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ABSTRACT

Results of the work have been presented in three major parts in this report: (l)

effects of thermal nitrided gate-oxide thickness and post grown annealing on 4H SiC-

- ·basecr-mefaT"oxiae-,,:semiconaucfor cfiaracferistIcs~ T2jNIUS·-cnaraeten-stlcs-or-dTlufbd---

N20 grown Si02 gate on 4H-SiC, and (3) MaS characteristics of sol-gel derived Si02

gate on GaN. The investigated MaS characteristics covered the physical, chemical, and

electrical properties of the gate oxides and much attention has been given to charge

conduction mechanisms through the investigated oxides.

The effects of thermal nitrided gate-oxide thickness on n-type 4H silicon

carbide-based metal-oxide-semiconductor characteristics have been reported. Seven

different thicknesses of oxide (tox), ranging from 2 to 20 nm, have been investigated. It

has shown that effective oxide charge (Qefr) and total interface-trap density (NiD have

demonstrated a cyclic trend as tox is increased. These observations have been explained

in this report. Correlations of Qeff and Nit with oxide breakdown field and current

transport mechanism in these oxides have also been established and explained. The

seven different thicknesses (2 - 20 nm) of nitrided Si02 on n-type 4H-SiC have been

employed to investigate the charge conduction mechanism through these oxides.

Several potential mechanisms have been identified. The mechanisms are depending on

electric field and oxide thickness. A relationship plot among these three parameters has

been established. Nitrided Si02 has been thermally grown on n-type 4H SiC substrate.

The effects of post deposition annealing temperature (650 to 950 DC) in vacuum on

physical properties of the oxides have been reported. Based on Fourier transform infra

red analysis, Si-O-Si bonding of the oxide has been weakened as the annealing

temperature has been increased. The increment in annealing temperature has caused the

xviii



have been reported.

In this report, we have also reported the electrical and physical characteristics of

~~-MG.s--deviee--fabrieated-tlsin~GaNiiinrgrowllUI1-sap]Jhire;-witllspin-on-glassSic)2 as

the gate oxide. The electrical characteristics of the MaS device were characterized via

C-V and I-V measurements. On the other hand, the morphology and compositions of

the oxide were studied using FESEM, EDX, and fluorescent x-ray.
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temperatures due to increase of power density. This self-heating phenomenon in

compact Si devices degrades transistor gain and efficiency. Therefore, the devices are

designed to be less compact to reduce heating effects [4].

Silicon carbide (SiC) and gallium nitride (GaN) are considered as the third

generation semiconductor, after silicon (as the 1st generation), gallium arsenide and

indium phosphide (as the 2nd generation) [5]. These wide-bandgap semiconductors are

emerging as the potential and promising semiconductor materials that can revolutionize

both the optoelectronic and electronic devices due to their superb intrinsic properties,

such as high critical breakdown field, low intrinsic carrier density, and high melting

point compared with their conventional silicon (Si) counterpart [6]. Therefore, these

materials and its combinations can be used for high temperature, high power, high

frequency electronic and optoelectronic devices as well as for non-volatile memory

[7]-[11]. In order to utilize these wide-bandgap semiconductors for the above

mentioned usage, their surface must be well passivated electronically by a dielectric

layer.

However, the role that carbon in SiC plays during oxide growth has been a

major obstacle to the formation of a high quality oxide on SiC [12]. There are a few

ways to oxidize SiC but thermal oxidation in a wet or dry atmosphere has resulted in

residual carbon in the oxide layer and carbon clusters at the oxide-SiC interface.

Nevertheless, it has been found that oxidation or post oxidation annealing in a nitrogen

containing atmosphere has two beneficial effects, which are enhanced removal of

carbon and passivation of silicon dangling bonds [12]. Direct growth of oxide in nitrous

oxide (N20) has proven to be effective because N20 breaks down into oxygen (02),

nitrogen (N2) and nitric oxide (NO) at the oxidation temperature, especially at
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dielectric [18]-[21]. This unintentional current conduction in dielectric contributes to

current leakage in semiconductor and electronic devices which may deplete the

function of these devices [22].

Thermally growth nitrided Si02 and low pressure chemical vapor deposited

Si02 on SiC and GaN, respectively are among the best dielectrics-semiconductor

system that have been rep0l1ed so far [23]-[25]. Unlike Si-Si02 system, the

mechanisms of current conduction in SiC- and GaN-Si02 systems are not extensively

investigated and understood. It is believed that the current transport mechanisms would

be difference between narrow-bandgap semiconductor (Si) and wide-bandgap

semiconductor. In Si-Si02 system, the current conduction mechanisms have been

systematically and extensively investigated, explained, predicated, and modeled. In

general, current conducts in 7 different mechanisms in that system, namely Fowler

Nordheim (FN) tunneling, Schottky effect, field ionization of trapped electrons,

hopping of thermally excited electrons, trap-assisted tunneling, shallow-trap-assisted

tunneling, and band-to-band tunneling, depending on the magnitude of applied electric

field, the oxide composition, processing, and thickness [18]-[20]. However, in SiC

Si02 system, only three mechanisms, i.e. FN tunneling, electron facilitated by FN

tunneling, and interface-trap assisted FN tunneling, have been reported and among that

the later two mechanisms have been discovered and reported recently [21]. To our

knowledge, there has been limited report on current-conduction study in GaN-Si02

system up to date. Therefore, by discovering the fundamentals of current transport from

these wide-bandgap semiconductors through dielectric; it would enable a better

understanding of charge (electron and/or hole) transport in a dielectric based on reliable

physical or mathematical models.
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1.2 Research Objectives

The objectives of this research are:

1. To discover all of the possible current conduction mechanisms in Si02

----- .---------deposited/..grGWn-oo-£iC9r-Ga.---------------· - -- ---- - --- - - - --

2. To explore the effects of oxide thickness and rapid thermal annealing ambient

conditions on current conduction mechanisms.

3. To establish reliable and novel mathematical or physical models representing the

current conduction mechanisms in SiC-Si02 or GaN-Si02 systems.
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CHAPTER 2

LITERATURE REVIEW

-- ----~--- --------------------- --------- -_.~
-------------_.--------~------------ - - --

2.1 SILICON CARBIDE (SiC)

2.1.1 Introduction

Silicon carbide (SiC) was first used as an abrasive and cutting material. The

first SiC light-emitting-diode (LED) was already produced in 1907. For the past sixteen

years, there has been a significant interest in the development of microelectronic

devices for blue and UV emission, solar blind UV detection, high power, high

temperature, high frequency and radiation hard applications, and sensors that are able to

operate in harsh environments. The need for such devices has led to considerable

research and development efforts in wide bandgap semiconductor materials, especially

SiC and gallium nitride (GaN) [1].

2.1.2 Advantages of Silicon Carbide

The commercial availability of semi-insulating SiC wafer with high thermal

conductivity has enabled the development of SiC as the third generation semiconductor

material. Due to its wide bandgap, the potential advantages of SiC include higher

junction temperatures and narrower drift regions (due to a high critical electrical

breakdown field value ten times higher than Si) that can result is much lower device

on-resistance than is possible in Si [1]. In other words, SiC is a well~suited

semiconductor material for high-temperature circuit operation from 350°C to 500 0c. It

is desired for use in aerospace applications (turbine engines and the more electric

aircraft initiative), nuclear power instrumentation, satellites, space exploration and
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silicon. However, there is an exception that the processing temperatures of SiC are

generally higher [3].

T-abI~-A+GeH1pafisefl-{)f-tfie---prepemes-ff)r-seleetecl--imp0rtant-semie(Jndttetors-at

300 K [4], [5].

ELECTRICAL & SiC

PHYSICAL PROPERTY
Si GaAs

4H 6H 3C

Bandgap (eV) 1.12 1.42 3.26 3.02 2.39

Relative dielectric constant 11.9 13.1 9.7 9.7 9.7

Intrinsic carrier concentration 1010 1.8xl06 ~10-7 ~10-5 ~1O-1
(cm-3)

Breakdown field (MV/cm) 0.6 0.6 3.0 3.2 >1.5
@ND = 1017 cm-3

Saturated electron velocity 1.0 1.2 2.0 2.0 2.5(107cm/s)

Electron mobility (cm2/V-s) 800A 60A

750A

@ND = 1016 cm-3 1200 6500
800B 400B

Hole mobility (cm2/V-s) 420 320 115 90 40@NA = 1016 cm-3

Thermal conductivity 1.5 0.5 3 - 5 3 - 5 3-5
(W/cm-K)

Melting Point (K) 1690 1510 ~3100 ~3100 ~3100

TECHNOLOGICAL
PROPERTY

Native oxide Yes No Yes

Complementary device Yes No Possible

A; parallel to c-axis

B: perpendicular to c-axis
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Siatolll

Ca,f6iji·

Figure 2.1: The tetragonal bonding of a carbon atom with the four nearest silicon

neighbours.

The distance, a, between neighbouring silicon and carbon atoms is

approximately 3.08 A for all polytypes. The position of carbon atom at the center of

mass of the tetragonal structure is outlined by the four neighbouring Si atoms so that

the distance between the C atoms to each of the Si atoms is the same. The distance

between C-Si is approximately equal to 1.98 A whereas the distance between two

silicon planes is around 2.52 A. On the other hand, the height of a unit cell, c, varies

between the different polytypes. Thus, the ratio cia differs from polytype to polytype,

but is always close to the ideal for a closed packed structure. For instance, this ratio is

approximately 1.641,3.271 and 4.908 for 2H, 4H and 6H-SiCpolytypes respectively.

At the mean time, the equivalent ideal ratios for these polytypes are (8/3)112, 2(8/3)1/2

and 3(8/3)112 respectively. The difference between these polytypes is the stacking order

between succeeding double layers of carbon and silicon carbons.

Commonly observed polytypes in the sublimation bulk growth is shown in Fig.

2.2.
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With large bandgap, high electron saturation drift velocity and mobility, 4H-SiC

polytype has gained much attention in recent years for device applications [6]. It

consists of an equal number of cubiC and hexagonal bonds [2]. On the other hand, 6H-

---~---~-----giG--are--Hsecl--in--v01ume--prodtlet-i-on--of~bIue--L-EBs~as~suhstrate--material--fortlaN------- --_ ..

heteroepitaxy [6]. This polytype is composed of two-thirds cubic bonds and one-third

hexagonal_ bonds. In short, these 6H-SiC and 4H-SiC are the only SiC polytypes

currently available in bulk wafer form [2].

2.1.4 Gate Oxides Requirements on SiC

There are two major requirements for the gate dielectric of metal-oxide-

semiconductor (MaS) devices that are high barriers for electron and hole injection and

good oxide quality. The gate dielectric should have sufficiently high energy barriers to

block the charge carriers (holes and electrons) between the channel and the gate of a

metal-oxide-semiconductor field effect transistor (MOSFET). In order to prevent

thermally stimulated injection, the energy barriers for both electrons and holes in a

semiconductor have to be high enough. Figure 2.3 shows the energy band parameters

for the interfaces of Si02 with Si and four SiC polytypes (Dimitrijev et al., 2004b).

Si

.

..., l\"\f ·l20_v
.I~~ ":"\,;0 . -.. "'. ...

- -
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electronics devices [7]-[13]. This is due to their direct and wide band gap energy, which

lies between 3.4 and 6.2 eV [7]. GaN is one of the candidates of group III-V, which has

attracted much attention due to its wide band gap (3.4 eV), high breakdown electric

field (~0.2 - 109 Vim) and high electron saturation velocity (~ 2.7 - 104 cm/s)

---~------{-14h[-I-~-l---ln--atiG1ti0n-,the--sj3eei§{;-ofl-8tate--resistallee-of-fieJd-eHeet--transistor-(-FE-'f-)-for----

GaN is expected to be lower than Si or GaAs [14]. These materials have replaced

silicon which has dominated high-voltage power electronics applications for quite

sometimes [11]. Unlike other III-V compounds, nitride based epitaxial layers exhibit

wurtzite crystal structure. This wurtzite crystal structure will result in a much larger

piezoelectric field in nitride based heterostructures, as compared to other III-V

compounds [15]. This characteristic is essential in obtaining low-loss power-switching

devices, such as an inverter. The ability of this material will allow large performance

enhancements in a wide variety of applications such as switching of electric power in

utility industry grid systems; control of power in the electrical sub-systems of emerging

automobile, ship, and aircraft technology; and for power micro~ave generation [12],

[16]. However, green-house effect is generated due to the generation of carbon dioxide

from the power generation plants. This is as a result of burning fossil fuels as to

generate electricity. To achieve environmental friendly condition, the usage of

electricity needs to be reduced by replacing the traditional power device substrates or

materials with GaN. These devices help to attain a cleaner environment by reducing

energy consumption, decreasing time consumption and generating low sound. Thus,

there is an enormous interest in developing GaN high power devices [17].

However, it is rather difficult to find a lattice-matched substrate that allows the

growth of GaN on the substrate. The most frequently used substrates are (0001)

sapphire and SiC which have about 16 % and 3.5 % lattice mismatch to GaN [18].

Nevertheless, the calculated lattice mismatch between GaN and sapphire is larger than

30 %. There is a large variation (14 %) between the calculated lattice mismatch and the

actual mismatch. This is due to the rotation of the small cell of AI atoms. The best films

are grown with relatively small in- and out-of plane misorentation on this plane [19].

