). The 

Si3N4 mask is removed and a gate dielectric is deposited (Figure 7.12 and 7.13). The 

ohmic contact mask is then used to open the gate dielectric (Figure 7.14) and this is 

followed by the ohmic  contact forming (Figure 7.15). A slightly larger gate length is 

used to create a gate with sufficient overla p in the source/drain region (Figure 7.16). 

Contacts suitable for DC-25GHz are then deposited (Figure 7.17). When fully 

developed, it is estimated that a sapphire to MOS structure can be implemented 

routinely in one months. The ability to selectively deposit contacts is critical to 

NMOS suitable for logic. Figure 7.2 through Figure 7.17 show the cross section of 

each process step. The completed process flow is shown in the appendix of this 

chapter. 

 

Figure 7.2: Channel formation: Growth of i -GaN, n--GaN, p--GaN on Double side polished wafer in 

MOCVD. An AlN buffer layer is first grown. A channel is grown on top of this buffer layer.  
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Figure 7.3: Mesa formation metal mask: The first post growth step is isolation of the channel. For 

photolithography level 1, Power FET Mesa Mask is used. There is a pre-photolithography step 

including clean and bake of the sample. 5nm Cr and 200nm Ni is deposited then lifted off in acetone. 

 

 
Figure 7.4: Identification of the mesa. Ni and Cr are used as mask to identify mesa. GaN is etched 

using Plasmatherm RIE. Gas here used is BCl3. The etch rate is about 180A/min. 
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Figure 7.5: Removal of metal: Ni and Cr are removed in remover solution. Ni etch contains HNO3, 

while Cr etch contains perchloric acid and ceric ammonium nitrate. 

 
Figure 7.6: Deposition of Si3N4. After sample clean, around 300nm of Si3N4 is deposited using Oxford 

PECVD. Gases here used are NH3 and SiH4. This layer of Si3N4 will be used as the mask for 

selectively regrowth. 
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Figure 7.7: Photolithography Level 2: Power FET Gate Mask is used here. We use the same metal as 

photolithography level 1, 5nm Cr and 200nm Ni. This layer of metal will be used as the mask for Si3N4 

etching. 
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Figure 7.8: Removal of Si3N4: Si3N4 is removed using Oxford RIE. Gas here used is CHF3 and O 2. 

 

 

Figure 7.9: Formation of re-grown contact region: The area for re-grown cont act is etched away using 

Plasmatherm RIE. Gas here used is BCl3. The etch rate is about 180A/min. 
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Figure 7.10:  Removal of metal: Ni and Cr are removed with the same condition in step 7.5. 

 
Figure 7.11: Re-growth of source/drain region: R e-grown n+ or p+ regions depending on the base layer 

in MOCVD. The sample is cleaned before putting into MOCVD. The re-grown region will be 

examined by SEM or AFM. 
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Figure 7.12: Removal of Si3N4: Wet etching is used here to remove Si3N4. Since HF will not attack 

GaN, we use 10% HF to etch Si3N4. The etch rate is about 300A/min. The sample might get diced after 

Si3N4 removal. If this is the case, the wax needs to be cleaned by dipping the pieces in boiling TCE, 

Acetone, Methanol twice (5min each).  

 
Figure 7.13: Gate dielectric deposition: Various gate dielectric have been tried during this process. The 

conditions and thickness of gate dielectric here also vary with different types of gate dielectrics. 
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Figure 7.14: Photolithography Level 3: Power FET Ohmic mask is used in this step. The target of this 

step is to identify the ohmic contact region. Gate dielectric is etched during photolithography step. The 

etch condition depends on the type of gate dielectric. Both wet and dry etch could be used here. 

 

Figure 7.15 Ohmic metal deposition: Ohmic metal Ti-Al-Mo-Au (~165nm) is deposited in e-beam then 

lifted off in acetone. The deposition step  is followed by a RTA anneal step. The condition for RTA 

anneal is 850C for 60 seconds. The reason we choose 60 seconds will be stated in later chapter. 
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Figure 7.16: Photolithography Level 4: Power FET Gate mask is used again here. The target of this 

step is to put down 0.7um length metal gate. Gate materials tried include Ti, Ni, Au and Al. The metal 

is put down using e-beam then lifted off in acetone. 
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Figure 7.17: Photolithography Level 5: Power FET interconnect mask is used here. The target of this 

step is to put down interconnect metal pad for measuring purpose. 5-15nm of Ni and 200-400nm Au 

will be put down using e-beam then lifted off in acetone. The thickness depends on the body thickness 

of GaN which will be stated in later chapter. 

 

7.4. Experimental results 

Figure 7.18 shows the top view of the final FATFET device. 
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Figure 7.18: Top view of the FATFET device. 

Figure 7.19 (a) shows the Id - Vd curves and (b) shows the Id -Vg curves of the 

device shown in Figure 7.18. 
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Id-Vd Curves of GaN MOSFET
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Figure 7.19: Id - Vd curves and Id -Vg curves. (a) Id - Vd curves . (b)Id -Vg curves. 
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7.5 Discussion and Conclusion 

 The gate dielectric exercised in this work is Si3N4 film with thickness 300A . The 

set of enhancement mode devices we fabricated show higher source to drain leakage 

current than expected. It is possible because that GaN layer is too thick which will 

also be talked in detail in Chapter 9. Gate leakage current is also higher than 

expectation. It is because of low quality of S i3N4 layer. The threshold voltage is 

around 5 Volts. We used Ni as gate metal whose work function is about 5eV. By 

using Equation 2.3, assuming other parameters remain the same, with 300A of Si3N4; 

the calculated threshold voltage is about 3.8V. Our threshold voltage is higher than 

the theoretical value. One of the reasons for this is that the actual GaN body is thicker 

than 300nm. Source/Drain doping will also affect the threshold voltage even though 

the relation between S/D doping is not shown in Equation 2.3. If the S/D doping is 

low, the threshold voltage will increase. Thus the high threshold voltage implies that 

our S/D doping might be lower than expected.  
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Chapter 8  
 
 
 

8. Technical Difficulties 

A long sequence of optimization and problem solving procedures is required in 

order to exploit the technique’s full potential. There are many problems found and 

solved during the development of the process. We also keep optimizing the process in 

order to get the best results possible for this technology. 

8.1 Misalignment and over exposure/development 

Misalignment and wrong exposure/development time are very common problems 

during processing. Mostly they come from human errors and can be solved by redoing 

the photolithography step and corrected by reprocessing. However, if these problems 

are not found right after the photolithography step and get solved, the final devices 

might not work properly. Figure 8.1 (b) shows a 0.7um gate with good alignment. 