GaN films grown on sapphire provide a much better advantages compared to SiC. This

is due to the GaN films grown on SiC substrates are limited in size [20] because the

diameters of SiC substrates are below 4 inches. This limitation can be overcome by

introducing sapphire substrates with its availability at large diameters as a substitution

2-9



higher dielectric film is demanding to replace the conventional Si02, promising

equivalent capacitances with reduced leakage and threat of electrical breakdown [29].

2.3 MOS CAPACITOR
--------~----~~--------~-----

2.3.1 Introduction

The industry trend of increasing memory density dictates a trend of increased

capacitance density. One of the challenges that the memory chip manufacturers is

facing now is that they need to strive for reducing the size of capacitors while ensuring

the capacitors and nearby transistors are adequately isolated from each other. Down

sizing of the MaS devices brings a lot of improvements in the performance of devices

and circuits. Smaller devices can be implemented in a smaller area with fewer materials

and will consume less amount of power. As a consequence, this lead to a large decrease

in the per-transistor and per-function costs of integrated circuits. When the device

becomes smaller, the carrier transport distance from the source to drain will be reduced

accordingly. Nevertheless, the capacitances associated with the devices as well as the

interconnections will also be reduced. These effects result in the higher operation speed

of smaller-size devices. Moreover, more components per chip are feasible with smaller

devices; hence more powerful functions can be implemented and further enhancement

of the system response [30]. Substantial increased density can be achieved by

increasing both the area of the capacitor and the dielectric constant (high-k), as well as

decreasing the thickness of the insulating film of capacitor.

2.3.2 The MOS Capacitor Structure

The MaS structure consists of a semiconductor substrate with a thin oxide layer

and a top metal contact which is also known as the gate. A second metal layer forms an

Ohmic contact to the back of the semiconductor, also referred to as the bulk. Figure 2.4
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Dielectric layers are just indispensable to integrated circuit fabrication as the

semiconductor itself. Silicon dioxide (Si02) is one of the most commonly encountered

substances in electronic manufacturing, The whole planar electronics processing and
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properties of silicon dioxide that are:

• Silicon dioxide is the only native oxide of a common semiconductor

which is stable in water and at elevated temperatures.

• An excellent electrical insulator.

• A mask to common diffusing species.

• Capable of forming a nearly perfect electrical interface with its

substrate.

2.4.2 The Properties of Silicon Dioxide

Silicon dioxide is sufficiently important in the semiconductor field due to its

widespread uses. Device engineers call it oxide without ambiguity. As an insulator,

silicon dioxide has a band gap of 8.9 eV. Its thermal expansion coefficient is 5 x 10-7 K

1, which is sufficiently close to that of silicon (2.6 x 10-6
) to prevent thermally induced

stresses causing crystal defects in the underlying silicon in most circumstances [32].

Table 2.2 summarizes some of the important properties of silicon dioxide at room

temperature.

Table 2.2: Important properties of pure silicon dioxide [33].

Structure Amorphous

Melting point Approximately 1600 DC

Density 2.0-2.3 g/cm
j

Refractive index 1.46 (thermal oxide)
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chemical properties such as hygroscopicity (tendency to react with ambient water) also

vary tremendously depending on the structure [33].

~~-~~~---£2.q.4·A-l'he-Imp9l"ta~eon-l)i&.llile-F»ilmm--~~~~~~~~~~~~~-

Since silicon dioxide is a good insulator, it is used to provide electrical isolation

between devices on the chip. Moreover, the thin oxide film can form the dielectric layer

of a capacitor. For this particular application, where the resistive character of the

dielectric is essential, the chemical purity of the oxide film determines its effectiveness

[34].

Besides, one of the most common uses of silicon dioxide is as a doping mask, or

barrier, against dopant diffusion into semiconductor substrate. Through the methods of

photolithography, certain regions of an oxide film are protected against etching. The

openings ("window") subsequently etched in the oxide permit the entrance of dopants

into the substrate. Oxide which is unetched retards the diffusion of dopant atoms; hence

the dopants are segregated precisely into the desired region ofthe substrate [34].

As a glass-like material, silicon dioxide is resistive to intrusion of moisture and

most ambient or environmental chemicals encountered in the neighborhood of

electronic devices. For this reason, an encapsulating film of silicon dioxide is often

used to provide a protective covering over the completed device [34].

Lastly, silicon dioxide also plays an important role as an electronic surface

passivation. It is noted that oxidation of a crystalline silicon surface produces an

important alteration of the electronic state of that interface. The surface of a bare silicon
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oxidation therefore serves primarily as an accelerator of the oxidation process, resulting

in thicker oxide layers per unit of time. Depending on which oxidant species is used

(02 or H20), the thermal oxidation of Si02 may either be in the form of dry oxidation

(wherein the oxidant is 02) or wet oxidation (wherein the oxidant is H20) [35].

The basic thermal oxidation setup is shown in Fig. 2.8.

Figure 2.8: Schematic cross section of a resistance-heated oxidation furnace [35].

The reactor consists of a resistance-heated furnace, a cylindrical fused-quartz

tube containing the wafers held vertically is a slotted quartz boat and a source of either

pure dry oxygen or pure water vapor. The loading end of the furnace protudes into a

vertical flow hood where a filtered flow of air is maintained. Flow is directed as shown

by the arrow in Fig. 2.8. The hood reduces dust and particulate matters in the air

surrounding the wafers and minimizes contamination during wafer loading. Generally,

the oxidation temperature is in the range of 900°C - 1200 °C and the typical gas flow

rate is about 1 liter/min. This oxidation system uses microprocessors to regulate the gas

flow sequence, to control the automatic insertion and removal of wafers, to ramp the

temperature up (i.e., to increase the furnace temperature linearly) from low temperature
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oxidation or post oxidation in a nitrogen-containing atmosphere has two beneficial

effects that are enhanced removal of carbon and passivation of silicon dangling bond

[37]. Other effects of nitridation include reductions in SiC-Si02 interface and in near

interface-trap densities, increments in effective SiC-Si02 barrier height and in metal

oxide-semiconductor (MOS) field-effect-transistor's carrier mobility and improvements

in oxide reliability and in non-equilibrium charge-retention time [38].

2.6.2 Effects of Nitrogen at the Si02-SiC Interface

There are two sets of mechanism involved at the Si02-SiC interface during

nitridation:

• Creation of strong Si=N bonds that passivate interface traps due to dangling and

strained bonds.

• Removal of carbon and the associated complex silicon-oxycarbon bonds.

The mechanisms leading to the creation of strong Si=N bonds are completely

analogous to the case of the Si02-Si interface. In the case of both the Si02-Si and the

Si02-SiC interfaces, there are dangling Si bonds that are passivated by N, and strained

Si-O bonds that are replaced by'strong Si=N bonds during the nitridation. In both cases,

the creation of these bonds improves the reliability of the oxide gate [3].

However, there is an important difference between these two cases. In the case

of SiC, not only the reliability is improved by the strong Si=N bonds but also the initial

interface-trap density is significantly reduces. This interface-trap reduction is analogous

to the well-established interface-trap reduction in Si due to creation of Si-H bonds

(interface passivation). This hydrogen-based passivation is not effective on the case of
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Table 2.3: Historical comparison of various nitridation techniques and their effects on

electrical properties [37].

Process Effect on oxide quality

Annealing in N20 Deterioration of electrical properties

Annealing III NO (thin Improvements in electrical properties

oxides, no epi layer)

Direct growth in N20 Improvement in electrical properties

Direct growth in NO Shown as the best process in terms of interfacial properties

and oxide reliability

Diluted N20 Good oxide reliability; comparable to NO-grown

High-temperature growth Reduce interface states and increase MOSFET electron

in N2 (> 1200 °C) mobility

Jet vapour deposition Reduced D it in upper half of energy gap. Reduced sub-

(JVD) oxides and dangling bonds at interface

NO/02INO sandwich MOSFETs with low field mobility = 48 cm"lVs; Dit = 3 X

process lOll cm-2eV- I ; oxide breakdown = 9 MV/cm

Nitrogen radical treatment Improved field effect mobility in 4H- and 6H-SiC
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Figure 2.10: Schematic diagram of silicon nitridation in NO or N20 [39].

The main products of the N20 decomposition are N2, O2 and NO (with the

equilibrium concentration of NO increasing with temperature). Since N2 is much less

reactive than O2 and NO, it can be expected that a properly chosen mixture of NO and

O2 in the gas phase would produce an oxynitride film similar to that grown in N20.

However, this is not the case. It is observed that oxynitridation in the mixture of NO

and O2 is in fact much more similar to NO oxynitridation than to N20 oxynitridation.

This suggests that there are other species present during N20 decomposition which are

important in the nitridation process. It is believed that atomic oxygen plays a key role

in N20 oxynitridation. Though the equilibrium concentration of oxygen is rather low,

an intermediate concentration of atomic oxygen released in the first step of the

decomposition process may be relatively high, especially if N20 decomposition takes
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2.6.5 Thermodynamics of the Si-N-O System

The bulk phase diagram of the Si-N-O system is shown in Fig. 2.11. The

diagram consists of four phases: Si, Si02 (cristobolite, tridymite), ShN4 and ShN20.

The three compound phases have similar structural units: Si04 tetrahedra for Si02, SiN4

tetrahedra for ShN4, and slightly distorted SiN30 tetrahedral for ShN20, implying that

the phases can be converted from Si02 to ShN20 and finally ShN4 by replacing oxygen

with nitrogen. However, the nitride (ShN4) and the oxide (Si02) phases never coexist in

the bulk under equilibrium conditions. They are often separated by the oxynitride

(ShN20), which is the only thermodynamically stable and crystalline form of silicon

oxynitride.
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Figure 2.11: Thermodynamic phase diagram of the Si-O-N system [39].

According to thermodynamic equilibrium, nitrogen should not incorporate into

Si02 film that is grown on silicon in almost any partial pressure of oxygen, i.e. > 10-17
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the past and much is known about factors that control coating deposition and final

thickness of the deposit that results [40].

2.7.2 Spin-on-coating Physics

Spin coating is divided into four stages: deposition, Spll1-Up, spin-off and

evaporation. An excess of liquid is dispensed on the surface during the deposition

stage. In the spin-up, stage, the liquid flows radially outward, driven by centrifugal

force. In the spin-off stage, excess liquid flows to the perimeter and leaves as droplets.

As the film thins, the rate of removal of excess liquid by spin-off slows down, because

the thinner the film, the greater the resistance to flow, and because the concentration of

the nonvolatile components increases raising the viscosity. In the fourth stage,

evaporation takes over as the primary mechanism of thinning [41].

The physics of the substrate rotation leads to a fluid flow condition where the

rotational accelerations are exactly balanced by the viscous drag felt within the

solution. Meyerhofer [41] considered the fact that solvent evaporation is also occurring

simultaneously out of the top surface of the solution. The Meyerhofer treatment is

especially instructive because he split the spin coating run into two stages: one

controlled predominantly by viscous flow and the second controlled by evaporation.

With this approach he was able predict the final coating thickness, h, in terms of several

key solution parameters, according to:

h = x(el2(1-x)K)1/3 (2.3)

where e is the evaporation, K is flow constants and x is the effective solids content of

the solution. The evaporation and flow constants are defined, respectively, as:

e = C-YCD
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2.8.2 Rapid Thermal Annealing (RTA)

The rapid thermal process (RTP) system is a single-wafer process which

favours system for post-implantation annealing, silicide annealing and ultrathin silicon

dioxide layer growth [43].

The most common application of RTP is the post-implantation rapid thermal

annealing (RTA) process. After ion implantation, the crystal structure of wafer near the

surface is heavily damaged by the energetic ion bombardment. It needs a high-

temperature process to anneal the damage, to restore the single-crystal structure and

activate the dopant [43].

A study on the effects of RTA on nitrided gate oxide grown on 4H-SiC had

been reported last year by Cheong et af. [44]. It was found that the effects of annealing

time (isothermal annealing) and annealing temperature (isochronal annealing) play

important roles on the gate oxide quality. After rapid isothermal and isochronal

annealings, there had been a significant increase in positive oxide-charge density and in

oxide-breakdown time [44].

2.8.3 Post-Deposition Annealing in Vacuum

The purpose of using vacuum as an atmosphere is that it usually connotes space

relatively free from matter. There are two outstanding features of a high vacuum

atmosphere that are particular interest in vacuum heat treatment. Firstly, vacuum

provides an atmosphere of rather low chemical activity, being almost inert because of

the relatively low gas constituents. Due to this, the usual reactions that take place (gas-

solid heat treatment reactions) such as carburization, decarburization, reduction or
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Table 2.4: Thickness characterization techniques [46].

Property Technique Comments

Thickness Stylus Any film; need sharp step

Interferometry Dielectric films

Ellipsometry Dielectric films

X-ray fluorescence Any film; do not need step; layer

spectrometry thickness in composite film

(XRFS)

Resistance change Measure metallic film growth

Scanning Electron Cross section

Microscopy (SEM)

In this research, Filmetrics F20 Thin-Film Analyzer is used to measure the

thickness of the Si02 layer. Measured films must be optically smooth and within the

thickness range set by the system configuration requirements. Commonly measured

films include semiconductor process films such as oxides, nitrides, resists and

polysilicon, optical coatings, flat panel display films such as polyimides, resist, and cell

gaps finally, the various coatings used in CD and DVD manufacture.