There is spacing between gate and source, gate and drain. Figure 8.1 (a) shows a bad 

alignment with metal gate put down that was not found before metal deposition. 
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(a) 

 
(b) 

Figure 8.1: Alignment of 0.7um gate. (a) Bad alignment. (b) Good alignment. 
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For the device in Figure 8.1 (a), gate is shorted to source. These kinds of devices 

will exhibit gate-source short characteristics or at least have a very high gate-source 

leakage. This was observed on several device runs. 

Over exposure/over development is another problem that will cause final devices 

not working properly. Figure 8.2 (a) shows a two-finger 0.7um gate  (or π gate) with 

good alignment, good exposure and development time. Figure 8.2 (b) shows a 0.7um 

gate with good alignment, however, the exposure and/or development time is larger 

than what it should be. 

 
(a) 



 132 

 
(b) 

Figure 8.2: 0.7um gate with different exposure and development time. (a) Good device. (b)Bad device. 

The gate length of Figure 8.2 (b) is much larger than expected due to over 

exposure/development and gate is very close to both source and drain. These kinds of 

devices will only exhibit short characteristics between any two of source, gate and 

drain. 

Misalignment and wrong exposure/development time are very common problems 

during processing. They could be and must be solved before any further process step 

is taken in order to get good working devices. 

8.2 Regrowth for contact 

Figure 8.3 shows the morphology of the re-grown region after 30 minutes of GaN 

re-growth using the same parameters as were used for the initial buffer layer. The 

target thickness was ~300nm in 30 minutes at the growth rate of the initial buffer 
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layer, 0.6µm/hour. The GaN being selective and growing only in the mesa recesses 

that occupy an average of 15% of the substrate, the diffusion of the precursors into the 

selective areas accelerated the growth rate yielding a thickness of ~2200nm or 

4.4µm/hour, an increase of about seven times that of growth on unpatterned substrates. 

Considering a fill factor of only 15% the effective growth rate is 1.05 times the 

original growth rate. In addition to the very high growth rates, the morphology was 

porous and rough and inappropriate for contact fabrication. This growth rate increased 

in the unmasked regions because of the lateral transport from the masked regions. The 

growth time was reduced and although the thickness achieved was ~300nm after 12 

minutes, the porosity remained. This indicates an influx of precursor material to the 

selected areas as a controlling factor of growth morphology. The precursor flow was 

then decreased by one third keeping the V/III ratio the same for the subsequent 

re-growths. The decrease in time and precursor flow resulted in non-uniform 

nucleation in the GaN mesa regions and no GaN in the field region. Further increase 

in time of growth increased the thickness of the pre-existing nuclei but did not 

increase the nucleation density or coalescence. 
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Figure 8.3: Tilted SEM image of re-grown region for 30 min at 1040 C with precursor flow same as the 

base layer flows. 

A decrease in temperature to 1030C resulted in faceting of individual islands 

while an increase in temperature to 1060C enhanced the lateral growth of the existing 

nuclei. The morphology of re -grown region at 1060oC for 20 minutes is shown in 

Figure 8.4 (a) and (b). Although the lateral growth of nuclei was enhanced at high 

temperature, the initial nucleation density being very low, the coalescence happened 

only when the nuclei grew very thick (~4µm). The coalescence of the islands should 

happen within 300nm, the depth of the etched GaN recess. Hence, a low temperature 

approach was considered. The increased nucleation density is evident from Figure 8.5 

(a) and (b) for the GaN re-growth at 1000C. The nucleation density, however , did not 

increase after reloading the sample in the chamber (Figure not shown). The existing 

nuclei remained the same but appeared thicker than what is seen in Figure 8.4. This 
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indicates the enhanced nucleation density with de crease in temperature motivated by 

the low temperature buffer innovation during the early stages of GaN research [1, 2]. 

Re-growth of GaN at 500C only for 10 minutes did not yield any growth (Figure not 

shown). An intermediate of GaN re-growth at 800C was performed for 10 minutes. 

The thickness measured by Dektak profilometer was ~300nm. The growth rate is 

1800nm/hour and is ~3 times as that on unpatterned substrates. Including the fill 

factor correction, it is 0.45 times the normal growth rate indicating a different growth 

regime than the higher temperature re -growth. 

Reduction in effective growth rate could be attributed to the decrease in the 

temperature and the reduction in the precursor flow. The morphology was 

significantly smoother with pits on the surface as seen in the SEM images in Figure 

8.6. The origin of these pits is possibly due to artifacts arising during the recess 

etching prior to re-growth. 

 
         (a) 
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         (b) 
Figure 8.4: SEM image of re-grown region for 20 min at 1060 C with precursor flow two-thirds of the 

base layer flows. (a) Top view. (b)Tilted view The sidewall thickness is about 4 um. Non-uniform 

coverage with faceted islands. 

 

          (a) 
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          (b) 
Figure 8.5: SEM image of re-grown region for 5 min at 1000  C with precursor flow two-thirds of the 

base layer flows. (a) Top view. (b) Tilted image. Coverage of the re-grown area is increased compared 

to the growth at 1060 1C. No sidewall is seen in these 5 min of re-growth. 

 

We surmise that the selected area re-growth mechanism on patterned substrates is 

surface reaction limited. 

The possible mechanism for the change in the surface morphology during 

selective growth with the reduction in temperature is the decreased diffusion length of 

GaN which enhances the nucleation. This would result in uniform nucleation across 

the exposed area. This result is in agreement with the epitaxial lateral overgrowth of 

GaN expe riments performed on Si (111) [3]. However, the only drawback with the 

current low temperature regime is the occasional formation of GaN islands in the field 

region as seen in Figure 8.4. This is eliminated after performing a mesa etch before 
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removing the silicon nitride mask from the gate regions. In addition to this, selected 

area re-growth at temperatures of 750oC and 850oC has also been performed. 

Although the morphology was similar in the SEM, the best specific contact resis tivity 

was obtained for the 800C sample. The resistivity of the re-growth region was 5x10-5 

ohm-m for a Si doping of ~5x1018/cm3. Further work includes cross-section TEM 

studies to determine the crystal structure and orientation. XRD was not performed as 

this effect of morphology was observed only for selected area growth. The 

morphologies of non-uniform nucleation in Figures 8.4 and 8.5 resemble that of a 

similar growth performed by Suda et al using MOMBE at 800C which resulted in 

cubic GaN [4]. Our study also agrees with a re-growth of GaN on etched GaN 

templates by He et al using plasma MBE where a lowering of temperature enhanced 

coalescence and uniform growth [5]. For re-growth to occur there should be a GaN 

template material in the recess. Hence, the etch stop during the recess etch is a very 

important step in device processing. 
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         (a) 

 
         (b) 
Figure 8.6: SEM image of re-grown region for 10 min at 800C with precursor flow two-thirds of the 

base layer flows. Complete coverage is achieved. (a) Top view. (b) Tilted image. The GaN islands in 

the field region and pits on the re-grown region are seen. 
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8.3 Film uniformity 

Silicon Nitride and polysilicon play a very important role in our process.  While 

there are undoubtedly other considerations in the overall process, given the delicate 

nature of the fabrication, it certainly cannot succeed if the films vary significantly in 

thickness over their surfaces. Other relevant process properties can be tailored later by 

making more minor modifications to the process parameters, but the ability to deposit 

and etch films uniformly is a prerequisite for attempting to fabricate any sub-100 nm 

spacer gate structure.  Figure  8.7 shows a comparison of several thin film surfaces.  