One of the limitations of Filmetrics is that it is unable to measure rough films

and also metal films. Besides that, as with most measurements, the uncertainty of the

measured data increases as the number of simultaneously measured value increases.

This is especially true, as changes in thickness (d) and optical constants (n and k) can

often affect the measured reflectance spectrum in similar ways. Thus, it is best that as

much information about the film structure as possible is provided.
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insulating samples. This is because AFM operates by measuring the forces between a

probe and the sample. These forces depend on the nature of the sample, the distance

between the probe and the sample, the probe geometry and sample surface

contamination [47]. Moreover, AFM has several advantages over the scanning electron

microscope (SEM). Unlike the electron microscope which provides a two-dimensional

projection or a two-dimensional image of a sample, the AFM provides a true three

dimensional surface profile. Additionally, samples viewed by AFM do not require any

special treatments (such as metal or carbon coating) that would irreversibly change or

damage the sample.

A disadvantage of AFM compared with SEM is the image size. The SEM can

image an area on the order of milimetres by milimetres with a depth of field on the

order of milimetres. The AFM can only image a maximum height on the order of

micrometres and a maximum scanning area of around 150 by 150 !lm. Another

inconvenience is that at high resolution, the quality of an image is limited by the radius

of curvature of the probe tip, and an incorrect choice of tip for the required resolution

can lead to image artifacts.

An AFM is able to operate in several modes. One of them is the contact mode.

In this mode, the sample topography is measured by scanning the tip, which contacts

the surface, across the sample. Even though this mode is frequently used in AFM

measurements, samples are typically covered with a thin layer of water or other

contaminants. When the probe touches the surface, it is pulled towards the sample by

capillary action. This force, when coupled with possible electrostatic forces, will create
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that can plague conventional AFM scanning methods [47]. The advantages of this

mode are:

• Higher lateral resolution on most samples.

• Lower forces and less damage to soft samples imaged in air.

• Lateral forces are virtually eliminated so there is no scraping.

The disadvantage of tapping mode is:

• Slightly lower scan speed than contact mode AFM.

Table 2.5 shows the definitions of terms and symbols commonly used in AFM

measurements.

Table 2.5: Types of Data Analysis

Terms and Symbols Definitions

Profile Mean Height (Ra) This value represents the roughness curved line when

clipping the assessment length L portion from the center

direction of the roughness curved line and having the X

axis be the center line in the direction of the cut area and

the Y-axis being the horizontal direction (perpendicular to

the X-axis)

Surface Mean Height This term represents the three-dimensional expansion of

(Ra) the center line mean roughness Ra so that it is applicable to

the measurement surface. The averaged absolute value of

the deviation from the standard surface to the indicated

surface.

Maximum Peak-to-Valley Difference between the maximum and minimum values of

Height (P-V) Z data within the indicated surface or section profile.
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Table 2.5 continues.

Terms and Symbols Definitions

(Section Roughness Parameter) n Point This parameter represents Rz (cross-point

Mean Height (Rz) mean roughness) expanded to n point (n:

even number from 20~30). The value of

Rz is expressed with the difference of the

average value of the Z data of the peak

from the maximum to the n/2-th and the

average value of the Z data of the valley

from the minimum to the n/2-th when

measuring in the Z direction to a section

profile from the line which is parallel to an

average line and not cross a section

profile.

(Surface Roughness Parameter)

n Point Mean Height (Rz)

This parameter represents Rz (cross-point

mean roughness) expanded to n point (n:

even number from 2~30) and ultimately

expanded to a three-dimension. The value

of Rz is expressed with the difference of

the average value of Z data of the peak

from the maximum to the n/2-th and the

average value of Z data of the valley from

the minimum to the n/2-th in the indicated

surface.

2-41



Table 2.5 continues.

Terms and Symbols Definitions

Standard Deviation Size (STD DEV Size) Standard deviation cr of the determined

grain size after setting the threshold value

for binary processing.

Count Count of the determined grain after setting

the threshold value for binary processing.

Normalized Count Normalized grain count after converting

the regulated area.

Grain Area The sum of the gram SIze of the

determined grain after setting the

threshold value for binary processing.

Ratio of Grain Area Ratio of grain contained in the indicated

surface.

Threshold This is the standard value of the image

data binary processing prior to performing

grain analysis. The value is input and set

using either Auto Set or Manual.
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the mass density of the film along the growth direction and finally, the interfacial

structure [48].

One of the advantages of XRR is that it gives a non-destructive feature. This

makes it a very suitable tool to probe interfacial structure since any destructive

techniques, such as a cross-sectional transmission electron microscopy or depth

profiling, will inevitably change the interfacial state to some extent. Moreover, XRR is

particularly sensitive to the film electron density distribution normal to the surface. If

the stoichiometry is known, the material density profile can also be found [49].

2.10 ELECTRICAL CHARACTERIZATION

2.10.1 Dielectric Constant of Dielectric (C-V Curve)

The term dielectric constant (c) is more precisely referred to the relative

permittivity of an insulator and it is one of the most important characteristics. In

applications in which minimizing signal delay and cross talk is of paramount

importance, such as in interconnections, e should be as low as possible. However, there

are other applications for which charge storage is important, e should be as high as

possible [46].

The value of e, at different frequencies and temperatures, is determined from

capacitance-voltage (C-V) measurements using parallel plate capacitor:

C= eeo4
d
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2.11 CHARGE-CONDUCTION MECHANIMS

2.11.1 Introduction

In an ideal metal-oxide-semiconductor (MaS) capacitor, the conductance of the

insulating film is assumed to be zero. However, when the electric field or temperature

is sufficiently high, the real insulators show carrier conduction. To estimate the electric

field in an insulator under biasing conditions, the equation is showed as below

(2.8)

where Si and Ss are the electric fields in the insulator and semiconductor. Gj and lOs are

the corresponding permittivity for the insulator and semiconductor [35].

Mobile ions such as sodium can transport through the oxide and give rise to

device instability and hysteresis effect. For ultrathin Si02 or under a very high electric

field, tunneling will occur [35].

Table 2.6 summarizes basic conduction processes in insulators. For Schottky

emission process, thermionic emissions across the metal-insulator interface or the

insulator-semiconductor interface are responsible for carrier transport. The Poole 

Frenkel emission is due to field-enhanced thermal excitation of trapped electrons into

the conduction band. For trap states with coulomb potentials, the expression is virtually

identical to that of the Schottky emission. The barrier height, however, is the depth of

the trap potential well, and the quantity .y (qhtcj) is larger than in the case of Schottky

emission by a factor of 2, since the barrier lowering is twice as large due to the

immobility of the positive charge. The tunnel emission is caused by field ionization of
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The Schottky effect expresses the change in electrostatics at a

metal/semiconductor(=SC)-interface. This change arises because charges will flow

from one side to the other. For example electrons will flow from an n-type SC to the

metal. Once part of the SC conduction electrons have traveled to the metal, the positive

donor-atoms remain unscreened. They give rise to a region which is positively charged

(ie the depletion region) of a few nanometers thick (measured from the interface).

Because of Poisson's Law, the energy bands will be bent due to this positive space

charge.

This positive space charge at the SC side of the interface will yield a negative

image charge at the metal side of the interface. The positive region at the SC-side

"attracts" electrons from the metal-side. These electrons will not flow back toward the

SC because they do not have enough energy to do so. Higher electron density occurs at

the metal side. This is the image charge and its effect is to lower the Schottky barrier

height (SBH). This SBH is defined as the energy difference between the metal Fermi

level and the bottom of the n-type SC conduction band [51].

There are two main processes, emission of electrons from negative electrode into

the conduction band of dielectric caused by the lowering of the barrier by an applied

electric field (Schottky effect) and the thermal ionization of traps, which is also caused

by a strong electric field (the Poole-Frenkel effect). Thermal emission over the barrier

lowered by a strong electric field (Schottky effect) is governed by the Richardson

Schottky relation. The density of current from a material with work-function (height of

surface barrier) <I> is given as
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The difference is in constant,

(2.13)

ShN4 also used as the gate dielectric in the metal-insulator-semiconductor (MIS)

devices. Si3N4 have many traps, isolated states and smaller band gap. AI-ShN4-Si is

bulk-controlled rather than electrode- controlled.

(2.14)

(2.l4a)

where

E =electric field,

q =electronic charge,

<D]= barrier height ofSbN4,

EO =permittivity of free space,

Ed = dynamic dielectric constant of SbN4,

kB = Boltzmann constant,

T= the temperature in K

<D3= the barrier height of isolated states in SbN4.

C\ = density of trap centers

E2, C2=effective e mass and the depth of the trap potential well
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then the lowering factor of the potential barrier, the high frequency dielectric constant,
~ ~ .. ).~ ,

and the refractive index of these glasses were determined. [53].

2.11.3 Shallow -trap-assisted tunneling

Electronic conduction in· thin oxynitride films is governed by three different

mechanisms according to the strength of the electric field ranging from 6 to 14 MV/cm.

The current conduction is due to the tunneling of electrons into the shallow traps in the

insulator (current conduction is trap-assisted at electric field lower than 8MV/cm) (Fig.

2.13). In the high field region (>10 MV/cm), Fowler-Nordheim (FN) effect becomes

dominant. In the moderate-filed effect region, traps can be filled by both FN current

and direct tunneling of electrons into the traps, results in quasi-saturation region in the

leakage current. "Shallow trap" means that the electrons trap cannot be filled at the

measured temperature whereas the "Deep trap" refers to the trap that can be filled at the

temperature. When a positive Vg is applied to a metallNO (nitrided oxide)/silicon

structure, part of the electrons in the silicon conduction band may directly tunnel to the

shallow traps inside the nitrided oxide. Since the shallow traps cannot be filled by the

injected electrons, the electrons will be migrate to other shallow traps along the field

direction until they reach the metal electrode. This phenomenon is called shallow-

trapped-assisted tunneling (STAT). On the other hand, Deep-trap-assisted tunneling

(DTAT) or two-step tunneling occurs as some injected electrons may firstly tunnel

from the deep traps in the nitrided oxide and then tunnel from the deep traps into the

conduction band of the nitrided oxide (Fig. 2.13).
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trap peaks at about 1,200 C for the 400 nm thickness and at 1,100 C or lower for the

100 nm thicknesses. The occupation of shallow traps during cryogenic irradiation

decreases the occupation of the deeper trap compared with room temperature

irradiation. At high concentrations, the shallow traps decrease the tunneling field of the

deeper trap by trap-assisted tunneling [55].

Thin films of silicon oxynitride (SiON) were grown on Si substrates by

nitriding rapid thermally grown Si02 layers in microwave-excited nitrogen plasma and

by subsequent re-oxidation. The enhanced leakage current in SiON at oxide fields 5-7

MV/cm is due to a trap assisted tunneling current. Trap assisted tunneling current

analysis indicated a trap level of 1 eV below the conduction band edge, which is

shallower than ~2.5 eV level reported for nitrogen related traps in thermally nitrided

Si02. This shallower trap level suggests that its origin could be oxygen vacancies in the

rapid thermal oxide, generated in the plasma nitridation.[7] Experimental results show

that the deep trapping effects at room temperature are similar to the shallow-level

trapping effects observed by others below room temperature [57].

2.11.4 Direct tunneling

Direct tunneling in MOS structures with ultra-thin oxide « 4 nm) during

which electrons from the conduction band in semiconductor are transferred across the

oxide directly (i.e. without changing energy) into the conduction band of metal;

probability of direct tunneling is a very strong function of the width of the barrier

electron tunnels through (oxide thickness in MOS devices) (Fig. 2.14) [71].
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Assuming that a single effective mass can be used for the electron in all three regions

and integrating the Fermi-Dirac distribution function yields [9]:

(2.16)

where h is Planck's constant, m~ is the electron effective mass in the direction

perpendicular to the barrier, Ex is the electron kinetic energy in the direction

perpendicular to the barrier, k is the Boltzmann constant, T is the temperature, and

S(Ex) is the" supply" function, which is derived from the integration of the Fermi-

Dirac distribution function, and is given by [59]:

< .• • { •.• 1
"s'(E,.) = In',.,.. <, .~.! ., 1 (2.17)

where Efs and Erg are the electron Fermi levels in the semiconductor and the gate,

respectively. Note that the applied voltage is implicitly present in this equation through

the difference between the Fermi levels. Calculation of the tunneling probability

requires solving Schrodinger's equation for the electron wave function; typically this is

done only in the direction perpendicular to the surface, and using the effective mass

approximation, that is, assuming the electron is free and including the effect of the

periodic lattice potential through the use of the effective mass.

The condition of a "slow" change of the potential means that the changes in the

potential and its derivative on each electron wavelength, should be small compared to

the energy of the particle. This is known as the Wentzel-Kramers-Brillouin (WKB)

approximation. The tunneling probability is calculated by a modified Wentzel-

Kramers-Brilliouin ~WKB approximation, which takes the reflections nearthe Si/Si02
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Figure 2.15: Fowler-Nordheim plot of measured tunneling current (solid line) III a

MOS structure (tax = 40.5A '), showing weak oscillations around the straight line

(dashed line) that is predicted by the Fowler-Nordheim equation [57].

(h(x)

E

x

Figure 2.16: Arbitrary potential barrier, showing the classical turning points

The tunneling probability through a barrier of arbitrary shape is approximately

given by (Fig. 2.16) [62]:

(2.20)

where Xl and X2 are the classical turning points, that is, the points at which the energy

of the particle is equal to the potential, as shown in Figure 5. For direct tunneling

through a trapezoidal barrier, the classical turning points are the metal- insulator and

insulator semiconductor interfaces [63].
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to reduce dynamic power consumption [70], and it will continue playing its role in the

reduction of leakage power as well.

2.11.5 Fowler-Nordheim tunneling

Thermally grown Si02 films were widely used as the gate dielectric in early

MOSFETs. In 1969, Lenzlinger and Snow have investigated the electrical conduction

in Si02 grown in dry O2 with thickness ranging from 64 to 500 nm [52]. As compare to

other insulator, thermally grown Si02 is more likely to show electrode-limited

conduction because it has an extremely wide bandgap and consequently a high energy

barrier at its contact with an electrode. However, bulk-limited mechanisms are less

likely to play a role because of the low trap density in the forbidden band and the

relatively high electron mobility in the conduction band [52].

The energy-band diagram of a MOS structure is illustrated in Fig. 2.17. The

energy barrier from the silicon conduction band to the oxide conduction band is 3.25

eV, while the barrier for holes ¢sh from the silicon valence band to the oxide valence

band is 3.8 eV. However, the energy barrier ¢m from the metal Fermi level to the oxide

conduction band depends on the type of metal [52].

The energy band diagram for a metal-oxide-p-type semiconductor, without

applied voltage, is shown in Fig. 2.18 [72]. The bending is caused by the metal

semiconductor work function difference and the oxide fixed charge. The metal

semiconductor work function difference is presumed to be negative as for example in

the case of the MOS device with an Al gate on a Si substrate.
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always less than the silicon bandgap, for large applied voltage, the oxide field IS

approximately equal to the applied voltage divided by the oxide thickness.

BLECTRON m.USSION

'"

METAL OXIDE SILICON

Figure 2.19: Energy-band diagram of a metal-silicon dioxide-silicon structure with

large positive bias on the metal.

Figure 2.20 shows the energy-band diagram when a negative bias is applied to

the metal electrode. In the dark and in the absence of bulk limitation, the current is due

to either Schottky emission of electrons over the barrier ¢m' or FN tunneling of

electrons through the triangular barrier into the oxide conduction band, with the latter

mechanism dominating at room temperature. Emission of hole from the silicon valence

band into the oxide valence band is also possible. However, because of the high barrier

(¢sh = 3.8 eV), hole emission is not expected to occur, except in the case of Au

electrode.

ELECTRON EMISSION

klETAL OXIDE SILICON

Figure 2.20: Energy-band diagram of a metal-silicon dioxide-silicon structure with

large negative bias on the metal electrode.
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Fowler-Nordheim plot which is the plot of J FN / F~x versus 1/J FN yields a straight

line (Fig. 2.22). This plot give a good fit for experimental data with wide range of

voltage for MOS structure that is relatively thick oxide and metal gate. However, this

relatively simple Fowler-Nordheim model is not enough to take into account the

effects of modern structure such as [72]:

• Direct tunneling through an approximately trapezoidal barrier for low applied

voltages.

Carrier quantization in the inversion/accumulation layer.

Tunneling mechanisms other than conduction band tunneling of electrons (valence

band hole tunneling and valence band electron tunneling).

Effect of the finite temperature on the availability of carriers for tunneling.

Depletion effects on the polysilicon gate.

70A

1/F~x (-ler ' cm:V)

Figure 2.22: Fowler-Nordheim plot of tunneling data from (100) silicon into thick Si02

oxides. The two lines correspond to two sets of experimental data from different groups

for two different oxide thicknesses; the slope and intersect of the Fowler-Nordheim

plot are both independent of oxide thickness, as expected from (1) [72].
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where the integration limit Xl =(VapPI - ¢t)/E, E is the electric field across the nitrided

oxide film, Nt the concentration of electron traps in the nitrided oxide film. With the

effect of image force and the lowering of Coulombic potential barrier associated with

the traps neglected, electron tunneling probabilities from the metal to the trap (PI) and

from the trap to the conduction band of the nitrided oxide (P2) [52].

For fairly high values of E and ¢t , equation (2) can be written as,

where D =4~2qmox 13h

Further manipulating the equation leads to

¢t can be easily extracted by plotting InUdt E) vs liE

where ¢t = (-slopel H)2/3

(2.25)

(2.26)

(2.27)

(2.28)

where H = 4.85 X 109 Vim for mox equal to 0.5 me [52]. The Y -intercept of the plot

can be used to calculate Nt.

The two-step tunneling model can well describe the current transport of

thermally nitrided oxide films with deep trap energy level of 2.1-2.75 eV [52], as

shown by the good fitting between theory and experiment in Figs 2.23 and 2.24.

However, this model does not account for the effect of bulk shallow trap in thermally

nitrided oxide films, which is very impOliant in the current transport of these dielectric

films. Hence, the the two-step tunneling mechanism is inadequate for nitride oxide

films with shallow-trap energy levels.
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Figure 2.24. Theoretical and experimental plots of total currents for the samples of Nl

and N2. For Nl sample (l.20 dilution, which represents the ammonia. nitrogen) for 15

min at 950 cC, <P t = 2.1 eV, Nt = 6.7 X 101 cm-3
; and for N2 sample (1.10 the dilution),

<P
t

= 2.1 eV, Nt = 1.7 X 1020 cm-3
. Also included are the FN curves associated with the

experimental data [71].

2.11.7 Band-to-band tunneling

As MOSFET shrinks, the thickness of its gate dielectric has been reduced to

below 20 A [52]. In the sub-20 A regime, the gate-oxide thickness (Tax) is close to or

less than the FN direct-tunneling thickness, the transport current in gate dielectric is

mainly contributed by the electron and hole tunnelings from one energy-band to

another [52]. Figure 2.25 shows that when a negative voltage is applied to the poly-

silicon gate, the electrons from the conduction band of the gate can tunnel to the

conduction band of the silicon substrate directly (ECB). On the other hand, the

electrons in the valence band of the gate can directly tunnel to the conduction band of

the silicon substrate (EVB). In addition, the holes in the valence band of the silicon
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Table 2.7: Model parameters for different tunneling processes [52].

l;If~x

.~ (eV}
~(eV)

(t.

(IA~1Ji}

5.t
3.1
OAi

(I.3m;)

4.2
3.1
Ul

O.:5Lnli}
4.5
4.5
n.4i

N indicates the density of the tunneling carrier for ECB and EVB or the receiving

energy state for EVB.

In both the inversion and accumulation regimes, the ECB and EVB tunneling

processes are given by

N = & ox {S . In[1 + e(Vge-V thiS)] + Vt ·In[l +e(-Vg-VFBIVt)]}
Tax

(2.31)

where S is the sub-threshold swing, Vth the threshold voltage, V FB the flat-band voltage,

Vt = (kT/q) the thermal voltage and Vge the gate voltage minus the gate depletion

voltage (Vg - Vpo1y) [52].

For the EVB tunneling process:

& { [qlvoxl-Eg
]}N= T:: 3Vt ·In 1+e 3kT (2.32)

where Eg is the energy band gap and 3 is a fitting parameter. Vox is a function of Vg as

describ.ed in [52]. Note that through the ¢b and ¢bo and VFB terms, this model is

applicable to Wand p+ poly-Si gates as well as other gate materials such as SiGe [52].
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CHAPTER 3

EFFECTS OF THERMAL NITRIDED GATE-OXIDE THICKNESS

AND POST GROWN ANNEALING ON 4H SIC-BASED METAL

OXIDE-SEMICONDUCTOR CHARACTERISTICS

3.1 INTRODUCTION

Thermal nitrided silicon dioxide (Si02) has been widely accepted as the best

quality gate oxide used in silicon carbide (SiC) based MOS devices [1]-[4]. With this gate

oxide, it enables SiC to be used as a substrate for MOS-based devices in high power, high

frequency, high temperature, and non-volatile memory applications [5],[6]. In these

applications, thickness of the nitrided oxide (tox) is different due to the difference in their

device structures and requirements. It may range from ultra-thin oxide, commonly used as

a buffer insulator in gas sensor (tox=1.5 nm) [7] and in stacking high dielectric-constant

gate (tox<8 nm) [8], to thin oxide as the gate insulator for non-volatile memory devices (12

nm<tox<20 nm) [9], and to thick oxide as the gate insulator for high power metal-oxide

semiconductor field-effect transistor (50 nm<tox<70 nm) [5]. Currently, most of the studies

on nitrided oxide are concentrating on thin-oxide region approximately 12-22 nm. Using

this knowledge, the quality of ultra-thin and thick nitrided oxide is assumed to be the same

as the thin oxide. However, according to Si-Si02 system, charge transport mechanism in

the oxide, oxide breakdown field, and oxide reliability are strongly depending on the oxide

thickness [10], [11]. While flatband voltage (VFB ) and interface-trap density (Dit) are not

[10], [11]. Therefore, the assumption used in SiC-Si02 system is questionable and it is
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20 nm) and post grown annealing on SiC-based MOS characteristics has been reported.

From this study, correlation of effective oxide charge (Qefr) and total interface-trap density

(Nit) with oxide breakdown field (EB) and current transport mechanism in the oxide have

be established. Detail analysis of the mechanisms on n-type 4H SiC-based nitrided Si02 as

a function of nitrided oxide thickness and electric field has also been reported.

3.2 EXPERIMENTAL PROCEDURES

N-type, 8° off (0001) oriented, 4H-SiC wafers with 10-llm thick epilayer doped

with (l-4)x1016 cm-3 of nitrogen were used to fabricate the MOS-capacitor test structures.

After underwent a standard wafers cleaning process, seven different thicknesses of thermal

nitrided Si02, ranging from 2 to 20 nm were grown on the wafers in a horizontal tube

furnace with 10%-N20 ambient at 1175°C. The samples were loaded in the furnac.e at 1175

°C. The oxidation/nitridation time was adjusted to obtain the required tox. After the oxide

growth, the furnace was cooled down to 800°C in high-purity N2, approximately at 10

°C/min, before the samples were removed. Subsequently, aluminum was sputtered on the

oxides to form gate electrodes. The areas, A, (l.30x I0-3 cm2
) for the MOS capacitors were

then defined by photolithography. Finally, a large area of aluminum back contact was

sputtered on the n+ substrate. A computer controlled Semiconductor Parameter Analyzer

(HP-4156) was used to measure leakage current of the capacitor. The gate current (10) as a

function of forward gate-voltage sweep, Va, (ramping rate = 0.3 Vis) was recorded. The la

Va plot was then transformed into J-E plot. Post-metallization annealing was not

performed, so as to avoid masking the effects of the oxides. The subsequent methods of

characterizations and extractions of Qeff, Dit, Nit, and EB have been described elsewhere
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Figure 3.1 shows the results of tax, with two distinguish regions labelled as A and

B, as a function of oxidation/nitridation time, t. Region A demonstrates a linear oxide

growth with a rate constant of 5.2 nm/hr, which is comparable with the literature (~6.0

nm/hr) [22]. However, for tox<8 nm (region B), the linear growth of the oxide has been

suppressed by an accelerated initial oxide growth [23]. The combination of these two

growth rates (dtox/dt) in this ultra-thin region can be well fitted in the following model

[23]:

dt -tl -EA /
~=C+aoe Ire /kT

dt
(3.1)

where the first and second terms are representing the linear- (C) and initial-rate constants.

ao, r, EA, k, and T are constant, time constant, activation energy, Boltzmann's constant, and

temperature, respectively. The linear-rate constant in this region (5.4 nm/hr) is very close

to the value obtained in region A, by considering EA = 2.8 eV [22], T= 1448.15 K and no

oxide is grown at t = 0 min. The extracted rvalue is 65.8 min-1 and it is associated with the

time needed to produce an equilibrium oxide thickness [23].
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These observations are different from those reported in Si-Si02 system [10],[11], as there

is an extra alternative layer of carbon in SiC that will be removed during nitridation

process. During initial oxidation (tax = 2-5 nm), carbon is probably accumulated at SiC

Si02 interface (increasing trend of Nit) and a non-equilibrium and disordered oxide is

grown. When tax increases, the accumulated carbon at the bulk and interface is reduced as

the oxidation and nitridation processes are in equilibrium. However, the reduction has a

limitation. As the tax increases further, the well passivated interface has to be de-passivated

in order for the subsequent oxidation to proceed. The forming and breaking of the bonds

may affect arrangement of the bulk Si02 network. As a result, Qeff again demonstrated a

negative value. This cycle continues as the oxide gets thicker and thicker.

In Fig. 3.2(a), the changes of gradient, G, of high-frequency capacitance-voltage

curves from flatband to depletion capacitance of the oxides has been extracted. Commonly,

G is qualitatively associated with Nit. The higher the G value, the lower the Nit. However,

in this work, we have demonstrated that it is not valid for samples with tox<6 nm [Fig.

3.2(b)].

The effect of tax on current transport mechanism has been presented in current

density (J)-electric field(E) plots [Fig. 3.3(a)]. Any E that enables J:::I0-6 A/cm2 is defined

as oxide breakdown field, EB. This parameter as a function of tax is presented in Fig. 3.3(b).

From the shape of the J-E plot, one can conclude that the current transport mechanisms in

the investigated oxides are the same except for those with the thinnest oxide. ~owler

Nordheim (FN) and direct (DT) tunnelling [II] are the major conduction paths of electron

injecting from SiC substrate through the oxide with tox>2.1 nm and ~2.1 nm, respectively.