The polysilicon film in Figure 8.7 (a) was grown before optimizing the deposition 

uniformity, while the polysilicon film in Figure  8.7 (b) was deposited after uniformity 

optimization. The standard deviation of the thickness over the surface of the film 

shown in Figure 8.7 (a) is 320 Å (54%).  Not only is such variation unacceptable for 

a single process, this error propagates throughout the entire sequence of deposition 

process, resulting in an extraordinarily non-uniform film. Following the regrowth 

processes at high temperature on such a non-uniform sample, the film is very likely to 

break because of the difference on thermal expansion coefficient between Si3N4 and 

GaN.  In fact, this phenomenon was observed during experiments (Figure  8.8). 

Figure 8.13 shows a structure with high temperature re-growth after process 

optimization. Both the Si3N4 region and re-growth region look perfect. Any attempt to 

fabricate a MOSFET using the film in Figure 8.7 (a) simply would fail.  The film 

shown in Figure 8.7 (b), however, is quite uniform and provides a good starting point 

for the overall fabrication process.  The standard deviation of the thickness over the 
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surface of this film is only 13 Å (2.6%).  Similar results have been obtained for SiO2 

and Si3N4 film depositions, as have results regarding the reactive ion etching of 

polysilicon, SiO 2 and Si3N4 films. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.7: Reconstructions of several thin film surfaces. (a) Polysilicon before uniformity optimization 

(54% variation). (b) Polysilicon after uniformity optimization (2.6% variation).  (c) Silicon nitride 

before uniformity optimization (20% variation).  (d) Silicon nitride after uniformity optimization 

(0.6% variaiton).  The units shown are Angstroms. 

8.4 Si3N4 film quality 

As discussed in the earlier sections of this paper, Si3N4 plays a very important 

role in our process. One of the most important process steps is using Si3N4 as the 

mask for selective GaN regrowth. A thick film of Si3N4 (~300nm) is used during this 

process. However, the optimized temperature for regrowth is 800C which is much 

higher than what we used for Si3N4 deposition. Also, the anneal temperature for 
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source/drain ohmic contacts is 850C. Because of the large difference in thermal 

coefficient of extension between Si3N4 and GaN, if the Si3N4 quality is not optimized, 

the Si3N4 might crack during the following high temperature process (re-growth or 

anneal), as shown in Figure 8.8. This Si3N4 cracking will cause the GaN channel 

underneath to crack after cool down. Even after the Si3N4 layer is removed, cracking 

remains. This cracking will cause the channel to break, high interface density of states 

and high local electrical field which will result in high tunneling current between gate 

and channel. All these will result in bad device characteristics or even cause the 

device to breakdown easily. The cracking will also cause a big sticking problem 

during gate metal deposition. The whole gate might peel off during lift off process. 

Figure (8.9) shows gate peels off after final interconnect metal deposition causing by 

Si3N4 cracking. 

 
Figure 8.8: Si3N4 cracks during regrowth before process optimization. 
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         (a) 

 
          (b) 

Figure 8.9: Gate peel off after final interconnect metal deposition because of Si3N4 cracking.  (a) 
FatFET. (b) Double gate MOSFET ( π  gate or two-finger gate MOSFET). 
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Thus, it certainly cannot succeed if the cracking problems are not solved. In order 

to stop Si3N4 from cracking, two key factors must be optimized. The first key factor is 

the Si3N4 deposition temperature. The properties of the Si3N4 layer depend on a host 

of process parameters, such as the deposition temperature (T s), the gas phase ratio, 

hydrogen source gas, purity, reactor (system) design etc. Temperature plays a very 

important role here. For instance, increasing Ts from 200C to 500C, the film density 

increases [6]. Low temperature low pressure chemical vapor deposition process 

method is used to form our Si3N4 films. As temperature is increased from 200C to 

300C, the cracking problem is greatly reduced. For our system, we can hardly set the 

temperature to above 350C because stainless steel plate is used to hold samples and if 

the temperature is above 350C, impurities will defuse from the stainless steel to the 

sample. 

Another deposition parameter of influence is the ratio of SiH 4/NH3 which are the 

two gasses used for Si3N4 deposition. Figure 8.10 shows the index of refraction at 

600nm as a function of NH3/SiH4 gas ratio R [7]. 
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Figure 8.10: Index of refraction at 600nm as a function of NH3/SiH 4 gas ratio R. 

With decreasing R, the growth rate decreases while the refractive index also 

decreases to approach 2 which is the desired value. The index of refraction increases 

rapidly with increasing R. It has been shown that with the presence of He gas, He 

helps the N bond to Si to form N-Si bonding [7]. Our experiment shows that with the 

presence of 600sccm He gas, the index of refraction can be more easily controlled to 

be within the range of 1.75 and 2.15 for a large range of R value. (Figure 8.11) 
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Figure 8.11: Index of refraction at 600nm as a function of NH3/SiH 4 gas ratio R. 

The optimized Si3N4 deposition condition is: 

Temperature: 300C 

Pressure: 35mTorr 

NH3/SiH4 gas ratio R=0.5 

He: 600sccm 

This condition yields an index of refraction of 2 with wavelength range from 

about 400nm to 1000nm (Figure 8.12). Figure 8.13 shows the device right after 

re-growth step with optimized Si3N4. No more Si3N4 cracking problems exist. 



 147 

Si3N4 index of refraction vs. wavelength
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Figure 8.12: Si3N4 index of refraction vs. wavelength for He=600sccm and R=0.5. 

. 

Figure 8.13: Si3N4 remains smooth during regrowth after process optimization. 

Precision composition control is also of principle importance. Thus, it is 

necessary to investigate film composition by using XPS or a similar chemical analysis 
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technique in order to determine the source of the material contamination and to fully 

optimize these films. 

8.5 Thick body effect 

The GaN thickness was originally designed as 300nm because of fully depleted 

issue. Use of a thicker body will reduce the series resistance and the effect of process 

variation. But at the same time it will also degrade  the device characteristics. 

Another reason we chose 300nm as body thickness is because our re-growth 

region is targeted to be 300nm thick. If the body is also 300nm thick, the device will 

be free of body leakage current and punch through. As shown in Figure 8.14, there is 

no body leakage current flow patch available. 