From FN plots, barrier height, 1PrJ, between conduction band edge of SiC and nitrided
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oxide as a function of tax have been extracted [Fig. 3.3(b)]. The extremely small value of

ClJs obtained from tox=2.1 nm is another good indicator showing that the current conduction

mechanism in this oxide in not dominated by FN, but by others (here we have proven that

it is via DT). The effects of tax on these parameters (EB and ClJs) can be correlated with Qeff

and Nit and it will be discussed in the following paragraphs.

Figure 3.4(a) shows the correlation graph of EB with Qeff and Nit. A good

correlation of EB with Qeff has been established for 7.4:::EB::;8.5 MV/cm. It has suggested

that Qeff is the dominating factor affecting EB value at this range. As Qeff value becomes

more positive, more injected electrons from SiC substrate are able to be captured and

trapped in the positive trap centres rather then use to break the network of bulk Si02. These

trapped centres are neutralized by the electrons so that more electrons are required for the

oxide breakdown process and attributed to the increase of EB. In addition to that, reduction

of Mt is also enables the oxide breakdown strength to be improved, in particular for

6.5::;£B::;7.6 MVlcm. However, Nit has become a secondary factor for the improvement at

7.6::;£B::;8.5 MVlcm if compared with Qeff. For EB::;6.5 MVlcm, further investigation is

needed to identify which factors are affecting the oxide breakdown process as no concrete

evidence has been demonstrated in this work.

The correlation graph between lPr3 and Qeff has been established in Fig. 3.4(b). The

ClJs value that is associated with sample having tox=2.1 nm was ignored in this

establishment as it was not a reliable value. Those samples with Qeff= (5-10)xI011 cm,2 are

having ClJs values comparable with the theoretical one (2.7 eV) [24]. When Qeff value

becomes more positive, ClJs is increased. In contrast, lPr3 is lowered when negative Qeff is
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obtained in the sample. These observations are agreeable to the theory suggested in Si

Si02 system where the effective positive charge in the bulk may convert into neutral

electron traps and the effective negative charge in the bulk may increase the number as

electrons are injected via FN tunnelling [11],[25]. In the figure, a correlation between Nit

and f1JrJ was not established. Therefore, we conclude that f1JrJ value is only strongly

dependence on Qeff and not on Nit.
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3.3.2 Charge Conduction Mechanisms through Different Nitrided Oxide Thickness

Figure 3.5(a) shows a typical plot of current density, J, (J=IdA) as a function of

electric field, E, [E == (VG-VFB)llox] for some of the investigated oxides, which have been

fitted with Ohm's law [Johrn = qnof.lE] and trap-filled limit (TFL) [JTFL = BErn] process. The

symbols Johrn, JrFL, VFB, q, no, f.l, B, and m are current density governs by Ohm's law,

current density governs by TFL process, flatband voltage, electronic charge, density of

thermal generated free carriers, electronic mobility in the oxide, a constant, and a trap

distribution and temperature related constant [26]. These are the two out of three

conduction mechanisms governing a space-charge limited (SCL) process. From the curve

fitting results, the third SCL mechanism - Child's law - was not revealed in all of the

oxides. The gradient, S, of the J-E plots obtained from the above two mechanisms are

presented in Fig. 3.5(b). The legends "Ohm's (1)", "TFL", and "Ohm's (2)" in the figure

refer to the governing conduction mechanism by Ohm's law at initiate electric field,

follows by trap-filled limit, and subsequently take over again by Ohm's law. This

observation was only limited to oxides with thickness of 5.0 and 9.6 nm. The dominate

conduction mechanism of the remaining oxide thicknesses is either by Ohm's law or

Ohm's law followed by TFL process. It is clear that the extracted S values from Ohm's law

as a function of lox are closed to its theoretical value of 1. For current conduction obeying

Ohm's law, at this extremely low electric field, the density of thermally excited electrons

from trap centres located at bulk oxide is much larger than the density of injected electrons

from SiC. This is because, at this electric field, electrons from semiconductor are unable to

be injected into the oxide, even through its concentration is much higher than

concentration of trapped electron. Since, this is happened in an electrically quasineutral

state, the empty traps are unable to be filled by any weak injected electron from SiC.
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Therefore, the detected leakage current density from this conduction mode is ultra-low

[Fig. 3.5(a)] [27]. As E is further increased, more electrons are able to be supplied and

injected from SiC. The injected electron may be captured in trap centres located at the bulk

oxide. When trapping of electron happens, TFL process, which is a charge compensation

free is started to reveal. The electric field that enables the electron-trapping process is

refers to Eon. As the electric field is further increases, more electrons are being injected into

trap centres located deeper below Fermi level. This trapping process is continue until all of

the deep traps are completely filled. At a higher electric field, no further electrons are able

to be trapped. The extracted S value from the TFL process is between 2 and 5 [Fig. 3.5(b)].

At Eon, transit time of electron ('Z"e) is equal to the relaxation time of dielectric and it is

estimated by 'Z"e = 8(EI.1), where 8 is the dielectric constant of oxide and EIJ is the inverse

gradient of J-E plot for Ohm's Law. The 'Z"e values estimated are in the ranging of (1.8

5.O)x 10-7 s, depending on the oxide thickness. By knowing the value of 'Z"e and Eon, the

value of I.l ('Z"e=toxlI.lEon) could be computed. Since only samples with tox=2.0, 5.0, 9.6, and

16.6 nm have revealed the transition electric field from Ohm's law to TFL process (Eon),

therefore, these are the only oxides with Il values that have been calculated (Fig. 3.6). The

calculated I.l value is similar to those obtained from Ohm's Law. Even though all of the

oxides were grown in same process and condition, the extracted I.l and S values are much

different in this process.
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MaS-based devices operate at or below 3 MVlcm is govern by Ohm's law orland TFL

process and not FN tunneling.
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plot.

3-19



Non-anneal
---·-·-··gptlQC

750°C
-850.1)e-

1

950°C

-~-~,.=---

100.0
...--:.--~",~

100.1 ,...-.------,.----.-,-------------.,

99.6

8 99.9
c::

~
~ 99.8
(J)

0:::
~ 99.7

1000120014001600
99.5 ............

1800

Wave Number (em-i)

Fig. 3.9. Fourier transform infra-red spectra of annealed and non-annealed oxides obtained

from reflectance mode.

3-21



20 ,-----------------------.40

19...-..
E
c:
';;; 18
(/)
<D
c:
t5 17
.r=.
f-
<D 16
"'0
'xo

15

-e- After Annealing
--- Before Annealing

35

C -.

30 'm #.
0> .......
e(/)

25 co (/)
.!Z,<I>
a C

20 -U<1>._
O>J::
J91

15 c: <I>

~:g

10 ~ 6
5

14 '-_-&.._---'1...-_.....1-_--'__-'--_--..1.__..4-_--' a
600 650 700 750 800 850 900 950 1000

Annealing Temperature (oC)

Fig. 3.11. Effects of vacuum annealing on the changes in absolute and percentage change

of oxide thickness. The error bar represents median and standard deviation of the changes

in absolute and percentage change of the oxide thickness.

The measurements of oxide thickness were carried out using a Filmetrics system at

a wavelength of 632.8 nm. Other than measuring the thickness of the oxide, Filmetrics was

also employed to measure the refractive indices (n) of the samples. Before vacuum

annealing was carried out,_the initial oxide thickness was 15.3 nm (Fig. 3.11). However,

after being exposed to high-temperatures vacuum annealing, its thickness was increased.

The percentage change in oxide thickness was increased slightly until the sample has been
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respect to the annealing temperature. This suggested that the surface structure of the Si02

film may be changed after being annealed in vacuum. The change of surface structure

..
probably is related to the weakening of Si-O-Si bonding in the bulk oxide. The

transformation of surface topography as a function of annealing temperature will be

presented in the subsequent paragraph. The density (P), porosity (II), and dielectric

constant (k) of the samples can be determined from the measured n value. The p value has

be calculated using the following relationship [33]:

p = (n-I)/0.202 (1)

From the calculated film density, II and k values can also be obtained from the following

relationships [33]:

II= I - pips (2)

where II is the film porosity and Ps (thermally grown conventional Si02 film) = 2.27 g/cm3

and

k = 1 + 1.28 P (3)

The effects of vacuum annealing on the film density and porosity are shown in Fig. 4. The

film density and porosity are reduced and increased, respectively, as a function of

annealing temperature. The theoretical value of film density for pure Si02 is around 2.0 -

2.3 g/cm3 [32]. The calculated density values of sample without annealing and annealed at

650 DC are in the theoretical range and the values for other samples are reduced gradually.

This reduction is also associated with the increment of porosity in the annealed films. The

increment of porosity may be attributed to the weakening of Si-O-Si bonding in bulk

structure of Si02. Figure 3.I2 also presents the calculated results of k as a function of

annealing temperature. Theoretically, the k value of Si02 is 3.9 [32]. From the observation,

control sample and sample annealed at 650°C are the two samples that possessed the

average k value near to the theoretical value. The k value is reduces as the annealing
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among thermal nitrided Si02 directly grown in 1, 10, and 50% N20 at 1175°C has been

performed. It has shown that the lowest leakage current density (1) has been revealed by

10%-N20 grown oxide for an applied electric field (E) not larger than 7 MV/cm. However,

beyond this field, a higher J value and lower dielectric breakdown field has been revealed

by this oxide. In order to explain this observation, electronic and physical properties of the

nitrided oxides and charge-conduction mechanisms through these oxides have been

investigated. By understanding the MOS characteristics, it enables the gate oxides to be

applied in a high voltage field effect transistor [2].

4.2 EXPERIMENTAL PROCEDURE

Nitrided Si02 was directly grown on a pre-cleaned [4] n-type, 8° off (0001)

oriented, 4H-SiC wafers with 10-/-.I,ITI thick epilayer doped with (l-4)xl0 16 cm-3 of

nitrogen, in a horizontal tube furnace at atmospheric pressure. Three types of nitrided

oxides were grown using three different percentages ofN20 gas, i.e. 1, 10, and 50% N20

mixed with 99, 90, and 50% of high purity N2 gas, at 1175°C with the flow rate of

approximately 200 mllmin. The oxide thickness (tox), calculated from high-frequency (100

kHz) capacitance-voltage (HF C-V) curve, was 9-11.5 nm. After the oxide growth, the

furnace was cooled down to 800°C at a rate of 10°C/min in a high-purity N2 gas flow,

before the samples were removed. Subsequently, the MOS capacitors with an area

(lJOxl0 -3 cm2) was fabricated [4]. A computer controlled Semiconductor Parameter

Analyzer (HP-4156) was used to measure leakage current of the capacitor at temperature

ranging from 25 to 140°C. The same temperature range was used to obtain the HF C-V

curve (not shown). The deviation of flatband voltage shift (,1VFB) as a function of

temperature was minute. From .1VFB, effective oxide charge density (Qeff) has been
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Fig. 4.1. A comparison of current density (J) as a function of electric field (E) for the three

investigated oxides measured at room temperature. Total interface trap density (DTat) and

effective oxide charge density (Qefr) as a function of N20 concentration is shown in the

inset of the figure.

From the slope and interception of In(JE)-IIE plot (Fig. 4.2), <Pt and Nt were estimated

(inset of Fig. 4.2) using a linear curve fitting method. A total of25 samples from each type

of oxides were measured and fitted. The fitting is acceptable when it is having a coefficient
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The identification of oxide-SiC interfacial layer compound and thickness provide a

quantitative characterization of the investigated oxides. Figure 4.3 shows the photoelectron

spectra of 0 1sand N 1s of the investigated oxides. An ordinary Gaussian function (solid

line) was used in the deconvolution of the measured results (open Circle). The 0 Is region

is well fitted with Si-O and Si-O-N at a binding energy of 532.7 and 531.7 eV, respectively

[16]. The former component is attributed to bulk Si02 and there is no shift in the binding

energy ofthe three oxides. However, the intensity is different with the highest being shown

in 1%-N20 grown oxide. The other component (Si-O-N) is originated from the interfacial

layer of SiOxNy, which is caused by the nitridation process. When the amount of N is

reduced, this component is shifted to a higher binding energy. It will eventually coincide

with the binding energy of Si-O when N is zero. Similar observation has been obtained

from N Is spectra [Fig. 4.3(b)]. The Si-O-N component (reference binding energy is

398.3-399.0 eV [17]) is shifted to a lower binding energy as the concentration of N20 is

reduced. Another component lying at a binding energy approximately 1.3 eV lower is

corresponded to Si-N [17]. As the N20 concentration is reduced, a deviation of Si-N peak

to a smaller binding energy is revealed. The Si-N component of 10%-N20 grown oxide

(396.90 eV) is corresponds to Si=N (396.97 eV) and it is in agreement with literature

[2],[3]. However, this component is shifted to a lower or higher binding energy as the

concentration of N20 is reduced to 1% or increased to 50%, respectively. This may be

attributed to the amount of N being incorporated into the interface and subsequently

affecting the orientation and bonding of Si-N compound [18].
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Table. 4.1. Calculated thicknesses of Si-N, Si-O-N, and Si-O layers on 4H-SiC after grown

by diluted N20 gas.

Si-N Si-O-N Si-O
N20 % thickness thickness thickness

(nm) (nm) (nm)

1 0.98 1.01 1.51
10 1.15 0.88 1.08
50 1.17 1.08 1.55

X-ray reflectivity (XRR) was used to analyze oxide thickness, interface roughness,

and electron density, which was related to oxide density. The XRR measurements were

performed by a PANalytical X'Pert PRO MRD in a scattering angle range of O:S 28 :S2°

after the metal electrode gate has been etched. The X-ray source is a Cu Ka wavelength of

A= 1.54 A using tube current of 40 rnA and a voltage of 40 kV. The measurement was

carried out using a set-up consisted of X-ray multilayer mirror at the incident beam and

parallel plate collimator at the scatter beam. The measured results were analyzed using

X'Pert Reflectivity version 1.1 software based on Paratt formulae. The fitting of the

investigated nitrided Si02 film was performed using a three-slab model namely LI, L2 and

L3 (Fig. 4.4), assuming that LI, L2, and L3 are the interfacial layer of SiC-Si02, bulk

Si02, and unpassivated and exposed Si02 out most layer, respectively (inset of Fig. 4.5).
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The tax is assumed to be the addition of the L 1, L2, and L3. The fitted tax is in

agreement with the thickness measured by Fourier and Filmetric measurement (Fig 4.5).

Ll, which is the closest to the SiC substrate, is an interfacial layer between the substrate

and bulk nitrided oxide. The interfacial-layer thickness is approximately 2-nm thick and it

is in agreement with the reported value [23]. The thickest LI is recorded by lO%-N20

grown oxide, whilst the thinnest is grown in 1% N20. The thickness of LI is associated

with a transition layer that is consisted of Si oxycarbide, oxynitride and nitride. The

density of this layer has been estimated (Fig. 4.6) and it has revealed that IO%-N20 grown

oxide has the highest density (3.24 g/cm3
) if compared with others. Its density is in
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The cumulative failure percentage of hard oxide breakdown field (EI-IDB) has been

calculated (Fig. 4.8). EI-IDB is defined as an instantaneous increment ofJ at a specific E and

caused a permanent oxide failure. A total of 25 capacitors has been evaluated for this time-

zero dielectric breakdown reliability test. It is obvious that oxide grown in 50% N20 has

demonstrated the highest reliability. In order to understand these observations, various

current conduction mechanisms through the oxides have been analyzed using linear curve

fitting method [21].
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Fig. 4.8: Cumulative failure percentage of hard oxide breakdown field (EI-IDB) of the three

investigated oxides.
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generation of free carriers located in the bulk oxide. The density of this carriers is much

larger than the density of injected electrons from SiC substrate due to the applied electric

field. At higher E, TFL mechanism is occurred as more injected electrons are supplied and

they are able to be captured in trap centres located in the bulk oxide. As E is further

increases, trap-free space charge limited or Child's Law is governing the conduction

mechanism. From these three limiting mechanisms, parameters no, ~, trap density (M), and

capture cross section of traps (cr) were calculated [22]. The no value of 10%-N20 grown

oxide is slightly higher (7.5xl012 cm-3) than others (1 % N20 = 5.3xl0 12 cm-3; 50% N20 =

4.3xl012 cm-3) but its ~ is lower (1, 10, and 50% N20 is 7.9x, 4.0x, and 9.4xl0-13 cm2Ns,

respectively) and cr is smaller (1, 10, and 50% N20 is 5.7x, 3.5x, and 6.1xl0-21 cm2,

respectively) than the rest. The order of magnitude obtained from this calculation is

acceptable if one is assuming that the conductivity of a fused Si02 is in the order of 10-18

(£lcmy1 and the carrier density, n, is in the order of 1012 cm-3, by applying, the charge

mobility, ~ (~=conductivity/qn) in an insulator is in the order of 10-12 cm2/Vs. The

calculated capture cross section of trap is also reasonable as it is in agreement with those

reported by others [21].

In this work, the calculated Nt value obtained from this investigated electric field

range is comparable (2.0xl0 13 cm-3) for all oxides. Even though, 10% N20 grown oxide is

having a relatively high no, its ability to move freely is limited as shown by its lower

mobility value. Therefore, it is showing the lowest current density if compared with others.

The Nt values for TFL and Child's Law controlled mechanisms are comparable for all

oxides but the cr value is approximately two times smaller in 10%-N20 grown oxide;

suggesting that the trapping and de-trapping of electron is more difficult. This may partly
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contacts. The fabricated device was characterized using capacitance-voltage (C-V)

and current-voltage (I-V) approaches with computer aided measurement system. On

the other hand, the morphology of the oxide was inspected under a high power

microscope and Carl Zeiss 40VP Field Emission Scanning Electron Microscope

(FESEM), while the composition was analyzed using an Inca Energy Dispersive x

ray (EDX) and Seiko SEAIOOOA Energy Dispersive Fluorescent X-ray Analyzer.

5.3 RESULTS AND DISCUSSION

The wafer thickness t was measured as 0.430 mm using a Digimatic

Micrometer. Through a four-point-probe, voltage V and current I of the wafer were

found to be I 1.40 mV and 1 rnA, respectively. By using the relationship [4]

Rs = 4.53 x (VII) (5.1)

the sheet resistance of the wafer, Rs was obtained as 51.642 VIA. By substituting the

values of Rs and t into [4]

p=Rst (5.2)

the resistivity of the wafer, p, was calculated to be 2.22 ncm.

A thin layer of oxide with an area of 5 x 5 mm2 and thickness of 25 nm was

deposited on GaN. The outlook of the completed GaN-based MOS devices is shown

in Fig. 5.1 and its cross sectiop view is depicted in Fig. 5.2. Fig. 5.3 and Fig. 5.4

illustrate the compositions of the GaN film and !he oxide layer, respectively. The

weight percentages of Si and 0 acquired from quantitative analysis (Table 5.1) are

19.37 % and 41.29 %, respectively, giving Si-to-O ratio of approximately 1:2. This

implies that the deposited oxide layer is Si02.
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Table 5.1: Quantitative analysis result of sol-gel derived Si02 on GaN.

C l{_SERIES 1.02 0.0047 0.8232 9.23 0.52 '18.20
N K3ERIES 0.35 0.00353 0.4196 4.76 0.68 7.16
0 l<5ERIES 11.74 0.04214 1.8072 41.29 0.60 54.43
Sf K_SERIES 3.50 0.02819 1,0197 19,37 0,36 14.54
Oa L_SERIES 3,30 0,03093 0.7338 25.36 0,50 7.67
Totals 100.00

9 -2
Our study obtained a fixed oxide charge density of3.0 x 10 cm ,which is

II

approximately 100 times lower than the one reported by other researchers (6.8 x 10

-2

cm ) [1]. As the name implies, this charge is fixed and cannot be charged or

discharged over a wide variation of surface potential during electrical test. Hence, it is

believed that this relatively lower fixed oxide charge density is contributed by the

proper annealing treatment process [5].

2AOE01_;.O~---~--

:'

Z"E0 10

. <2.~OE.10

/·2.00E-1O
//: 1.90E·10

.~- 1.80E·10

1.70E·10

r'------'-'--------------------------t.-50E40

I
jill,
:m
u
en
Q.
en
()

·10 ·8 ·6 02 o 2 4 6

Gate Voltage (V)

Fig. 5.5: Capacitance-voltage characteristic of the MOS device.
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Fig. 5.6: Concentration vs. energy for the metallic charges detected by Energy

Dispersive Fluoresent X-Ray Analyzer in the oxide layer.

I-V characteristic of the device is shown in Fig. 5.7. At lower biasing voltages,

current is independent of gate voltage. This is complied with the theory that no

carriers transport through the oxide under dc biasing. Nevertheless, it is noticed that

the leakage current increases abruptly at higher voltages (~ 3V). With bare eyes, the

oxide structure looks fine. However, when viewed under high power microscope and

FESEM, it is found that the grown oxide layer is inhomogeneous. In other words, at

certain areas the GaN surface is not covered by oxide and thus it is exposed to the air

(Fig. 5.8 & Fig. 5.9). Therefore, current might leak from GaN to Al through these

flaws during high voltage biasing, causing rise in gate leakage current. Fig. 5.3

reveals that Ga and N are the only two elements that are existed on the wafer surface
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Fig. 5.8: Optical image of the deposited Si02(SOx).

Fig. 5.9: SEM image of the deposited Si02 (50 x).
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CHAPTER 6

CONCLUSIONS

In this work, we have reported the effects of nitrided oxide thickness (tox) on SiC

based MOS characteristics. A cyclic trend of Qeff and Nit as a function of tox has been

observed. Correlation of these parameters with EB and current transport mechanism in the

oxide has been established and reported.

In addition, analysis of charge-conduction mechanism in thermally grown nitrided

Si02 with different thicknesses on n-type 4H SiC has been systematically performed and

reported. Ohm's law, trap-filled-limited, Poole-Frenkel emission, and Fowler-Nordheim

tunneling have been identified as the potential current leakage paths in the oxides with

various thicknesses (2-20 nm). A relationship plot among oxide thickness, electric field,

and type of conduction mechanism has been established.

The effects of vacuum annealing at different temperatures (650 - 950 DC) on the

physical properties of thermally grown nitrided-Si02 on n-type 4H SiC were also

investigated. Weakening of Si-O-Si bonding was detected from FTIR analysis as the

annealing temperature was increased. The increase in annealing temperature also attributed

to the increase of oxide thickness and to the gradually reduction of refractive index.

Similarly, a reduction trend had been recorded in the calculated oxide density and

dielectric constant as a function of annealing temperature. However, the oxide porosity

was increased as the temperature increased. These may be associated with the weakening

6-1



resulting in current leakage under high electrical bias. It is thus proposed that, deposition

of dielectric materials onto the GaN surface, which is produced via sputtering process, is

preferable to achieve more homogeneous and superior dielectric properties in GaN-based

MOS device.
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metalcoxide-semiconductorcharacteristics have been reported. Seven different thicknesses of oxide
(tox) , ranging from 2 to 20 nm, have been investigated. It has been shown that effective oxide
charge (Qcff) and total interface-trap density (Nil) have demonstrated a cyclic trend as tox is

--~Irr'Ill7'creascd~ese--obselvatiolls have beell explained ill the letter. Conelations of Qeff and Nit with
oxide breakdown field and current transport mechanism in these oxides have also been established
and explained. © 2007 American Institute of Physics, [DOl: 10.1063/1.2430308]

FIG. I. Thermal nitrided Si02 thickness as a function of oxidationl
nitridation time. The thickness has been extracted from accumulation ca
pacitance of high-frequency capacitance-voltage curves. Three samples from
each thickness have been investigated and the capacitor area of the samples
is 1.30 X IO-J cm2. The solid line in region B has been fitted lIsing the model
presented in (1).

seven different thicknesses of thermal nitrided Si02, ranging
from 2 to 20 nm, were grown on the wafers in a horizontal
tube furnace with 10%-N20 ambient at Il75°C. The
samples were loaded in the furnace at 1l75°C. The
oxidation/nitridation time was adjusted to obtain the required
tox' After the oxide growth, the furnace was cooled down to
800 °C in high-purity N2, approximately at 10 °C/min, be
fore the samples were removed. Subsequently, aluminum
was sputtered on the oxides to form gate electrodes. The
areas for the MOS capacitors were then defined by photoli
thography. Finally, a large area of aluminum back contact
was sputtered on the n+ substrate. Postmetallization anneal
ing was not perfonned, so as to avoid masking the effects of
the oxides. The subsequent methods of characterizations and
extractions of Qeff, D it, Nit, and Ell have been described
elsewhere.4,12

Figure 1 shows the results of tox' with two distinguished
regions labeled as A and B, as a function of oxidation/
nitridation time t. Region A demonstrates a linear oxide
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Thermal nitrided silicon dioxide (Si0 2) has been widely
accepted as the best quality gate oxide used in silicon carbide
(SiC) based metal-oxide-semiconductor (MOS) devices. I

-
4

With this gate oxide, it enables SiC to be used as a substrate
for MOS-based devices in high power, high-frequency, high
temperature, and nonvolatile memory applications.v'. In
these applications, thickness of the nitrided oxide (tox) is
different due to the difference in their device structures and
requirements. It may range from ultrathin oxide, commonly
used as a buffer insulator in gas sensor [tox = 1.5 nm (Ref. 7)]
and in stacking high dielectric-constant gate (tox < 8 nm),s to
thin oxide as the gate insulat-or for nonvolatile memory de
vices (12 nm<tox <20 nm),9 and to thick oxide as the gate
insulator for high power metal-ox ide-semiconductor field
effect transistor (50 nm < tox <70 nm).5 Currently, most of
the studies on nitrided oxide are concentrating on thin-oxide
region approximately 12-22 nm. Using this knowledge, the
quality of ultrathin and thick nitrided oxide is assumed to be
the same as the thin oxide. However, according to the
Si-Si02 system, charge transport mechanism in the oxide,
oxide breakdown field, and oxide reliability are strongly de·
pendent on the oxide thickness, while tlatband voltage (VFB)
and interface-trap density (D it) are not. lO

,lI Therefore, the
assumption used in SiC-Si02 system is questionable and it
is extremely important to investigate in depth the depen
dence of oxide quality on its thickness. In this work, a sys
tematic investigation on the effects of thermal nitrided Si02

thickness (focusing on tox~ 20 nm) on SiC-based MOS char
acteristics has been conducted and its intriguing results are
presented in this letter. From this study, the correlation of
effective oxide charge (Qeft) and total interface-trap density
(Nil) with oxide breakdown field (E8) and current transport
mechanism in the oxide has been established.

n-type, 8° off (OOOI) oriented, 4H-SiC wafers with
10-f.Lm-thick epilayer doped with (1-4) X 1016 cm-3 of ni
trogen were used to fabricate the MOS-capacitor test struc
tures. After undergoing a standard wafer cleaning process,

aJElectronic mail: cheong@eng.usm.my

0003-6951/2007/90(11/012120/3/$23.00 90,012120-1 © 2007 American Institute of Physics
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FIG. 3. (Color online) (a) Comparison of current density-eleetrie-field-plots
of the investigated samples with different oxide thicknesses. (b) Oxide
breakdown Held and barrier height as a function of oxide thickness. Thc
solid and dash lines are used to guide the eyes.