 

Figure 8.14: GaN MOSFET with 300nm body thickness.  There is no body leakage current flow patch 

available. 
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Figure 8.15: GaN MOSFET with more than 300nm body thickness.  There is a current flow patch 

available in the GaN body. 

However, if the body thickness is thicker than 300nm, as shown in Figure 8.15, 

there is a current flow patch available in the GaN body. There will be high off leakage 

if such a patch exists. Also, the floating body might cause floating body effect (also 

called kink effect). The open based NPN bipolar transistor between source and drain 

will be another drawback.  

Another problem with body thickness much thicker than 300nm is shown in 

Figure 8.16. 
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(a) 

 
(b) 
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    (c) 
Figure 8.16: Comparison between devices with 300nm body thickness and more than 300nm body 

thickness. (a) Actual device top view. (b) Device with 300nm body thickness. (c) Device with more 

than 300nm body thickness 

Figure 8.16 (a) show the actual device and the position I take cross -section. 

Figure 8.16 (b) and (c) show the cross section of the device taken from the arrows 

shown in Figure 8.16 (a) with body thickness of 300nm and much greater than 300nm, 

respectively. We can see from Figure 8.16 (c), if the body thickness is too thick, there 

will be a big step between the interconnect metal on the gate area and on gate connect 

pad area. The thin metal line between them could break easily. The thin metal line 

could also be easily burned out during measurement because the resistance is high. If 

the metal line breaks or burns out, the devices will lose gate control and the device 

characteristic will be same as that of an n-i-n structure  (Figure 8.17). The equivalent 

circuit is in Figure 8.18. 
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Figure 8.17: Id-Vd curves of GaN MOSFET with gate burned out. Vg ranges from 0V to 15V. 

Figure 8.18: Equivalent circuit of GaN MOSFET with gate burned out. There is no gate to control the 

channel. 

We have meet with these problems a lot during experiment. This problem could 

be solved by reducing the GaN body thickness. If the body thickness is not much 

greater than 300nm, we can also solve this problem by increasing the Interconnect 

Metal thickness. However, this might cause problems when lifting off the metal. 
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Thus, it is desired to have less than 300nm of GaN body thickness. A larger 

thickness will either cause the device to degrade or stop working. This requires 

precise growth rate control while doing GaN deposition using MOCVD. 

8.6 Conclusions 

We have solved many problems and overcome many challengers during our 

process design, device fabrication and characterization. This is essential to our 

success in fabricating GaN MOSFET.
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Chapter 9 
 
 
 

9. Fabricated devices and structures 

The mask sets we used are from Osemi C orporation (www.osemi.com) The name 

of the mask sets is “GaN-Based High Power HFETs Characterization Mask Sets” 

which is one of the features fabricated that will be shown later in this chapter. The 

structures fabricated can be divided into two groups, devices and test structures. 

As part of the qualifying exam of this PhD study, a comparable mask set was 

designed. This design incorporates features learned from the mask set described 

following as well as devices more relevant to MOSFET development design. Data 

from this process flow should be incorporated into the design. 

9.1 Devices 

A description of the devices processed is included. The use of each device is also 
described.  

9.1.1 FatFET 

FatFET is the largest feature device we fabricated which is shown in Figure 9.1. 
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Figure 9.1 FatFET. 

This device has a gate length of 25um and a gate width of 50um. Since almost all 

the working GaN MOSFETs are large devices (with gate length larger than 10um) 

currently, this device can be used as the best candidate to compare with other people’s 

work. Also, this device is one of the best structures to evaluate re-growth region 

quality and contact resistance. 

9.1.2 Two finger (π gate) small gate length MOSFET devices 

The two finger device is shown in Figure 9.2: 
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Figure 9.2: T wo finger device 

This device has a gate length of 0.7um and gate width of 30um, 40um 50um 

80um, 100um and 130um. This device is most suitable for RF device high frequency 

measurement. It also can be used to get small gate length GaN device characteristics. 

If the gate is not put down, this device is the best n-i-n structure which could be used 

to evaluate the quality of re-growth and contact resistance. 

9.1.3 Multi-finger small gate length MOSFET devices 

For maximizing the RF characteristics, a multi-finger gate electrode could be 

adopted to obtain a low noise Figure for wide gate width, which gives high 

transconductance (gm) for better fT and maximum oscillation frequency fmax. Other 

than the two-finger MOSFET shown earlier in this chapter, the multi-finger devices 

we made include four-finger MOSFETs and eight-finger MOSFETs. Again, they have 

a gate length of 0.7um. Single gate widths are 30um, 55um, 85um, 105um, 125um. A 
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four-finger MOSFET and an eight -finger MOSFET are shown in Figure 9.3. To take 

advantage of more than two gates, an air bridge process would need to be developed. 

Currently these devices are not fully testable at RF frequencies. 

 
(a) 



 159 

 
(b) 

Figure 9.3: Multi-finger MOSFETs fabricated. (a) Four-finger MOSFET. (b)Eight-finger MOSFET. 

9.1.4 Metal-Insulator-Semiconductor (MIS) capacitors  

Metal-Insulator-Semiconductor capacitors provide information about the 

semiconductor, the insulator and the semiconductor-insulator interface. The capacitors 

test structure should incorporate a guard-ring gate, surrounding the primary capacitor 

to isolate the test structure from the surrounding surface. 

 Figure 9.4 shows capacitors with different areas fabricated during process. 
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(a) 

 
(b) 
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(c) 

 
(d) 

Figure 9.4: C apacitors with different areas fabricated during process. 
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No matter what size the capacitors are, they all have a guard-ring gate surrounded 

to isolate the test structure from the surrounding surface. 

9.2 Test structures 

Test structures provide a means for obtaining parameters that can be used to 

diagnose, monitor and predict the performance of the fabrication process, the products 

manufactured and the manufacturing equipment. Test structure data can be used to 

establish, improve or ensure process control and product yield. The results of test 

structure data analysis may be used as feedback to the manufacturing process or as the 

basis for future development work.  

There are three types of electrical test structure: for Device Characterization, for 

Process Characterization, and for Capturing Catastrophic Faults and Reliability 

Analysis. The primary objective of device characterization is to extract physical 

information for modeling the electrical behavior of a transistor. Therefore, the 

primary test structure in this category is the basic transistor: MOSFETs which are 

shown in Chapter 7. There are no test structures for capturing ca tastrophic faults and 

reliability analysis on our mask. The major test structures on our samples are test 

structures for process characterization. 

Process parameter test structures provide information about layer uniformity, 

layer interface conditions and feature definition resulting from the various process 

steps. These parameters are important for making correlations related to monitoring, 

diagnosing and predicting process and process tool performance. The test structures 
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most frequently used to provide process parameters include TLM structures, van der 

Pauw sheet resistors, cross-bridge structures, potentiometric alignment structures etc. 

9.2.1 Transmission line method (TLM) structure  

A typical linear TLM structure is shown in Figure 9.5 

 

Figure 9.5: Contact resistance test patterns: TLM. 

The TLM structure is a series of identical contact pads, of width w and length Lc, 

spaced at varying intervals d1, d2,  d3... The measured resistances are plotted as a 

function of the distance di (Figure 9.6). The values of contact resistance Rc and sheet 

resistance of the semiconductor can be obtained. 
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Figure 9.6: Evaluation of the contact and sheet resistances for TLM measurements. Where RC is the 

contact resistance and Sρ  is the sheet resistance. 

The actual TLM structure on our sample is shown in Figure 9.7. It looks very 

similar to the typical TLM structure shown in Figure 9.5. 

 
Figure 9.7: The actual TLM structure on our sample. 
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For our TLM structure, Lc=25um, W=20um, di=1um, 2um, 3um, 4um, 5um and 

6um. The calculated contact resistance is less than 1× 10-4 2cmΩ ⋅  on our sample 

because of the high doping high quality regrowth.  

We also used our TLM structure to determine the anneal time of our ohmic 

contact.  

Ohmic contacts serve the purpose of carrying electrical current into and out of the 

semiconductor, ideally with no parasitic resistance. Low resistivity ohmic contacts are 

essential for high-frequency operation. Additionally, high-temperature and 

high-power require that the contacts must be reliable under extreme conditions. 

Numerous groups have been doing research on anneal temperature/time of low 

resistance ohmic contacts to GaN [3-9]. It has been shown that a temperature of at 

least 600C is necessary to achieve ohmic behavior. The best results could be obtained 

after a thermal treatment at 850C. The anneal time in our lab was originally set to 30 

seconds. However, our measurement shows that the contact resistivity after 60 

seconds of anneal is lower than tha t after 30 seconds of anneal (Figure 9.8). The 

resistivity is calculated from the measurement data of TLM structure. Before anneal, 

most of the measurement shows the circuit is open because of the high resistivity. 

After 30 seconds of anneal, the calculated resistivity is between 8× 10-5 2cmΩ⋅  and 

1× 10-4 2cmΩ ⋅ . The sample was then put back into RTA and annealed for another 30 

seconds. The resistivity goes down after this 30 seconds of anneal (60 seconds in 

total). If the sample is annealed for another 30 seconds, the resistivity goes up again. 
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Resistivity vs. Anneal time
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Figure 9.8: Measured contact resistivity vs. anneal time. 
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Figure 9.9: Quadratic fit of resistivity vs. anneal time. 

Figure 9.8 shows the measured resistivity vs. anneal time and Figure 9.9 shows 

the quadratic fit of the measurement results. For the sample shown in Figure 9.9, the 

quadratic fit shows that the lowest resistivity is given at anneal time=63.9 seconds. 

However, this number varies with samples. The range of best anneal time is between 

55 seconds and 65 seconds. Thus 60 seconds of anneal at 850 degree C gives us best 
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resistivity. And that is the reason why we choose 60 seconds as our anneal time 

instead of 30 seconds. 

9.2.2 Cross-bridge test structure 

A typical Cross-Bridge test structure is shown in Figure 9.10. 

 
Figure 9.10: Typical cross-bridge test structure. 

The cross-bridge sheet test structure, which provides sheet resistance and allows 

extraction of line-width, is used to evaluate the quality of film deposition processes 

and is a combination of Van Der Pauw structure and line-width measurement. It has 

been used to evalua te the line-width uniformity of a wafer stepper system [10] , a 

step-and-repeat camera [11] , a mask aligner [12] , and to evaluate the performance of a 

plasma descumming step intended to improve line-width uniformity achievable by an 

electron-beam system [13]. An extension of the cross-bridge can be used to estimate 

proximity exposure effects in an electron-beam system [13]. A cross-bridge used in 

conjunction with serpentine and comb interconnect resistors can be used to evaluate 

and improve the software and procedures for exposing electron-beam resist in the 

submicron regime [14, 15]. 
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In order to understand the mechanism of cross-bridge structure, we must first 

understand how a Van Der Pauw structure works. Figure 9.11 shows a typical Van 

Der Pauw structure. 

 

Figure 9.11: Typical Van Der Pauw structure. 

The Van Der Pauw method, developed by L.J. van der Pauw in 1958, is a 

technique for doing 4-probe resistivity and Hall Effect measurements. In essence it 

provides an easy way to measure sheet resistance. Arbitrarily shaped sample can be 

measured if contacts are small and on the periphery of sample. 

12

34

)2ln( I
V
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πρ =  

Thus for the cross-bridge structure shown in Figure 9.10, pad 1 to 4 forms a Van 

Der Pauw structure. The sheet resistance of semiconductor can be calculated as: 
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V

s
πρ =  

From pad 4 and 5, the sheet resistance can also be expressed as 
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The line-width W can be easily got from equations  
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The actual cross-bridge structure on our sample is  shown in Figure 9.12; it looks 

very similar to the typical structure shown in Figure 9.10. For our cross-bridge 

structure, L=25um. 

 
Figure 9.12: The actual cross-bridge structure on our sample. 

The calculation shows that our line-width is 1.53 um. 

9.3 Alignment marks 

Alignment marks are needed on every layer so that the masks can be properly 

registered with each other. Typically, the first mask to be used has a series of empty 

target boxes on it. Each subsequent layer to be aligned will then have a pattern that 
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fits into one of these boxes. Almost any pattern and target will do, but they should be 

designed so that they can be easily spotted on the masks and do not obscure each 

other during alignment. If there are uniform gaps in the pattern-target overlap, it will 

be easier to check visually for alignment errors. Also, these gaps will help if one or 

both of the masks is produced as a negative image because of process requirements. 

As normal, the first mask we used has a series of empty boxes. There are two 

sizes boxes used, 45um ×45um and 10um ×  10 um, as shown in Figure 9.13 (a) and 

(b). 

 
(a) 
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(b) 

Figure 9.13: Alignment marks on our masks.  (a) 45um × 45um . (b) 10um ×  10 um . 

During the sample fabrication, not only the alignment marks were used to align 

mask to the pattern. Almost all patterns and targets were used to make sure the perfect 

alignment is achieved. For example, any structure shown in this chapter could be used 

to align.  

9.4 Other features 

The mask description was also printed onto the sample, as shown in Figure 9.14. 
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Figure 9.14: Features on the sample showing mask information. 

 The letters are less than 3 um wide and they are very clearly pr inted which means 

our photolithography and metal lift off process is successful for the allowed designing 

rules. 

9.5 Conclusion 

 In this chapter, all the devices and test structures fabricated are shown (Those test 

structures that are not tested by us are shown in appendix). By testing these devices , 

information about device structures and processing parameters could be obtained. 