(1)

extra alternative layer of carbon in SiC that will be removed
during nitridation process. During initial oxidation
(tox=2-5 nm), carbon is probably accumulated at SiC-SiOz
interface (increasing trend of Nit) and a nonequilibrium and
disordered oxide is grown. When tox increases, the accumu
lated carbon at the bulk and interface is reduced as the oxi
dation and nitridation processes are in equilibrium. However,
the reduction has a limitation. As the tox increases further, the
well passivated interface has to be depassivated in order for
the subsequent oxidation to proceed. The fonning and break
ing of the bonds may affect arrangement of the bulk Si02
network. As a result, Qeff again demonstrated a negative
value, This cycle continues as the oxide gets thicker and
thicker.

where the first and second terms arc representing the linear- In Fig, 2(a), the changes of gradient G of high-frequency
(C) and initial-rate constants, respectively, ao, 7', EA , k, and T capacitance-voltage curves from flatband to depletion ca-
are constant, time constant, activation energy, Boltzmann's pacitance of the oxides have been extracted, Commonly, G is
constant, and temperature, respectively, The linear-rate con- qualitatively associated with Nit, The higher the G value, the
stant in this region (5.4 nm/h) is very close to the value lower the Nil' However, in this work, we have demonstrated
obtained in region A, by considering EA=2,8 eV (Ref. 13) that it is not valid for samples with tox <6 nm [Fig, 2(b)].
T= 1448,15 K, and no oxide is grown at t=O min. The ex- The effect of tox on current transport mechanism has
tracted 7' value is 65,8 min- 1 and it is associated with the been presented in current density (I)-electric field (E) plots
time needed to produce an equilibrium oxide thickness,14 [Fig, 3(a)]. Any E that enables}?; 10-6 A/em2 is defined as

A cyclic trend of Qerf' changing from -Qeff to +Qeff, as a oxide breakdown field EB. This parameter as a function of fox

function of tox has been shown in Fig. 2(a), Similarly, results is presented in Fig, 3(b), From the shape of the I-E plot, one
of Nit (total D il from 0.2 to 0,7 eV below conduction band can conclude that the current transport mechanisms in the
edge of 4H-SiC) as a function of increased tox is also dem- investigated oxides are the same except for those with the
onstrating a cyclic trend, These observations are different thinnest oxide, Fowler-Nordheim (FN) and direct tunnelling
from those reported in Si-Si02 system,lO,ll as there is an (DT)II are the major conduction paths of electron injecting
Downloaded 08 Jan 2007 to 203.247.185,122. Redistribution subject to AlP license or copyright, see http:lrapl.aip.orglapl/copynght.jsll

growth with a rate constant of 5,2 nm/h, which is compa
rable with the literature (~6,0 nm/h),13 However, for
tox < 8 nm (region B), the linear growth of the oxide has
b~en suppressed by an accelerated initial oxide growth, 14 The
combination of these two growth rates (dtox / df) in this ultra
thin region can be well fitted in the following model: 14

FIG. 2. (al Effective oxide charge (Qeff) , total interface-trap density (Nil)'
and gradient of high-frequency capacitance.-voltage curve from Hatband to
depletion capacitance (G) as a function of oxide thickness. The various
types of lines are used to guide the. eyes. Nil is obtained from the area below
the plots:ef Di,(Ec-E), where Be and E-arl}·theconduction .l>an4..edge and· 
interface trap level, respectively. The D il is measured by simultaneous high
low C- II method, (b) A Correlation graph between the gradient and total
interface-trap density. The coefficient of determination ?- is shown in the
plot to represent the goodness of the fitted data. Data from 1",=2,1 and
5.0 11m were not used for the linear curve fitting.
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from SiC substrate through the oxide with tox > 2.1 nm and
~2.1 nm, respectively. From FN plots, banier heights CPB
between conduction band edge of SiC and nitrided oxide as a
function of tox have been extracted [Fig. 3(b)]. The extremely
small value of <Ps obtained from tox=2. I nm is another good
indicator showing that the current conduction mechanism in
this oxide in not dominated by FN, but by others (here we
havc proven that it is via DT). The effects of tox on these
parameters (En and cj)s) can be con'elated with Qeff and Nit
and it will be discussed in the following paragraphs.

Figure 4(a) shows the correlation graph of Es with Qeff

and Nit. A good correlation of Es with Qeff has been estab
lished for 7.4~EB~8.5 MV/cm. It has been suggested that
Qeff is the dominating factor affecting the EB value at this
range. As Qeff value becomes more positive, more injected
electrons from SiC substrate are able to be captured and
trapped in the positive trap centers rather than use to break
the network of bulk Si02. These trapped centers are neutral
ized by the electrons so that more electrons are required for
the oxide breakdown process and attributed to the increase of
Es . In addition to that, the reduction of Nil also enables the
oxide breakdown strength to be improved, in particular, for
6.5~EB~7.6MV/cm. However, Nil has become a second-

FIG. 4. Correlation ...graphs of (a) oxide'breakdowrrfield-and (b) lJarrieT
height with effective oxide charge and total inlerface-trap density. The co
effi.cie!lts of determination r2 are shown in the plots to represent the good
ness of the fitted data. Data used for the linear curve filting are indicated by
solid filled circles.
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Abstract

Nitrided Si02 has been thermally grown on n-type 4H silicon carbide substrate. The effects of post deposition annealing temperature (650 to
950°C) in vacuum on physical properties ofthe oxides have been reported. Based on Fourier transform infra-red analysis, Si-O-Si bonding of the
oxide has been weakened as the annealing temperature has been increased. The increment in annealing temperature has caused the increment in oxide
thickness. Refractive index has been measured via Filmetric system and the index has been gradually reduced as a function ofannealing temperature.
This reduction trend is also being observed in the calculated values offilm density and dielectric constant. In contrast, an increment trend has been
recorded in fihn porosity-as the annealing temperature increased. These observations may be attributed to the weakening ofSi-O-Si bonding in the
bulk oxide and roughening of the oxide surface, which has been demonstrated by atomic force microscopy.
© 2008 Elsevier B.V. All rights reserved.

Keywords: Vacuum annealing; Nitridation; Surface roughness

1. Introduction

Due to its wide bandgap, silicon carbide (SiC) has become a
very promising material for use in high-power, high-frequency,
high-radiation-resistant, and non-volatile memory applications
[1-3]. Besides, SiC has become a favored material compared to
other premier wide-bandgap semiconductors due to commercial
availability substrates, known device processing techniques,
and ability to grow native oxide that is silicon dioxide (Si02)

[1,2,4]. In other words, SiC can be produced in much the same
way as silicon but with higher processing temperatures. One of
the issues in thermally grown Si02 is the residual carbon in
oxide layer and also carbon cluster at the oxide-SiC interface. It

• Corresponding author.
E-mail address: chc(Jng~iicng.usm·IllY (K.Y. Cheong).

0040-6090/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi: 10.10 16/j.tsf.200B.04.0l)B

has been found that oxidation or post oxidation in a nitrogen
containing atmosphere has two benefits that are enhanced
removal of carbon and passivation of silicon dangling bond in
Si-face SiC [5]. In the case of C-face and a-face SiC, hydrogen
treatment is preferable [6,7]. Thus, it can be concluded that
thermal nitrided or hydrogenated Si02 is the best quality gate
oxide used in SiC [5-7].

To produce a good and functional metal-oxide-semiconduc
tor (MOS)-based device, the wafer needs to go through
numerous processing steps, which nOffilally involve high
temperatures and vacuum atmosphere; such as chemical vapour
deposition. These processing steps may influence the product
produced from the previous process. The effect of post
nitridation rapid thermal annealing on the electrical properties
ofthe MOS device has been reported, recently [8]. However, the
effect ofheat treatment at vacuum on the properties ofSiC-based
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1ve n-type 1- ace. - 1C (7 mm x7 mm) wafer were used as .~ 1.005

the substrate for the MOS test structures. Nitrided Si02 was ~ 1.000

thennally grown in a diluted N20 eI1.yironrnent<J1l!75 -<>~ for a_@. .... ~__

nitrided oxide has not been reported. Therefore, in this work,
physical properties of the nitrided oxide on 4H SiC have been
reported after the oxides have gone through vacuum annealing at
different temperatures.

2. Experimental details
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Fig. 2. Normalized-intensrty-uf-Si 0 stIetclIillg bond"llTId-Si 0 asynnnettic
stretching bond at approximately 1080 em-I and 1170 em-I, respectively as a
function of annealing temperature.

3. Results and discussion

Fig_ 1 compares FTIR spectra for oxide with and without
vacuum annealing. For all oxides, 8i-0-Si stretching band can
be detected [10]. It is also noticed that the Si-O-Si stretching

band is consisted of two bands and are located at about
1080 cm- I and 1100 cm- I [11]. In additional, Si-O
asymmetric stretching and C-C stretching bonds are detectable
at around 1170 cm- I and 1200 cm-I [10]. As a whole, it can be
seen that the intensities of the spectra for every sample are
becoming less significant as the annealing temperature is
increased. This has been quantitatively shown in Fig. 2,
whereby the trend of normalized intensity of 8i-0 stretching
and Si-O asymmetric stretching bonds with respect to the
intensity of Si-C bond (at approximately 930 em-I) is
decreasing with the annealing temperature. One of the reasons
that may explain this trend is these bonds had become weaker

-when the samples were exposed to high temperatures.
The measurements ofoxide thickness were carried out using

a Filmetrics system at a wavelength of 632.8 nm. Other than
measuring the thickness of the oxide, Filmetrics was also
employed to measure the refractive indices (n) of the samples.
Before vacuum annealing was carried out, the initial oxide
thickness was 15.3 nm (Fig. 3). However, after being exposed
to high-temperatures vacuum annealing, its thickness was
increased. The percentage change in oxide thickness was
increased slightly until the sample has been annealed at 750°C.
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Fig. 3. Effects of vacuum annealing on the changes in absolute and percentage
change of oxide thickness. The error bar represents median and standard
deviation of the changes in absolute and percentage change of the oxide
thickness.
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As the annealing temperature is further increases, the
percentage change in the oxide thickness has become
significant (Fig. 3).

Fig. 4 shows the refractive index, n, of the samples.
Theoretically, the n value of a thermal Si02 is 1.46 [12].
However, Fig. 4 shows a slight declining trend with respect to
the annealing temperature. This suggested that the surface
structure of the Si02 film may be changed after being annealed

The effects of vacuum annealing on the film density and
porosity are shown in fig. 4. The film density and porosity are
reduced and increased, respectively, as a function of annealing
temperature. The theoretical value offilm density for pure Si02

is around 2.0-2.3 gJcm3 [12]. The calculated density values of
sample without annealing and annealed at 650 DC are in the
theoretical range and the values for other samples are reduced
gradually. This reduction is also associated with the increment
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Fig. 5. Two-dimensional surface topography of (a) non-annealed oxide, (b) 650 °C_, (e) 750 °C_, (d) 850 °C_, and (e) 950°C-annealed oxides.
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4. Conclusion
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Fig. 6. A comparison of annealed and non-annealed oxide surface root-mean
square (RMS) roughness. The error bar represents median and standard
deviation of RMS roughness of the sample surface.
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roughening of oxide surface as what had been revealed in
surface topography and root-mean-square roughness mell~ure-

ment from AFM.

of porosity in the annealed films. The increment of porosity
may be attributed to the weakening ofSi-O-Si bonding in bulk
structure of Si02. Fig. 4 also presents the calculated results ofk
as a function of annealing temperature. Theoretically, the k
value ofSi02 is 3.9 [121. From the observation, control sample
and sample annealed at 650°C are the two samples that
possessed the average k value near to the theoretical value. The
k value is reduces as the annealing temperature increases. The
physical properties of thermally nitrided oxide formed at
1175 °C have been changed after successive vacuum annealing
at lower temperatures;-This is-similar to those oxides under
went post oxidation or nitridation annealing at lower annealing
temperatures in N2 ambient [14].