Almost all the devices and some of the most important test structures have been tested 

by us. Based on the data we got from these structures, future processing adjustments 

will be made. 
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Chapter 10 
 
 
 

10. Summary, conclusions and future work 

 In this research work, a GaN MOSFET process flow is developed by using the 

re-growth source/drain to form ohmic contacts and metal as gate materials. The 

devices and structures proposed, studied, designed and fabricated in this work are the 

GaN MESFET, GaN n-i-n structure, spacer gate/channel structure and GaN MOSFET. 

The GaN MOSFET structure will be suitable as a test vehicle for evaluating material 

interfaces in the GaN oxide system. Oxides studied by us include AlN, SiO2, Si3N4, 

SiO2/Ga2O3, MgO  and Ga2O3 (Gd2O3). We can also use this test vehicle to evaluate 

gate materials for GaN system. Gate materials studied by us include Aluminum, 

Titanium and Nickel. 

 The key elements that are described previously and their relation to the goal of 

this research to produce a test vehicle for material properties for Giga-Scale III-N 

based MOSFETs is presented in this work. The challenges are also addressed in this 

work. 
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10.1 GaN MESFET 

 The higher cutoff frequency and transconductance of GaN MESFET device make 

it very attractive to many applications. A four-mask process was developed to 

fabricate our GaN MOSFET. This set of MESFET has Nickel as gate electrode. The 

reason we use Nickel is that Nickel is proved to be compatible with GaN and we have 

been using Nickel for a very long in our Photonic Lab. The GaN MESFET we 

fabricated exhibits proper behavior except that the Schottky gate leakage is high and 

fT/fmax is lower than expected due to device processing issues. Thus future work 

includes optimization of the process flow.  

 In context of the goal of producing a MOSFET process flow, this work is 

presented as a means to achieve a routine process flow and exercise the key 

components required for demonstration of an MOS devices. 

10.2 Re-growth source/drain and n-i-n structure. 

 Re-grown contacts of N-type III-N material in the GaN system have been 

demonstrated and optimized to a level sufficient for device demonstration. The proper 

behavior of n-i-n device characteristics and low contact resistivity shows that the 

fabrication of highly doped re-growth ohmic contacts is successful. Future work 

includes  the re-growth of P-type III-N material on GaN (p-i-p structure or P-MOS). A 

very attractive alternative is Schottky barrier source/drain. The Schottky barrier 

source/drain is attractive because it also excludes the use of source /drain ion 

implantation and very high temperature activation which is the same as our re-grown 

source/drain. In addition, the Schottky barrier source/drain can greatly alleviate the 
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serious drain-induced barrier lowering (DIBL) problem of conventional CMOS 

technology [1]. These kinds of devices exhibit very promising behaviors such as a 

very high on/off current ratio and high transconductance [2]. Thus, future work will 

also include the fabrication of Schottky barrier source/drain. 

10.3 Spacer gate/channel devices 

 A brief description of process flow is shown in Chapter 6. We performed cycles 

of process flow on silicon SOI wafers. The spacer gate/channel is smooth and the 

width and height of spacers are uniform. The surface roughness is also good. 

Theoretically, by using this technology, we should be able to make spacers with width 

less than 10nm. Future work includes the optimization of process flow and process 

control to exploit the technique’s full potential. Also, GaN spacer gate/channel device 

could be fabricated using this technology. 

10.4 GaN MOSFET. 

As mentioned earlier in this chapter, a lot of gate dielectric materials have been 

studied by us. Our future research on gate dielectric materials will be focused on AlN. 

A gate dielectric  of 80 Angstroms of AlN which should provide an equivalent 

electrical oxide thickness of 30 Å. AlN on GaN is known to show an unpinned 

interface, therefore this will be one of the best dielectric to be focused on. Our goals 

are to complete Table 10.1 and build another table with collaborators capable of 

high-k gate dielectric deposition. The Schottky barrier source/drain mentioned in 10.2 

will also be studied.  



 178 

Table 10.1.  Experimental process for demonstration of n-type device with tunability. 

Re-grown 
contract 

Channel Gate 
electrode 

Dielectric 
EOA (A) 

Expected 
threshold 
voltage (V) 

Measured 
threshold 
voltage(V) 

n-type Intrinsic  Titanium 30 1  
n-type n-type Titanium 30 0.5  
n-type p-type Titanium 30 2  
n-type Intrinsic  Nickel 30 2  
n-type n-type Nickel 30 1.5  
n-type p-type Nickel 30 3  
 

10.5 Conclusion 

 This dissertation presents the  results of research work involving the 

conceptualization, design, simulation, fabrication, characterization and analysis of a 

GaN MOSFET structure. This structure will be suitable as a test vehicle for evaluating 

material interfaces in the GaN oxide system. Significant intellectual property has been 

demonstrated centered around the re-growth of N-type II I-N material on GaN. This is 

required to achieve GaN MOSFETs suitable for scaling to below 10nm. 
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Appendix A 

Complete process flow for GaN MESFET 

1. Growth of AlN buffer layer. 

2. Growth of i-GaN, n--GaN, p--GaN on Double side polished wafer in MOCVD. [3] 

3. Pre-photolithography process:  

 Rinse in acetone, methanol, blow dry with N2.  

 Acid bath in 50% HCl + 50% Water for 2 minutes. 

 1 minute DI water rinse. 

 Dehydration Bake for 5 min at 115oC. 

4. Photolithography Level 1. 

 PR: AZ5214E. 

 Spin program: 50secs, 4700 rpm. 

 Soft bake for 2 mins at 90oC after spin. 

 Mask: Mesa Mask.  

 Expose 8 seconds 

 Developer: MF-319. 

 Develop time: 30 seconds. 

 Acid bath in 50% HCl + 50% Water for 2 minutes. 

5. Deposit 5nm Cr and 200nm Ni in e -beam then lift off in acetone.   

 Measure metal thickness using Dektak 

6. RIE etch GaN in Plasmatherm 

   Etchant Gas: BCl3. 
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 Etch rate: 180A/min.  

 Conditions:  

 Forward power: 100w.  

 BCl3 flow rate: 35sccm.  

 Pressure: 15 mTorr. 

 Measure thickness using Dektak 

7. Ni and Cr etch.  

 Etchant:  

 Ni etch contains HNO3.  

 Cr etch contains perchloric acid and ceric ammonium nitrate. 

 Etch time: 5 minutes each. 

8. Rinse in Acetone and methanol after Cr etch.  

 Measure thickness of Mesa by Dektak after etches. 

9. Photolithography Level 2. 

Rinse in acetone, methanol, blow dry with N2.  

 Dehydration Bake for 5 min at 115C. 

 PR: AZ5214E. 

 Program: 50secs, 4700 rpm. 

 Soft bake for 2 mins at 90C. 

  Mask: Ohmic Mask.  

 Expose 2 seconds without vacuum chamber. 

 Bake at 115oC for 90 secs. 

 Flood exposes 90secs. 
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 Developer: MF-319. 

 Develop time: 30 seconds. 

10. Ohmic metal deposition. 

Acid bath in 50% HCl + 50% Water for 2 minutes. 

Deposit Ohmic metal Ti (15nm)-Al (65nm)-Mo (35nm)-Au (50nm) in e- beam. 

 Lift off ohmic metal in acetone. 

 Blow Dry in N2 

 RTA anneals. 

 Temperature: 850C. 

 Program: NContact. 

 Time: 60 seconds 

11. Photolithography Level 3. 

Rinse in acetone, methanol, blow dry with N2.  

 Dehydration Bake for 5 min at 115C. 

 PR: AZ5214E. 

 Program: 50secs, 4700 rpm. 

 Soft bake for 2 mins at 90C. 

  Mask: Gate Mask. 

 Expose 0.6 seconds without vacuum chamber. 

 Bake at 115oC for 90 secs. 

 Flood exposes 90secs. 

 Developer: MF-319. 
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 Develop time: 30 seconds. 

12. Deposit Gate Metal 

Acid bath in 50% HCl + 50% Water for 2 minutes. 

Deposit Ni in e-beam. 

 Lift off Gate Metal in acetone.  

 Rinse in acetone, methanol, blow dry with N2. 

13. Photolithography Level 4. 

Rinse in acetone, methanol, blow dry with N2.  

 Dehydration Bake for 5 min at 115C. 

 PR: AZ5214E. 

 Program: 50secs, 4700 rpm. 

 Soft bake for 2 mins at 90C. 

  Mask: Power FET Interconnect Mask.  

 Expose 2 seconds without vacuum chamber. 

 Bake at 115oC for 90 secs. 

 Flood exposes 90secs. 

 Developer: MF-319. 

 Develop time: 30 seconds. 

14. Deposit Interconnect Metal. 

Acid bath in 50% HCl + 50% Water for 2 minutes. 

Deposit Ni 5-15nm and Au 200-400nm in e-beam 

 Lift off Interconnect Metal in acetone.  
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Rinse in acetone, methanol, blow dry with N2. 
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Appendix B 

Completed process flow for spacer gate/channel 

1. Pre-photolithography 

Obtain p-type wafers. 

Identify wafers. Scribe ID numbers. 

Measure and record resistivity.  

Initial wafer clean.  

Rinse in acetone, methanol, blow dry with N2.  

Acid bath in 50% HCl + 50% Water for 2 minutes. 

1 minute DI water rinse. 

Dehydration Bake for 5 min at 115oC. 

2. Obtain SOI wafers. 

Grow Silicon Oxide using tyran furnace or deposit silicon oxide using Oxford 

PECVD.  

Thickness: >200nm. 

Silicon oxide thickness measurement using Vase and Nanometrics. 

Polysilicon deposition using Oxford PECVD. 

Thickness: 500A.  

Polysilicon thickness measurement using Vase and Nanometrics. 

3. Photolithography Level 1. (Zero level alignment mark forming) 

Rinse in acetone, methanol, blow dry with N2.  
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Dehydration Bake for 5 min at 115C. 

PR: AZ5214E. 

Program: 50secs, 4700 rpm. 

Soft bake for 2 mins at 90C. 

Mask: Mask #1. 

Expose 0.6 seconds without vacuum chamber. 

Bake at 115oC for 90 secs. 

Flood exposes 90secs. 

Developer: MF-319. 

Develop time: 30 seconds. 

Silicon oxide etch. 

Both dry and wet etch could be used here. 

Photoresist strip  using acetone. 

4. LPCVD L TO deposition.  

Equipment: Oxford PECVD. 

Target: 20nm-50nm. 

Measure SiO2 monitor sample using Nanometrics and Vase. 

5. Polysilicon deposition 

Equipment: Oxford PECVD. 

Target: 50nm. 

Measure Poly-silicon monitor sample using Nanometrics and Vase. 

6. Photolithography Level 2. (Poly-silicon patterning) 
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Rinse in acetone, methanol, blow dry with N2.  

Dehydration Bake for 5 min at 115C. 

PR: AZ5214E. 

Program: 50secs, 4700 rpm. 

Soft bake for 2 mins at 90C. 

Mask: Mask #2. 

Expose 2 seconds without vacuum chamber. 

Bake at 115oC for 90 secs. 

Flood exposes 90secs. 

Developer: MF-319. 

Develop time: 30 seconds. 

Poly-silicon etch. 

Both dry and wet etch could be used here. 

Photoresist strip  using acetone. 

7. Si3N4 deposition 

Rinse in Acetone and Methanol 

Acid bath in 50% HCl + 50% Water for 2 minutes 

Deposit Si3N4 using Oxford PECVD, target= 300A. 

Condition: 

Time:63min.  

Pressure:1.5Torr.   

Temperature: 350 oC.  
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Forward power: 15w.  

He flow rate: 600sccm.  

NH3 flow rate: 5sccm.  

SiH4/He flow rate: 150sccm. 

Measure monitor sample thickness using nanometrics and Vase. 

8. Etch Si3N4 using Oxford PECVD  

Etchant Gases: CHF3, O2. 

Condition:  

Pressure: 0.035Torr. 

Temperature: Room temperature.   

 Forward power: 100w.  

 O2 flow rate: 40sccm.  

 CHF3 flow rate: 10sccm. 

 Measure thickness using Dektak 

 Measure Si3N4 monitor sample using Nanometrics and Vase. 

9. Polysilicon etch 

 Etchant: 10% KOH 

 Condition: 

 Temperature: 60C 

 Wet etch is used here. 

10. Photolithography Level 3. (Spacer trim) 

Rinse in acetone, methanol, blow dry with N2.  
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 Dehydration Bake for 5 min at 115C. 

 PR: AZ5214E. 

 Program: 50secs, 4700 rpm. 

 Soft bake for 2 mins at 90C. 

  Mask: Mask #3 

 Expose 0.5 seconds without vacuum chamber. 

 Bake at 115oC for 90 secs. 

 Flood exposes 90secs. 

 Developer: MF-319. 

 Develop time: 30 seconds. 

 Si3N4 removal. 

 Remove photoresist using acetone. 

11. Etch SiO2 and poly-silicon using Oxford PECVD 

 Measure thickness using Dektak 

 Measure Si3N4 monitor sample using Nanometrics and Vase. 

12. Remove SiO 2. 

 The condition depe nds on the channel materials. 

 Measure spacer channel/gate hight/width using AFM/SEM. 
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Appendix C 

Completed process flow of GaN MOSFET: 

1. Growth of AlN buffer layer using MOCVD. 

2. Growth of i-GaN, n--GaN, p--GaN on Double side polished wafer in MOCVD.  

3. Pre-photolithography process:  

 Rinse in acetone, methanol, blow dry with N2.  