AFM has been employed to study the surface topography of
the thin films and the changes of surface roughness after
annealed at different temperatures. Non-contact mode AFM
measurement was used in this analysis in order to avoid sample
surfaces from damaging. Typical two dimensional topography
ofthe annealed and non-annealed oxide is shown in Fig. 5. The
influence of vacuum annealing on the root-mean-square (RMS)
roughness is described. Fig. 6 compares the RMS roughness of
oxides before and after vacuum annealing. The initial RMS
roughness before annealing was 3.267 x 10- 1 nm, which
corresponds to a smooth and continuous film surface as
shown in Fig. 5a (control sample). As the samples underwent
annealing treatment, value of RMS surface roughness has been
increased gradually from 650°C to 750 dc. The surface
topography of sample annealed at 650°C is rather similar to the
topography of the control sample, except showing a higher
number ofprotrusions (Fig. 5b). When sample annealed beyond
750°C, a significant increment in the RMS surface roughness
has been observed. This is associated to the increment in
number and size of protrusions on the oxide surface as the
annealing temperature is increased to 950°C (Fig. 5(c)-(e)).
The increment of RMS roughness as a function of annealing
temperature may be attributed to the restructuring of Si-O-Si
bonds. This increment is also observed in similar oxide
underwent rapid thennal annealing [81-
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Abstract

Seven differen~ thicknesses (2-20 ~m) of nitrided SiOz on n-type 4H-SiC have been employed to investigate the charge conduction mechanism
throug~ thes.e oXides. Several potenttal mechanisms have been identified. The mechanisms are depending on electric field and oxide thickness.
A relatIOnship plot among these three parameters has been established.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Fowler-Nordheim tunneling; Poole-Frenkel emission; Electric breakdown field; Spare-charge limited

1. Introduction

Silicon carbide (SiC) is a chemically inert, mechanically
rugged, electronically superior wide-bandgap semiconductor
that enables it to be used as a substrate for high power, fre
quency, temperature, and non-volatile memory metal-oxide
semiconductor (MOS)-based devices [1,2]. The gate oxide,
which is sandwiched in between a gate electrode and the SiC
is the dominate factor determining the success of fabricating a
functional MOS-based device. This is because the gate oxide,
ideally, must be able to block all charges injected either from
SiC or gate electrode; so that leakage current through the oxide
could be prevented. Up to date, thermally grown nitrided Si02
gate has been generally accepted as the best quality gate oxide
compared with its counterparts grown by dry or wet oxidation
[3-7]. The MOS structure with this type of oxide has demon
strated an ultra low leakage current [8]. The reasons for this and
the excellent electronic properties of MOS-based devices with
nitrided Si02 gate have been widely reported [1-13].

* Corresponding author. Tel.: +60 12 515 3540; fax: +60 4 594 lOll.
E-mail address:cheong@eng.usm.my (K.Y. Cheong),

0375-9601/$ - see front matter © 2007 ElsevierB.V. All rights reserved.
doi: I0.10 16/j.physleta.2007.07.054

Even though the quality of nitrided Si02 is excellent, at
high electric field (E), this oxide could break down electri
cally due to Fowler-Nordheim (FN) tunneling. This is an oxide
thickness- and temperature-dependence process and typically
this tunneling process is initiated at E > 6.5 to 8 MY/cm is
SiC-based sample [9]. In additional to this tunneling process,
charge-trapping and interface-trap facilitated by FN tunneling
may also attribute to oxide breakdown depending on post
nitridation treatment of the oxide and applied electric field [10].
In most literatures, FN-like tunneling has been considered as
the only charge conduction mechanism causing the leakage
[11-13]. Usually, MOS-based power devices and gas sensors
are operated at an electric field not more than 3 MV/cm, this
is mainly due to the limitation of the SiC substrate [14,15].
Therefore, the knowledge on leakage current derived from high
electric field (FN-like tunneling) is not suitable to be used to
explain the cause of leakages detected in low electric field.
Therefore, a systematic investigation must be performed to ex
plore the potential charge-conduction mechanisms occur at low
electric field in the nitrided Si02 gate. In this Letter, analysis
of the mechanisms on n-type 4H SiC-based nitrided Si02 as a
function of nitrided oxide thickness and electric field has been
reported.
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traps are unable to be filled by any weak injected electron from
SiC. Therefore, the detected leakage current density from this
conduction mode is ultra-low [Fig. I(a)] [17]. As E is fur
ther increased, more electrons are able to be supplied and in
jected from SiC. The injected electron may be captured in trap
centres located at the bulk oxide. When trapping of electron
happens, TFL process, which is a charge compensation-free is
started to reveal. The electric field that enables the electron
trapping process is refers to Eon. As the electric field is fur
ther increases, more electrons are being injected into trap cen
tres located deeper below Fermi level. This trapping process
is continue until all of the deep traps are completely filled.
At a higher electric field, no further electrons are able to be
trapped. The extracted S value from the TFL process is be·
tween 2 and 5 [Fig. I(b)]. At Eon, transit time of electron (re)

is equal to the relaxation time of dielectric and it is estimated
by re = e(EI J), where e is the dielectric constant of oxide and
EI J is the inverse gradient of J-E plot for Ohm's law. The re
values estimated are in the ranging of (1.8-5.0) x 10-7 s, de
pending on the oxide thickness. By knowing the value of re
and Eon, the value of fJ. (re = toxlfJ.Eon) could be computed.
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3. Results and discussion

2. Experimental procedure

ill' e oXl e growt , t e urnace was cooled down to 800 °C
in high-purityNz, a layer of aluminum was then sputtered
on the oxides to. form gate electrodes. The subsequent MOS
capacitor fabrication process has been described elsewhere [4].

-----------k-semiconductor Parameter Analyzer (HP4156) was used to
measure leakage current of the MOS capacitor with an area, A,
of 1.30 x 10-3 cm2 at various temperatures (25-140°C). The
gate current (Ia) as a function of forward gate-voltage sweep,
Va (ramping rate = 0.3 VIs) was recorded. The results ofMOS
characteristics as a function of nitrided SiOz thickness have
been reported earlier [9].

The results of Ia as a function of Va for different tox , mea
sured at room temperature, have been reported in Ref. [9].
Fig. lea) shows a typical plot of current density, J, (J =
IalA) as a function of electric field, E, [E ~ (Va - VFB)ltox ]

for some of the investigated oxides, which have been fitted
with Ohm's law [JOhm = qnoJLE] and trap-filled limit (TFL)
[JTFL.= BErn] process ...The symbols JOhm, JTFL, VFB, q, no,
JL, B, and m are current density governs by Ohm's law, current
density governs by TFL process, ftatband voltage, electronic
charge, density of thermal generated free carriers, electronic
mobility in the oxide, a constant, and a trap distribution and
temperature related constant [16]. These are the two out of
three conduction mechanisms governing a space-charge lim
ited (SCL) process. From the curve fitting results, the third
SCL mechanism--Child's law-was not revealed in all of the
oxides. The gradient, S, of the J-E plots obtained from the
above two mechanisms are presented in Fig. I(b). The leg
ends "Ohm's (1)", "TFL", and "Ohm's (2)" in the figure re
fer to the governing conduction mechanism by Ohm's law at
initiate electric field, follows by trap-filled limit, and subse
quently take over again by Ohm's law. This observation was
only limited to oxides with thickness of 5.0 and 9.6 run. The
dominate conduction mechanism of the remaining oxide thick
nesses is either by Ohm's law or Ohm's law followed by TFL
process. It is clear that the extracted S values from Ohm's law
as a function of tox: are closed to its theoretical value of 1.
For current conduction obeying Ohm's law, at this extremely
low electric field, the density of thermally excited electrons
from trap centres located at bulk oxide is much larger than
the density of injected electrons from SiC. This is because,
at this electric field, electrons from semiconductor are unable
to be injected into the oxide, even through its concentration
is much higher than concentration of trapped electron. Since,
this is happened in an electrically quasineutral state, the empty

N-type, 80 off (0001) oriented, 4H SiC wafers with 1O-f.UIl
thick epilayer doped with (1-4) x 1016 cm-3 of nitrogen were
used to fabricate the MOS-capacitor. Seven different oxide
thicknesses (tox:) (2.1, 5.0, 6.0, 7.2, 9.6, 16.6, and 20.1 nm)

---oft erma mel 2 were grown on pre-cleaned wafers in
a tube furnace under 1O%-N20 ambient at 1175 0c. The oxi
dation/nitridation time was adjusted to obtain the required tox:.
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Since only samples with tox = 2.0,5.0,9.6, and 16.6 nm have
revealed the transition electric field from Ohm's law to TFL
process (Eon), therefore, these are the only oxides with JJ- val
ues that have been calculated (Fig. 2). The calculated JJ- value
is similar to those obtained from Ohm's law. Even though
all of the oxides were grown in same process and condi
tion, the extracted JJ- and S values are much different in this
process.

As the electric field is further increased, charge is conducted
through the oxides (tox = 6.0,9.6, and 16.6 nm) via Poole-

_Frenkel (PF) emission. This is a processof-field-enhanced ther- 
mal excitation of trapped electron into conduction band (Ed
of oxide. It has been reported that the traps are in acceptor
like nature (18). When an electron is emitted from a trap, the
trap becomes neutral and the emitted electron is moved to the
positively charged electrode and this produces a steady-state
current. This current can be mathematically represented by
JpF = (qNcJJ-)Eexp{[-q(¢t - ,JqEjn£r£o))/[KT]); where
Nc , ¢t> lOr, lOa, and K are the density of states in Ec, trap en
ergy level, dynamic dielectric constant, dielectric constant of
vacuum, and Boltzmann's constant, respectively (19). From the
slope ofln(J j E) - E 1/ 2 plot [Fig. 3(a)], £r has been extracted
and shown in Fig. 3(b). The error bars presented in each data
point refer to the lOr value obtained from different tempera
tures. The self-consistent £r values at different temperatures
and close to its theoretical value of 3.9 have ensured that PF
emission is the dominate conduction mechanism in this investi
gated electric field. Besides PF emission, FN tunneling has been
the major conduction route through the oxide under high elec
tric field. Unlike PF emission, FN tunnelling is being revealed
in tox > 2.1 nm. The detail analysis of this mechanism has been
reported [9),

Fig. 4 summarized the potential charge-conduction mecha
nisms at room temperature of thermally grown nitrided Si02
on n-type 4H SiC as a function of tox and E. Included in the
figure are oxide breakdown field (EB), defined as any elec
tric field that could cause leakage current density higher than
10-6 Ajcm2, and oxide hard-breakdown field (EBEn), defined

Fig, 2. Calculated charge mobility in bulk oxide as a function of oxide thick
ness.
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as any electric field that induces an instantaneous increase of

current density. From the figure, one could easily determine the

conduction mechanism responsible to current leakages in dif

ferent tox . It is also obvious that leakage current in MOS-based

devices operate at or below 3 MV jcm is govern by Ohm's law

orland TFL process and not FN tunneling.
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Figure 1: A comparison of displaced XRR profiles
(measured and fitted) for the nitrided oxides.

The critical angle of the measurements were 0.221° (or 26
= 0.442°) and the region less than this angle is suppose to
be flatted if the sample size is big enough. The measured
XRR data was well fitted with this model (Fig. 1).In
additional, oxide total thickness (tax) was measured by
Filmetric and Fourier methods.

three different percentages of N20 gas (1, 10, and 50%
N20 mixed with 99,90, and 50% of high purity N2 gas) at
1175°C. XRR was used to analyze oxide thickness,
interface roughness, and electron density, which was
related to oxide density. The XRR measurements were
perfonned by a PANalytical X'Pert PRO MRD in a
scattering angle range of 0::; 26 g0 after the metal
electrode gate has been etched. The X-ray source is a Cu
Ka wavelength of Iv = 1.54 A using tube current of 40 rnA
and a voltage of 40 kV. The measurement was carried out
using a set-up consisted of X-ray multilayer mirror at the
incident beam and parallel plate collimator. at the scatter
beam. The measured results were analyzed using X'Pert
Reflectivity version 1.1 software based on Paratt fonnulae.
The fitting of the investigated nitrided Si02 film was
perfonned using a three-slab model namely L1, L2 and L3
(Fig. 1), assuming that L1, L2, and L3 are the interfacial
layer of SiC-Si02, bulk Si02, and unpassivated and
exposed Si02 out most layer, respectively (inset of Fig. 2).

EXPERIMENTAL METHODS
Thin nitrided Si02 was thennally grown on n-type 4H-SiC
substrate. Three types of the oxides were grown using

INTRODUCTION
Thennal nitrided Si02 has been widely accepted as the best
quality gate oxide used in silicon carbide (SiC) based MOS
devices (Cheong, 2003). With this gate oxide, it enables
SiC to be used as a substrate of MOS-based devices for
high power and high temperature, applications. The oxide
is commonly grown on SiC using N20 gas at high
temperature whereby dissociation of N20 into NO and O2

may promote oxidation and nitridation (Gupta, 1998). In
order to grow a high quality and reliable nitrided oxide, the
oxidation and nitridation rates must be in equilibrium or
else accumulation of carbon cluster originated from SiC
dissociation may deteriorate the perfonnance of the oxide
(Cheong, 2003). Therefore, by varying the N20 percentage
the purpose may be achieved. It has been reported that the
best perfonnance oxide is achieved by using 10% N20.
However, the physical characteristics of the oxide (oxide
density and roughness) are not well studied. In this paper,
x-ray reflectivity (XRR) measurement is used to estimate
the oxide density, roughness, and thickness. The effects of
N20 percentage on these parameters are reported.

Keywords: X-ray reflectivity, nitridation

ABSTRACT
Thin film nitrided Si02 has been grown thennally on n
type 4H-SiC substrate in a diluted N20 ambient at 1175°C
for certain period. Three different percentages of N20 gas
(l%, 10%, and 50%) diluted in N2 have been investigated.
The films have been characterized using X-ray reflectivity
to estimate their oxide thickness, film density, and SiC
Si02 interface roughness. The effects of percentage N20
on these parameters have been reported.