 Acid bath in 50% HCl + 50% Water for 2 minutes. 

 1 minute DI water rinse. 

 Dehydration Bake for 5 min at 115C. 

4. Photolithography Level 1. 

 PR: AZ5214E. 

 Spin program: 50secs, 4700 rpm. 

 Soft bake for 2 mins at 90oC after spin. 

 Mask: Power FET Mesa Mask.  

 Expose 8 seconds 

 Developer: MF-319. 

 Develop time: 30 seconds. 

Acid bath in 50% HCl + 50% Water for 2 minutes. 

5. Deposit 5nm Cr and 200nm Ni in e -beam then lift off in acetone.   

 Measure metal thickness using Dektak 

RIE etch GaN in Plasmatherm 
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    Etchant Gas: BCl3. 

 Etch rate: 180A/min.  

 Conditions:  

 Forward power: 100w.  

 BCl3 flow rate: 35sccm.  

 Pressure: 15 mTorr. 

 Measure thickness using Dektak 

6. Ni and Cr etch.  

 Etchant:  

 Ni etch contains HNO3. 

Cr etch contains perchloric acid and ceric ammonium nitrate. 

 Etch time: 5 minutes each. 

  Rinse in Acetone and methanol after Cr etch. 

 Measure thickness of Mesa by Dektak after etches. 

7. Deposit Si3N 4 (~300nm) 

 Rinse in Acetone and Methanol 

 Acid bath in 50% HCl + 50% Water for 2 minutes 

 Deposit Si3N4, target= 3000A. 

 Condition: 

 Time:63min.  

 Pressure:1.5Torr.   

 Temperature: 350 oC.  
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 Forward   power:  15w.  

 He flow rate: 600sccm.  

 NH3 flow rate: 5sccm.  

 SiH4/He flow rate: 150sccm. 

Measure monitor sample thickness using nanometrics and Vase. 

8. Photolithography Level 2. 

Rinse in acetone, methanol, blow dry with N2.  

 Dehydration Bake for 5 min at 115C. 

 PR: AZ5214E. 

 Program: 50secs, 4700 rpm. 

 Soft bake for 2 mins at 90oC. 

  Mask: Power FET Gate Mask.  

 Expose 0.5 seconds without vacuum chamber. 

 Bake at 115oC for 90 secs. 

 Flood exposes 90secs. 

 Developer: MF-319. 

 Develop time: 30 seconds. 

Acid bath in 50% HCl + 50% Water for 2 minutes. 

9. Deposit 5nm Cr and 200nm Ni in e -beam then lift off in acetone.   

 Measure metal thickness using Dektak 

10. RIE etch Si3N4 in Oxford, target= 3000A. 

 Etchant Gases: CHF3, O2. 
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 Condition:  

 Time: 35min.  

 Pressure: 0.035Torr. 

 Temperature: Room temperature.   

 Forward   power: 100w.  

 O2 flow rate: 40sccm.  

 CHF3 flow rate: 10sccm. 

 Measure thickness using Dektak 

 Measure Si3N4 monitor sample using Nanometrics and Vase. 

11. RIE GaN etch for regrowth regions. Target =3000A. 

 Etchant Gas: BCl3. 

 Conditions:  

 Time: 20mins. 

 Forward power: 100w.  

 BCl3 flow rate: 35sccm.  

 Pressure: 15 mTorr. 

 Measure thickness using Dektak 

12. Ni and Cr etch. 

 Etchant:  

 Ni etch contains HNO3.  

Cr etch contains perchloric acid and ceric ammonium nitrate. 

 Etch time: 5 minutes each. 
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Rinse in Acetone and methanol after Cr etch. 

 Measure thickness by Dektak after etches. 

13. Regrow n+ or p+ regions depending on the base layer in MOCVD 

 Exam the regrowth regions using SEM and AFM 

14. Si3N4 etch 

Etchant: 10%HF.  

 Etch time: 30 minutes. 

 Dice the wafer into 4 quarters and use each quarter for Gate dielectric deposition. 

 Clean up the wax by dipping the pieces in boiling TCE, acetone, methanol 

twice.( 5 min each.) 

15. Gate dielectric deposition.  

 Pre-clean and deposition condition vary depends on the types of gate dielectric. 

16. Photolithography Level 3.  

Rinse in acetone, methanol, blow dry with N2.  

 Dehydration Bake for 5 min at 115C. 

 PR: AZ5214E. 

 Program: 50secs, 4700 rpm. 

 Soft bake for 2 mins at 90C. 

  Mask: Power FET Ohmic Mask. 

 Expose 2 seconds without vacuum chamber. 

 Bake at 115oC for 90 secs. 

 Flood exposes 90secs. 
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 Developer: MF-319. 

 Develop time: 30 seconds. 

17. Etch Gate dielectric.  

Pre-clean and etching condition vary depends on the types of gate dielectric. 

18. Ohmic metal deposition. 

Acid bath in 50% HCl + 50% Water for 2 minutes. 

Deposit Ohmic metal Ti (15nm)-Al (65nm)-Mo (35nm)-Au (50nm) in e- beam. 

 Lift off ohmic metal in acetone. 

 Blow Dry in N2 

 RTA anneals. 

 Temperature: 850C. 

 Program: NContact. 

 Time: 60 seconds 

19. Photolithography Level 4.  

Rinse in acetone, methanol, blow dry with N2.  

 Dehydration Bake for 5 min at 115C. 

 PR: AZ5214E. 

 Program: 50secs, 4700 rpm. 

 Soft bake for 2 mins at 90C. 

  Mask: Power FET Gate Mask.  

 Expose 0.6 seconds without vacuum chamber. 

 Bake at 115oC for 90 secs. 
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 Flood exposes 90secs. 

 Developer: MF-319. 

 Develop time: 30 seconds. 

20. Deposit Gate Metal 

Acid bath in 50% HCl + 50% Water for 2 minutes. 

Deposit Ti or Ni in e-beam. 

 Lift off Gate Metal in acetone.  

 Rinse in acetone, me thanol, blow dry with N2. 

21.Photolithography Level 5. 

Rinse in acetone, methanol, blow dry with N2.  

 Dehydration Bake for 5 min at 115C. 

 PR: AZ5214E. 

 Program: 50secs, 4700 rpm. 

 Soft bake for 2 mins at 90C. 

  Mask: Power FET Interconnect Mask.  

 Expose 2 seconds without vacuum chamber. 

 Bake at 115oC for 90 secs. 

 Flood exposes 90secs. 

 Developer: MF-319. 

 Develop time: 30 seconds. 

22. Deposit Interconnect Metal. 

Acid bath in 50% HCl + 50% Water for 2 minutes. 
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Deposit Ni 5-15nm and Au 200-400nm in e-beam 

 Lift off Interconnect Metal in acetone.  

 Rinse in acetone, methanol, blow dry with N2. 


